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discrimination, of the novel Hindi stop contrast [13]. The
results of identification tests showed that while English
listeners trained in the evening improved significantly in
identifying the stop stimuli produced by the untrained talker,
those trained in the morning did not show such a pattern. In
contrast, the two training groups did not show perceptual
changes in identifying the stop stimuli produced by the trained
talker.
The overnight consolidation effect in talker generalization
(i.e., talker-independent abstraction) found for the perceptual
learning of non-native consonants, albeit informative, raises
the question of whether a similar effect would be found in the
perceptual learning of lexical tones, which are highly variable
and dynamic within and across talkers [17], [18]. Tone
languages use pitch variations to distinguish lexical meanings.
For instance, segmentally identical words that contain
different lexical tones in Cantonese (/si 55/ ‘silk’ (Tone 1
(T1)), /si 25/ ‘history’ (T2), /si 33/ ‘to try’ (T3), /si 21/ ‘time’
(T4), /si 23/ ‘city’ (T5), and /si 22/ ‘matter’ (T6)) differ in
meaning [19].
Cross-linguistic studies found that listeners with different
tone language backgrounds attend to different pitch cues under
the influence of their L1 tonal inventory [20]–[22]. Cantonese,
in particular, has contour tone contrasts as well level tone
contrasts. In contrast, Mandarin has one level tone and three
contour tones, and thus contrast in pitch contour differences.
Some Cantonese level-level tone pairs, for instance, T3 (midlevel) – T6 (low-level), are distinguished in subtle differences
in pitch height, and thus pose a great perceptual difficulty for
Mandarin listeners [23], [24]. Since Mandarin listeners have
been reported to have a great difficulty distinguishing (e.g.,
Cantonese) level-level tonal contrasts [25]–[27], this study
examines whether, and if so how, a talker generalization in
perceptual learning of novel tones, that is, three Cantonese
level tones (T1 /55/, T3 /33/, and T6 /22/) learned by
Mandarin listeners, is modulated by the effect of overnight
consolidation.
Given previous findings on the learning of novel
segmental contrasts, it is hypothesized that a similar effect of
overnight consolidation will be found for the perceptual
learning of Cantonese level tones by Mandarin listeners.
Specifically, those listeners who are trained in the evening are
expected to perform better than those who are trained in the
morning in perceiving the level tones produced by a new
talker and probably also the trained talker, given a potentially
greater difficulty of learning the target (three-way) tonal
contrasts relative to (two-way) segmental contrast. Lastly, it is
expected that the overnight consolidation effect would be
across-the-board for the perceptual learning of all three level
tones.

Abstract
Recent studies showed that sleep-mediated memory
consolidation facilitated learners’ generalization across talkers
in their perception of novel stop contrasts. Lexical tone is
characterized by high variability across talkers. Thus a similar
effect of overnight consolidation could be found for perceptual
learning of novel tonal contrasts. This study aims to examine
whether
overnight
consolidation
facilitates
talker
generalization in the identification of novel Cantonese level
tones by Mandarin listeners.
Two groups of Mandarin listeners were perceptually
trained either in the morning or in the evening using stimuli
from one talker. Their post-training changes and
generalization to a novel talker were then tested in three
posttests over 24 hours using stimuli from the trained and
untrained talkers. The results showed that the evening group
showed an improved trend in identifying the level tones
produced by both the trained and untrained talkers; in contrast,
the morning group showed a declining trend. The finding of
identification changes over time suggests that overnight
consolidation might have assisted learning of tone stimuli
produced by the novel talker, and eventually facilitated the
formation of a more talker-independent representation of
novel tone categories in long-term memory. The findings have
implications for understanding the mechanism of speech
learning and plasticity.
Index Terms: overnight consolidation, Cantonese tones,
Mandarin, perceptual learning

1. Introduction
Converging evidence indicates that sleep supports various
aspects of language learning by facilitating the memory
consolidation of newly learned knowledge [1], [2]. Sleepmediated memory consolidation (i.e., overnight consolidation)
plays an important role in novel word learning [2]–[6]. On the
other hand, a growing literature showed that overnight
consolidation also facilitates listeners’ perceptual learning of
speech sound categories in an auditory domain [7]–[11].
In recent studies, Earle and her colleagues examined how
learned sound categories were encoded into long-term
memory following a session of laboratory training by focusing
on the effect of overnight consolidation in the identification
and discrimination of novel phonetic categories, that is, a
Hindi dental and retroflex stop contrast [12]–[16].
Specifically, Earle and Myers showed that overnight
consolidation promoted English listeners’ generalization
across talkers in their identification, but not in the
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2. Methods
2.1. Participants
Thirty-two students (18 female, 14 male) were recruited from
the Hong Kong Polytechnic University. They were all
Mandarin-speaking participants between the ages of 18 and
30. The participants had a minimal exposure to Cantonese,
that is, their length of residence in Hong Kong was less than
ten months and Cantonese classroom-learning for less than
one month prior to the experiment. They speak Mandarin as
their mother tongue and not any Southern Chinese dialect
including Shanghainese, Hakka, and Southern Min. In
addition, they have not received professional musical training.
None of them reported a history of hearing impairment and
neurological disorder.
Table 1: Demographic characteristics of the morning
and evening training groups.
No. of participants
Age (year)
Discrimination
(%)

Pretest

Morning
16
(9 F, 7 M)

Evening
16
(9 F, 7 M)

24.9
(3.7)
85.2
(3.6)

23.3
(3.5)
84.5
(3.6)

Figure 1: Tonal contours of the three Cantonese level
tones produced by the trained talker (top panel) whose
stimuli were used in both the training and posttests as
well as the untrained talker (bottom panel) whose
stimuli were used in the posttests alone.

The participants were equally and randomly assigned into
one of the two groups who were trained either in the morning
(8-10 am) or evening (8-10 pm). Demographic characteristics
of the morning and evening groups are summarized in Table 1.
To ensure that the morning and evening groups had
comparable levels of tone discrimination sensitivity before
going through training, an AX discrimination pretest a
baseline assessment was conducted. The accuracy of the two
groups did not significantly differ from each other [t (30) = –
.46, p = .65].

2.3. Procedures
Participants completed a pretest, a training, and a posttest
in three sessions over two consecutive days. In the training
session, a forced-choice identification (ID) task of three
Cantonese level-tone categories was conducted on the
participants in a separate day. In case that the training stimuli
might be perceptually challenging, only monosyllables
produced by the first female speaker, who had a wider range
of pitch than the other speaker, were used in the training
session. A total of 300 tokens (1 speaker * 3 tones * 10
syllables * 2 tokens * 5 repetitions) were presented in
auditorily to the participants in five blocks with 60 tokens in
each block. During the training, the participants were
instructed to identify each tone (T1-High, T3-Mid and T6Low) after hearing the auditory stimuli by pressing three
buttons (1, 3, and 6) in a self-paced fashion. Written feedback
(“Correct” in green or “Incorrect. The correct answer is…” in
red) was given immediately after every trial. The participants
were instructed to learn to categorize three tones based on
feedback, and achieve the best performance as they can in the
training session. The training session took approximately 30
min.
In the posttest sessions, each posttest was conducted at
three time points (immediately after training, with a 12-hour
delay, and with a 24-hour delay) to test how the learned
Cantonese level tones were retained and how the
representation of learned tones changed over time after
perceptual training. Monosyllables produced by both the
trained (Talker 1 in Figure 1) and untrained (Talker 2 in
Figure 1) talkers were used in the posttest sessions. In the ID
posttests, the participants were instructed to identify each tone
(T1-High, T3-Mid and T6-Low) by pressing three buttons (1,

2.2. Stimuli
The stimuli were three Cantonese level tones, /55/ T1 (a highlevel tone), /33/ T3 (a mid-level tone), and /22/ T6 (a lowlevel tone) carried by ten base syllables (/jan/, /ji/, /jau/, /jiu/,
/fan/, /fu/, /ngaa/, /si/, /se/ and /wai/). All thirty words are
meaningful in Cantonese. Two female speakers of Hong Kong
Cantonese recorded three repetitions of each target word. Each
monosyllabic target word was recorded in a carrier phrase
“lei1 go3 hai6 [target word]” (this is [target word]).
Recordings were conducted in a sound-proof room using a
microphone linked to a digital recorder. Each token was
segmented out of the carrier phrase. To increase the variability
of tone stimuli, two tokens for each target word were chosen
by the investigators based on its intelligibility and sound
quality. The stimuli were normalized in duration to 500 ms (a
value similar to the duration of naturally produced stimuli),
and their mean acoustic intensity was scaled to 70 dB using
Praat.
As shown in Figure 1, the untrained talker, with a higher
average pitch and a narrower pitch range, differed phonetically
from the trained talker in their pitch distribution, and thus was
used as a generalization talker in the posttest session alone.
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3, and 6). However, no feedback was given after every trial.
The ID posttest consisted of 120 trials (2 talkers * 3 tones * 10
syllables * 2 tokens), which were randomly presented to
participants in one block. The ID posttest took approximately
10 min.
2.4. Data Analysis
A logit mixed-effects model with Group (2 levels: morning vs.
evening; morning as Baseline), Time (3 levels: ID posttest1,
ID posttest2, ID posttest3; ID posttest1 as Baseline), Talker (2
levels: trained vs. untrained; trained talker as Baseline), and
Tone (3 levels: T1, T3, and T6; T1 as Baseline) as fixed
effects, with participants and items as random intercepts and
Time as a random slope on the participant random intercept
(the models with more random slopes did not converge), was
performed on the participants’ accuracy data (1 = correct, 0 =
incorrect) of their ID posttests.
Mixed-effects models with a maximal random effects
structure used in the current study have greater statistical
power than the analysis of variance, and are more appropriate
for our binomial data of identification accuracy [28]. The
models were fitted in R, using the lmer() function from the
lme4 package [29]. A back fitting function from the package
LMERConvenienceFunctions in R was used to identify the
best model that accounted for significantly more of the
variance than simpler models, as determined by log-likelihood
ratio tests [30]; only the results of the model with the best fit
are presented, with p values calculated using the lmerTest
package in R [31].

Figure 2: The morning and evening training groups’
mean proportions of correct response for stimuli
produced by the trained and untrained talkers over the
24-hour period in the ID posttests. The error bars
represent one standard error of the mean; the
horizontal line represents chance performance.
To understand the nature of the significant two-way
interaction between Group and Time, subsequent logit mixedeffects models were therefore performed on the participants’
accuracy across three ID posttests separately for each training
group.

3. Results
Figure 2 presents the morning and evening training groups’
mean proportions of correct response (i.e., accuracy) for
stimuli produced by the trained and untrained talkers in the ID
posttests over the 24-hour period (ID posttest1, ID posttest2,
and ID posttest3).
Recall that a logit mixed-effects model was performed on
participants’ accuracy to examine the effects of Group
(morning vs. evening), Time (ID posttest1, ID posttest2, ID
posttest3), Talker (trained vs. untrained), and Tone (T1, T3,
and T6), and their interactions. The baseline was the morning
groups’ performance on trained stimuli of T1 in the ID
posttest1. The model with the best fit included the simple
effects of Group, Time, Tone, Talker, as well as the
interaction between Group and Time. The estimate, standard
error, z value, and p value associated with the fixed effects are
presented in Table 2.
The model results summarized in Table 2 yielded a
significant two-way interaction between Group and Time,
indicating that the two groups differed in their ID performance
changes over the 24-hour experiment period. Crucially, the
three-way interaction among Group, Time and Talker did not
improve the model, indicating a lack of evidence that the ID
performance changes over time of the two groups differed
between stimuli produced by the trained and untrained talkers.
The lack of interaction between Tone and other factors
indicates that ID performance changes (e.g., for the
morning/evening groups and for trained/untrained stimuli)
remained similar for all the level tones.

Table 2: Best logit mixed-effects model on proportions of
correct response of the participants from the morning and
evening groups in the three ID posttests.
Effect
(intercept)
Group
Time
(ID Posttest2)
Time
(ID Posttest3)
Tone
Talker
Group × Time
(ID Posttest2)
Group × Time
(ID Posttest3)

Est.
1.6
–0.2

SE
0.14
0.19

z
10.9
–0.9

p
< .001
.34

–0.3

0.09

–3.8

< .001

–0.2
–0.2
–0.4

0.08
0.01
0.04

–2.7
–19.4
–9.2

< .01
< .001
< .001

0.4

0.13

3.6

< .001

0.4

0.12

3.4

< .001

For the morning group, the participants’ performance in
either the ID posttest2 (Estimate = –0.320, Std. Error = 0.087,
z = –3.68, p < .001) or the ID posttest3 (Estimate = –0.220,
Std. Error = 0.072, z = –2.99, p < .01) was significantly lower
than their performance in the ID posttest1. However, the
participants’ performance between the ID posttest2 and the ID
posttest3 did not significantly differ (Estimate = 0.106, Std.
Error = 0.070, z = 1.51, p = .13). The results of the morning
group suggest that participants without an intervening night’s
sleep between Session 1 (i.e., training session) and Session 2
(i.e., posttest2) showed a significant declining ID performance
in the later posttests compared with their ID performance in
the initial posttest.
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For the evening group, the participants’ performance in
the ID posttest2 did not differ from their performance in the
ID posttest1 (Estimate = 0.109, Std. Error = 0.081, z = 1.33, p
= .18). The participants’ performance difference between the
ID posttest3 and the ID posttest1 had a marginal significance
(Estimate = 0.153, Std. Error = 0.082, z = 1.88, p = .06).
Again, the participants’ performance in the ID posttest2 and
the ID posttest3 did not significantly differ (Estimate = 0.043,
Std. Error = 0.071, z = 0.61, p = .54). The results of the
evening group suggest that participants with an intervening
night’s sleep between Session 1 (i.e., training session) and
later sessions showed a numerical trend of improved ID
performance in posttest2, and a marginally significant
improvement in posttest3, compared with their ID
performance in the initial posttest. However, there is no
evidence that their ID performance improved during the 12
waking hours between posttest2 and posttest3. Importantly,
the different perceptual patterns over time between the
morning and evening training groups were found for the
stimuli produced by both the trained and untrained talkers.

Note that although there was a trend of improved
identification performance over the 24-hour period for the
evening trainees, it was not statistically significant. The
discrepancy between this finding and that of previous studies
could be accounted by the difference of target stimuli [13].
One possible explanation is that the variable and dynamic
nature of lexical tones may have made them more difficult to
learn than segments (e.g., stops) [33], [34]. As a result,
different from previous studies (on perceptual learning of
dental and retroflex stops) which found that the morning
trainees did not change their identification performance over
time, the morning trainees in the current study exhibited
declining post-training identification performance over time.
In a similar vein, this account may explain why the evening
trainees exhibited a non-significant trend of improvement in
their post-training identification performance, while managing
to maintain the training-induced tone learning after sleep.
Given the potential difficulty of tone learning, future studies
may consider using a longer training session (e.g., 1 hour) to
test whether improved post-training tone identification will be
found at a group level an overnight consolidation.
Different from the previous study [13] which found the
different perceptual changes of the two training groups in
identifying stimuli from the untrained talker alone, we found
divergent performance changes of the two groups in
identifying stimuli from both the trained and untrained talkers.
This discrepancy can also be attributed to the different nature
of segments and lexical tones. As mentioned earlier, since
tones might be more perpetually difficult to learn/abstract than
segments. Compared with the morning groups who showed a
declining identification performance for stimuli produced by
the trained talker, which were already perceptually
challenging, the intervening sleep between training and later
posttests may have helped the evening trainees, at least,
maintain their learning of the stimuli from the trained talker.
To conclude, the present study is one of the first studies to
examine the effect of overnight consolidation in perceptual
learning of lexical tones. The present findings suggest that
overnight consolidation might facilitate the talker-independent
abstraction of Cantonese level tones by promoting the tone
learning from the trained talker to the untrained talker. Sleep
protected evening trainees’ identification from subsequent
decay, and yielded identification performance changes, over
the 24-hour experiment period. These findings raise several
questions, for instance, the nature of target stimuli, for further
research [8]. It would be intriguing to investigate the potential
effect of overnight consolidation in perceptual learning of
different types of tone pairs (e.g., contour-contour tone pairs
vs. level-level tone pairs) and other prosodic categories (e.g.,
lexical stress) to further shed light on the effect of overnight
consolidation in perceptual learning of suprasegmental domain
as well as different nature of segments and prosodic categories
in this process.

4. Discussion and Conclusion
The results of identification tasks showed that the Mandarin
listeners who were trained in the morning, without an
intervening night’s sleep between training and Posttest2,
showed a declining performance of identification accuracy; in
contrast, the Mandarin listeners who were trained in the
evening, with an intervening night’s sleep between training
and later posttests, showed a numerical trend of improved
performance in identification accuracy. Crucially, the pattern
was found for stimuli produced by both the trained and
untrained talker across all three level tones.
First and foremost, the findings suggest that the sleep
intervening training and posttests facilitated talker
generalization in perceptual learning of novel tones. That is,
the difference of post-training identification changes between
the evening and morning trainees was not only found for
stimuli produced by the trained talker, but also for stimuli
produced by the novel untrained talker. This finding implies
that overnight consolidation might have assisted the evening
trainees’ generalization to stimuli produced by the untrained
talker. This finding of talker generalization seems to support
an overnight consolidation process from acoustic-phonetic
(i.e., pitch) features at an episodic level to a formation of a
more abstract representation of novel tone categories in longterm (e.g., declarative) memory [1], [2]. This possibility is in
line with the previous findings that overnight consolidation
promoted listeners’ speech sound abstraction in perceptual
learning of non-native segments [13], [32].
More specifically, compared with the morning trainees,
the sleep protected the evening trainees’ identification of
novel tonal contrasts against subsequent decay, and further
induced a trend of improved identification performance. The
finding suggests that overnight consolidation might have
exerted either a protective or restorative effect on the evening
trainees’ post-training performance of tone identification. The
protective effect found in perceptual learning of novel tones is
consistent with previous findings in phonetic learning [7], [8].
In addition, the trend of improved identification performance
over time found for the evening trainees is also (partially) in
line with previous research on perceptual learning of segments
which showed an improved identification performance after
sleep [13].
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