
Available online at www.sciencedirect.com
www.elsevier.com/locate/brainres

b r a i n r e s e a r c h 1 6 2 4 ( 2 0 1 5 ) 2 8 – 4 4
http://dx.doi.org/10.
0006-8993/& 2015 El

nCorresponding a
E-mail addresse
Research Report
Effects of production training and perception training
on lexical tone perception – A behavioral
and ERP study
Shuang Lua,n, Ratree Waylandb, Edith Kaanb

aLaboratório de Fonética & BabyLab (CLUL), Departamento de Linguística, Faculdade de Letras, Universidade de Lisboa,
Alameda da Universidade, 1600-214 Lisboa,Portugal
bDepartment of Linguistics, University of Florida, 4131 Turlington Hall, Gainesville, FL 32611-5454, USA
a r t i c l e i n f o

Article history:
Accepted 12 July 2015
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training procedure on the intentional and unintentional perception of lexical tone by

native English listeners. In the behavioral task, both the perception-only and the

perception-plus-production groups improved on the tone discrimination abilities after

the training session. Moreover, the participants in both groups generalized the improve-

ments gained through the trained stimuli to the untrained stimuli. In the ERP task, the

Mismatch Negativity was smaller in the post-training task than in the pre-training task.

However, the two training groups did not differ in tone processing at the intentional or

unintentional level after training. These results suggest that the employment of the motor

system does not specifically benefit the tone perceptual skills. Furthermore, the present

study investigated whether some tone pairs are more easily confused than others by native

English listeners, and whether the order of tone presentation influences non-native tone

discrimination. In the behavioral task, Tone2-Tone1 (rising-level) and Tone2-Tone4 (rising-

falling) were the most difficult tone pairs, while Tone1-Tone2 and Tone4-Tone2 were the

easiest tone pairs, even though they involved the same tone contrasts respectively. In the

ERP task, the native English listeners had good discrimination when Tone2 and Tone4 were

embedded in strings of Tone1, while poor discrimination when Tone1 was inserted in the

context of Tone2 or Tone4. These asymmetries in tone perception might be attributed to

the interference of native intonation system and can be altered by training.
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1. Introduction

In language, pitch differences may signal different levels of
prosodic contrasts. In intonation languages, such as English,
pitch variation is used to distinguish different sentence types
(question or statements) and to flag information as new or
unpredictable. In tonal languages, such as Thai, Chinese, and
Vietnamese, pitch differences are used to distinguish lexical
meaning and to carry grammatical distinction (Chao, 1948).
For example, in Mandarin Chinese the syllable [thu] produced
with four different tones (Tone1: high-level; Tone2: high-
rising; Tone3: low-dipping; and Tone4: high-falling; hence-
forth referred to as T1, T2, T3 and T4 respectively) will result
in four different words: [thu 1] ‘bald’, [thu 2] ‘chart’, [thu 3]
‘earth’ and [thu 4] ‘vomit’.

Previous studies have shown that non-native speakers of
tonal languages have difficulties in both comprehending and
producing lexical tones (e.g., Gandour, 1983; Wang et al., 1999;
White, 1981). It has been found that native speakers of non-
tonal languages tend to pay more attention to the pitch onset,
offset and the average pitch when exposed to lexical tones,
while native speakers of tone languages focus more on the
pitch contour (Gandour, 1983; Krishnan et al., 2005;
Chandrasekaran et al., 2007). The perceptual and production
difficulties have also been attributed to the native language
interference. For example, Shen (1989) reported that English
speakers are likely to consider Mandarin T4 (high-falling tone)
as the falling intonation in the final position of statement
sentences. Therefore, they usually produced T4 at a lower pitch
onset and with a less steep falling slope than the native Chinese
speakers. However, these perceptual and production difficulties
that confront native speakers of non-tonal languages are not
insuperable. Several behavioral and electrophysiological studies
have shown that short-term perceptual and production training
are effective in improving the comprehension and production
of lexical tones by native speakers of non-tonal languages (Kaan
et al., 2007, 2008; Leather, 1990; Song et al., 2008; Wang et al.,
1999; Wayland and Guion, 2004; Wayland and Li, 2008). More-
over, the effects of perception training and production training
may be inter-transferable (Wang et al., 2003; Leather, 1990). For
instance, Leather (1990) reported that after a production train-
ing native Dutch speakers were able to perceive the differences
in Mandarin tones. But in this study only one syllable was used
in both the training and the post-training tasks, so it is unclear
whether the effect can generalize to novel stimuli.

To our knowledge, very few studies have directly compared
the effectiveness of production training and perception training
on lexical tone perception. To bridge this gap, the current study
examines the effects of the two types of training on the
perception of lexical tones by native English listeners. If speech
perception is driven by speech production, as is the basis of, e.
g., the Motor Theory of Speech Perception (Liberman and
Mattingly, 1985), training naïve learners to produce sounds
should be more effective for improving their perceptual ability
of these sounds than training people to only perceive sounds.
This hypothesis has been supported by some neuroimaging
studies, which demonstrated that the speech motor system is
activated during speech perception tasks (Binder et al., 2004;
Callan et al., 2010; Chevillet et al., 2013; Pulvermüller et al., 2006;
Wilson et al., 2004) and may facilitate speech perception
through sensorimotor integration (Callan et al., 2004; Du et al.,
2014; Hickok et al., 2011; Wilson and Iacoboni, 2006). On the
contrary, if speech production is not mandatory for speech
perception, as suggested by Dual Stream Model of Speech
Processing (Hickok and Poeppel, 2000, 2004, 2007); or if speech
production relies on speech perception, as claimed by, e.g., the
Directions into Velocities of Articulators Model (DIVA)
(Guenther et al., 2006), and the Speech Learning Model (Flege,
1995), production training may be equally/less effective for
improving people's perceptual ability as/than perception train-
ing. This hypothesis has been supported by a magnetoence-
phalography (MEG) study by Levelt et al. (1998), who showed
that the initiation of articulatory processes was slightly slower
than the auditory cortical activations during speech production.

Previous behavioral studies on perception training and pro-
duction training have also provided evidence for both hypoth-
eses. Some research showed that participants' ability to
discriminate/identify novel phonemic contrasts improved
through short-term laboratory production training (e.g., Hirata,
2004), suggesting that speech perception might be channeled
through the production pathway. Adank et al. (2010) also found
that vocal imitation significantly improved the comprehension
of unfamiliar accent, regardless of whether people could hear
their own voice. Other studies demonstrated that learning in the
production domain cannot transfer to the perception domain,
even though the participants’ production reached native-like
accuracy after the production training (e.g. Hattori, 2010).

One concern regarding this line of research is that speech
production could not be completely isolated from speech
perception in the experimental design. Therefore, some recent
studies have compared perception-only training to perception-
plus-production training to see whether the additional produc-
tion task would provide more benefits to participants' percep-
tual learning. Unexpectedly, most of these studies showed that
participants' perceptual learning was hindered by the addi-
tional production task and the perception-only training was
more effective to improve the participants' perception of L2
phonemic contrasts than the perception-plus-production train-
ing (e.g., Herd, 2011; Baese-Berk, 2010). However, most of these
training studies focused on the perception of novel contrasts at
the segmental level. Very little research has been conducted to
examine the effects of perception training and production
training on the perception of suprasegmental phonological
contrasts (e.g. stress, intonation and lexical tones). Further-
more, no study has investigated which stage of lexical tone
processing can be affected by production training and percep-
tion training. Will the production and perception training have
a different effect on lexical tone perception at the behavioral
(intentional) level? Or will the two types of training also
differentially affect unintentional processing (i.e. when the
auditory stimuli are not relevant to the participants' task)?
The current study aims to answer these questions by examin-
ing the effects of perception-plus-production training and
perception-only training on the intentional and unintentional
processing of lexical tones using both behavioral and neuro-
physiological methods (EEG).

Event-related potentials (ERPs) are a good method to study
the unintentional processing of lexical tones while the auditory
stimuli are presented to participants. ERPs do not require



1Originally, we planned to conduct two sessions of training
during the course of two consecutive days, with each session
took about one hour. However, our pilot behavioral data on two
participants showed that the participants' discrimination abil-
ities improved significantly even after the first day of training.
Moreover, both participants complained that the whole experi-
ment was too long and they got bored with the training content
very easily during the second training session. Therefore, we
decided to only include one hour of training. This decision may
result in some unexpected results, which will be discussed in
Section 3.1.
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participants’ attention and can provide high temporal resolu-
tion. The participants can, for instance, watch a movie while
their brains' responses to the auditory stimuli are recorded. In
contrast, behavioral tasks provide data regarding participants’
intentional responses after they fully process the stimuli.
Therefore, a passive ERPs task, combined with a separate
behavioral task can give a thorough view of how people
intentionally and unintentionally process lexical tones, and
indicate which level of processing is affected by the type of
training (i.e. perception vs. production training). Moreover,
previous studies on speech-sound training have shown that
changes in ERPs may precede the behavioral improvement (e.g.,
Tremblay et al., 1998). Recording neurophysiological measures
may therefore be more informative than only recording beha-
vioral measures, since perceptual changes after training may
occur at the unintentional level but not (yet) at the intentional/
behavioral level. Some ERP components have been found to be
relevant to automatic auditory perception. The Mismatch
Negativity (MMN) is a negative deflection in the difference wave
obtained by subtracting the event-related potential to fre-
quently presented standard stimuli from that to infrequently
presented deviant stimuli. The MMN usually occurs between
100 and 300ms after the onset of deviant stimuli (e.g.,
Näätänen and Alho, 1995), and has been claimed to reflect
pre-attentive processing (although this component may be
sensitive to intentional manipulations, e.g., Woldorff et al.,
1991). Many studies have shown that the behavioral improve-
ment in speech perception is usually accompanied by an
increased MMN (e.g. Tremblay et al., 1997; Kaan et al., 2007).
Sometimes the increased MMN is observed even before the
behavioral improvement occurs (e.g. Tremblay et al., 1998). The
Late Negativity is another negative wave that occurs around
350–600ms after the onset of deviant stimuli. The late negativ-
ity has been associated with the reorientation of attention
(Shestakova et al., 2003). Some studies have shown that the
late negativity became smaller after training (e.g. Kaan et al.,
2008), suggesting that after training the deviant stimuli became
easier to distinguish and required less attention.

Another aim of the current study is to investigate which
tone pairs would be more difficult for native speakers of non-
tonal languages to discriminate and which tone pairs are more
resistant/easier for improvement after the perception-only
and the perception-plus-production training respectively. Pre-
vious studies have suggested that non-native listeners do not
perceive the four Mandarin tones equally well, and some tones
are more confusing and more resistant to improvement than
others (e.g. Gottfried and Suiter, 1997; Shen, 1989). So and Best
(2010) showed that English listeners had more difficulties in
discriminating two tones if they share similar phonetic fea-
tures (i.e. T1–T2, T1–T4 and T2–T3), than if they have no
similar feature (i.e. T1–T3, T2–T4 and T3-T4). Wang et al.
(1999) trained English listeners to identify the four Mandarin
tones and reported that the participants showed great
improvements on tone pairs T2–T3, T2–T4 and T1–T2 after
training. However, the tone pair T1–T4 was most resistant to
improvement. They also noticed that the direction of the tone-
pair confusion was asymmetric. For instance, they found that
T2 was more likely to be misperceived as T3 than the reverse.
Francis and Ciocca (2003) also demonstrated that the order of
the stimulus presentation could influence the discrimination
of lexical tones. But they argued that this tone presentation
order effect might be language specific. They found that
Cantonese listeners were more accurate at discriminating
the level tone pairs if the first syllable had a lower F0 than
the second syllable than when the first syllable had a higher
F0. Nevertheless, the English listeners who had no experience
with Cantonese did not show such an effect. Also, when both
the Cantonese and English listeners were tested with non-
speech tokens that had the same F0 patterns, the effect
disappeared. Taking previous research into account, we pre-
dict that T1-T4 may be the most difficult tone pair for native
speakers of non-tonal languages to discriminate. This pair
type may also show less improvement after training compared
with the other tone pairs. However, if the employment of the
motor system benefits perceptual skills, the perception-plus-
production group may show more improvement and an
increased sensitivity to this tone contrast after training than
the perception-only group. In addition, if the order of stimulus
presentation affects the discrimination of lexical tone, the
tone pairs T1–T4 and T4–T1 may also show different discrimi-
nation accuracies as a result of training.

In the present study, native English listeners were trained
and tested over the course of three consecutive days. On the
first day, participants' brain waves (ERPs) were recorded as
baseline, using a passive oddball paradigm. After the ERP
recording, participants did a behavioral same/different discri-
mination task. On the second day, participants received either
a perception-only or a perception-plus-production training,
which lasted for about one hour.1 The trainings for both
groups were exactly the same except that the perception-
plus-production training required participants to imitate the
stimuli, while the perception-only training had participants
utter a word unrelated to the stimuli. On the third day, both
groups did the same ERP and behavioral tasks as on the first
day. In the behavioral task, stimuli were eight monosyllables
([pha], [phi], [khε], [kho], [tha], [thi], [thε] and [tho]) associated
with three linear tones that resemble Mandarin T1 (high-level),
T2 (high-rising), and T4 (high-falling). The syllables [tha], [thi],
[thε], [tho], [kho] and [pha] were used in the pre- and post-
training tasks, and the syllables [khε] and [kho], [pha], [phi] were
used in the training session. The syllables [tha], [thi], [thε] and
[tho] were excluded from the training session because we
wanted to test whether participants could generalize the
improvements gained through training to untrained stimuli.
Through the behavioral task, we investigate whether the
perception-plus-production training is more effective than
the perception-only training in facilitating lexical tone percep-
tion at the intentional level. In the ERP task, syllable [thu]
associated with the three tones were presented in three types



Table 1 – Mean d’ scores for the trained and untrained stimuli in the pre- and post-training tasks for each group.

Perception-only Perception-plus-production

Trained stimuli Untrained stimuli Trained stimuli Untrained stimuli

Pre-training 1.74 (0.91) 1.84 (0.98) 1.98 (1.05) 2.16 (1.08)
Post-training 2.53 (1.35) 2.54 (1.22) 2.88 (1.34) 2.95 (1.55)

Standard deviations are in parentheses.

Table 2 – Mean response times of the trained and untrained stimuli in the pre- and post-training tasks for each group.

Perception-only Perception-plus-production

Trained stimuli Untrained stimuli Trained stimuli Untrained stimuli

Pre-training 761 (358) 756 (305) 955 (392) 993 (347)
Post-training 791 (520) 822 (550) 955 (362) 925 (330)

Standard deviations are in parentheses.
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of blocks: (1) T1 was the standard, and both T2 and T4 were the
deviants; (2) T2 was the standard, with T1 and T4 being the
deviants; (3) T4 was the standard, and T1 and T2 were the
deviants (Näätänen et al., 2004). We focus on the MMN and
Late Negativity components to examine whether perception-
plus-production training affects the unintentional perception
of lexical tones differently from perception-only training. We
expect that both the behavioral and ERPmeasures would show
that the perception-plus-production training is more beneficial
than the perception-only training to native English listeners'
perception of lexical tones. Moreover, we anticipate that native
English listeners have more difficulties in discriminating tone
pair T1–T4 than the other tone pairs, and they may show
asymmetrical tone discrimination after training.
2In order to exclude the interpretation of general test-retest
effect, we performed a separate analysis on the d’ scores of the
trained stimuli (syllables [kho] and [pha]) during the pre-training,
training and post-training tasks, with test time as within subject
factor and group as between-subject factor. The results only
yielded a significant main effect of test time [F (2, 40)¼24.72,
po.001]. Pairwise comparisons revealed that the participants
discriminated the trained stimuli more accurately in the training
task than in the pre-training task (po.001). But they discrimi-
nated the two syllables equally well in the training and the post-
training task (p4.22). These results indicated that the training
procedures were effective and the improvement gained through
the training retained in the post-training task on the third day of
experiment. If it was a general test-retest effect, the discrimina-
tion accuracy would be higher in the post-training task than in
the training task, due to repetition.
2. Results

2.1. Behavioral task

2.1.1. Accuracy
The trained stimuli included the syllables [kho] and [pha],
which were used in the pre-training task, the training session
and the post-training task. The untrained stimuli were the
syllables [tha], [thi], [thε] and [tho], which were only tested in
the pre- and post-training tasks. Mean d’ scores with the
standard deviations of the trained and untrained stimuli in the
pre- and post-training tasks for the perception-only and the
perception-plus-production groups are presented in Table 1.

The mean d’ scores for each participant were submitted to a
2 (test time: pre- and post-training)�2 (stimulus type: trained
and untrained)�2 (group) repeated measures ANOVA, with
test time and stimulus type as the within subject factors and
group as the between-subject factor. The result yielded a main
effect of test time [F (1, 20)¼53.51, po.001]. Both groups
discriminated the tone pairs more accurately in the post-
training task than in the pre-training task as a result of
training. The test time�group interaction was not significant
[F (1, 20)¼ .22, p¼ .65], suggesting that the two groups did not
differ from each other in the extent of improvement. There
was no difference between the mean d’ scores for the trained
and untrained stimuli [F (1, 20)¼2.94, p¼ .10], indicating that
the participants generalized the improvements gained
through the trained stimuli to the untrained stimuli.2
2.1.2. Reaction times
Mean reaction times were computed for all the correct
responses in the pre-training task, the training session and
the post-training task for the perception-only and production-
plus-perception groups. The reaction times were measured
from the offset of the second stimulus in each trial. The mean
response times of the trained and untrained stimuli in the pre-
and post-training tasks for the perception-only and the
perception-plus-production are illustrated in Table 2.

The reaction times for each participant were submitted to a
2 (test time: pre- and post-training)�2 (stimulus type: trained
and untrained)�2 (group) repeated measures ANOVA, with
test time and stimulus type as the within-subject factors and
group as the between-subject factor. The results showed that
there was a significant interaction of test time� stimulus
type�group [F (1, 20)¼5.39, po.05]. This interaction was due
to the fact that before training the perception-only group
discriminated both the trained and untrained stimuli numeri-
cally faster than the perception-plus-production group. No
other significant effect or interaction was found. Further



Fig. 1 – Mean percentage accuracy with standard errors of each tone-pair in the pre- and post-training tasks for the
perception-only and perception-plus-production groups.
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paired samples t tests on the trained and untrained stimuli did
not show any significant difference between the reaction
times in the pre- and post-training tasks for either group. In
sum, neither the perception-only group nor the perception-
plus-production group discriminated tones more quickly in
the post-training task than in the pre-training task.
2.1.3. Percentage accuracy for individual tone-pairs
In order to examine which tone pair showed the greatest
improvement and which pair type was most resistant to
improvement, we calculated the percentages of accurate
discriminations for each tone pair (pair12: T1–T2; pair21:
T2–T1; pair14: T1–T4; pair41: T4–T1; pair24: T2–T4; pair42:
T4–T2; pair11: T1–T1; pair22: T2–T2; pair44: T4–T4).

Fig. 1 depicts the mean percentage accuracy of each tone-
pair in the pre- and post-training tasks for the perception-only
and perception-plus-production groups. We performed further
analyses on the ‘different’ and ‘same’ tone pairs separately.
The accuracy percentages for the ‘different’ tone pairs were
submitted to a 2 (test time: pre and post-training task)�6
(pair)�2 (group) repeated measures ANOVA with test time
and pair as the within-subject factors and group as the
between-subject factor. The result yielded main effects of test
time [F (1, 20)¼12.38, p¼ .002], and pair [F (5, 100)¼9.72,
po.001]. However, the interaction of test time�pair was not
significant [F (5, 100)¼ .94, p¼ .42]. Pairwise comparisons
showed that the participants' discrimination of pair21 was
less accurate than the discrimination of pair12 (p¼ .001), pair14
(po.05), pair41 (po.01), and pair42 (po.001). The discrimina-
tion of pair24 was less accurate than the discrimination of
pair42 (po.01) and pair14 (po.05). The pair14 and pair41 were
discriminated equally well (p¼1.00). Moreover, the interaction
of pair�group almost reached significance [F (5, 100)¼2.82,
p¼ .053]. This interaction was due to the fact that the two
groups showed different discrimination accuracies for differ-
ent tone pairs. The perception-only group discriminated pair42
the most accurately but pair21 the least accurately; the
perception-plus-production group discriminated pair12 the
most accurately but pair21 and pair24 the least accurately.

The analysis on the ‘same’ tone pairs also yieldedmain effects
of test time [F (1, 20)¼4.55, po.05], and pair [F (2, 40)¼32.08,
po.001], while the interaction of test time�pair was not signifi-
cant [F (2, 40)¼ .28, p¼ .68]. Pairwise comparisons revealed that the
participants discriminated pair11 more accurately than pair22
(po.001) and pair44 (po.01), with pair22 being discriminated the
least accurately (pair22 vs. pair44: po.001). In addition, there was a
significant interaction of pair�group [F (2, 40)¼4.08, po.05]. In the
perception-only group the discrimination of pair11 was more
accurate than pair44 (po.01), which was more accurate than pair
22 (po.01). In the perception-plus-production group, pair11 and
pair44 were discriminated equally well (p4.05) and both were
discriminated more accurately than pair22 (pso.01).
2.2. ERP

Fig. 2 presents the ERPs of the frontal electrodes (F3, Fz and F4),
the central electrodes (C3, Cz and C4) and the parietal electro-
des (P3, Pz and P4) collapsed over all six conditions (T12:
deviant T1 in standard T2; T14: deviant T1 in standard T4; T21:
deviant T2 in standard T1; T24: deviant T2 in standard T4; T41:
deviant T4 in standard T1; and T42: deviant T4 in standard T2)
in the pre- and post-training tasks for the perception-only and
perception-plus-production groups respectively. Descriptively,
a MMN component was elicited for the deviant versus stan-
dard stimuli, with a prominent frontal distribution between
200 and 400 milliseconds. A late negativity component was
also observed at the frontal and central electrodes between 500
and 800 milliseconds. Fig. 3 shows the deviant minus standard
difference waves of the Fz electrode for the six conditions in
the pre- and post-training tasks for the two groups.
2.2.1. MMN
Fig. 4 presents the ERPs of the Fz electrode for the six conditions
in the pre- and post-training tasks for the perception-only and
perception-plus-production groups respectively. Fig. 5 displays
the isovoltage maps for the MMN. The mean amplitudes of the
difference waves between 200 and 400ms were computed for
two regions: right-frontal (RF) included the electrodes F4, F6, F8,
FC4, FC6 and FT8; and left-frontal (LF) included the electrodes F3,
F5, F7, FC3, FC5 and FT7. The mean amplitudes were submitted
to a 2 (test time)�2 (hemisphere: right and left)�6 (condition:
T12, T14, T21, T24, T41, T42)�2 (group) repeated measures
ANOVA with test time, hemisphere and condition as the
within-subject factors and group as the between-subject factor.
The results showed that the intercept was significant [F (1, 20)¼
13.66, p¼ .001], which means that the negativity for the deviants



Pre-training

Perception-only
Post-training

Perception-plus-production

Deviant Standard

Pre-training Post-training

900ms

Fig. 2 – The ERPs to standard (blue line) and deviant tones (red line) for three frontal electrodes (F3, Fz and F4), central
electrodes (C3, Cz and C4) and parietal electrodes (P3, Pz and P4) collapsed over all six conditions, in the pre- and post-training
tasks for the perception-only and perception-plus-production groups respectively. Negative is plotted up in this and the
following figures.
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was significantly larger than that for the standards. In addition,
there was a main effect of test time [F (1, 20)¼6.68, p¼ .018]. The
MMN was smaller in the post-training task than in the pre-
training task. The effect of condition was also significant
[F (5, 100)¼5.13, p¼ .005]. The MMN was more prominent for
the T41 condition than for the T14 condition (p¼ .05), T24 (po.01),
and T42 (po.01). No other main effects or interactions involving
condition or group were significant. Furthermore, the mean
MMN amplitude at the frontal electrodes (F4, F6, F8, FC4, FC6,
FT8, F3, F5, F7, FC3, FC5, FT7, Fz and FCz) for the six conditions in
the pre- and post-training tasks were compared with a hypothe-
tical zero through one-sample t tests. In the perception-only
group, the MMN was only present for the T41 condition before
training (po.03), but was absent after training (p4.05). In the
perception-plus-production group, the MMN was significant in
the T21 (po.03) and T41 (po.01) conditions before training, but
was not significant in either condition (psZ.05) after training.

2.2.2. Late negativity
Fig. 3 illustrates that in the perception-only group the late
negativity increased in the post-training task compared to the
pre-training task, especially for the T12, T14, T24 and T41
conditions. However, in the perception-plus-production group,
the late negativity was less prominent in the post-training task
than in the pre-training task, especially for the T12, T14 and
T21 conditions. Fig. 6 presents the isovoltage maps for the late
negativity in the 500–800 ms window for each condition and
each group.

The mean amplitudes of the difference waves between 500
and 800ms were computed for the four regions: right-frontal
(RF), left-frontal (LF), right-posterior (RP) and left-posterior (LP).
These mean amplitudes were submitted to a 2 (test time)�2
(hemisphere: right and left)�2 (anteriority: anterior and poster-
ior)�6 (condition: T12, T14, T21, T24, T41, T42)�2 (group)
repeated measures ANOVA with test time, hemisphere, ante-
riority and condition as the within-subject factors and group as
the between-subject factor. The result yielded a significant
intercept [F (1, 20)¼17.83, po.001], meaning that the negativity
for the deviants was significantly larger than that for the
standards. The interaction of hemisphere�group was signifi-
cant [F (1, 20)¼6.41, p¼ .02]. The negativity was larger over the
right hemisphere in the perception-plus-production group
[t (10)¼2.65, p¼ .024], but was bilaterally distributed in the
perception-only group [t (10)¼-0.75, p¼ .47]. Besides, there was
a main effect of anteriority [F (1, 20)¼8.19, p¼ .01] and a
significant interaction of test time�anteriority [F (1, 20)¼9.94,
p¼ .005]. The negativity was larger over the frontal electrodes
than over the posterior electrodes before training [t (21)¼�3.95,
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Fig. 3 – Deviant minus standard difference waves of the Fz electrode for the six conditions in the pre-training (red line) and
post-training tasks (blue line) for the two groups. T12 condition: deviant T1 in standard T2; T14 condition: deviant T1 in
standard T4; T21 condition: deviant T2 in standard T1; T24 condition: deviant T2 in standard T4; T41 condition: deviant T4 in
standard T1; T42 condition: deviant T4 in standard T2.
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p¼ .001], but was equally distributed over the frontal and
posterior regions after training [t (21)¼� .85, p¼ .41]. The inter-
actions of hemisphere�anteriority� condition [F (5, 100)¼2.70,
p¼ .046] and test time�hemisphere�anteriority� condition
[F (5, 100)¼2.76, p¼ .048] were also significant.

Separate analyses were performed for each condition. For
the T12 condition, the effect of anteriority [F (1, 20)¼6.48,
p¼ .019] and the interaction of test time�hemispher-
e�anteriority�group [F (1, 20)¼5.96, p¼ .024] were significant.
For the T14 condition, there was only a main effect of hemi-
sphere [F (1, 20)¼5.07, p¼ .036]. For the T21 condition, the main
effect of anteriority [F (1, 20)¼4.69, p¼ .043], the interaction of
test time�anteriority [F (1, 20)¼9.64, p¼ .006], and the inter-
action of test time�hemisphere�anteriority [F (1, 20)¼5.10,
p¼ .035] were significant. For the T24 condition, the main effect
of group was significant [F (1, 20)¼5.30, p¼ .032]. The negativity
was larger in the perception-plus-production group than in the
perception-only group. For the T41 condition, the effect of
anteriority [F (1, 20)¼6.61, p¼ .018], the interaction of hemi-
sphere�group [F (1, 20)¼4.79, p¼ .041], and the interaction of
hemisphere�anteriority�group [F (1, 20)¼17.77, po.001]
were significant. No significant main effect or interaction
was found for the T42 conditions.

An overview of the effects for the ERP data as well as the
behavioral data is given in Table 3. To sum up, in the
200–400ms window the MMN was smaller in the post-training
task than in the pre-training task. Both groups showed the MMN
for the T41 condition before training, but not after training. In
addition, the perception-plus-production group displayed the
MMN in the T21 condition before training, but not after training.
In the 500–800ms window, the negativity had a frontal distribu-
tion before training, but was equally distributed over the frontal
and posterior regions after training. Moreover, the two groups
differed in the hemispheric distribution of the negativity com-
ponent. The negativity was larger over the right hemisphere in
the perception-plus-production group, but was bilaterally dis-
tributed in the perception-only group. For the T24 condition, the
negativity was larger in the perception-plus-production group
than in the perception-only group.
3. Discussion

The current study collected both behavioral and electrophy-
siological (ERPs) data to compare the effectiveness of a
perception-only training and a perception-plus-production
training procedure on the intentional and unintentional
processing of tones by native English speakers. If production
indeed facilitated perception, as implied by the Motor Theory
(e.g., Liberman and Mattingly, 1985), we anticipated that the
perception-plus-production training should be more effective
than the perception-only training to improve participants’
lexical tone perception at both intentional and unintentional
levels. On the contrary, if production relies on perception, as
claimed by, e.g. the Speech Learning Model (Flege, 1995), we
would expect that the perception-only training might be
more effective than the perception-plus-production training
to improve participants’ intentional and unintentional
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Fig. 4 – The ERPs to standard (blue line) and deviant tones (red line) of the Fz electrode for the six conditions in the pre- and
post-training tasks for the two groups.
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discrimination of tones. Our results showed that both types
of training improved native English listeners' tone discrimi-
nation abilities. However, neither the behavioral nor ERP
measures yielded a training type difference. Another aim of
the current study is to investigate whether some tone pairs
are more easily confused than others to native English
listeners, and whether they have asymmetrical tone discri-
mination. We found that pair21 and pair24 were the most
difficult tone pairs for the English listeners to discriminate
behaviorally, while pair42 and pair12 were the easiest tone
pairs. The ERP measures also showed that the English
listeners discriminated lexical tones asymmetrically at the
unintentional level: they had good discrimination when T2
and T4 were embedded in strings of T1, while poor discrimi-
nation when T1 was inserted in the context of T2 or T4. We
will discuss these findings in more detail below.
3.1. Perception-only training vs. perception-plus-
production training

In the behavioral tasks, both the perception-only and the
perception-plus-production groups showed improved tone
discrimination abilities after the training session. In addition,
the participants in both groups generalized the improvements
gained through the trained stimuli to the untrained stimuli.
However, the two groups did not differ from each other in
either the extent of improvement or the response times.

In the ERP task, both groups showed a smaller MMN in the
post-training task than in the pre-training task. This result
was comparable with Kaan et al. (2008), which demonstrated
that after training the MMN decreased for the low-falling tone
in English speakers. Kaan et al. (2008) claimed that the larger
MMN in the pre-training task was due to the differences in F0



Fig. 5 – Isovoltage maps of the MMN effect, defined as the mean amplitude of the deviant minus standard difference waves in
the 200–400 ms for each condition and each group.
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onset rather than the F0 direction. The English speakers were
more sensitive to the F0 onset differences (e.g. Gandour, 1983)
before training and started paying more attention to the F0
direction after training. However, the detection of F0 direction
was harder than the detection of F0 onset for the English
speakers, therefore, the MMN amplitude decreased in the
post-training task compared to the pre-training task.

Furthermore, the two groups in the present study differed
in the hemispheric distribution of the late negativity compo-
nent. The late negativity was right lateralized in the
perception-plus-production group, but was equally distributed
in both hemispheres in the perception-only group. Even
though the scalp distributions do not reflect exact location of
neural sources, a difference in the distribution of the late
negativity component may indicate that the underlying pro-
cesses of lexical tones in the two groups are different in some
respects. According to Poeppel (2001), the left hemisphere is
sensitive to rapid acoustic transients, whereas the right hemi-
sphere is suited for longer/slower changes. Our data may
suggest that the perception-plus-production group paid more
attention to the gradual change in F0 contour, rather than the
abrupt change in F0 onset, hence, involved more right hemi-
sphere regardless of training. In contrast, the perception-only
group may use both cues (i.e. F0 level and F0 direction) to
distinguish tones, thus involved both hemispheres.

For the T24 condition the perception-plus-production group
showed a larger late negativity than the perception-only group.
Some previous studies (e.g. Zachau et al., 2005) have associated
the late negativity with neural processes of auditory rule
extraction. Under this interpretation of the late negativity
component, the larger late negativity in the perception-plus-
production group may indicate that to some extent the
perception-plus-production group is better at tone extraction
at the unintentional level compared with the perception-only



Fig. 6 – Isovoltage maps for the 500–800 ms window for the deviants minus standards for each condition and each group.
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group. However, neither of the two groups showed a training
effect in terms of the late negativity component, which was
incompatible with previous studies. For example, Kaan et al.
(2008) reported a decreased late negativity after training and
claimed that the smaller late negativity in the post-training task
may suggest less intentional reorientation from deviant stimuli
to standard stimuli.

In spite of all the subtle differences mentioned above, the
perception-plus-production training and the perception-only
training did not show different effects on English listeners'
intentional or unintentional processing of lexical tones. It
should be also noted that our training procedure may have
been somewhat biased toward the perception-plus-production
group, since the imitation task in the perception-plus-
production training may require the participants to pay more
attention to the stimuli than the perception-only training. But,
even so, the participants who received the perception-plus-
production training did not demonstrate more improvement
than the participants who received the perception-only train-
ing. This result seems to suggest that the employment of the
motor system does not specifically benefit the tone perceptual
skills. The lack of additional improvement in the perception-
plus-production group can be accounted for in two ways. First,
the participants did not receive any feedback on their produc-
tions during the perception-plus-production training. Accord-
ingly, the perceptual learning through the production process
may have been rather limited. Further research should provide
feedback to participants’ productions (e.g. visual feedback) in
order to really facilitate perceptual learning. Second, our
training session might have been too short to show the effect
of the production component. In other training studies (e.g.
Wang et al., 1999; Wayland and Li, 2008; Baese-Berk, 2010),
participants usually received at least two sessions of training
with each session lasting at least one hour. In our study, the
perception-plus-production training only took one hour, dur-
ing which the participants were only allowed to imitate each



Table3 – Main effects and interactions for the behavioral and ERP data. See text for degrees of freedom, F, and p values.
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stimulus once. This probably explains why they did not gain
extra benefit from the production component.

3.2. Asymmetrical perception of tone pairs

Consistent with previous studies (e.g., So and Best, 2010; Wang
et al., 1999), our behavioral and ERP results demonstrated that
some tone pairs are more easily confused than others. How-
ever, inconsistent with Francis and Ciocca (2003), our data
showed that native English listeners also discriminated tones
asymmetrically. In the behavioral task, the English listeners
discriminated pair21 and pair24 the least accurately, while
pair42 and pair12 the most accurately. Francis and Ciocca
(2003) reported that Cantonese listeners were more sensitive
to low-high pairs of level tones than the acoustically identical
high-low pairs, but native English listeners did not show such
preference. In the present study, the native English listeners
indeed demonstrated asymmetric tonal perception, yet in the
opposite direction. Their discrimination was significantly more
accurate if the F0 onset of the first tone was higher than the F0
onset of the second tone (i.e. high-low pairs: pair12 and
pair42), compared with the reverse order (i.e. low-high pairs:
pair21 and pair24). In addition, they discriminated pair14 and
pair41 equally well in the behavioral task, because the two
tones in these two pairs have the same F0 onset. In other
words, the English listeners were most sensitive to the high-
low pairs and least sensitive to the low-high pairs with the
high-high pairs in between. These results echo previous
studies (Francis et al., 2008; Gandour, 1983), which found that
native English listeners tend to pay more attention to the F0
onset than the F0 direction in tone perception. Moreover, these
results seem to suggest that native English listeners tend to
hear the first tone as having a high F0 onset, which result in
that pair21 was treated more like a ‘same’ pair (i.e. pair11),
thus was poorly discriminated. This assumption also explains
why pair22 was discriminated least accurately compared with
the other two ‘same’ pairs. Since the first tone was heard as
having a high F0 onset, pair22 was more likely to be treated as
pair12 and consequently be discriminated as ‘different’ pair.
As for pair24, it was very probably to be heard as pair14,
therefore, was discriminated less accurately than pair42.
However, this presumption could not explain why the dis-
crimination of pair24 was also less accurate than pair14. There
may be other factors contributing to the pattern of asymme-
tries in tone perception than simple F0 onset.

Our ERP data partially echo the behavioral data, demonstrat-
ing that the MMN component only appeared in the T21 (T2 as
deviant and T1 as standard) and T41 conditions, but not in the
T12, T14 conditions, even though they involved the same tone
contrasts. Previous studies suggested that the asymmetries in
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tone perception might be language-specific (e.g. Francis and
Ciocca, 2003) and might result from increasing exposure to a
tone language (Yeung et al., 2013). However, in the present ERP
task the native English listeners displayed the asymmetric
perception before training, but not after training. One way to
account for this asymmetric pattern might be the interference
of native intonation system. In the T21 condition, the deviant
T2 (rising tone) was preceded by the standards T1 (level tone),
resulting in a level-level-rising tone combination; in the T41
condition, the deviant T4 (falling tone) followed the standards
T1 (level tone), resulting in a level-level-falling tone combina-
tion. These two types of tone combinations are very similar to
the intonation patterns in the declarative and interrogative
sentences in English. Therefore, the native English speakers
were sensitive to the deviants T2 and T4 in the T21 and T41
conditions before training. After training the native language
interference was weakened, yet the native English listeners had
not formed tone categories properly. This might be why the
MMN decreased and the asymmetric perception disappeared in
the post-training task. For the T24 and T42 conditions, neither
falling-falling-rising nor rising-rising-falling is a possible into-
nation contour in English. Thus, the native English listeners did
not show any preference for either of the conditions.

An alternative account of these asymmetries appeals to
perceptual magnet effect (Kuhl, 1991). The magnet effect argues
that tokens that are close to phonetic category prototypes appear
to be harder to discriminate than equally spaced tokens that are
further away from the category prototypes, since the prototypes
tend to pull neighboring tokens toward them. The effect has
been commonly reported in vowel perception, where adults and
infants often have difficulty discriminating vowel A in the
context of vowel B, but not vice versa (e.g., Iverson and Kuhl,
1995; Kuhl, 1991; Kuhl et al., 1992; Polka andWerker, 1994). In our
tone data, before training the native English listeners showed
good unintentional discrimination when T2 and T4 were
embedded in strings of T1, while displayed poor unintentional
discrimination when T1 was inserted in the context of T2 and T4
respectively. This was probably due to the fact that before
training the native English listeners perceived tones with respect
to their native intonation categories and considered T2 and T4 as
prototypes of rising and falling intonation categories respec-
tively. These prototypes “attract” less prototypical T1 and make
T1 less discriminable. After training, although the English
listeners started making a difference between the native intona-
tion categories and the non-native tone categories, they have not
established clear tone categories yet. Thus they were more likely
to perceive T1, T2 and T4 as peripheral exemplars of the tone
categories and demonstrated poor unintentional discrimination.
However, there is one significant problem with such an account.
If T2 was interpreted as prototype of the native rising intonation
category and T4 as prototype of the native falling intonation
category before training, the discrimination between these tones
should be excellent (Perceptual Assimilation Model, Best, 1995;
Best and Tyler, 2007). Nevertheless, in the present experiment
neither T24 nor T42 condition displayed MMN before training.
Further research would be necessary to examine why native
English listeners exhibited different asymmetric patterns in tone
perception at the intentional (behavioral) and unintentional
levels and whether the asymmetries can be affected by an
extended period of training.
In conclusion, the present study showed that after a
perception-only training or a perception-plus-production
training the native English listeners improved in tone discri-
mination ability at the intentional but not unintentional level.
Moreover, the participants who received the perception-plus-
production training did not show more improvements com-
pared to the participants who received the perception-only
training. These results imply that the employment of motor
system does not specifically benefit the tone perceptual skills.
Lastly, the native English listeners perceived tones asymme-
trically, which might be attributed to native language inter-
ference. The data of the present study suggest that there is a
transfer threshold between perceptual learning and produc-
tion learning (Roye et al., 2013; Seitz and Dinse, 2007). Training
in one modality needs to be sufficient to drive cognitive and
behavioral improvements in the other modality. Furthermore,
we surmise that reinforcement and feedback of training can
boost learning in one modality to surpass this transfer thresh-
old, whereas native language knowledge can interfere or
facilitate learning in both modalities. Future research on the
effectiveness of perceptual training on production will be
required to test this hypothesis.
4. Methods and materials

4.1. Participants

Twenty-two native speakers of American English were
recruited in the present study. Participants were randomly
assigned to two groups: 11 female participants received a
perception-only training and the other 11 participants (2
males and 9 females) received a perception-plus-production
training. All participants were between the ages of 18 and 25
years old (M¼19.14, SD¼1.28), and were undergraduate
students at the University of Florida. None of the participants
had previous exposure to any tone languages. All participants
were right-handed according to Edinburgh Handedness
inventory (Oldfield, 1971), had normal vision and had no
history of speech or neurological impairment according to
self-report. All participants had normal hearing (between
250 Hz and 8 kHz at 25 dB) as tested on-site. In addition,
participants were tested on auditory working memory (for-
ward and backward digit spans). There was no significant
difference between the overall auditory memory scores for
the two groups [t (20)¼1.38, p¼ .18]. Moreover, none of the
participants had received more than two years of formal
musical training and had not been performing music within
the past five years at the time of their participation. Partici-
pants' musical aptitude was also tested on site using the
Advanced Measures of Music Audiation (AMMA, Gordon,
1989). The participants in the two groups did not differ in
the musical tone perception [t (20)¼�0.62, p¼ .54], or the
music rhythm perception [t (20)¼�0.35, p¼ .73]. An addi-
tional four participants were recruited, but were excluded
from data analysis due to excessive eye or body movement
artifacts, or technical problems. All participants received
financial compensation or course credit for their participa-
tion. The experimental procedures were approved by the
University of Florida Institutional Review Board.
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4.2. Stimuli

4.2.1. Behavioral task
Stimuli consisted of eight monosyllabic syllables ([pha], [phi],
[khε], [kho], [tha], [thi], [thε] and [tho]) associated with three
linear tones that resemble Mandarin T1 (high-level), T2 (high-
rising), and T4 (high-falling). T3 (low-dipping) was not included
because it has been shown to be the most confusable tone for
both native Mandarin speakers and non-native speakers (e.g.
Kirkham et al., 2011). The syllables [tha], [thi], [thε], [tho], [kho]
and [pha] were used in the pre- and post-training tasks, and
the syllables [pha], [phi], [khε] and [kho] were used in the
training session. The syllables [tha], [thi], [thε] and [tho] were
not included in the training session because they were used to
test whether participants could generalize the improvements
gained through training to untrained stimuli. All of these
syllables are legal syllable structures in American English,
thus American speakers could focus their attention on the
lexical tones and not be distracted by unfamiliar syllables. Two
female native speakers of American English were asked to
produce each syllable twice with a high pitch in a sound-
attenuated booth, yielding four tokens for each syllable. Only
female speakers were recorded for stimuli because adult
female speakers have been found to be more intelligible than
adult male speakers (Bradlow et al., 1996). Three linear pitch
contours were superimposed starting from the voiced part of
each syllable, using the pitch-synchronous overlap and add
(PSOLA) function in the Praat software (Boersma and Weenink,
2010). The procedures of stimulus manipulation were similar
to Wong and Perrachione (2007). The onset value of T1 was the
mean fundamental frequency (F0) of all syllables produced by
the two speakers. The offset of T1 was identical to its onset. T2
had the same ending point as T1, and its starting point was
26% lower than its ending point. Originally the onset of T4 was
set to 10% higher than that of T1 and dropped by 82%,
according to the values of Mandarin T4 reported in Shih
(1988). Pilot data of seven participants, however, displayed a
ceiling effect, i.e. there was little room for participants to
improve through the training session. Then we decided to set
the onset of T4 to be the same as T1 and its offset at 26% lower
than its onset. Therefore, the onset of T2 was identical to the
offset of T4. All stimuli were then normalized to the same peak
intensity. Except for F0 and intensity, all other acoustic
[thu] with level tone [thu] with rising to

Fig. 7 – Spectrograms of Tone1, Tone2 and Tone4 for the syllable
Tone2, the F0 onset and offset values are 228 Hz and 308 Hz resp
and 228 Hz respectively. (Note: the mean duration of the stimuli
tones; on average, the pitch contours started at 108 ms (SD¼14
features (e.g. duration and voice quality characteristics) were
kept identical to the speakers’ original productions. As men-
tioned previously, each syllable was produced twice by two
speakers, resulting in four tokens for each syllable. The three
tones were generated for each token, which means that (1)
within each token the three tones had the same acoustic
features except for F0; (2) the same tones for different tokens
had the same F0, but different duration and voice quality. All
stimuli were judged as perceptually natural by three native
Mandarin speakers and three native American English speak-
ers. A second pilot experiment with 8 participants was carried
out to ensure that the discrimination of the tones in untrained
native English speakers did not show a ceiling effect. Fig. 7
shows the waveforms and spectrograms with the pitch con-
tours of the T1, T2 and T4 of one token of the syllable [thu].

4.2.2. ERP
In the ERP experiment, the stimuli were the [thu] syllable
associated with the three tones (T1, T2 and T4). These stimuli
were not included in the behavioral tasks or the training
sessions. The stimulus recording and manipulation were exactly
the same as described in Section4.2.1. The mean duration of all
the tokens was 553ms (SD¼54.66). On average, pitch contour
started at 108ms (SD¼14.18) after the stimulus onset.

4.3. Procedure

The experiment took place over the course of three consecutive
days. On the first day, baseline EEG data were recorded on the first
day from all participants in both groups. The ERP experiment used
the passive oddball paradigm, in which participants were watch-
ing a silent movie in a sound-attenuating booth while the stimuli
were presented binaurally through inserted ear buds at a constant
and comfortable hearing level. Participants were asked to ignore
the sounds and focus their attention on the movie.

The EEG experiment consisted of three types of blocks: in the
first block, T1 was the standard, and both T2 and T4 were the
deviants; in the second block, T2 was the standard, with T1 and
T4 being the deviants; in the third block, T4 was the standard,
and T1 and T2 were the deviants (Näätänen et al., 2004). Within
each block each token of the deviants was presented 25 times,
and each token of the standards was presented 250 times,
resulting in 200 deviants (25�2 tokens/speaker�2 speakers�2
500
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tones) and 1000 standards (250�2 tokens/speaker�2 speak-
ers�1 tones). The stimuli were presented in a pseudo
random order, with at least two standards preceding each
deviant. Within each block we selected 100 standards
(25�2 tokens/speaker�2 speakers) which were not immediately
preceded or followed by any deviants. These standards were
compared with the deviant stimuli in data analysis. The offset-
to-onset inter-stimulus interval randomly varied between 500
and 650ms to prevent participants' automatic anticipation of
stimulus onset and synchronization of EEG rhythms with the
presentation. Each block was split equally into two sub-blocks,
with each sub-block lasting for about 12min. The order of the six
sub-blocks was randomized across participants, with a different
order being presented before and after the training session. For
each participant, the order of stimulus presentation in each sub-
block was the same before and after training. In order to
familiarize the participants with the experimental setting, before
the experimental blocks all participants received a practice block,
in which each token of the three tones was equally presented for
40 times. The practice block was excluded from data analysis.

After each block, participants received comprehension
questions regarding the silent movie. In order to control for
potential attentional differences across groups, participants
were also asked to count the number of times a particular
object occurred in the movie. Only participants who
answered more than 60% of the questions correctly, and
were able to produce the correct count (plus or minus 3) were
included for further data analysis. The movies in the pre- and
post-training sessions were different. The order of the two
movies was counterbalanced across participants, with half of
the participants watching the first movie in the pre-training
session while the other half of the participants watching the
first movie in the post-training session. Participants were
encouraged to take breaks after each block to maintain
concentration during blocks and to prevent fatigue.

Continuous EEG was recorded from 39 Ag/AgCl scalp
electrodes (Fp1/2, F7/8, F5/6, F3/4, Fz, FT7/8, FC5/6, FC3/4, FCz,
T7/8, C5/6, C3/4, Cz, TP7/8, CP5/6, CP3/4, FPz, P7/8, P5/6, P3/4,
Pz, O1/2) at 512 Hz. The electrodes were mounted in an elastic
cap (Easy-Cap, Falk Minow, Herrsching-Breitbrunn, Germany)
and an ANT amplifier (ANT Software b.v., Enschede, The
Netherlands). The EEG was referenced to the right mastoid.
Horizontal eye movements were recorded by electrodes on the
left and right outer canthi, while the vertical eye movements
were recorded by electrodes placed above and below the right
eye. Impedances were kept below 5 kΩ.

After the ERP recording, participants did a behavioral dis-
crimination task. The discrimination task used a forced-choice
AX paradigm, in which the stimuli (the syllables [tha], [thi], [thε],
[tho], [kho] and [pha]) were presented in pairs and were sepa-
rated by 500ms inter-stimulus-interval (ISI). The ISI was set to
500ms because previous studies have shown that participants
were sensitive to nonnative sound contrasts with a 500ms ISI
(e.g. Cowan and Morse, 1986; Pisoni, 1973; Van Hessen and
Schouten, 1992). In the different pairs the two stimuli in each
pair had two different tones which were generated from the
same token of the same syllable produced by one speaker. In
the same pairs the two stimuli in each pair had the same tones,
but were generated from different tokens of the same syllable
produced by one speaker. The participants were asked to focus
only on the tones and ignore other acoustic features of the
stimuli and indicate whether the two stimuli in each pair had
the same or different tones by pressing a button on a button
box. For half of the participants the leftmost button on the
button box indicated ‘same’ and the rightmost button indicated
‘different’, and the vice versa for the other half of the partici-
pants. This design ensured that the results were not biased by
participants’ button pressing preference. A total of 288 trials
(6 syllables) were presented, with 144 ‘same’ and 144 ‘different’
trials. The order of the trials was randomized for each partici-
pant. The experimental trials were preceded by a short tutorial
on the three tones and 6 practice trials which were excluded
from data analysis. The participants were encouraged to
respond as quickly and accurately as possible. Their accuracies
and reaction times were logged by the E-prime 2.0 software
(Psychology Software Tools, Pittsburgh, PA). No feedback was
given through this task. A break of at least 30 s was given
halfway through the task, in order to prevent fatigue.

On the second day, the participants received either a
perception-only or a perception-plus-production training,
which took about one hour. Note that testing production with-
out perception is hardly possible; the two training types were
therefore similar in terms of auditory exposure to the stimuli,
but differed in the production component: the production
training required participants to imitate the stimuli while the
perception training had participants utter a word unrelated to
the stimuli. In this way, the production training and perception
training could be directly compared, with participants in both
groups receiving the same exposure and attention to the same
stimuli. In perception-only training, participants (1) first heard
one stimulus; (2) heard another stimulus after 500ms; (3)
determined whether these two stimuli had the same or
different tones; (4) received correct answer feedback with the
tone type and graphic indication of each stimulus; (5) heard the
first stimulus again and saw the tone and the graphic indication
of the tone simultaneously; (6) Said ‘next’; (7) heard the second
stimulus again and saw the tone and graphic indication at the
same time; and (8) Said ‘Next’. The next trial started three
seconds after the participant’s production in (8). Participants in
the production group received exactly the same training as
participants in the perception-only group, except that they were
asked to imitate the stimulus instead of saying ‘Next’ in steps
(6) and (8). They were encouraged to imitate the tones as
accurately as they could, and were allowed to try only once.
In order to match the production training to the perception
training, the participants in the production group did not
receive any feedback about their imitations. All participants’
productions were recorded by a Marantz PMD660 digital recor-
der for assessment of the participants’ performance, but these
data were not used in data analysis.

For each participant, the layout of the ‘same’ and ‘different’
buttons on the button box was identical in the pre- and post-
training tasks and the training session. Regardless of the
training type, a total of 192 trials (the syllables [pha], [phi],
[khε] and [kho]) were presented in the training session, with 96
‘same’ and 96 ‘different’ trials. The order of the trials was
randomized for each participant. The experimental trials were
preceded by 6 practice trials which familiarized the participants
with the training process and were excluded from data analysis.
The participants were encouraged to respond as quickly and
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accurately as possible. Their accuracy and reaction times in
step (3) were logged by the E-prime 2.0 software (Psychology
Software Tools, Pittsburgh, PA). A break of at least 30 s was
given halfway through the training session. After the 30 s break,
the participants could take another break as long as they
wanted and started the second half of the training session by
pressing any button on the button box.

On the third day, both groups did the same ERP and
behavioral tasks as described under Day1. After the partici-
pants finished all tasks, they were asked to self-evaluate their
performance and give suggestions on ways to improve the
quality of participation experience. The entire experiment
took about 10 h for each participant.

4.4. Data analysis

4.4.1. Behavioral task
Data obtained from the pre- and post-training discrimination
tasks and the training session were converted to d’ scores, which
were calculated as the difference between the z-transforms of hit
rates (correct responses in the ‘different’ trials) and false alarm
rates (incorrect responses in the ‘same’ trials). Hit rates of 1 were
corrected with 1-1/2N, where N equaled the total number of the
‘different’ trials. False alarm rates of 0 were replaced by 1/2N,
whereN equaled the total number of the ‘same’ trials (Macmillan
and Creelman, 2005). Separate d’ scores for the trained and
untrained stimuli in the pre- and post-training tasks were also
calculated, in order to examine participants' generalization
abilities. Furthermore, the percentage of accurate responses for
each tone pair-type was calculated in order to explore which
tone pair-type showed the greatest improvement and which
type was the most resistant for improvement for each group.

Participants' reaction times (RTs) in the pre- and post-
training tasks and the training session were also calculated to
see whether the participants responded faster in the post-
training tasks than in the pre-training tasks. The RTs were
computed only for the correct trials. RTs that greater than the
mean RT of all the correct responses plus 2.5 standard devia-
tions for an individual participant were replaced by this value.
After the outlier replacement, the mean RTs of the total stimuli,
trained stimuli (the syllables [kho] and [pha]) and untrained
stimuli (the syllables [tha], [thi], [thε] and [tho]) for each partici-
pant in the pre- and post-training tasks were computed.

4.4.2. ERP
The EEG was off-line band-pass filtered from 0.16 to 30 Hz,
and arithmetically re-referenced to the mean of both mas-
toids after recording. Artifact-free epochs were analyzed from
�200 to 900 ms relative to the onset of the stimulus, using
the 200 ms window preceding the onset as a baseline. On
average, 66 trials (58%) for each condition were included in
data analysis after artifact rejection in the pre- and post-
training tasks for the perception-only and perception-plus-
production groups respectively.

The grand-averaged difference waves were generated for
each of six conditions by subtracting the average responses to
the clean standard stimuli from average responses to the
corresponding deviant stimuli. The six conditions were (1)
deviant T1 in standards T2 (T12); (2) deviant T1 in standards T4
(T14); (3) deviant T2 in standards T1 (T21); (4) deviant T2 in
standards T4 (T24); (5) deviant T4 in standards T1 (T41); and
deviant T4 in standards T2 (T42). The mean amplitude of the
time windows spanning the MMN and the late negativity of
the difference waves were computed for each channel, parti-
cipant and condition in the pre- and post-training tasks. Based
on visual inspection of the raw ERPs and previous studies, the
mean amplitude of the MMN was computed between 200 and
400 ms. The MMN is typically largest over the frontal electro-
des (e.g. Näätänen and Michie, 1979; Alain et al., 1998). There-
fore, our analyses on the MMN only focused on the frontal
electrodes (F4, F6, F8, FC4, FC6, FT8, F3, F5, F7, FC3, FC5, FT7, Fz
and FCz). The mean amplitude of the late negativity was
computed between 500 and 800 ms after stimulus onset for
four regions: right-frontal (RF) included the electrodes F4, F6,
F8, FC4, FC6 and FT8; left-frontal (LF) included the electrodes
F3, F5, F7, FC3, FC5 and FT7; right-posterior (RP) included the
electrodes CP4, CP6, CP8, P4, P6 and P8; and left-posterior (LP)
included the electrodes CP3, CP5, TP7, P3, P5, and P7.

All the p-values and the F-values were adjusted using the
Greenhouse–Geisser correction (Greenhouse and Geisser,
1959) and the post-hoc paired t-tests were adjusted using
the Bonferroni correction for multiple comparisons.
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