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Abstract

been proven harder for infants to discriminate (prevoiced versus
short-lag stop consonants [7]). Infants in the bimodal group discriminated between sounds after exposure, whereas the control
group and the unimodal group did not [8]. Similar results were
found for ten-month-old infants, although in this case more exposure was needed [9]. Results along the same lines have been
found for sibilants [10]. Taken together, these findings suggest that the distributional properties of the speech input are
important for the development of speech sound categorization,
in terms of disregarding irrelevant acoustic variation as well as
in terms of highlighting less prominent acoustic differences.
Contrastiveness between speech sounds in a given language
is typically reflected in the frequency distributions of sounds
along one or more acoustic dimensions [11]. In American English for example, productions of /l/ and /r/ have a bimodal frequency distribution along onset frequency of the third formant,
whereas in Japanese, the flap closest corresponding to English
/l/ and /r/ has a unimodal distribution along the same dimension
[12]. Similarly, bimodal and trimodal frequency distributions
have been found for initial stop consonants in languages with
two and three phonemic categories respectively [13]. This suggests that the information needed to form perceptual categories
based on frequency distributions is available to the language
learning infant.
It remains unclear however, whether detection of category
information from passive exposure to distributional properties
in the input is restricted to speech or if it is a domain-general
mechanism, such as for example sensitivity to transitional probabilities [14, 15, 16]. Although category formation of nonspeech sounds has been demonstrated in adults from distributional properties of the input, it has for the most part been the results of either explicit [17], or implicit training [18, 19]. In one
case however, passive exposure to non-speech sounds prior to
categorization training had a positive impact on performance in
the post-training categorization test [17], Experiment 4). Based
on these previous studies, there is reason to believe that the sensitivity extends beyond speech, and that short passive exposure
to non-speech sounds along different frequency distributions
may well lead to perceptual categorization of those sounds.

The aim of the present study is to further the understanding of
the relationship between perceptual categorization and exposure
to different frequency distributions of sounds. Previous studies
have shown that speech sound discrimination proficiency is influenced by exposure to different distributions of speech sound
continua varying along one or several acoustic dimensions, both
in adults and in infants. In the current study, adults were presented with either a bimodal or a unimodal frequency distribution of spectrally rotated sounds along a continuum (a vowel
continuum before rotation). Categorization of the sounds, quantified as amplitude of the event-related potential (ERP) component mismatch negativity (MMN) in response to two of the
sounds, was measured before and after exposure. It was expected that the bimodal group would have a larger MMN amplitude after exposure whereas the unimodal group would have
a smaller MMN amplitude after exposure. Contrary to expectations, the MMN amplitude was smaller overall after exposure,
and no difference was found between groups. This suggests that
either the previously reported sensitivity to frequency distributions of speech sounds is not present for non-speech sounds, or
the MMN amplitude is not a sensitive enough measure of categorization to detect an influence from passive exposure, or both.
Index Terms: perceptual categorization, MMN, speech sounds,
rotated speech

1. Introduction
The ability to discriminate different speech sounds undergoes
a change during the first year of life [1, 2]. In short, infants
go from being able to discriminate most of the speech sound
contrasts used in any language to mainly being able to discriminate native contrasts. This perceptual reorganization is typically
considered to be related to language exposure, as discrimination of native speech sounds is enhanced even as discrimination
of non-native contrasts is attenuated [3]. Furthermore, ten- to
twelve-month-old infants exposed to interpersonal interaction
in a non-native language, maintain the ability to discriminate a
contrast relevant to the non-native language past the age when
it would otherwise be attenuated [4].
Infants are sensitive to multiple types of statistical regularities in the speech input, as for instance probabilities of sequential co-occurrence of sounds and probability distributions
of sounds (for a review, see [5]). A statistical learning mechanism that likely is highly relevant to the development of speech
sound categorization is sensitivity to frequency distributions
of sounds. Six- and eight-month-old infants discriminate between endpoints of a syllable continuum (/da/-/ta/) after they
have been exposed to the syllable continuum in a bimodal distribution, but not after they have been exposed to the continuum in a unimodal distribution [6]. In a follow-up experiment
with eight-month-olds, a contrast was used that had previously
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1.1. Present study
In the present study, non-speech sounds along a continuum was
presented to adults, and categorization was measured before and
after exposure using the event-related potential (ERP) component mismatch negativity (MMN). The non-speech stimuli consisted of a spectrally rotated vowel continuum. Rotated speech
[20] sounds more like croaking or buzzing noise than human
speech, and was used for two reasons: first, because it has an
acoustic complexity comparable to speech [21, 22]; second, because participants are highly unlikely to have been exposed to
it, which allows controlling for the amount of exposure. Adults’
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speech sound perception is influenced by exposure to bimodal
and unimodal speech sound distributions, much like infants’
speech sound perception is [23, 24, 25, 26, 27, 28, 29]. Since the
mechanism under investigation has been found in both adults
and infants, adult subjects were used in the present study for
practical reasons. The MMN amplitude was used to quantify
categorization. The acoustic difference between stimuli sounds
in MMN experiments is reflected in the MMN amplitude, with
greater difference resulting in larger amplitude [30]. However,
when the stimuli is speech, the phonemic categories of the stimuli also influences the MMN amplitude. If the two sounds belong to different categories, the MMN has a larger amplitude
than if they belong to the same category, even if the acoustic
difference is controlled for [31, 32]. Since the MMN amplitude
thus reflects perceptually sorting two sounds into different categories, that is, categorization, it should differ before and after
exposure if perceptual categories were formed.
In the current study, adults are expected to show categorization in response to different frequency distributions of rotated
sounds. After exposure to a bimodal distribution the participants are expected to have a larger MMN amplitude, whereas
after exposure to a unimodal distribution they are expected to
have a smaller or unchanged MMN amplitude.

reducing data quality. Standards and deviants were presented
in pseudo-random order, with at least one standard always preceding each deviant. The first ten stimuli in every section were
always standards, and were not included in the analysis. The
exposure block consisted of 320 presentations of sounds along
the whole continuum, with the frequency distribution of the
sounds bimodal for half of the participants (henceforth the bimodal group) and unimodal for the other half of the participants (henceforth the unimodal group), see Figure 1. E-Prime
2.0.10.352 (Psychology Software Tools, Sharpsburg, Pennsylvania, USA) was used for stimuli presentation, and the total
duration of the experiment was approximately 45 minutes.
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2.1. Participants
Figure 1: The number of presentations of each rotated sound in
the two groups during exposure. The solid line represents distribution of the sounds presented to the bimodal group and the
dashed line represents the distribution of the sounds presented
to the unimodal group. Proportions of the distributions taken
from [6].

Twenty adults participated in the study (mean age = 34 years,
age span = 23-60 years). Since stimuli were non-speech sounds,
a specific native language was not a criterion for participation,
so participants’ first language(s) varied. Seventeen participants
were right-handed, two were left-handed, and one had ambiguous handedness. All subjects received two movie vouchers as
thanks for their participation. The study has been approved by
the Ethical Review Board at Karolinska Institutet (2015/63-31).

2.4. Procedure
2.2. Stimuli

Participants were asked to fill out a consent form and a form
asking for information about age, language background, and
handedness. They were asked to select a movie to watch during
the experiment, and the circumference of their heads was measured. Electrodes were placed above and below the left eye of
the participants, as well as outside the lateral canthus of each
eye and behind each ear on the mastoid bones. A head-cap was
put on, and 16 electrodes were fastened (Fp1, Fp2, F3, F4, Fz,
T7, T8, C3, C4, Cz, P3, P4, Pz, O1, O2 and Oz). The participants were instructed to remain as still as possible during
stimuli presentation, and to move around, blink and stretch during the pauses. During the experiment, the participants watched
their selected movie with no sound and Swedish subtitles. The
movie window was centered on a screen in front of the participant, and its size was kept relatively small (approximately 15
by 20 cm), in order to minimize eye-movements. The purpose
of letting the participants watch a movie, was to direct their attention away from the auditory stimuli while keeping them relatively alert throughout the experiment. Since the visual input
from the movie was not time-locked to the auditory stimuli, it
is assumed not to influence the ERPs systematically. The whole
session, including preparations, lasted about an hour and a half.

Stimuli were rotated sounds created from the Swedish vowels
/e/ and /i/. Two different CV-syllables, /te/ and /ti/, produced
by a female native speaker of Swedish, were recorded in an
echo-free chamber at the Phonetic Laboratory, Department of
Linguistics, Stockholm University. The consonant in each syllable was removed using Wavesurfer 1.8.5 [33]. A continuum
of six intermediate vowels between the /e/ and /i/ was created
in Praat 6.0.21 [34], utilizing a freely available script [35]. The
continuum was spectrally rotated using Mathematica (Wolfram
Research Inc., Champaign, Illinois, USA), a procedure previously described in [22]. The resulting sounds will be referred
to as R1 to R8, with R1 being the rotated /e/ and R8 the rotated
/i/. In the MMN blocks of the experiment, R3 was the standard
stimulus, whereas R6 was the deviant stimulus.
2.3. Experiment design
The experiment consisted of three blocks: a pre-exposure MMN
block, an exposure block, and a post-exposure MMN block.
The MMN blocks consisted of 1000 stimuli each, a total of
2000 stimuli, 20% of which were deviants (R6) and the remaining were standards (R3). Stimulus duration was 340 ms and
stimulus onset asynchrony (onset-to-onset) was 1000 ms. The
blocks were divided into five sections of two minutes each, with
a 15 s pause in between to give participants the possibility to
move around and shift position during the experiment without

2.5. EEG data
Electroencephalography (EEG) data were collected using the
BioSemi ActiveTwo system, and the ActiView acquisition soft-
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Figure 2: The grand-average for standard (dashed line), deviant (solid thin line) and the difference waveform (solid thick line) obtained
at the Fz electrode, for the unimodal group (top) and the bimodal group (bottom) separately, and for the pre-exposure block (left) and
the post-exposure block (right) separately. A clear MMN can be seen for both groups in both blocks.

3. Results

ware (BioSemi, Amsterdam, The Netherlands). The sampling
rate was set to 2048 Hz, and a driven-leg reference (a CMS/DRL
loop with voltage recorded relative to the CMS electrode) was
used during recording. Preprocessing of data was done in
EEGLAB [36]. Data were re-referenced to the mastoid electrodes, re-sampled to 256 Hz and band-pass filtered with cutoff
frequencies of 0.5 to 20 Hz. The twelve pauses were manually rejected by visual inspection before an Independent Component Analysis (ICA) was performed to isolate eye-blink and
eye-movement artifacts. The most prominent component for
each of those artifacts was identified and removed. Data were
epoched, time locked to -100 ms to 900 ms relative to stimulus
onset, and consequently baseline corrected. Lastly, trials likely
containing artifacts or otherwise bad data (fvoltage lower than
-50 µV or exceeding 50 µV in any EEG channel) were rejected.
Data from Fz was used in the analysis, as this is where the difference response is typically strongest [37]. The mean amplitude
of each subject average difference wave within the time window
of 150 to 300 ms after stimulus onset was extracted for analysis. This time window was selected based on visual inspection
of the grand average difference waveform, pooling all participants and conditions, and is in line with the time window in
which the MMN is typically found [37]. Subsequent statistical
analyses were carried out in SPSS 21 (International Business
Machines Corp., Armonk, New York, USA).

To test whether an MMN response was evoked in the participants, one-tailed one-sample t-tests were performed on the
MMN amplitude separately for the pre-exposure and the postexposure block. The t-tests revealed that an MMN was elicited
in both blocks (t(19) = -5.672, p <0.001 and t(19) = -3.201, p
= 0.005, respectively). Figure 2 shows the grand average waveforms for standard and deviant at Fz, as well as the difference
waveform, for the two blocks.
In order to test the effect of exposure to the different distributions on the MMN amplitude in the second block, a 2x2
repeated-measures ANOVA was performed with Block (preexposure vs. post-exposure) as within-subject variable and
Group (unimodal vs. bimodal) as between-subjects variable.
A main effect was found for Block (F(1,18) = 5.278, p = .034).
The interaction between Block and Group was not significant
(F(1,18) = .039, p = .846). Figure 3 shows the MMN amplitude for each group in the two blocks. Both groups have a
smaller MMN amplitude in the post-exposure block than in the
pre-exposure block.

4. Discussion
Contrary to expectations, no difference in MMN amplitude after exposure was found between groups. Instead, both groups
had smaller MMN amplitude in the post-exposure block compared to the pre-exposure block. There is thus no indication of
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Bimodal group

sitive as related behavioral responses, since the latter presumably are dependent upon the former. The MMN amplitude has
been well documented as a neurological correlate to discrimination [30], and has been shown to be influenced by explicit
discrimination training [39]. It is unlikely that the lack of a measurable effect in the present study is simply due to the present
measure being less sensitive than those used earlier. The MMN
response is however less studied as an explicit correlate to perceptual categorization. The rationale for using the MMN as an
indicator of when two sounds are perceived as belonging to different categories, that is, categorization, is sound, but has not
been explicitly investigated. It is conceivable that the enhanced
MMN amplitude found when standard and deviant belong to
different speech sound categories, compared to when they belong to the same speech sound category [31, 32], is not actually
indicative of categorization, but caused by something else. This
is an important methodological issue, warranting further study.
Lastly, the present study was designed to test whether the
findings from previous studies [23-29] extended to non-speech
stimuli, and it appears that they do not. This is unexpected,
since previous research has shown that perceptual category formation is found for non-speech stimuli [17, 19, 18], and that the
mechanisms involved are likely the same as in speech sound categorization to the extent of engaging brain areas typically considered specifically devoted to speech perception [40]. However, those previous studies all involved either explicit [17] or
implicit training [18, 19, 40]. It is thus possible that although
the mechanisms involved in perceptual category formation are
domain-general, passive exposure to different frequency distributions does not have an impact on perception if a system of
perceptual categories is not already in place (or alternatively,
that they do, but more exposure is needed). If this is the case,
it explains the results of the present study, and why they differ
from previous similar studies [23-29].
In conclusion, the present study provides no evidence
that passive exposure to different frequency distributions of a
non-speech continuum induces perceptual categorization of the
sounds, or otherwise influences the perception of them. There
are multiple possible explanations for this, but the two considered most likely are that the MMN amplitude is not a suitable
measure for perceptual categorization, or that passive exposure
does not influence the perceptual categorization of sounds not
already recognized as part of a categorization system. To disentangle which of the potential explanations of the present results
in relation to previous studies is the most likely, it would be
necessary to use a behavioral paradigm with the stimuli of the
present study, and the paradigm of the present study with speech
stimuli.

Unimodal group
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Figure 3: Mean MMN amplitudes in µV for the bimodal group
(left) and the unimodal group (right) in the pre-exposure block
(light gray) and the post-exposure block (darker gray). Error
bars show the 95% confidence interval. Note that negativity is
plotted up.

auditory perceptual category formation for the rotated sounds
from passive exposure to different frequency distributions of the
sound continuum.
The block effect is in line with a previous study, which
has shown attenuated MMN amplitude within the last third of a
block compared to the first third of a block [38].
The lack of group effect is however not in line with previous findings, which have demonstrated influence of passive
exposure to different frequency distributions on the perception
of speech sounds [23-29]. The present study differs from earlier
studies on four counts, which may explain the discrepancy between the results of the present study and previous findings: the
amount of exposure, the instructions to participants regarding
the passive exposure, the use of a neurophysiological measure
of categorization instead of behavioral measures, and the use of
non-speech stimuli instead of speech stimuli.
The amount of exposure is critical. In a previous study, the
ability to discriminate a non-native fricative contrast was influenced by 200 exemplars of exposure to a bimodal frequency distribution of a fricative continuum, but not by 100 exemplars of
exposure [29]. However, the amount of exposure in the present
study was 320 exemplars in total. This is substantially more exemplars than the previous studies on adults, which ranged from
128 exemplars [28] to 200 exemplars [29], in the cases where
influence on speech perception was achieved. Other differences
between the present study and earlier studies are therefore considered more likely to be the cause of the unexpected results.
Concerning participant instructions, in most previous similar studies [23-29] these were that they should listen carefully to
the sounds during exposure, whereas in the present study participants were instructed to pay no particular attention to auditory
stimuli. The discrepancy in attention to the sounds might influence the impact they have on perceptual categorization. In
infant studies, where an effect has been found [6, 8, 9, 10], and
where explicit instructions are in principle impossible to give,
it is nevertheless reasonable to assume that the attention to exposure stimuli varies considerably between infants. It would be
interesting to test the effect of attention to the exposure sounds
explicitly in the future; however, this is not currently considered
the most likely explanation for the results of the present study.
In the present study, the measure of categorization was the
MMN amplitude, whereas in previous similar studies on adults,
various behavioral measures have been used [23-29]. Intuitively, neurophysiological responses ought to be at least as sen-
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