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Abstract—Much research has focused on the separability of implighould simultaneously learn the sequence implicitly. However, stu
and explicit learning, but less has focused on how they might intgracting positron emission tomography (PET; Grafton, Hazeltine, & |
A recent model suggests that in the motor-skill domain, explicit knod895; Hazeltine, Grafton, & Ivry, 1997; Rauch et al., 1995) sup
edge can guide movement, and the implicit system learns in palatelparate, not parallel, implicit and explicit learning. Grafton and

based on these movements. Functional imaging studies do not s
that contention, however; they indicate that learning is exclusi
implicit or explicit. In the experiment reported here, participal
learned a motor sequencing task either implicitly or explicitly.
transfer, most of the stimuli were random, but the sequence occ3
ally appeared; thus, it was not obvious that explicit knowledge c
be applied to the task. Nevertheless, participants with explicit trai
showed sequence knowledge equivalent to those with implicit trai
implying that implicit knowledge had been acquired in parallel
explicit knowledge. This result has implications for the developme
automaticity and of motor-skill learning.

Much of the research on learning and memory over the past t

decades has focused on the neural and cognitive separability of in
it and explicit learning (for a number of perspectives, see Schac
Tulving, 1994). Less research has examined the relationship bet
implicit and explicit learning. Their relationship is of particular int
est in motor-skill learning because it holds stark examples of
importance of both implicit and explicit learning. At advanced le
of skill, explicit access to the knowledge supporting the skill beco|
unnecessary or even difficult (Fitts, 1964); an advanced tennis p|
need not consciously direct the movements of a serve, and in fac
be unable to describe the movement components. Indeed, some
ponents of motor skills remain completely implicit throughout trg

ing. For example, in the serial response time (SRT) task, participantsSRT task

perform a four-choice response time task in which the stimuli ap
in a repeating 12-unit sequence. Participants may demonstrate ir
it learning of the sequence through faster response times even t
they never learn it explicitly (Willingham, Nissen, & Bullemer, 198
Nevertheless, conscious explicit processes are also importa
motor-skill learning. Participants can use explicit knowledge of
sequence to support skilled performance in the SRT task (Curr|
Keele, 1993).

Thus, there is evidence that both implicit and explicit knowle
are useful in producing skilled behavior. Do they interact, and if
how? One of us (Willingham, 1998) recently proposed a mag
COBALT, that posits that implicit motor-skill learning takes place
parallel with explicit learning, so long as physical responses tg
stimuli are made. For example, in the SRT task, if participants
pushing buttons while they learned the sequence explicitly,
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ppagues reported implicit learning was associated with metabolic
athanges in primary and supplementary motor cortices and the |puta-
ntenen, whereas explicit learning caused changes in prefrontal and pre-
Anotor cortices (there was not simultaneous activity in the areas
smgsociated with implicit learning). Rauch and colleagues also repprted
buddparate sites supporting implicit learning (premotor cortex, caufate,
niagd thalamus) and explicit learning (primary visual cortex, perisylyian
niogrtex, and cerebellar vermis).
ith In the experiment reported here, we sought to test whether in
nitoknowledge is acquired in parallel with explicit knowledge in
motor-skill task. We trained participants to explicitly learn
sequence in the SRT task. We then administered an implicit test
%Neguence to see if implicit knowledge had been acquired in paral
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pearParticipants responded to a black circle that appeared in the ¢
npifoene of four boxes arranged horizontally on a computer scree
hqurghsing one of four keys on the computer keyboard (“z,” “c,” “b,
D)‘m”). The response-to-stimulus interval was 250 ms, and errors
ntsignaled by a brief tone. The experiment began with a 72-trial pra
thiock in which the stimuli appeared randomly to familiarize part
ampants with the task.
During the subsequent training, each participant saw a different
dgepeating 12-unit sequence of stimulus positions, selected from a cor-
quys of 563 such sequences. Each stimulus sequence met the following
debnstraints (with the four positions designated 1 through 4 from left to
inght): A stimulus position could not repeat (e.g., 1223), each stimulus
thesition appeared an equal number of times, and the sequence| could
veret contain runs (e.g., 1234) or trills (e.g., 1313) of 4 units. A block
theynsisted of the 12-unit sequence repeated six times, and particjpants
saw four of these blocks.
Participants were given implicit- or explicit-learning instructions.
hopPr the explicit condition, participants were told that the stimuli wguld
e-appear in a 12-unit sequence, which they were to learn. Numbers cor-
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responding to the stimulus positions in the sequence were continuous-
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ly visible at the top of the screen. On the first sequenced block,
bers corresponding to the entire sequence appeared. On each ¢
utive block, three of the numbers disappeared, working from le
right, to encourage participants to memorize the sequence. |
implicit condition, participants did not see the numbers signifying
sequence, the sequence was not mentioned, and participants we
ply told to respond as quickly as possible without making too m
errors.

After training, participants completed a 72-trial transfer block G
structed so that a repeating sequence was embedded within oth
dom trials as follows: 24 random trials, 12 sequenced trials, 24
random trials, and 12 more sequenced trials. For half of the par
pants, the sequence was the same one used during training.
other half of the participants, it was a novel sequence. The interver
random trials were selected from the corpus of sequences.

It is known that participants will apply explicit knowledge to
ostensibly implicit task (Willingham et al., 1989). We used two met
ods to try to prevent this from happening: First, the transfer
employed mostly random trials. Second, participants with expli
sequence knowledge were misled about the purpose of the trar
task. They were told that the purpose of the training task was to|e|
uate how quickly they could respond when they memoriz
sequence, and they were then told that the purpose of the transfer
was to obtain a measure of how quickly they could respond whe
stimuli appeared randomly, as a baseline.

Confidence rating

After the transfer phase, all participants were told that the
block of the SRT task (i.e., the transfer block) had consisted mos
random stimuli, but that a repeating sequence might or might not
been slipped in several times. Participants were asked to rate the
fidence regarding which condition they were in, with a rating of 1 i
cating they were confident that they were in the all-random group
a rating of 7 indicating they were confident they were in the sq
sequence group.

Recall task

A free recall task was administered to assess explicit knowled
the sequence. Participants were told that during training the st
had appeared in a repeating sequence, and they were asked tg

the sequence by using the same keys that they had used to resp)ondTg

the stimuli. Their responses were echoed on the screen, and they
recall a maximum of 13 positions.

RESULTS

SRT Task

Response times were summarized by taking the median of
group of 12 trials, and then finding the mean of the six median
each block, yielding a single summary response time per trial b
for each subject. One subject in the explicit-learning group shg
response times that tripled in the last trial block and was excl
from further analyses. The response times of the implicit- and ex
it-learning groups across training blocks are shown in Figur
Response times decreased with trainiR(g, 351) = 43.8 MSE =
5,530,p < .001. Participants receiving explicit instructions respon
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hFig. 1. Response times during training, shown separately for
rimplicit- and explicit-learning groups. Error bars are standard err
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mel7) = 3.6 MSE= 44,721 p = .06, but that effect must be interpret
in light of the interaction of the two effects, which is also reliap{8,
351) = 17.6 MSE= 5,530,p < .001. It is likely that the explicit-learn
ing participants initially responded slowly as they attempted to ex

gé’tlgflearn the sequence. Both the implicit- and the explicit-lear

pups showed a significant decrease in response times if ang

n%ggﬁ Es > 29).

e critical data are those for the transfer block. These data
& arized into a single learning measure. To begin, we determine
median reaction time for the sequence each time it appeared. This
an was computed using only the last nine trials of each sequ
because it might happen by chance that the first few units of
sequence would appear during the random part of the block. Cleal
the first unit of the sequence were the fourth position on the screen,
would be no reason to expect that response time would be particu

speedy every time the circle appeared in that position, even thou
eals part of the sequence. The median of each set of random trial
5 #s0 taken, and then we calculated the mean of the sequence mé
lcakd of the random medians. The learning score for the transfer k
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idedThese learning scores are shown in Figure 2. There was a re
plidfect of transfer sequendg(l, 115) = 7.0MSE= 518,p < .05, show-
e idg that participants who saw the same sequence at training and
fer had larger learning scores than participants who saw a
degquence at transfer. Whether participants had received impli
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marginally more slowly than those receiving implicit instructid(4,
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Fig. 2. Summary learning measure at transfer. Learning was még€arning groups in the number of sequence locations recalle

sured by subtracting the mean response time on sequenced trial
the mean response time on random trials. Results are shown se
ly for subjects who were given implicit- or explicit-learning instru

tions during training and who saw a new or a previously seen sequéittated random-control scores by rescoring each subject's recal

during transfer. Error bars are standard errors.

at transfer, nor did the type of training interact with the type of tr
fer sequenceRs < 1.0). Thus, the results of the SRT task were ¢
sistent with the hypothesis that implicit and explicit learning g
sequence in a motor task can occur in parallel.

Accuracy was uniformly high (95-98% correct for each block
each condition), and there were no reliable effects of accuracy,
is unsurprising, given that the instructions were to respond as qu
as possible without making many errors.

Confidence Rating

Confidence ratings are shown in Table 1. They were subject
an analysis of variance, which showed no effects of training ins
tions or of sequence type, and no interactionRalk 1.1,ps > .20).
Thus, participants were not able to distinguish whether or not they
seen the sequence during the transfer block. We also examined
rately the SRT performance of subjects who were unsure aboy
presence of a sequence or thought they were in the random grou
ings of 4 or lower). Among these subjects, those who saw
sequences still showed learning at trandfer {.0), and there was n
difference in the learning between subjects receiving implicit

Table 1. Frequency of confidence ratings, by condition

Confidence rating

Group 1 2 3 4 5 6 7 MeanSD
Implicit learning

New transfer

sequence 2 8 2 3 9 5 1 41 15
Learned transfer

sequence 1 4 6 413 2 O 4.0 1.3
Explicit learning

New transfer

sequence 1 4 5 211 4 2 4.3 1.6
Learned transfer

sequence 0 4 5 8 8 4 1 42 13

Note.Rating of 1 = “Confident | was in the all-random group,” rating
of 7 = “Confident | was in the some-sequence group.”

Recall

Free recall was scored as the number of positions in the seq
correctly recalled. To reduce spurious hits, we used the criterion
for a position to be scored as correctly recalled, it had to be incl

consecutive positions, but these recalled segments did not them
need to be consecutive. For example, if a subject saw 31432411
and recalled 123143, the score would be 6, because both 123 a
occurred in the sequence.

There was a significant difference between the implicit- and ex

5 yWewld be expectedr(1, 117) = 37.6MSE= 8.5,p < .001. Mean recal
Harge 8.5 D= 3.40) for the explicit-learning group and 551(= 2.33)
cfor the implicit-learning group. To evaluate this latter figure, we

the sequence seen during training had been some other, ran
selected pattern; in this way, we obtained an estimate of guessin
! formance. Mean guessing performance was 8B 2.6), meaning
r}ﬁ_at the free recall of the implicit group was not significantly be
han guessing;(1, 59) = 2.7MSE=5.4,p > .10.
Although the free recall means were patterned as woulg
expected, it is possible that some individuals in the explicit-lear

focr ndition failed to follow instructions and did not try to learn

hich - - .

i ?qqgnce ex'pI|C|tIy, apq, convgrsely, that some participants in
m%llcn-learnlng condition noticed the sequence and learne
explicitly. To evaluate the effect of this possibility, we conducted
of the analyses a second time, eliminating implicit-instruction pa
ipants who scored half a standard deviation above the random
trol mean score (cutoff = 6 or higher; 33 participants eliminated)

2ebi@licit-instruction participants who scored half a standard devig

Ni@wer than the random-control mean score (cutoff = 3 or lower
participants eliminated). The results of all analyses were qualita
adinchanged, although the reduction in power meant that the e
sefpgequence type at transfer (i.e., whether the transfer sequendg

ttietraining sequence or a new sequence) was margirag).
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DISCUSSION
or These results indicate that implicit and explicit learning are

o]

explicit training £ < 1.0)
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knowledge is acquired, implicit learning can still occur in para
thus supporting the prediction of the COBALT model (Willingha
1998).

Why, then, did Grafton et al. (1995) and Hazeltine et al. (1997
observe evidence of parallel learning in the PET imaging study?
possibility is that the hemodynamic change in the implicit-learn

these experiments, each participant was first trained with a distra
secondary task (mostly implicit learning) and then trained withou
secondary task (mostly explicit learning). Thus, when explicit lear
began, participants had already undergone an implicit training seg
and further activation in brain structures associated with imp
learning might have been proportionally smaller than that obse
during the first training session, and therefore more difficult to de
A second possibility is that the distracting secondary task (which
the effect of suppressing explicit knowledge) led to radically diffe
implicit learning. This explanation is at least plausible, given th
secondary task has been shown to affect the expression of im
knowledge (Frensch, Lin, & Buchner, 1998).

The results reported here have implications for motor-skill lear
and for automaticity. It has been difficult to integrate the roles of
sciously directed movement and unconscious processes in moto,
learning. It is clear that explicit memory can contribute to skilled
formance; a beginning tennis player will try to remember a cog
advice the next time he or she takes to the court. These explicit
ories (“bend your knees,” “keep your wrist firm”) will be used to gu
motor behavior in the nascent motor skill. At the same time, most
ories of motor-skill learning have made only a small place for 3
explicit processes, usually at the very start of training (Adams, 1
Fitts, 1964; Schmidt, 1975). The present results suggest that ex
memory can be used to guide motor behavior while implicit lear
occurs in parallel, based on the motor behavior being executed.

This relationship between implicit and explicit learning also ha
important implication for the development of automaticity in mot
skill learning. It is typically thought that a person need not be awa|
engaging processes that support an automatic behavior, as in dri
car. Early in training, however, the processes that support the be
are quite accessible to awareness, and, indeed, people learning
tend to feel that these conscious processes are driving their beh
One account of the development of automaticity is that these
scious representations are, with practice, transformed into a diffe
unconscious representation (Anderson, 1993). The present result
gest a different account. They suggest that the conscious, ex
process supports behavior until the simultaneously acquired im
representation is sufficiently well developed to support behavio

not transform into another representation.
An implication of this view is that implicit learning is the basis

structures was approaching asymptote when explicit training begarNissen & Bullemer, 1987), but later work showed that this was a

which time the explicit process is simply not used any longer; it dags;,

letlusions on this point, but this view and Anderson’s (1993) do shd
meast one important feature: immunity to impoverished attenti

resources. Perhaps the hallmark of automaticity is that requirer]
rfot attentional resources are low or absent. Implicit sequence lead
Oméhe SRT task may show this characteristic as well. It was init
inought that a secondary task impeded learning of the sequence

cfiognance effect (Frensch et al., 1998), perhaps due to changes
thesponse-to-stimulus interval (Frensch & Miner, 1994; Stadler, 1
nivgillingham, Greenberg, & Thomas, 1997), and that other secon
stagks (such as a memory load) did not affect learning as much a
ligtiginally thought (Stadler, 1995).
rved
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