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Revisiting infant distributional learning using event-related potentials:
Does unimodal always inhibit and bimodal always facilitate?
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To assess how input statistics can alter infants’ rapid
phonetic category discrimination and learning, Maye and
colleagues [5,6] created a speech sound continuum of a voicedvoiceless unaspirated stop consonant contrast ([da]–[ta]) and
stimuli were arranged with unimodal or bimodal frequency
distributions. The two distributions differed in the number of
Gaussian peaks (tokens with relatively high frequency) along
the [t-d] continuum (Figure 1). The unimodal distribution was
marked by one peak corresponding to single category learning,
whereas a bimodal distribution was characterized by two peaks,
resembling the learning of two categories. After familiarization
to either distribution, infants’ discrimination ability of the
tokens presented with equal frequency in the two distributions
(steps 3-6) was measured. Contrast perception was reduced
after unimodal [5] and enhanced after bimodal [6] exposure.
After this seminal paper, studies have shown similar
outcomes with respect to the influence of exposure to unimodal
versus bimodal sound distributions from infancy [3,7-12] to
adulthood [13-15]. Findings suggest that distributional learning
is a viable learning mechanism used in sound perception and
learning across the lifespan. Nevertheless, a recent study
showed that only infants at 11 but not at 5 months showed
enhanced sound perception after bimodal exposure and reduced
perception after unimodal. Specifically, the 5-month-olds
discriminated a non-native tone contrast after both unimodal
and bimodal exposure [11]. This result somewhat conforms to
a meta-analysis aiming at a comprehensive look on infant
distributional learning: Cristia [16] compared 11 behavioural
experiments from 6 studies and found that both age and testing
paradigm influenced the outcome. In particular, this learning
mechanism was more robust among older infants in the first
twelve months after birth. Moreover, the learning effect was
only robust in Habituation-Dishabituation but not in
Familiarization-Alternating/Non-Alternating paradigms.
As a widely-used neurophysiological measure, eventrelated potentials (ERP) provide a new way of investigating the
discrepancies among previous studies. ERPs are derived from
the electroencephalogram (EEG), and they show the brain
responses to specific events. The ERP component mismatch
negativity (MMN)
is widely used as a measure of
discrimination (in infants MMN is seen as a positivity, referred
to as mismatch response, MMR [17]). MMN and MMR reflect
the neural basis of acoustic-phonetic processing distinct from
behavioural methods [18-21]. To date, only one study that we

Abstract
Infants can learn and generalize phonetic categories through
speech sound frequency distributions. Nevertheless, previous
research with varying participant ages and testing paradigms
reported incongruent findings regarding the effect of
distributional learning of phonetic contrasts.
The current study examines infants’ distributional learning
of non-native tones using electroencephalography. 5-6-monthold Australian infants were exposed to an 8-step continuum of
a Mandarin Chinese high-level vs. high-falling tonal contrast.
The bimodal condition had frequency peaks near the two ends
of the continuum (steps 2, 7) whereas the peak was at the
midpoint of the unimodal condition (steps 4, 5). Before and
after listening to their corresponding distribution, both groups
were tested on the same sounds (steps 3, 6) in a passive oddball
paradigm.
The unimodal group (N = 8) showed strong sensitivity to
the sound distinction at post- but not pre-distributional learning.
The bimodal group (N = 8), no significant neural sensitivity or
difference was observed in pre- or post-distributional learning.
The finding that unimodal exposure enhances infant perception
is novel and is explained by their acoustic sensitivity to peak
location, highlighting the role of the magnitude of the acoustic
distinction in the stimuli when prior training and exposure is
insufficient to establish phonetic categories.
Index Terms: distributional learning, speech perception,
lexical tone, perceptual salience, electroencephalography
(EEG), event-related potentials (ERP), mismatch negativity
(MMN), (positive) mismatch response (MMR)

1. Introduction
Statistical learning, the ability to extract and learn from the
statistical regularities in the ambient environment, is a
fundamental learning mechanism that drives infants’
phonological acquisition since the beginning of life [1]. This
mechanism has been argued to underlie infants’ phonetic [2],
semantic [3] and grammatical [4] acquisition. In this paper, we
revisit previous mixed results by using a more sensitive method,
namely infants’ brain responses to a stimulus change before and
after exposure to two types of distributional information.
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know of has examined infant distributional learning using EEG.
Two-to-three-month-old Dutch infants’ distributional learning
was examined via unimodal and bimodal distribution of an
English /æ/-/ε/ contrast during their sleep [22]. Interestingly, an
interaction was reported between distribution type and vowel:
bimodally-trained infants discriminated better if the deviant
was [æ] and unimodally trained infants discriminated better if
the deviant was [ε]. Crucially, unimodal training did not inhibit
but rather facilitated phonetic learning.
Recent adult studies may seem to further contest the
facilitating role of bimodal training. German listeners’ neural
discrimination after training with a bimodal distribution of a
Cantonese (high vs. mid) pitch height tonal contrast improved
across all steps along the tonal continuum [23], with online
neural improvement elicited during the learning phase [24]. A
topography analysis also revealed that the MMN difference
disappeared by the end of the experiment, indicating listeners’
sensitivity to all tokens along the pitch height tonal continuum.
Different from the outcomes of most behavioural
experiments, the two EEG studies using lexical tone as the nonnative carrier jointly indicate that exposure to a bimodal
distribution may not necessarily lead to the enhancement of
specific steps or categories along the pitch continuum, but may
increase listeners’ overall tonal perception. Importantly, these
studies did not include training with a unimodal distribution.
To increase our understanding of infant distributional
learning, the current study tested 5-6-month-olds, the age at
which distributional learning is arguably less robust [16], using
EEG techniques. Specifically, we examined how 5-6-monthold Australian infants exhibited neural sensitivity to non-native
tones after exposure to unimodal versus bimodal distributions.
From previous research, we predicted increased neural
sensitivity after bimodal but not unimodal exposure.

2.2. Stimuli
A female Mandarin speaker produced natural tokens of the
Mandarin high-level (T1) and high-falling (T4) tones with /ta/
as the tone bearing syllable in a soundproof booth at the
phonetics lab of Utrecht Institute of Linguistics OTS, Utrecht
University. Tokens were recorded by computer program
Audacity. The tone pair was further divided into six equidistant
in-between tokens which resulted in an eight-step continuum
(Figure 2) via the computer program PRAAT [25]. Stimulus
intensity was set to 65 dB and duration to 400ms. Five native
adult Mandarin Chinese speakers listened to the stimuli and
confirmed that they were acceptable tokens of Mandarin
Chinese. The Mandarin T1–T4 contrast has been shown to be
discriminated by adult speakers of tone [26,27] and non-tone
[27,28] languages as well as non-tone-language learning infants
[10].
2.3. EEG Paradigm
The experiment consisted of three phases: (1) EEG recording:
pre-training, (2) distributional learning, and (3) EEG recording:
post-training. At pre- and at post-training phases, participants
were presented with 2 oddball blocks. To counterbalance,
stimulus step 3 was presented as the standard (presented 80%
of the time) and step 6 was presented as the deviant (20% of the
time) in one block, and the standards and deviants were
reversed in the other block. There were 500 stimuli in each
oddball block (400 standards, 100 deviants).
In the distributional learning phase, participants were
randomly assigned to one of two conditions: unimodal or
bimodal distribution. Each of the 8 tokens was played with the
same distributions as in Figure 1 but repeated twice (128 tokens
x 2 times). The two conditions had different distributional peaks
(a single central category vs. two separate categories) but were
equal in the total amount of distributional learning tonal input
(256 tokens) and duration (6 minutes). Stimulus steps 3 and 6
were presented an equal number of times in both unimodal and
bimodal conditions. The stimulus presentation was controlled
using Presentation 18.1 (Neurobehavioral Systems Inc.).

2. Method
2.1. Participants
Twenty typically developing infants participated in the study.
All participants were naïve to tone or pitch-accent languages.
The final sample consisted of 16 5-6-month-old infants being
raised in monolingual Australian English households. Attention
was captured by silent child-friendly videos during the EEG
recording. Four participants were tested but were subsequently
excluded from analysis due to excessive artefacts in their EEG
data (see EEG Recording and Analysis below). The study
protocol was approved by the Western Sydney University
Human Research Ethics Committee (H11383). All families
provided their written informed consent prior to the experiment.

2.4. EEG Recording
EEG was recorded using a 128 channel Hydrocel Geodesic
Sensor Net (HCGSN), Netamps 300 amplifier and NetStation
5.1 recording software (EGI Inc.) Infants sat on the caregiver’s
lap and watched either an age-appropriate silent video or a
puppet show while the sounds the . The continuous EEG was
recorded at a sampling rate of 1000 Hz with the ground
reference electrode placed at the Cz scalp location.

Figure 2: Pitch contours along a [taT1-taT4]
continuum [11].

Figure 1: Example of unimodal (dotted line) and bimodal
(solid line) frequency distributions [11].

330

analyzed separately. Results of t-tests were summarized in
Table 1 below. In the unimodal group, there was no significant
MMN or MMR in the pre-training phase whereas a significant
MMR was seen between 300-400 ms post-training in the
unimodal group. In the bimodal group, although marginal
significances were elicited in both pre- and post-training phases
(ps < .079), the influence of training, evaluated by comparing
the MMR amplitudes pre- and post-training, did not show any
significant effects t(6) = 0.20, p = .84.

2.5. EEG Analysis
The EEG was analysed using fieldtrip toolbox [29] in
MATLAB 2019a. The continuous EEG was first bandpass
filtered between 0.3-20 Hz. The EEG was then divided into
epochs between -100 to 400 ms, relative to sound onset. Epochs
were baseline corrected between -100 and 0 ms. Noisy channels
and trial rejection were determined as follows: If a trial has
amplitudes exceeding ±100µV at any time point in more than
20 channels, the trial was rejected. If the number of bad
channels was less than 20, the trial was kept, and the channels
with amplitudes exceeding ±100µV were interpolated. If a
channel was noisy for more than 50% of the trials, that channel
was interpolated for all the trials. Participants with less than 50
good trials in each condition were excluded. EEG was then rereferenced to the average of the mastoids. Trials were averaged
separately for deviants and standards to get the ERP waves.
Difference waves were computed by subtracting the ERP for
the standard from the deviant. To improve the signal to noise
ratio, the ERPs for the two pre-training blocks were averaged
together. Similar averaging was done for the post-training block
as well. Individual ERP waves were averaged to create grandaveraged ERPs.

Table 1. The significance of grand averaged difference between
standard and deviant across 100-400 time windows.
ms
100-200
200-300
300-400

Unimodal
Pre
Post
p>.05
p>.05
p>.05
p>.05
p>.05
p=.002

Bimodal
Pre
p>.05
p>.05
p>.05

Post
p>.05
p>.05
p>.05

3. Discussion
To further our understanding of distributional learning, we
examined Australian-English learning infants’ neural
sensitivity to non-native lexical tones using a passive oddball
listening paradigm in pre- and post-training phases with a
distributional learning phase in between. The same
methodology has been used in behavioural and EEG studies to
show phonetic category formation. Improved MMR amplitudes
were observed only after unimodal but not bimodal exposure,
contrary to prediction. Given the relatively small sample size,
results need to be interpreted with caution and trends in the two
distributions were discussed separately.
Infants exhibited near-identical MMRs to the contrast before
and after bimodal distribution. The non-significant difference
between pre- and post-training phases makes it difficult to
disambiguate whether bimodal exposure enhanced the
particular contrast as in previous behavioural studies [5,6], or
led to a general enhancement across steps which benefited
overall tone perception as in previous neural studies [23,24], or
else, did not alter perception. In the first scenario, under
relatively high neurocognitive plasticity [30], 5-6-month-old
infants may face little constraint by top-down influences,
maintaining their less rigid sensitivity to acoustic differences
after bimodal distribution. However, this would predict a
change from pre- to post-training which was not observed in
our study. With respect to the second scenario, the distributional
information in the bimodal condition may be insufficient for
infants to establish proto-tonal categories and alter infants’
discrimination.

2.6. Statistical Analysis
The significance of the MMN/MMR was measured by
calculating the average amplitude in the standard and deviant
waveforms between 100-400 ms in 100 ms steps at the frontocentral electrode (FCz). The time window of 100-400 ms was
selected as it encompasses both the MMN and MMR ranges.
This amplitude values were subjected to a paired sample t-test
between standard and deviant.
2.7. Results
The grand averaged standard and deviant waveforms showed a
broad positive response between 100-200 ms (P1) as expected
from infants of this age (Figure 3). The grand averaged deviantstandard waveforms are shown in Fugure 4. Results of the
amplitude comparison between standard and deviants across
100-400 time windows are listed in Table 1. As the number of
participants per group was small (N = 8), the two groups were

Figure 3. Deviant and standard waveforms for before (left
panel) and after (right panel) training for unimodal (top panel)
and bimodal (bottom panel) distributions. As the number of
participants per group is small (N = 8), the pre-training
difference may dissipate with more infants per group.

Figure 4. Mismatch responses before (Pre) and after (Post)
unimodal (left) and bimodal (right) distributions. Our
preliminary results may show that hearing the two very similar
tokens may enhance sensitivity to their small differences.
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On the other hand, facilitation was observed in the
unimodal condition, contrary to outcomes from behavioural
studies. Unlike those in the bimodal condition, infants in the
unimodal condition did not exhibit evidence of target contrast
discrimination before training. In other words, the two
distribution groups may not have started at the same level prior
to the distributional learning phase. This is likely due to a
combination of factors such as individual differences in pitch
perception, sampling error, and the number of participants.
With that in mind, any group differences should be interpreted
with caution. Nonetheless, according to the traditional view of
distributional learning, unimodal participants should not show
any improvement; yet, it appeared they do, at least here and in
the only other EEG study on infant distributional learning [22].
We argue that any type of distributional exposure to sounds
(and non-native ones in particular) may show a practice effect,
allowing listeners to hear a difference regardless of the
frequency distributions when they were not sensitive to the
contrast in the first place. Alternatively, similar to the
attunement to the acoustic difference explanation for the
bimodal infants, infants may have a tendency to process stimuli
efficiently and may therefore focus on the most frequently
presented (i.e., most salient/prominent [31,32]) steps (peaks of
distribution) in the distribution which would impact subsequent
perception. Note that infants have shown different
performances regarding whether a contrast is easy to perceive
[33]. Training on a unimodal distribution in which the peak
contrast (steps 4-5) is extremely difficult to discriminate may
ease the processing of a contrast with a larger acoustic
difference (i.e., steps 3-6). This efficiency may be grounded in
infant cognitive processing. Infants rely on existing heuristics
to maximise efficiency and conservation of energy. When such
strategies on input statistics break down, non-native listeners’
neural sensitivity may be insufficient to discern the fine-grained
tone continuum steps. This explanation assumes interactions
between acoustic and statistical cues. Listeners across ages are
able to abstract and retain the memory of non-native pitch
directional cues as well as shift their acoustic/phonetic cue
weighting and learning strategies [34,35]. When various types
of cues (e.g., acoustic feature, frequency distribution) are
presented, listeners’ weighting of these cues may be dynamic
and change in real-time during experimental training [36,37].
One study found that when both prosodic and statistical cues
are presented, listeners rely on prosodic cues in speech
segmentation [38]. Crucially, a unimodal distribution does not
always inhibit perception. Perceptual constraints such as the
acoustic properties and distance between tokens may exist for
distributional learning,
The overall EEG findings appear to mostly align with the
heuristic explanation. From a theoretical perspective, certain
perceptual constraints like acoustic distance may play a role
when the listeners do not use the cues phonologically. Since the
infants did not have experience using lexical tones for their
phonological categories, acoustic differences may influence the
results differently from other contrasts. However, prosody is
used in non-tone languages in other forms such as intonation,
stress, etc., rendering it difficult to predict whether and how
listeners might treat pitch information.
From a methodological perspective, it is worth mentioning
that all distributional learning studies using similar EEG
techniques across ages [22-24], including the current study,
have reported neural discrimination patterns distinct from
traditional bimodal-facilitation and/or unimodal-inhibition
effects. Distribution-induced processing changes appear to be a

more complex measure than the previously reported simple,
binary distinction. Studies with tones show that tone perception
seems to emerge earlier than vowel and consonant native-like
perception [39]. We believe that factors such as statistical
information, stimuli acoustics (properties, distance, etc.),
accumulated linguistic experience, and processing capacity
may all play a role.
Our findings suggest that EEG may be more sensitive than
behavioural measures in phonetic discrimination at least when
reporting outcomes with large individual variations, which have
been found in the discrimination of tone contrasts. A larger
number of subjects may be required to reach a better picture of
the overall perceptual pattern. We leave this investigation for
future studies.

4. Conclusions
This study examined Australian-English learning infants’
neural responses before and after exposure to unimodal or
bimodal distributions of a non-native lexical tone contrast. In
the bimodal condition, no difference was observed pre- and
post-distributional exposure. In the unimodal condition, no
sensitivity was observed before training, but the neural response
was enhanced post-training. These results indicate a previously
ignored effect of distributional learning where unimodal
exposure may also lead to facilitation in the sensitivity to
difficult novel phonetic categories along the continuum of tonal
distributions. Factors including but not limited to statistical
information, stimuli acoustics, accumulated linguistic
experience, and processing capacity may all play a role in
infants’ distributional learning outcomes. Overall, results
reflect listeners’ sensitivity to ambient acoustic and statistical
information, paving the way for perception and learning of
contrasts in foreign language speech.
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