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Sleep-dependent consolidation has been demonstrated for declarative and procedural
memory but few theories of consolidation distinguish between rote and generalized learn-
ing, suggesting similar consolidation should occur for both. However, studies using rote
and generalized learning have suggested different patterns of consolidation may occur,
although different tasks have been used across studies. Here we directly compared consol-
idation of rote and generalized learning using a single speech identification task. Training
on a large set of novel stimuli resulted in substantial generalized learning, and sleep
restored performance that had degraded after 12 waking hours. Training on a small set
of repeated stimuli primarily resulted in rote learning and performance also degraded after
12 waking hours but was not restored by sleep. Moreover performance was significantly
worse 24-h after rote training. Our results suggest a functional dissociation between the
mechanisms of consolidation for rote and generalized learning which has broad implica-
tions for memory models.

� 2013 Elsevier B.V. All rights reserved.
1. Introduction

The acquisition of complex skills depends on the ability
to generalize beyond exact situations experienced during
learning. It has been argued that the ability to generalize
is the defining feature of adaptive learning, and the quality
that distinguishes it from simple associative memory (Pog-
gio & Bizzi, 2004). Many models of memory suggest that
generalized learning relies on the same underlying associa-
tive mechanisms as learning of specific experiences; gener-
alization depends on abstraction from associations
acquired during training (e.g., Goldinger, 1998; Hintzman,
1986; McClelland & Rumelhart, 1985). In contrast, other
theories suggest that memory involves both specific repre-
sentations and abstract representations (cf. Anderson et al.,
2004; Grossberg, 1986; Posner & Keele, 1968). Evidence
suggesting that there may be different mechanisms under-
lying rote and generalized learning would present a chal-
lenge for models that posit only specific representations
and would provide support for models that allow for both
specific and abstract representations. Here we report that
the two forms of learning show different patterns of
sleep-dependent consolidation.

Memory consolidation research suggests that sleep con-
solidates procedural and perceptual skills (see Margoliash
& Fenn, 2008; McGaugh, 2000; Walker, 2005, for reviews)
but the vast majority of this research has emphasized tasks
wherein learning is restricted to the exact information
encountered during training. Tasks used to study proce-
dural consolidation typically focus on learning one motor
pattern (cf. Fischer, Hallschmid, Elsner, & Born, 2002) or
discrimination of one visual pattern (cf. Karni, Tanne,
Rubenstein, Askenasy, & Sagi, 1994) which may be
considered rote procedural learning. In rote motor learn-
ing, sleep is reported to enhance learning; performance is
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significantly better after sleep than after training, an effect
not seen after an equal interval of wakefulness (cf. Fischer
et al., 2002; Walker, Brakefield, Hobson, & Stickgold, 2003).
Although several studies have reported this effect, recent
work has argued that apparent memory enhancements
may be explained by reactive inhibition (Rickard, Cai,
Rieth, Jones, & Ard, 2008) or circadian differences at test
(Cai & Rickard, 2009).

Although some of the work in rote procedural learning
has been questioned, there is strong evidence that sleep
consolidates generalized learning and promotes abstrac-
tion of information. In generalized procedural learning,
performance degrades across waking retention and is re-
stored by sleep. Sleep also inoculates memory against sub-
sequent degradation (Brawn, Fenn, Margoliash, &
Nusbaum, 2008; Fenn, Nusbaum, & Margoliash, 2003).
Consistent with this, we have reported that after control-
ling for reactive inhibition, rote motor learning follows
the same general pattern of waking degradation and resto-
ration after sleep (Brawn, Fenn, Nusbaum, & Margoliash,
2010). Other studies that have investigated generalized
learning and sleep have shown that sleep can restructure
information acquired during waking. Of note, Wagner,
Gais, Haider, Verleger, and Born (2004) trained participants
on a complex algorithm that contained a hidden rule that
allowed the problem to be solved in fewer steps. Partici-
pants were more likely to become aware of the hidden rule
if tested after sleep than after a waking interval. Similarly,
infants who were exposed to an artificial language showed
evidence of generalization and abstraction of the rules of
the language after a nap. In contrast, after a waking inter-
val, infants showed stronger veridical memory, but did not
show any evidence of abstraction or generalization (Go-
mez, Bootzin, & Nadel, 2006). Thus, there is strong evi-
dence that sleep consolidates generalized learning and
promotes abstraction or restructuring of information.

Given that sleep consolidates both rote and generalized
learning, the potential difference in consolidation of these
types of learning can be used to investigate whether differ-
ent mechanisms underlie these two forms of learning. Con-
solidation in rote skills may be confined to lower-level
cortices (cf. Karni & Bertini, 1997) whereas generalized
learning may depend on the interaction of broader net-
works of neural activity (Ahissar & Hochstein, 2004; Poggio
& Bizzi, 2004). Generalized skills may receive a different
benefit from consolidation processes and may be more sus-
ceptible to waking interference.

The effects of sleep on rote and generalized learning
have only been compared across substantially different
tasks, complicating interpretation of differences. We com-
pared rote and generalized learning in a synthetic speech
learning task and tested the effect of waking retention
and sleep on performance.
2. Method

2.1. Participants

We recruited 67 right-handed native English speakers
who had no history of speech, hearing, or memory disor-
ders. Nine participants were excluded from all analyses
for not being native English speakers (n = 4), or for con-
suming alcohol on the study evening (n = 1), or for not
completing the experiment (n = 4). The remaining 58 par-
ticipants (32 female) had a mean age of 20.6 ± 3.6 (s.d.)
years. All were students or employees at the University
of Chicago and were financially compensated.

2.2. Materials

Seven hundred monosyllabic words were generated by
rsynth, a text-to-speech synthesizer based on Klatt
(1980). The intelligibility of this synthetic speech is rela-
tively low, but listeners show significant improvement
after one training session (Fenn et al., 2003). The words
were taken from phonetically balanced lists, approximat-
ing the distribution of phonemes in English (Egan, 1948).
Words were chosen based on the distribution of phonetic
properties in English and were derived from a diverse set
of syntactic categories (nouns, verbs, adjectives, and ad-
verbs). The words were divided into four (100-word) test
sets and one (300-word) training set. The test sets were
balanced to establish comparable difficulty, based on pilot
testing. Participants received each of the four tests in one
of the following positions: Pretest, Posttest I, Posttest II,
and Posttest III. Test order was counterbalanced across par-
ticipants. In addition, twenty of the training words were
added to each test so each test included 100 novel words
and 20 words that repeated throughout the experiment
(i.e. during training and every test).

2.3. Design

All participants completed three experimental sessions.
The first session contained a pretest, training, and posttest.
The second and third sessions contained only a posttest.
Each session was separated by a 12-h retention interval.
The first session was conducted at 09:00; the second ses-
sion was at 21:00 (after waking retention), and the third
session was at 09:00, after a retention interval that in-
cluded sleep (see Supplementary Fig. 1). We did not test
for circadian differences because our previous research
demonstrated that time of day effects are negligible (Fenn
et al., 2003). Participants were randomly assigned to one of
two training procedures that have been found to produce
rote or generalized learning respectively (Greenspan, Nus-
baum, & Pisoni, 1988). One group (rote-trained) was
trained on 20 words. Words were presented in pseudoran-
dom order 15 times throughout training. The other group
(generalization-trained) was trained on 300 unique stim-
uli. Twenty of the training stimuli for this group were used
as the full training set for the rote-trained group and were
used in each of the tests. The remaining 280 were novel
words that did not appear in any of the tests.

An additional control group (n = 12) was trained exactly
as the rote-trained group but was tested only on the 20 re-
peated stimuli during each posttest, to reduce interference
during the tests and to ensure that performance in the
rote-trained experimental group was not affected by the
inclusion of novel items during testing. Because the rote-
trained group experienced only 20 stimuli during training
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but encountered an additional 100 unique stimuli at test,
these stimuli may have interfered with the consolidation
process (cf. Nader, Schafe, & LeDoux, 2000).
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2.4. Procedure

The pretest and each of the posttests for the rote-
trained and generalization-trained experimental groups
contained 120 stimuli: 100 novel words and the 20 re-
peated words (Supplementary Fig. 1). For the rote control
group, each posttest contained only the 20 repeated words.
Individual stimuli were randomly presented via Sennheiser
HD 570 headphones and participants identified stimuli by
typing the word into the computer. There was no time lim-
it imposed on responses.

During training, participants first received perceptual
training on 50 words and were then tested on 20 words.
This sequence (perceptual training and test) was repeated
six times throughout training for a total of 300 perceptual
training trials and 120 test trials. During perceptual train-
ing, individual words were presented via headphones,
paired with the orthographic form of the word on the com-
puter screen. The orthographic form preceded the auditory
stimulus so participants could use stimulus identity to help
shape perception. The generalization-trained group re-
ceived perceptual training on 50 unique stimuli in each
training set. The rote-trained and control groups received
perceptual training on 50 stimuli during each set, but be-
cause the training set contained only 20 items, some words
were repeated during each training phase. Across all train-
ing trials, each word was repeated 15 times. However,
stimuli were delivered randomly across training blocks.
Therefore, it was possible for one word to appear several
times in a given training block and a different word to
not appear at all during a given block. After 50 perceptual
training trials, participants were tested on 20 words. For
the generalization-trained group, the words were ran-
domly chosen from the 50 they just heard. The rote-trained
and rote control groups were tested on the full set of 20
training words, regardless of which items they experienced
in the preceding perceptual training trials. During each
test, participants had 4 s to complete a response. If a re-
sponse was not completed in this time, the trial was scored
as incorrect and the next stimulus was presented.

At the start of each experimental session, participants
completed the Stanford Sleepiness Scale (Hoddes, Zarcone,
Smythe, Phillips, & Dement, 1973) to assess sleepiness and
visual analog mood scale (Monk, 1989) which measures
global vigor and global affect (Supplemental online
material).
Pretest Posttest I
0 

0.2

Fig. 1. Pretest and Posttest I performance, in proportion correct (±S.E.M.),
for experimental groups and control groups. (a) Performance on novel
words for the generalization-trained and rote-trained experimental
groups and (b) performance on the 20 words used for training in the
rote-trained group for the generalization-trained and rote-trained exper-
imental groups and the rote-trained control group.
3. Results

To assess immediate, practice-dependent improve-
ments, we compared Pretest and Posttest I performance
for novel and repeated words for the experimental groups.
Performance was calculated as percent correct identifica-
tion. Stimulus identification was scored as correct if the
correct phonetic content of the word was identified. Incor-
rect spelling was not penalized (e.g. the word ‘‘kar’’ was
scored correct if the stimulus was ‘‘car’’). We first assessed
performance on novel words by comparing identification
on Pretest and Posttest I for the 100 unique words in each
test. Performance on novel words improved for both
groups, but the generalization-trained group showed lar-
ger improvements than rote-trained (17.5 ± 1.4 and
4.0 ± 1.6 mean percentage points ± S.E.M., respectively,
Fig. 1a). Using a repeated measures ANOVA with training
condition (rote, generalized) as a between-subjects factor
and test (Pretest, Posttest I) as a within-subjects factor,
we found a main effect of test (F1,44 = 102.76, p < .001),
training condition (F1,44 = 11.9, p < .01), and an interaction
between factors (F1,44 = 40.21, p < .001). Although the
rote-trained group’s improvement on novel words was
modest, it was significant, t(23) = 2.53, p < .01.

Both groups also showed improvement on the 20 re-
peated words (F1,44 = 526.65, p < .001) (Fig. 1b), but the
pattern of improvement was opposite to that of novel
words. Rote-trained participants improved significantly
more (51 ± 1.9) than generalization-trained participants
(22.5 ± 2.6), as suggested by a significant effect of training
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Fig. 2. Proportion correct (± S.E.M.) on each of the six tests during
training for the three groups. All groups were tested on 20 items. For the
rote-trained experimental group and the rote control group, the twenty
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condition (F1,44 = 10.99, p < .01) and interaction between
training and test (F1,44 = 79.32, p < .001).

Performance during each of the 20-item tests during
training was scored in the same way as the tests. Fig. 2
shows that performance improved throughout training
(F5,220 = 25.92, p < .0001), and that performance was better
for the rote-trained group than the generalization-trained
group (F1,220 = 14.03, p < .001). The interaction between
test point and training condition was not significant
(F5,220 = 1.64, p = .15).

The primary question of this study was to investigate
the change in performance across time and sleep. To mea-
sure the effect of the two 12-h retention intervals, we com-
pared performance across the three posttests. We first
normalized scores for baseline differences by subtracting
pretest accuracy from posttest accuracy (separately for re-
peated and novel items) and performed analyses on these
improvement scores.
items were the full training set; for the generalization-trained group the
20 items were randomly chosen from the 50 stimuli on which they just
received perceptual training.
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Fig. 3. Improvement (± S.E.M.) measured by change in performance
(percent correct) from pretest to posttest for each of the three posttests:
given immediately after training (Posttest I), 12-h after training (Posttest
II), and 24-h after training (Posttest III). (a) Performance on novel words
for the two experimental groups and (b) performance on repeated words
3.1. Novel items

Improvement on novel items was analyzed using a re-
peated measures ANOVA with training condition as a be-
tween-subjects factor and posttest as a within-subjects
factor. We found a significant effect of training condition
(F1,44 = 25.49, p < .001), posttest (F2,44 = 10.71, p < .001),
and a significant interaction between the factors
(F2,88 = 7.29, p < .01). Planned comparisons show that the
generalization-trained group replicated our previous stud-
ies (Fig. 3a); performance was significantly worse after
waking retention (Posttest II) than immediate test (Post-
test I) t(21) = 4.72, p < 0.001 (all t-tests are one-tailed,1 ex-
cept where noted) and performance significantly improved
again (by 7 ± 1.8% points) after sleep at Posttest III (com-
pared to Posttest II) t(21) = 3.67, p < .001. A small set of par-
ticipants in this group (n = 4) were erroneously given the
same 100-item test at two points during the experiment.
Removing these participants did not affect the results; per-
formance was significantly worse after waking retention
t(17) = 5.48, p < .001 and significantly improved again after
sleep t(17) = 3.89, p < .001.

Fig. 3a shows that the rote-trained group did not show a
significant loss of performance on novel stimuli after wak-
ing retention t(23) = .33, p = .37, likely because the imme-
diate improvement on novel test items was so small that
there was little sensitivity to measure performance reduc-
tion. This group showed a trend for improved performance
(compared to Posttest II) after sleep (2.6 ± 1.4% points) that
narrowly missed significance t(23) = 1.48, p = .07. Three
participants in this group were also tested erroneously
with the same test during two tests and therefore did not
get a true generalization test on novel words. If we exclude
these participants, the comparison between immediate
and 12-h testing is no different, t(20) = .29, p = .39 but this
for the two experimental groups and the control group. Note: graphs are
not on the same scale.

1 One-tailed t-tests were used because in three previous studies, we
found a consistent pattern of performance across 12-h delay intervals.
When training occurred in the morning, performance decreased across a
waking interval and was restored after sleep (Brawn et al., 2008; Brawn
et al., 2010; Fenn et al., 2003). Based on this work, we had a priori
predictions for performance change across these delay intervals.
group shows significantly improved performance after
sleep (3.0 ± 1.6% points), compared to Posttest II
t(20) = 1.74, p = .04, suggesting that there is some consoli-
dation of generalized learning for both groups.
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3.2. Repeated items

We first analyzed performance on the repeated items
for the two experimental groups. The pattern of results
on the 20 repeated words was similar to the results on no-
vel stimuli for the generalization-trained group (Fig. 3b),
but was quite different for the rote-trained group. Using
a repeated-measures ANOVA with training condition as a
between-subjects factor and posttest as a within-subjects
factor, we found a significant effect of training condition
(F1,44 = 45.83, p < .0001), posttest (F2,44 = 11.13, p < .001),
and a significant interaction between the factors
(F2,88 = 8.32, p < .001). The generalization-trained group
showed a trend for a reduction in performance following
waking retention but this loss did not reach significance
t(21) = 1.42, p = .08, possibly because the stimuli were no
longer novel, having been heard during training and on
two previous tests. Although these participants did not
show significant reduction after waking, they did show
improvement from Posttest II, of 5.9 ± 1.8% points, after
sleep, t(21) = 3.09, p < .01.

Perhaps the most interesting pattern of results is the
performance of the rote-trained group on the 20 repeated
items. Similar to our previous studies, performance was
significantly reduced after 12 waking hours t(23) = 5.26,
p < .001. Interestingly, after sleep, this group did not show
the expected rebound in performance. This group im-
proved from Posttest II by an average of only 2.3 ± 1.9%
points, a change that was not statistically reliable
t(23) = 1.31, p = .11, although the direction of the effect is
for increased performance. This may reflect some consoli-
dation of generalization learning from the rote training
rather than an effect of sleep on rote memory. Further-
more, this group showed significantly worse performance
at the 24-h test than at immediate test t(23) = 3.94,
p < .001 (two-tailed), an effect not previously observed. In
contrast, on the same stimuli, the generalization group
showed a trend for better performance on the 24-h test
than on the immediate test, but this effect did not reach
significance t(21) = 1.68, p = .11 (two-tailed).

The control rote group was tested only on the 20 re-
peated items to ensure that performance in the rote-
trained experimental group (tested on 120 items on each
test) was not affected by the inclusion of novel items dur-
ing testing. The results from the rote control group closely
resembled the results in the rote-trained experimental
group (Fig. 3b). The control group showed robust improve-
ment directly after training and a repeated-measures ANO-
VA found that improvement varied by test (F2,22 = 6.52,
p < .01). Planned comparisons showed that performance
was significantly worse after waking t(11) = 3.35, p < .01
and the change in performance after sleep was not signifi-
cant t(11) = .94, p = .18, although there was a trend for in-
creased performance. Again, performance was
significantly worse on the 24-h test than at immediate
posttest t(11) = 2.41, p = .03 (two-tailed). In this task, rote
perceptual learning either did not benefit from sleep, or
benefited far less than generalized learning.

Finally, previous research has shown that weak declar-
ative memory obtains a greater benefit from sleep-related
consolidation processes than stronger memory (Drosopou-
los, Schultze, Fischer, & Born, 2007). We investigated the
relationship between initial learning and subsequent con-
solidation in our groups. If sleep preferentially consoli-
dated weaker associations in this task, then we would
expect that the change in performance across sleep would
be negatively correlated with either initial learning or per-
formance on the first posttest. However, there was no evi-
dence for a negative relationship in either group. The
correlation between initial learning (change in perfor-
mance from Pretest to Posttest I) and consolidation
(change from Post II to Post III), in the rote-trained group
was near zero on rote stimuli r = .009, z = .04, p = .96 and
novel stimuli, r = .18, z = .84, p = .39. Similarly, if absolute
performance on the first posttest was used as the measure
of learning, the correlation between performance and con-
solidation was near zero for rote r = .06, z = .31, p = .75 and
novel stimuli r = .08, z = .36, p = .71. For the generalization-
trained group, there was not a significant relationship be-
tween initial learning and consolidation r = .26, z = 1.16,
p = .24 or Posttest I performance and consolidation on rote
stimuli r = .25, z = 1.11, p = .26. However, on novel stimuli,
there was a marginally significant positive correlation be-
tween initial learning and consolidation r = .38, z = 1.78,
p = .07 and Posttest I performance and consolidation
r = .41, z = 1.91, p = .055. Thus, stronger initial learning
was associated with increased consolidation in this group.

4. Discussion

The present study demonstrates one fundamental dif-
ference between rote and generalized learning. Sleep con-
solidated generalized learning but by comparison, rote
memorization of 20 specific patterns did not evince any
benefit from sleep-related consolidation processes. Follow-
ing generalization training, recognition performance sig-
nificantly degraded across waking and was restored after
sleep. After rote training, performance diminished over
waking retention, was not restored by sleep, and was sig-
nificantly worse 24-h after training than at immediate test.
Although rote training received very little benefit from
sleep on items encountered during training, there was a
trend for a rebound effect in generalization to novel items.
Rote-trained listeners showed some (albeit much smaller)
generalization from their training. This smaller generaliza-
tion effect showed a pattern after sleep that was similar to
the pattern displayed by the generalization-trained group,
suggesting there might be consolidation of the generaliza-
tion learning although not of the rote learning even within
this one group of learners.

These results suggest that there may be different
mechanisms underlying rote and generalized learning
and challenge some views of memory processing. For
learning to generalize and apply to novel contexts, it is
important to abstract pattern information such that it
can be applied to new information. Theories of memory
address generalization in different ways. One approach is
to represent only the specific experiences encoded during
learning and to abstract from those experiences (e.g.,
McClelland & Rumelhart, 1985). In these models, general-
ization depends on rote memory traces from specific expe-
riences (cf. Goldinger, 1998). Consolidation of generalized
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learning would therefore depend on consolidation of indi-
vidual traces acquired during training as they form the
memory base supporting generalization. The present data
argue against these models because rote and generalized
learning did not show the same benefit of consolidation.

An alternative class of models argues for both represen-
tational specificity and abstraction (cf. Posner & Keele,
1968). For example, speech experiments involving shad-
owing or priming have been used to argue that listeners’
memory for speech contains both abstract representations
and talker-specific acoustic patterns (e.g., Ju & Luce, 2006;
McLennan, Luce, & Charles-Luce, 2005). Theories of mem-
ory as diverse as ART (Grossberg, 1986) and ACT-R (Ander-
son et al., 2004) provide for both abstract and specific
representations. While these models do not address con-
solidation during sleep, the existence of specific and gen-
eral representations, and the differentiation of types of
representation and processing provide the separation that
is necessary for the different effects of consolidation we re-
port here. Consistent with this, several studies have shown
that learning of new vocabulary words occurs quite rap-
idly. However, integration of new words into the lexicon
requires time (Davis, Di Betta, Macdonald, & Gaskell,
2008) and, importantly, sleep (Dumay & Gaskell, 2007).

We propose that learning induces abstract representa-
tions based on the statistical distribution of experiences
and that sleep consolidates these abstract representations.
Recent evidence that sleep modifies daytime activity prop-
erties of neurons supports the idea that new information is
created during sleep (Dragoi & Tonegawa, 2011; Rauske,
Chi, Dave, & Margoliash, 2010). Initially, during a waking
period, memory of the newly-induced abstraction de-
grades, as does memory of the specific tokens that helped
form the abstract representation. During sleep, associative
interactions through neuronal replay help to stabilize
memory of the abstract representation and exemplar to-
kens. Additionally, an interaction between memory of to-
kens and abstract representations helps to stabilize both
representations. For rote learning, there is little distribu-
tional information available for the induction of abstrac-
tion but considerable information for specific tokens. For
generalized learning, there is more information in memory
for the abstraction, and the interaction between the two is
stronger. Such differences could account for the differences
in behavior observed for the two types of learning and sug-
gest a functional dissociation in the mechanisms underly-
ing the consolidation of these two types of learning.
Appendix A. Supplementary material

Supplementary data associated with this article can be
found, in the online version, at http://dx.doi.org/10.1016/
j.cognition.2013.04.007.
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