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The main purpose of the present study was to examine whether implicit learning
abilities, assessed by means of a serial reaction time task, are present to the same extent
in 6- and 10-year-old children as in adults. We also wondered whether the knowledge
acquired after one learning session is retained after a 1-week delay. And finally, we
studied the explicit knowledge developed by the children in this task. Our results show no
age-related difference in the serial reaction time performance, which is consistent with the
idea that implicit learning abilities may be efficient early in developmemt1998 Academic
Press

A new area of research has recently developed, concerning the ability to le:
incidentally new complex information. In this area, called “implicit learning”,
the main accent is put on the fact that the study phase is incidental (i.e., subje
are unaware of the regularities governing the material), and that the learn
leads to knowledge which it is difficult or impossible to access conscious
and/or to report verbally (see Berry & Dienes, 1993; Seger, 1994). Another po
is that implicit learning is often described as involving a phenomenon ¢
abstraction (i.e., it depends not only on superficial features of the learnil
material); this abstraction process could concern the probabilistic relationsh
between elements or the “rules” governing the system. However, other authc
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have recently argued against the necessity to refer to any kind of impli
knowledge, and also that the principles governing more basic associative learr
processes are often sufficient to account for the learning of the more comp
structures involved in implicit learning situations (see Perruchet & Galleg
1997, for more details about this view).

Different paradigms on implicit learning in adult subjects emerge from th
literature. Probably the most investigated one concerns the artificial gramn
learning task. In Reber’s original study (Reber, 1967), subjects first had to le
letter strings generated by a finite-state grammar. After the study phase, tl
were informed that the letter strings had been composed on the basis ©
complex system of rules. Finally, at the test phase, subjects had to classify r
letter strings as grammatical, depending on whether or not the strings cor
sponded to the rules. In most experiments using this task, results show t
subjects can classify grammatical and nongrammatical test strings at an abc
chance level, although unable to report, sometimes even partially, the rules of
grammar (e.g., Mathews, Buss, Stanley, Blanchard-Fields, Cho, & Druhan, 19:
Meulemans & Van der Linden, 1997a; Reber & Lewis, 1977). So, it appears tt
subjects manifestly learned something from the task, without being able to rep
explicitly the rules underlying the grammar or to account for their performanc
(note, however, that there is no general agreement with regard to the very impl
nature of the acquired information in artificial grammar learning; see, for exar
ple, Shanks & St. John, 1994).

Another implicit learning paradigm is that of sequence learning or seri
reaction time tasks (Nissen & Bullemer, 1987). In a classical serial reaction tir
task, a stimulus appears at one of four locations on a screen, and subjects |
to respond as quickly as possible to each stimulus by pushing one of four ke
which corresponds to the position of the stimulus. In the original task design
by Nissen and Bullemer, subjects in a first group were confronted with sequen
of stimuli appearing at random, while subjects in a second group had to respc
to stimuli belonging to a repeating sequence running continuously. Sequen
specific learning in this task was observed when reaction times of the subject:
the second group (repeating condition), even though unaware of the presenc
the repeating sequence, became faster than those of the subjects in the first g
(random condition).

Implicit learning abilities have also been investigated in a neuropsychologic
perspective. It has been shown that amnesic patients, who are severely impe
in explicit memory tasks (such as recall or recognition), may show norm
performance in various implicit learning situations (e.g., Knowlton & Squire
1996; Nissen & Bullemer, 1987; Squire & Frambach, 1990). In the same mann
a few studies have shown that performances of elderly participants can be
good as those of young adult participants in implicit learning tasks. In a rece
study, Cherry and Stadler (1995) studied young and elderly participants in
serial reaction time task. They showed that both groups performed at the sz
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level for the learning of the sequence, although they also found individu
differences in implicit learning. The higher ability older adults (selected on th
basis of their educational and occupational levels) obtained results similar
young adults, while lower ability older adults showed less evidence of implic
learning. Other studies have found no age-related differences in sequence le
ing (e.g., Howard & Howard, 1992). With the artificial grammar learning
paradigm, Meulemans and Van der Linden (1997b) have also shown that yot
and elderly participants could discriminate as readily between grammatical a
nongrammatical items in the classification task.

Evidence in developmental psychology is more sparse. Reber (1993) repc
two unpublished studies carried out in his laboratory: the first one suggests t
children between 4 and 14 years of age can perform at a similar level in
modified form of the artificial-grammar learning paradigm (Roter, 1985, cited |
Reber, 1993), and the second one shows that pre-school children could sho
significant learning effect in an adapted form of the serial reaction time tas
Lewicki, Hill, and Czyzewska (1992) also report an unpublished study (Cz)
zewska, Hill, & Lewicki, 1991, cited in Lewicki et al., 1992) in which evidence
indicates that preschool children (4- to 5-year-olds) could implicitly acquir
knowledge about a pattern in a visual search task where the location of a stimt
was determined by a set of rules. In the same research, Czyzewska et
administered a task in which children learned a covariation between a gene
behavioural description concerning the level of activity of stimulus-persor
(“physically active” vs. “physically passive”) and the color of their clothes.
The authors showed normal implicit acquisition of information about covari
tions in 4- and 5-year-old children.

These results are consonant with the developmental invariance observe
research in the implicit memory area. Implicit memory refers to performance
tasks which do not require deliberate recollection of prior experience or of a pri
event, but that, nonetheless, may reveal the influence of the prior experiel
(e.g., word completion and fragment identification). Global amnesia, ageing, a
a number of variables (e.qg., intention to learn, divided attention) have been fou
to affect performance on explicit memory tasks, while leaving implicit memor
intact. Most of the research on the development of memory has focused on
differences in explicit memory tasks. In this perspective, a large number
studies have established that young children typically perform more poorly th
adults on tasks such as recall and recognition (e.g., DiGiulio, Seidenbe
O’Leary, & Raz, 1994). By contrast, recent studies examining age differences
implicit memory tasks provide a different picture. Most of these studies ha
reported an absence of reliable differences in performance in implicit memc
tasks between children of about 3 years and young adults (Carroll, Byrne,
Kirsner, 1985; DiGiulio et al., 1994; Ellis, Ellis, & Hosie, 1993; Greenbaum &
Graf, 1989; Lorsbach & Worman, 1989; Naito, 1990; Parkin & Streete, 198
Perrig & Perrig, 1993; Wippich, Mecklenbrauker, & Brausch, 1989).
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However, some effects of age have also been reported in implicit tasks. T
only published study (Maybery, Taylor, & O’'Brien-Malone, 1995) in which
children of different ages are compared in an implicit learning task showed
unexpected age-related effect. Maybery et al. adapted a matrix-learning task fi
Lewicki (1986a), and asked children from two age-groups (5—-7 and 10-12 ye
old) to learn the covariation between the location of a picture inxa4t matrix
and two other stimuli (the color of the matrix apparatus and the side of approa
of the experimenter). Their results showed that the older children made mc
correct guesses concerning the location of the target-picture than the youn
children (whose performance was not better than chance). Although this res
was inconsistent with data previously obtained by Lewicki, who showed with tt
same task above-chance performance levels in a group of 4- to 5-year-
children, it does challenge Reber’s claim that implicit learning is invariant wit
age. Likewise, improvement in performance with age on implicit memory tasl
has been reported under some specific conditions, using a category exem
generation task (Graf, 1990; Perruchet, Frazier, & Lautrey, 1995), thus streng
ening the conclusion that the invariance of implicit task performance with age
far from being ubiquitous (see also Ausley & Guttentag, 1993).

The developmental dissociation between implicit and explicit memory pre
cesses could also be considered in the light of the view that age-related diff
ences in memory performance are specifically observed in tasks involvi
strategic processes such as, for example, verbal mediation and rehearsal
reviews, see Bjorklund & Douglas, 1997; Kail, 1990). In the implicit-learning
research area, the aim is to study basic learning phenomena in situations wi
subjects do not use explicit mnemonic strategies simply because they often
not even know that they are learning something. Studies on implicit learning ¢
also in keeping with a more ancient tradition in which age-related differenc
were studied in incidental versus intentional learning (e.g., Maccoby & Hage
1965; Newman, 1990). The characteristic of incidental learning tasks is that
learning instruction is given to the subjects when they are presented with 1
learning material. Studies have shown that age-related differences in a free-re
test are smaller when the encoding is incidental than when subjects are explic
told to memorize the items (and this is especially true for very young childre
see Newman, 1990). The incidental aspect of the learning phase has often k
cited among the criteria defining the implicit learning area (e.g., Seger, 199
Indeed, researches in implicit learning are specifically interested with the hum
ability to learn incidentally new complex information. However, the term “in-
cidental learning” covers other research traditions as well, like, for exampl
studies on implicit memory.

Although the theoretical conclusions which will be drawn from age-relate
dissociations between explicit and implicit learning processes will depend
the theoretical perspective adopted, there is a general agreement on the
that implicit learning processes play an important role in cognitive develoj
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ment. According to Karmiloff-Smith (1992, 1994), cognitive developmen
consists of a succession of stages involving the setting up of different leve
of representation. The initial phase of this process is typically procedural
the sense that representations are at first automatic and unconscious; but t
representations, which are by nature implicit, nonetheless enable the child
to interact efficiently with their environment. Other authors consider, on th
contrary, that implicit learning processes do not imply the elaboration ¢
abstract implicit representations, and can be easily accounted for by t
intervention of elementary associative processes (Perruchet & Vinter, 19¢
see also Perruchet & Gallego, 1997).

Whatever the theoretical perspective adopted, the paucity of the developmel
data appears especially damaging in regard to the common assertion that imp
learning plays a fundamental role in early cognitive (and probably also emotior
and social) development (e.g., Reber, 1993). It looks somewhat paradoxical
confer such a function to a mechanism the properties of which have been alnr
exclusively explored in adults. The purpose of the present study was to inve:
gate whether implicit learning abilities, assessed by means of a serial react
time task, are present in 6- and 10-year-old children to the same extent as
adults.

In the serial reaction time literature, a critical methodology issue concerns t
way control performances are obtained to assess the genuine effect of practic
the repeating sequence. Although a few studies have included an indepenc
group of subjects submitted to random sequences, most studies use a wit
subject design in which subjects trained with the repeating sequence are tre
ferred to a random block of trials at the end of training. Learning is measured
the resulting increase of reaction time. In the following experiment, we used
control procedure which retains the advantages associated with a within-sub
design, but where random trials are intermixed with the repeating sequer
within each training block, as in Curran (1997) and Perruchet, Bigand, al
Benoit-Gonin (1997). Stadler (1993) showed that learning occurs in these c
ditions, and it turns out that this procedure provides a control which is endow
with several advantages with regard to the conventional method. Among t
advantages pointed out by Curran (1997), two of them are specially relevant
our purpose. Firstly, due to the mixing of the repeating sequence with randc
trials, the explicit discovery of the task structure is made less probable. Tt
feature is important whenever children are compared with adults on nomina
implicit tasks. Secondly, this procedure, because it provides much more con
data than the conventional procedure, allows the assessment of the effec
training for each location in the repeating sequence. This is important, becat
beyond the question of the overall level of learning, it is interesting to examin
at a more qualitative level, to what extent children and adults are sensitive to 1
same structural constraints. And finally, another distinct advantage of this pi
cedure is that it avoids the problem of confounding the random condition with tl
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FIG. 1. Stimulus location for the three first stimuli of the repeating sequence (i.e., positior
B-D-A).

last sequence condition, thus avoiding confounding performance on the con
condition with fatigue and other sources of negative transfer.

In addition to this general purpose, we also explored whether childrer
performance was still sensitive to the repeated sequence after a one-week de
as adults’ performances have been reported to be (e.g., Nissen, Willingham
Hartman, 1989). Finally, we examined the explicit knowledge acquired by tt
children in this task. Is this explicit knowledge better after two learning sessiol
than after one session? Does the explicit knowledge assessment show the
effect classically observed in explicit memory tasks?

METHOD
Subjects

Three groups of right-handed subjects participated in the experiment: a fi
group of 32 children aged between 6 and 7 years (18 boys and 14 girls; |
“6-year-old” Group); a second group of 32 children aged between 10 and
years (15 boys and 17 girls; the “10-year-old” Group), and a comparison grot
of 32 university undergraduates aged between 18 and 27 years (10 men ant
women; the “Adults” Group). All children were recruited from the same schoo
and were from white, predominantly upperclass, backgrounds. None of t
children had fallen behind their age group at school.

Materials

The serial reaction time task was administered on an IBM PC computer. T
subject sat in front of the computer, and had to respond as quickly as possible
a stimulus (an asterisk) appearing at one of four locations on the screen
pushing one of four keys (keys “X,” “C,” “N,” “,” on a French AZERTY
keyboard), which corresponded to the position of the asterisk on the screen (s
Figure 1). Four arrows, each indicating a stimulus location, remained display
on the screen throughout the session. The appearance of the next stimi
followed each correct key press after a delay (response-stimulus interval) of Z
ms. Each block of trials consisted in sequences composed of random tri

10n a English QWERTY keyboard, the keys would be “X,” “C,” “N,” and “M.”
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alternating with a repeating sequence of 10 trials. The sequence was B-D-A
D-B-A-D-C-A, with “A” being the left key and “D” the right key. The location

of the target in the random sequence was determined randomly, except that
asterisks could not appear in the same position consecutively. In addition, in e
block, the four positions appeared in the same proportion as in the repeat
sequences (i.e., A and D, 30%; and B and C, 20%). In this way, the learning
the sequence could not be attributable to other characteristics than its repetit
such as the unequal distribution of the four positions.

For the recognition task, 16 sequences of 4 stimuli were constructed (s
Appendix): 8 sequences belonging to the repeating sequence in the learr
phase (“OLD” sequences) and 8 sequences which had never been presel
during the learning phase (“NEW” sequences). Old and New 4-trial sequenc
were yoked, so that the sequences from any pair differed only by their last tri

The program controlled both stimulus presentation and data recording (sti
ulus position, reaction time, response correctness).

Procedure
Learning phaseThe subjects were told:

You will see 4 arrows on the screen. A little star will appear underneath these arrows.
Sometimes underneath the first one, sometimes underneath the second one, and so on. Yot
will have to push as quickly as possible on the corresponding key as soon as the star
appears. When the star is underneath the first arrow, you push on the first key, and so on,
but always pushing on the key corresponding to the arrow. If you make a mistake, the
computer will make a noise. This is not serious, you simply push on the right key, and then
the next star will appear. You must answer as quickly as possible, but try to make as few
mistakes as possible.

The subject had to place his middle finger and his forefinger of each hand on
four response keys, and was asked to keep his fingers on the keys during the t

The 32 subjects of each age group were divided into two subgroups: a fi
subgroup of 16 subjects (Condition A) was administered the serial reaction tir
task during one session, immediately followed by the recognition task, and
second subgroup of 16 subjects (Condition B) was administered the sel
reaction time task during two sessions separated by a 1-week interval. For 1
second group, the recognition task was carried out after completion of the sec
learning session.

A learning session comprised 5 blocks of 84 trials. Each block started with
random trials, followed by the presentation of the repeating sequence (10 tria
after which 6 random trials were again presented, and so on. Hence, one bl
comprised 5 presentations of the repeating sequence, each of these presente
being followed by 6 random trials. Actually, because of their unpredictability, th
two first stimuli of the repeating sequence were considered in the analysis
belonging to the random sequences (note that the status of the two first trials
the repeating sequence is questionable, but had learning occurred in these tr
it would have improved the performance on the random sequence, and he
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decreased the chance of evidencing learning). Hence, the repeating and ran
sequences considered for the analyses comprised the same number of stimt
in each).

Recognition taskAt the end of the first learning session for subjects ir
Condition A, and at the end of the second learning session for subjects
Condition B, the subjects were informed of the presence of a repeating sequel
and were administered the recognition task. They had to say if the four-stimu
sequence they were presented belonged to the repeating sequence or nc
choosing between five possibilities on a 1-5 scale: “I am sure | never saw it
“l believe | never saw it,” “l don't know,” “I believe | saw it,” “l am sure |
saw it.” Each asterisk appeared for one second on the screen, and there wa
interval of two seconds between two asterisks. Just like in the learning task,
subject could push on the corresponding key (and all subjects did so); e:
sequence could be seen as often as desired.

In each block, learning was measured by using the median of the react
times (for correct responses only) for both the repeating sequence and the ran
sequences. In order to take into account the different reaction time levels betw
the three groups, sequence-specific learning was also calculated by using the |
(R5 — S5)/(R5 + S5), R5 being the median reaction time for the randon
sequences in Block 5, and S5 being the median reaction time for the repeat
sequence in Block 5. A measure of response accuracy was also used,
calculating the number of false responses in each block for the two types
sequences.

RESULTS

Learning

An analysis of variance (ANOVA) with Group as between-subject variable
and Trial type (repeating or random sequences) and Block as repeated meas
was calculated on the median reaction times for both types of sequences for
first session, including all subjects (32 in each group; see Fig. 2). With
significance level which was set at .05 for all statistical analyses, the ANOV
showed an effect of Grou;(2,93) = 208.4, an effect of Trial type;(1,93) =
70.03, and an effect of Blocks(4,372) = 20.98. Interestingly, there was no
interaction between the Group and Trial-type variabi€®,93) = 2.28, indicat-
ing that the difference in reaction times between repeating and random sequel
could be observed in a similar fashion in the three groups of subjects. On 1
other hand, there was an interaction between Group and Bf§8i372)= 8.52,
indicating (Newman—Keuls post-hoc test) that the global reaction time improv
ment from Block 1 to Block 5 only appeared in the 6-year-olds group. Sequenc
specific learning appeared in the interaction between Trial type and Bloc
F(4,372) = 6.21: the difference in reaction times between block 5 and block
was larger for repeating-sequence than for random-sequence trials. This
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FIG. 2. Mean reaction time performance as a function of group, block and type of sequen
(repeating vs. random).

guence-specific learning effect was the same for the three groups (no trig
interaction),F(8,372) = 0.82.

In order to minimize the impact of the much slower reaction times of th
children, a one-way ANOVA was also carried out, using the ratio [(R5
S5)/(R5 + S5)] as the dependent variable. The result confirmed that of tt
general ANOVA: there was no difference between the three groups of subje
concerning the magnitude of the rati€(2,93)= 1.04. In other words, the adults’
mean ratio was not significantly higher than that of children, indicating th:
children showed the same sequence learning as the adults.

Another measure of learning was the number of errors in each block, both for tri
belonging to the repeating sequence and for those belonging to the random
guences. A 3X 2 X 5 ANOVA showed a significant effect of the Group variable,
F(2,93)= 19.57, and of the type of stimulus (belonging to the random sequences
the repeating sequence€)1,93) = 44.26. There was no effect of the Block variable.
Finally, the only significant interaction concerned the variables Group and Type
stimulus, F(2,93) = 4.72, indicating that more errors were made for the stimul
belonging to the random sequences than for those belonging to the repea
sequence, and that the difference between repeating and random sequences
larger for the young than for the older subjects (Fig. 3).

Serial Order

Another way to compare sequence-specific learning is to investigate whetl
subjects in the three groups learned the same part(s) of the sequence. In ord
avoid any confusion between sequence learning and a possible motor eff
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FIG. 3. Mean number of errors in the first learning session as a function of group and type
sequence (repeating vs. random).

(Nissen & Bullemer, 1987), we corrected, for the five blocks of the first sessio
the median reaction time for each stimulus in the repeating sequence by

median reaction time for its corresponding stimulus in the random sequen
(i.e., the stimulus located at the same position on the screen). In other words,
subtracted each median reaction time for the stimuli belonging to the repeat
sequence from its corresponding median reaction times for random stimt
Figure 4 shows the corrected reaction times for each stimulus of the repeat
sequence according to its serial order. An ANOVA with Group as betweel
subject variable and Serial order (including the 8 stimuli composing the repeati
sequence) as within-subject variable, showed no effect of GF@pP3)= 1.95,

an effect of Serial ordeF(7,651)= 80.35, and a significant interaction between
Group and Serial ordeF(14,651)= 13.10, indicating that the Serial order effect
is particularly marked in the 6-year-old group.

However, it appears in Fig. 4 that the three groups learned the same parts of
sequence. This result was confirmed by correlated rank analyses conducted bet
the three groups on the corrected serial position data. These correlations were
highly significant: between the 6-year-old and the 10-year-old groups (93),
between the 6-year-old and Adult groups<.98), and between the 10-year-old and
Adult groups € = .98). In the three groups, learning concerned especially positiol
3, 5, and 7. Interestingly, these positions are the ones when the subjects ha
respond with the other finger of the same hand as in the preceding trial. It could
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FIG. 4. Mean reaction time according to serial position as a function of group in the first learnir
session, corrected for the baseline reaction time to the stimulus (see text).

that this kind of regularity constitutes a part of what subjects actually learn in
sequence; what is shown in the analysis is that this observation concerned the
groups of children as well as the adult group.

It could be argued that the faster reaction times when the subjects had
respond with the other finger of the same hand as in the preceding trial resi
from a simple motor facilitation due to the fact that these movements would |
easier than others. Two series of data run counter this argument. First, the m
facilitation interpretation is not consistent with data previously obtained b
Rabbitt and Vyas (1970), who found that reaction times in a task including on
random stimuli were fastest when subjects had to respond with the same fin
of the other hand than that used for the previous trial [HF-hF], slower when tl
response implied the other finger of the same hand [HF-Hf], and slowest wh
they had to respond with the other finger of the other hand [HF-hf]. As shown
Fig. 4, no learning can be observed in the present study for the HF-hF alter
tions, while HF-Hf alternations seem to give rise to faster reaction times in tt
repeating sequence.

Secondly, the effect of motor facilitation in our experiment should concer
random as well as repeated parts of the sequence. In order to compare rea
times for the HF-Hf alternations between random and repeating sequences,
computed an ANOVA with Group (6-year-old, 10-year-old, Adults) as the
between-subject variable, and Type of sequence (random vs. repeated seque!
and Type of alternation (different hand-same finger [HF-hF] vs. same han
different finger [HF-Hf] vs. different hand-different finger [HF-hf]) as repeatec
measure factors. The ANOVA showed significant effects for the three variable
an interaction between Type of sequence and Type of altern&{@n86) =
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FIG. 5. Mean reaction time by type of finger alternation (HF-sFdifferent hand, same finger;
HF-Hf = same hand, different finger; HF-kf different hand, different finger) as a function of group
in the first learning session.

200

93.25, and an interaction between the three variabl@gg186)= 11.17. On the
whole, the fastest reaction times concerned the HF-Hf alternations. However,
HF-Hf alternations were faster than the other ones in the repeating sequence,
post-hoc statistical analysis (Newman—Keuls tests) actually showed no react
time difference between the three alternations in the random sequences, ex
for the 6-year-old children, who showed a faster reaction time for the HF-F
alternations (see Fig. 5). In the same line, reaction times for HF-Hf alternatio
were shorter for the alternations within the repeating sequence than for
alternations within the random sequendegl,,93) = 233.66.

Although these results rule out an interpretation framed in terms of mot
facilitation, it is worth stressing that they raise a problem about what subjec
actually learned. At first glance, these results suggest that subjects lear
something about the HF-Hf alternations themselves, such as their high frequer
However, this interpretation is dismissed by the fact that, on the whole, the m
frequent alternations were not the HF-Hf, but rather the HF-hf alternations, f
which the reaction times were the slowest. Moreover, this line of reasonit
would have been appropriate only if the control sequences used in the ab
analyses had been practised by independent subjects. Now, it must be real
that a within-subject control procedure was used here. What is observed, in fe
is that HF-Hf alternations elicited shorter reaction times when they occurred
the context of the repeating sequence than when they occurred in the contex
the random trials intermixed with the repeating sequences, in the same subje
Hence the only possible conclusion is that subjects did not become sensitive
the overall probability of HF-Hf alternations, but rather learned about th
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FIG. 6. Mean reaction time performance for the three age-groups at the end of the first sess
(block 5) and at the beginning of the second session (block 1) as a function of the type of seque
(the dotted lines representing RT'’s for the random sequences, and the solid lines the RT’s for
repeating sequence).

probability of these alternations in a specific confexVe postpone to the
discussion some suggestions about what this context may have been.

Retention

Concerning the performance of the subjects after a 1-week delay, an ANO\
with Group as between-subjects variable (including only the subjects wi
participated in both sessions), and Session (first vs. second) and Type of
guence (repeating vs. random) as within-subject variables was computed us
the reaction times on the last block of the first session and those on the first bl
of the second session. Apart from the effect of the Group vari&{45) =
89.48, reflecting the effect of age on the reaction time, there was a significe
effect of the Session variabl&(1,45) = 27.06: the mean reaction time at the
beginning of the second session was faster than the mean reaction time at the
of the first session (558 ms vs. 637 ms). The expected effect of the type
sequence was preseft(l1,45) = 40.88, but it did not interact with any of the

2However, we do not assert that what subjects learned is really the “motor” aspect of the
transitions. Indeed, Stadler (1989) has shown that, in sequence learning, changing the keys had
effect on performance, an observation which suggests that the learning concerns the target transi
on the screen more than the finger transitions. The reader should keep this in mind whenever we s
about finger transitions in the present article.
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TABLE 1
Mean Recognition Ratings for Old and New Sequences

Old New
M SD M SD
6-Year-old 3.17 0.57 3.03 0.59
10-Year-old 3.41 0.55 3.26 0.58
Adults 3.47 0.53 3.52 0.54

Note.The scale was ranging from 1 to 5 (from “l am sure | never saw it” to “| am sure | saw it”).

other variables, showing that sequence-specific knowledge was not significar
different from one session to another, and that the three groups did not differ w
regard to this latter observation (see Fig. 6). Finally, there was an interacti
between the Group and Session variabl&,45) = 5.03, indicating that the
reaction time improvement was significant for both the 6-year-old and tt
10-year-old groups, but not for the Adults (maybe reflecting a floor effect).

Recognition

The recognition task was administered to half of the subjects after one learn
session, and to the other half of the subjects after two learning sessions. In ot
to compare these two conditions in the three groups of subjects, the ANO\
comprised two between-subject variables (Group and Condition), and one wi
in-subject variable (Old sequences vs. New sequences). The dependent vari
was the mean response level for both types of sequences. The analysis show
effect of Group,F(2, 90) = 5.44, indicating that the adults tended to responc
more often that they saw the sequence (whether the sequence was “OLD”
not) than the children. Apart from this, no effect was significant; particularly
there was no effect of the OLD/NEW variable, and no interaction with the Grot
variable (see Table 1 for the mean recognition ratings of the three groups).
order to ensure that this absence of effect was not due to our sample size,
computed a power analysis on the data. With regard to the absence of &rouj
Type of sequence interaction, the largest effect size concerned the 6-year-
group (.27). In order to reach a power level of .80, a sample size of at least 2
would be needed in each group. However, it should be noted that, for the Ad
group, the interaction which would be reached would be in the opposite directic
if anything, the adult subjects would recognize more often the NEW items th:
the OLD (see Table 1). Finally, there was no correlation between performance
the recognition task and sequence learning (calculated for each block by
difference between RT for random and repeating sequences).

Another analysis was realized in order to compare the responses for the ¢
and New sequences. For this analysis, these responses were converted
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2-point scale: the responses “I am sure | never saw it” and “I believe | neve
saw it” were converted into “NO” responses, and “I believe | saw it” and “I
am sure | saw it” into “YES” responses (the “I don’t know” responses were
excluded from this analysis). So, each subject had two scores for each item t
(Old and New sequences). A first ANOVA was computed, with two betweel
subject variables (Group and Condition) and two within-subject variables (Tyj
of sequence and Response). Because there was no effect of the Condi
variable, two separate analyses were computed for each condition. For b
conditions, there was no interaction between the Type of sequence and Respt
variables,Fs(1,45)<< 1.85. Moreover, there was no triple interaction for condi-
tion 1,F(2,45)= 1.43, and a tendency for conditionF2,45)= 2.59,p = .086.
However, the Newman—Keuls post-hoc test revealed no significant differen
between the two types of sequences, neither for the “YES” responses nor |
“NO” responses. These results confirm those of the previous ANOVA, showin
that subjects could not discriminate between the old and new sequences in
recognition task.

Following the above analysis on the finger alternations, it could be th
subjects learned information about the presence of HF-Hf alternations in t
repeating sequence, in which case, the analysis made on the recognition
could be not relevant. Indeed, Jackson and Jackson (1995) argued that mo:s
the explicit tests administered in serial reaction time studies (including tt
recognition tasks) require that subjects have acquired information about
serial-order of the sequence. If this is not what subjects actually learned, th
explicit tests would not be appropriate for evaluating the explicit knowledge, |
that they would not fit the Information Criterion proposed by Shanks and S
John (1994).

In the present case, we should consider the sequences proposed in the re
nition task, not according to whether they simply belonged or not to the repeati
sequence, but according to the fact that they contained or not HF-Hf alternatic
(assuming that this was the information acquired by the subjects). Two differe
analyses were conducted: in a first analysis, we compared results obtained in
recognition task for the old sequences containing the HF-Hf alternations pres
in the repeating sequence (this concerned five sequences) with those obtaine
the new sequences containing the same alternations (five sequences); in a se
analysis, results for the same five old sequences were compared with results
all other sequences (i.e., old sequences which did not contain the HF-Hf alt
nations and new sequences containing or not the HF-Hf alternations). In the f
analysis, there was no overall significant effect of the Old/New vari&iglie90)
= .06; on the other hand, there was a significant interaction between the Grc
and the Old/New variables;(2,90) = 3.44. Post hoc tests (Newman—Keuls)
showed no difference between Old and New sequences for 6-year-old ¢
10-year-old children, but a nearly significant difference for adytts=(.06).
However, this latter effect indicated that the old sequences were less of
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accepted as being old by the subjects than the new ones. Concerning the sel
analysis, the pattern was about the same, except that there was only a marg
significant interaction between the Group and the Old/New variaples (06).
This time, post hoc tests showed no difference between Old and New sequer
for neither groups. Hence, even when considering the recognition task on-
basis of what subjects could have actually learned in the learning task (the HF
alternations present in the repeating sequence), no consistent evidence of exf
knowledge emerges from our data.

DISCUSSION

Different analyses were computed on the data in order to evaluate sequer
specific learning in 6- and 10-year-old children and in adults. These analyses
converge towards the same conclusion: the implicit learning of the sequence
be observed at the same level in the three groups. Hence, this study shows
6-year-old children can learn the sequence as well as adults. Furthermore,
analysis made on the serial order learning of the sequence showed that all t
groups learned the same parts of the sequence. From a more qualitative poir
view, this latter finding can be considered as an additional argument support
the idea that implicit learning abilities are present early in development. Co
cerning the serial order learning, our data also suggest that, in the three grot
reaction times improved most when, in the context of the repeating sequen
subjects had to respond with the other finger of the same hand after the prece
trial. Another important result of this study concerns the long-term retention
the sequence-specific knowledge. Indeed, the analysis revealed that childre
well as adults retain their acquired knowledge after a 1-week delay. This findi
is consistent with studies in adults which have shown that implicit learnin
effects persisted across delays of days and months (e.g., Allen & Reber, 19
Nissen, Willingham, & Hartman, 1989). In our study, there was also a glob
improvement from session one to session two. This could actually be due t
tiredness effect: it could be that subjects became somewhat tired at the end of
first session, and hence their performance was slower.

Finally, the analysis of the recognition task showed performance levels whi
suggest that subjects did not acquire any explicit knowledge of the repeat
sequence. At first approximation, this suggests that sequence learning indics
through reaction time measures is implicit and does not result in a conscio
verbalizable knowledge. The result of a dissociation between performance in
serial reaction time task and explicit knowledge in children may be considered
a new and important result, insofar as, to the best of our knowledge, our study
the first to investigate this issue. However, we also found this dissociation
adults, a result which is at odds with most of the data in the literature: at prese
a large number of researchers in this domain consider that the implicit learni
of the sequence is often accompanied by explicit knowledge. Obviously, we ne
to explain our atypical finding in adults before the evidence of a dissociation
children may be considered at its full value.
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Although several early studies have claimed that learning occurs withc
subjects being aware of the repeating sequence (e.g., Cohen, Ivry, & Keele, 1¢
Nissen & Bullemer, 1987; Willingham, Nissen, & Bullemer, 1989), subsequel
investigations demonstrated that these apparent dissociations stemmed f
various procedural biases (e.g., Perruchet & Amorim, 1992; Shanks & St. Jol
1994). More recently, Shanks and Johnstone (1997) showed that the evidence
unconscious learning put forth by Reed and Johnson (1994) was also due |
flaw in their experimental design. Overall, there is wide evidence that son
explicit knowledge may be observed after practice on a serial reaction time ta
and especially with a recognition test, as used in the present experiment (e
Willingham, Greeley, & Bardone, 1993; Perruchet et al., 1997). Why wa
recognition in adults at chance level in the present experiment?

A first possibility is that this result points to a genuine implicit/explicit
dissociation. The fact that children and adults learned to the same extent in
serial reaction time tasks is, in some ways, consistent with this possibilit
Indeed, different studies (e.g., Curran, 1997; Curran & Keele, 1993; Hartmze
Knopman, & Nissen, 1989; Willingham et al., 1989) have suggested that p
formance in sequence learning tasks could benefit from the explicit knowled
acquired by the subjects in the task: the more important the explicit knowled
the greater the RT decrease for the repeating sequence. Following these res
one could have expected that, in the present study, performance in the se
reaction time task could have been better for adults than for children, becaus
is well known that adults generally perform better than children in explici
memory tasks. The fact that adults’ performance in the serial reaction time te
was no better than that of children suggests that no explicit knowledge w
acquired by our subjects in the present study.

This atypical result could be due to some particularities of the procedure.
priori, a particularly important aspect concerns the nature of the repeati
sequence. However, the sequence used here does not seem to differ by
relevant features, such as length or complexity of the statistical structure, fre
the ones used elsewhere. On the other hand, a characteristic of our procec
departing from the standard one, was the intermixing of random trials betwe
successive occurrences of the repeating sequence. It is possible that this fes
prevents the formation of explicit knowledge without having any detriments
effects on reaction times. Note that this explanation suggests that the absenc
any age effect observed in our study could be due, at least partially, to t
difficulty of the task. If the statistical structure had been more salient, explic
knowledge may have developed and may have contributed to the RT accele
tion, and one could expect this effect to be more important for adults than f
children.

The hypothesis that the atypical procedure used here could be responsible
the lack of recognition finds partial support in Curran’s (1997) results. Curre
observed no significant recognition for fragments of the repeating sequence:
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young and elderly participants, although reaction times improved selectively
these sequences in the training phase. Notably, the control procedure usec
Curran was similar to ours (except that random trials occurred only after tv
exposures to the repeating sequence instead of one). Moreover, the statis
structure of the repeating sequence used in the present experiment is n
complex than that used in other studies (e.g., Perruchet et al., 1995). It is poss
that the combined use of a within-subject within-block design with a relativel
complex repeating sequence made the situation too difficult to allow for explic
knowledge to emerge.

Another possibility regarding our failure to reveal any explicit knowledge
is that it is due to the inadequacy of our recognition task. We have to exami
whether the test we used fulfils what Shanks and St. John (1994) called
sensitivityand theinformation criteria. Regarding the first criterion, there is
a consensus on the idea that recognition is a sensitive measure. This con:
sus is even reinforced by one finding from Curran’s (1997) study. Curre
(1997, Experiment 2) compared several tests of explicit knowledge, al
concluded that the fragment recognition test, as used in the present stu
may be the most sensitive to partial levels of explicit knowledge. The issl
pertaining to the information criterion is more problematic. As Shanks and ¢
John (1994, p. 373) pointed out, “before concluding that subjects are u
aware of the information they have learned and which is influencing the
behaviour, the experimenter must be able to establish that the information
or she is looking for in the awareness test is indeed the information respc
sible for performance changes”. In an attempt to fulfil this criterion, the
situation of the recognition task was close to that of the learning phase: t
recognition sequences were presented in a very similar way to that of t
stimuli in the learning phase, and subjects could respond to the stimuli |
pushing the corresponding keys on the keyboard.

However, this does not necessarily entail that the to-be-recognized fre
ments displayed during the recognition test provided the same information
the training sequences. Analyses of reaction times revealed that subjects r
have learned information about specific finger alternations embedded in 1
repeating sequence. More specifically, same hand-different finger [HF-F
alternations elicited shorter reaction times when they occurred in the conte
of the repeating sequence than when they occurred in the context of t
random trials intermixed with the repeating sequences. Hence our conclus
was that subjects did not become sensitive to the overall probability of HF-}
alternations, but rather learned about the occurrence of these alterniation
a specific contextn our analysis of the recognition data, we also focused o
the knowledge related to these specific finger alternations and found
indications of explicit knowledge; however, it is noteworthy that our frag
ment recognition task did not provided the specific context that seem
necessary for RT improvement.
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Thus, what can be said about the information acquired by the subjects dur
the learning phase, and about the status of this information with regard to |
implicit/explicit dimension? Actually, our data seems to confirm that subjects c
detect some regularities in the stream of stimuli with which they are confronte
More specifically, it might be that subjects are sensitive to relatively comple
information. Indeed, performance improvement observed in the present exp
mentcannotbe due to some information regarding the presence or the frequer
of a single stimulus or pairs of stimuli. Reaction times differed between tt
HF-Hf alternations included in the repeating sequence and the same alternat
occurring in the random trials intermixed with the repeating sequence. TF
finding demonstrates that participants were sensitive to higher order informat
(for instance, to second-order dependency rules) than the simple presenc
frequency of these alternations.

Be that as it may, the important point is the demonstration of the absence
any age-related effect in implicit sequence learning. This result is consistent w
the idea that implicit learning processes would be present early in developme
a postulate consonant with different current accounts of the cognitive develc
ment in children. The theoretical construction which is probably the mo
integrated from a developmental perspective is that proposed by Karmiloff-Sm
(1992, 1994), who tries to reconcile the nativist and constructivist positions
cognitive development. According to her, cognitive development consists of
succession of stages which imply a mechanism of redescription of represer
tions. Karmiloff-Smith proposes different levels of representation. The first lev
(implicit) encodes the representations in a procedural form. At this stage, cf
dren are mainly sensitive to the information coming from their external envirol
ment; this rather inflexible data-driven learning permits children nonetheless
interact efficiently with their environment. Then, different redescriptions can tal
place, leading to the elaboration of an explicit format of the representatio
(according to Karmiloff-Smith, the term “explicit” is not necessarily synony-
mous with “verbalisable”); this explicit format has the advantage of being mor
flexible and manipulable by the cognitive system (e.g., usable for other purpc
es). In that context, from one redescription to another, the mental representati
become more and more open to conscious thought. This procespresenta-
tional redescription,which constitutes the foundation of Karmiloff-Smith’s
theory, does not end up in the elaboration of a unique representational format,
leads to the existence of different representational levels for a particular knoy
edge. Within this theoretical framework, implicit memory and implicit learninc
phenomenons take place during the initial stage of the representation formati
these representations are procedural, automatic, rather inflexible and inacces:
to consciousness, but they permit children to reach a sufficient “behaviour
mastery” of their environment. This initial phase would be typical of the earl
stages of cognitive development.

More recently, Perruchet and Vinter (1997; see also Perruchet & Galleg
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1997) have presented a radically different interpretation than that adopted
Karmiloff-Smith (1992). Perruchet and Vinter reject the idea by which th
early ability to interact efficiently with the environment would depend on th
building of implicit representations. According to Perruchet and Vinter, thi
aptitude can be accounted for by the ability of the young child to segment tl
stream of stimulations coming from the environment into discrete units,
process which can be explained by the simple implementation of element:
associative processes. Confronted with this stream of information, the chilc
attention can be captured by a set of stimuli sharing some specific propert
(like their novel nature, or their movement), and the result of this associati
process is the formation of the primitive subjective units, which will serve fo
the elaboration of units of higher level. According to Perruchet and Vinte
this hierarchical mechanism also accounts for more complex learning pt
nomena, which could be real-life situations as well as some implicit learnir
phenomena observed in the laboratory. On no account do the implicit learni
processes involve abstraction mechanisms, which would depend on
conscious forms of thought.

To summarise, the results of the present study showed no age effect on imp
learning in a serial reaction time task. This result is consistent with the idea tt
implicit learning processes would be present early in development, a postul
consonant with different current accounts of the cognitive development
children. However, this result contrasts with the Maybery et al. (1995) stud
which showed, on the contrary, an age-related improvement in an implic
learning task. The discrepancy between the two studies could be due to the
that different implicit learning paradigms were used: Maybery et al. used a ta
adapted from the covariation learning paradigm developed by Lewicki (e.(
Lewicki, 1986b), whereas the present study used a serial reaction time ta
Although the absence of implicit learning observed by Maybery et al. in your
children could also have been due to some strategy biases (i.e., a tendency ir
young children group to perseverate on the previous target-stimulus location)
is more likely that the two implicit learning tasks involve different processes, ar
that some of these processes could be more sensitive to age variations |
others. Another possibility is that performance in the nominally implicit learnini
task has been affected by the explicit knowledge about the training situatic
Maybery et al. provided some evidence that explicit knowledge was lacking, b
this evidence was grounded on the results on a questionaire, which is knowr
be a specially unsensitive measure. If responses in the learning task may
been contaminated by explicit knowledge, this could explain that adults outp
formed children. One of the critical issues of future research on implicit learnir
and development will be of assessing whether children really exhibit less
capabilities than adults in a subset of implicit learning tasks, or whether tl
occasionally reported superiority of adults is due to the contamination by explit
factors.
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APPENDIX

Recognition Sequences

Old New
DBDA DBDB
BDAC BDAB
DACD DACA
ACDB ACDA
CDBA CDBD
DBAD DBAC
BADC BADB
ADCA ADCD
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