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ABSTRACT

Two MMN experiments investigate integrated versus independent processing of complex auditory
information in linguistic sound. Our study asks if electrocortical techniques can be used to find
feature additivity in the perception of linguistic sound and tests the efficacy of a roving-
standard design, which allows for the direct comparison of multiple deviant contexts within a
single session. We hypothesise that neurophysiologically evoked responses to multiple
distinctive cues are stronger than responses to single cues. Two magnetoencephalographic
(MEG) protocols are deployed, which are identical except for the order of presentation of
standard and deviant stimuli. We observed larger evoked-response fields to deviants that
differed in two phonetic features relative to deviants that differed in a single feature from the
standard. Our results are consistent with the independent processing of acoustic cues and
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indicate that this novel methodology may be useful in testing questions of feature additivity.

1. Introduction

Perception requires extracting useful representations
from a physical world that contains a potentially bound-
less range of sensory information, filtering out a great
deal of redundant or irrelevant input. One method of
improving processing efficiency is by sensory dimen-
sionality reduction, as when distal stimuli with corre-
lated cues are processed in an integrated way
(Lerousseau et al., 2010; Parise & Ernst, 2016). For
example, in vision, when participants organise decks
of coloured stimulus cards which co-vary in both hue
and chroma, they disregard redundant dimensions
and treat both dimensions as a single feature, rapidly
sorting cards into colour categories despite the vari-
ation (Garner & Felfoldy, 1970). This suggests that not
every perceivable dimension is given equal attention,
and during perception, hue and chroma are processed
in an integrated, holistic fashion. However, some dimen-
sions, such the size of the colour circle and the angle of
an inscribed line, slow the organisation of the stimuli
decks, suggesting that attention to non-correlated
dimensions is required and that these visual features
are processed independently. In another domain, musi-
cians exhibit sub-additive neurophysiological responses
to changes in frequency in melody perception when
those changes are coupled with changes in intensity
and perceived location, suggesting that frequency-
related deviations are processed in an integrated

manner with other acoustic changes, rather than as
independent events (Hansen et al., 2022).

This study investigates the extent to which speech
perception makes use of independent processing of lin-
guistically relevant cues, rather than integrated proces-
sing alone. Language is an interesting empirical
domain of related inquiry because there are reasonable
hypotheses about tractable links between our theories
of linguistic representation and our understanding of
how the brain representationally encodes sensory
objects (see Embick & Poeppel, 2015; Poeppel &
Embick, 2005 for discussion). Additionally, speech
sounds are well understood in terms of their production,
perception, and neuro-cortical correlates (Grimaldi,
2018; Monahan, 2018; Poeppel & Monahan, 2008;
Poeppel et al, 2007). However, because languages
differ in which acoustic cues are significant, there is a
possibility that the same co-occurring cues might be
processed in an independent fashion in one language,
but in an integrated fashion in another language. This
means that the way the brain processes linguistically-
significant sensory cues in perception may change
depending on individual language experience.

The perception of speech sounds requires the simul-
taneous processing of multiple, co-occurring auditory
cues, such as degree of occlusion or manner, voicing,
and place of articulation. The conventional view in
theoretical phonology holds that the representations
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Table 1. English obstruents at the labial place of articulation.

Stops Fricatives
Voiceless [p] [f]
Voiced [b] [v]

of speech sounds are not holistic but rather composed
of atomic features which reoccur in various configur-
ations across the entire phonological system (Jakobson,
1939; Jakobson et al., 1952). Features may be shared
across sounds (e.g. [voice] in /b d g/), or present for
some sounds but not others (e.g. [nasal] in /m n n/ but
not /b d g/). In this way, features organise the speech
sounds of language and are the most basic represen-
tational units of phonological systems.

Representations are the mapping between internal
mental states and external physical events (Gallistel,
1990), and like other kinds of representations, features
must be instantiated in human brains (Mesgarani et al.,
2014; Yi et al, 2019). Indeed, evidence from electro-
physiological research suggests that speakers use fea-
tures to parse continuous speech (Fu & Monahan,
2021; Monahan et al.,, 2022; Politzer-Ahles & Jap, 2024);
however, it is not known if the set of relevant organis-
ational features is universal to all languages, or if fea-
tures are language specific (Mielke, 2008). In one view,
all languages make use of the same universal features
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Figure 1. Spectrograms of stops and fricatives, showing the
cross-classification of higher-frequency noise (blue boxes) and
lower-frequency periodicity (green boxes). Dark bands are the
harmonics of the fundamental frequency. As /p/ is a voiceless
stop, it produces no noise or periodicity. Similarly, though
there is some low-frequency noise for /f/, there is no periodicity,
as the harmonic bands are absent.

(Chomsky & Halle, 1968). In another, the only features
in the acoustic signal that are relevant to speakers are
those that are linguistically significant and form the
basis for language-specific contrasts (Dresher, 2009).
This study contributes experimental evidence in the
form of a neuro-cortical correlate for acoustic cues that
are present in the speech signal and linguistically signifi-
cant in some languages, but not all.

For example, in English, voiceless stops, such as /p/,
are typically realised with noticeable post-closure aspira-
tion [p"], but this aspiration is not required for voiceless
stops to be categorised as such, in phonological terms,
as aspiration is generally predictable from voicing and
prosodic position and does not constitute an indepen-
dent phonological contrast. Rather, aspiration functions
as one of several phonetic cues that can realise the
voicing distinction in English (Lisker, 1986), and in
some contexts may reinforce lexical contrasts grounded
in voicing rather than introduce new ones. Phonological
patterns, such as plural allomorphy and voicing assimila-
tion, operate over only two categories: voiced and voice-
less. Thus, the typical realisation of put is [p"ot’], but the
realisation [pout’] does not change the meaning of this
word for English speakers. In Hindi, in contrast,
whether or not a stop is realised with aspiration can
change the meaning of words, as for example in [p"a:l]
’knife blade’ and [pa:l] “nurture”, suggesting that in
this language, aspiration is critical for categorisation.

Linguists typically organise speech-sound inventories
according to these phonetic cues. For example, in Table
1, four speech sounds relevant to English are organised
according to a cross-classification of their phonetic fea-
tures. Both [p] and [b] are bilabial stops produced with
total occlusion of the pulmonic air stream, but while
[p] is typically realised without vocal fold vibration, [b]
is realised with periodicity — the acoustic correlate of
voicing in English (Lisker & Abramson, 1964). Similarly,
both [f] and [v] are fricatives produced with partial occlu-
sion, the acoustic correlate of which is broadband noise
during articulation (see Figure 1). They contrast in
voicing, as do [p] and [b], but differ from that pair in
their manner of articulation.

Though there is variation in how noise is generated in
stops and fricatives and the timing of laryngeal and
supralaryngeal articulators (Haggard, 1978; Stevens et
al., 1992), the essential dimensions are shared. The pho-
nological organisation of manner and voicing can be
understood as a two-by-two matrix where phonological
categories line up in a linguistically significant way
(Monahan et al., 2022; Politzer-Ahles & Jap, 2024; Schlu-
ter et al,, 2017). Despite differences in their phonetic
realisation, the set of stops and set of fricatives demon-
strate a phonological parallelism in their contrastive



relationships. In this way, the four sounds in Table 1 are
decomposable into distinct configurations of the rel-
evant acoustic cues, where discrete elements in the
signal are distinctive in cognition precisely because
they are the basis for linguistically-meaningful contrasts.

Figure 1 demonstrates how four speech sounds can
be cross-classified in English according to the presence
or absence of both noise and periodicity. The contrastive
status of these cues in English suggests that cross-
classification results in processing of these speech cues
in an independent fashion, where the cues do not
depend on each other and may variably co-occur or
not. That is, their presence or absence is the basis by
which speakers distinguish between the various
sounds to make meaningful contrasts.

However, this full cross-classification configuration
does not hold across all languages, since speech
sounds may form complete or incomplete cross-classifi-
cations across various dimensions (see Table 2). The
PHOIBLE cross-linguistic inventory of language sound
systems is a catalog of 3,020 speech-sound inventories,
of which 2,594 (86%) contain /p/, 1,906 (63%) contain
/b/, 1,329 (44%) contain /f/ and only 816 (27%)
contain /v/. For example, the Acehnese language,
spoken in Indonesia, has /p/, /b/, and /f/, but not /v/.
Campidanese Sardinian, a Romance language spoken
in Italy, has a voiced voiced labial fricative [], but only
as a contextually predictable allophone with no signifi-
cant contrastive status (Chabot, 2023).

This means that in some languages, the cross-classifi-
cation, which holds in Table 2, is incomplete. In such
cases, some cues that may be present in the acoustic
signal are not phonologically significant, as they play
no role in making a speech sound distinctive. Put
another way, the role a sound plays in a phonological
system is language-specific, and discrete elements of
the acoustic signal may not be distinctive in cognition
if they are not meaningfully contrastive. In such cases
of incomplete cross-classification, instead of being inde-
pendently processed, processing of acoustically
complex speech sounds may proceed in an integrated
manner.

This raises a question: Does language-specific experi-
ence determine whether perceptual processing of

Table 2. Cross-linguistic comparison of stops and fricatives at
the labial place of articulation in intervocalic contexts.
Campidanese

English Acehnese Arabic Sardinian
Voiceless  [p] Ml 1 M M\ (o [f
Voied o] [ (b] M) M

Note: Gaps in the table correspond to sounds absent from that language’s
consonant inventory. Cells in gray are sounds which are absent or occur
only as predictable allophones.
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speech sounds proceeds in an independent or inte-
grated manner? We propose a methodological approach
in which independent processing of multiple auditory
cues are distinguished from integrated processing
through the identification of distinct neural evoked
responses (Event-Related Fields, ERF) elicited by
speech-sound stimuli (Janssen et al., 2020; Obleser et
al, 2003). The hypothesis is that whether the multiple
cues of speech sounds are processed in an integrated
or in an independent fashion is determined by
language-specific experience. Specifically, we predict
that complete classification leads to independent pro-
cessing of speech properties, whereas incomplete
classification leads to integrated processing.

The goal of the present study is to determine if
electro-cortical measures can be used to investigate
whether fully cross-classified speech cues are processed
independently or in an integrated fashion, providing a
necessary first step toward testing predictions about
how language-specific experience shapes perceptual
processing. Specifically, we hypothesise that an
observed additivity in the evoked responses implies
independent processing of correlated cues, while a
non-additive response suggests integrated processing
of multiple cues.

In auditory and visual neuroscience, the Mismatch
Negativity (MMN, Jadskeldinen et al., 2004; Naatanen et
al., 2005) is a response in electro-cortical activity elicited
by changes in multiple stimuli within the time span of
sensory memory, detectable in both EEG and MEG.
When two or more comparable stimuli are presented
in the same context, aspects of those incoming stimuli
are compared to traces stored in working memory
where divergences from expected cues elicit robust
MMN responses (see Naatanen et al,, 2019 for an over-
view). As the perceptual system builds representations
of environmental stimuli, it makes predictions about
what kinds of cues will be most salient (Bendixen et
al., 2009; Winkler, 2007). Divergences from those predic-
tions result in a robust MMN evoked response. Thus, the
MMN is a correlate for aspects of perceptual represen-
tations that diverge from a standard in a perceptible
fashion; in audition, this includes cues such as duration,
intensity, and pitch (Giard et al, 1995; Gomes et al.,
1995). These cues are present in any given speech
signal, and may vary independently of each other. For
example, Wolff and Schroger (2001) show that with audi-
tory stimuli which vary along multiple dimensions —
including duration, frequency, and intensity — when
one dimension is changed between stimuli, this is
sufficient to elicit an MMN.

When partially different neural populations are
involved in processing different but related stimuli
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(Allen et al.,, 2017, 2022), the MMNs elicited by divergent
features demonstrate neural additivity (Paavilainen et al.,
2001), reflecting a neural correlate of perceptual differ-
entiation across domains, including music (Hansen et
al.,, 2022) and vision (Stefanics et al., 2014). When diver-
gences along multiple dimensions of features in an audi-
tory stimulus are relevant to perceivers, the resulting
evoked responses are generated by multiple popu-
lations of neurons, producing multiple ERF components
which can be summed together as a cumulative evoked
response (as in Figure 2).

We follow Paavilainen et al. (2001) in using the term
additivity to describe the phenomenon in which
evoked responses to multi-feature deviants tend to be
larger than responses to single-feature deviants. Impor-
tantly, our usage is descriptive rather than a specific
measure of formal statistical additivity in the sense of
no interaction (i.e. we do not evaluate superadditivity
or subadditivity). Rather, we use additivity to indicate
that the cumulative evoked response is larger when mul-
tiple independent features diverge from the standard,
reflecting independent processing of these features in
the brain. For example, Caclin et al. (2006) demonstrated
that three dimensions of timbre can be independently
varied above the threshold of discernability, and each
dimension elicits distinct MMN responses in partially
separate neuron populations. The cumulative effect of
varying multiple dimensions simultaneously is an addi-
tive effect in the evoked responses themselves, demon-
strating that the three dimensions of timbre are

—— Double Difference

— Single Difference
Single Difference

—— Standard Stimulus

Amplitude

R 4

Time

Figure 2. Schematic plot of evoked responses demonstrating
neural additivity. Each waveform is an evoked response to an
individual speech sound. A difference along one dimension
(blue and green) produces a waveform with greater amplitude
relative to the standard stimulus. A difference along two dimen-
sions produces a waveform with an amplitude greater than
either of the single-dimension deviants.

perceived in an independent fashion. Such additive
effects in MMN responses have been shown in the pro-
cessing of frequency and location (Schroger, 1995),
pitch and location (Takegata et al., 2001), and vowels
and pitch (Lidj et al., 2010).

On the other hand, some aspects of the speech signal
do not seem to elicit additive effects, suggesting that
they are perceived in an integrated way, perhaps
within a shared population of neurons rather than separ-
ate populations for each cue. Pavilainen et al. (2003) exam-
ined tone pairs in which frequency, intensity, or both could
change from the first to the second tone. In each pair, the
direction of change was constant: The second tone was
always higher in frequency and/or louder in intensity
than the first. When this direction of change was reversed,
an MMN response was observed without an additive con-
tribution from the individual frequency and intensity devi-
ations. This pattern of non-additivity indicates the
processing of frequency and intensity was integrated
rather than independent. This suggests that the difference
in feature changing direction was perceived as the relevant
cue in the stimuli, while irrelevant differences in the phys-
ical features went unperceived. One possible interpret-
ation of this result is that the different cues are not fully
cross-classified. That is to say, since frequency and intensity
co-varied in a redundant way, they were processed in an
integrated manner.

This raises the possibility that phonological proces-
sing may not be sensitive to all aspects of the acoustic
signal, even to cues which are significant in some
languages. A necessary preliminary step towards
answering this question in phonology is finding a corre-
late for independent processing of correlated speech
sounds. Our hypothesis is that the additive property of
evoked responses can be used as a reliable way of deter-
mining if elements of speech sounds are perceived in a
holistic, integrated fashion or as independent percepts
that are only parts of a whole (Han et al.,, 2023). For
example, where linguistically-significant sounds are con-
cerned, K. Yu et al. (2022) found that vowels, consonants,
and tones are all processed independently by speakers
of Cantonese. This means that tones and vowels are per-
ceived as independent percepts even though they co-
occur simultaneously in the speech signal. These exper-
iments are a necessary first step towards determining if
the processing of these features as independent com-
ponents is a universal fact of human perception or if
individual language experience plays a role in their pro-
cessing as integrated or independent.

The experiments described here test the hypothesis
that evoked responses can serve for a reliable correlate
for the perception of linguistically significant, simul-
taneously occurring auditory cues in speech sounds. In



particular, we are interested in whether these cues are
processed independently or in an integrated manner,
as reflected in the additivity of evoked-response ampli-
tudes. Multiple cues will produce an additive effect
visible in the amplitude of those evoked responses:
when participants are exposed to a deviant stimulus
after a series of standards, this will elicit an MMN, and
that the degree of difference between standards and
deviants will have a direct effect on the amplitude of
evoked response. We also expect to find this response
inside a window of about 100400 ms post stimulus,
the expected time-course of responses to phonological
mismatches (Eulitz & Lahiri, 2004; Monahan et al., 2022;
Naatanen et al., 1997; Rhodes et al., 2019; Sams et al.,
1985; Scharinger et al.,, 2012; Sharma & Dorman, 1999).
Finally, we expect the response to be most salient in
the signal from channels that correspond to auditory
cortex in the left-temporal region of the brain (Binder
et al, 1997; Boatman et al., 1995; Crinion et al., 2003).
We ran two related but different experiments to test this.

2, Experimental materials and methods
2.1. Participants

Thirty adult native English speaking participants with
normal hearing and no history of auditory or neurologi-
cal pathology were recruited from the University of
Maryland community and paid for their time ($18/hr),
with each session lasting approximately two hours.
Two related protocols were designed (see Figure 3),
and participants were split into two groups, with 15 par-
ticipating in each protocol and no participant participat-
ing in both experiments. Exclusion criteria included the
presence of ferromagnetic dental work, and a history
of auditory, speech, or neurological pathology. One par-
ticipant data-set was excluded from Experiment 2 due to
excessive noise caused by a ferromagnetic filling, for a
final count of 15 participants in Experiment 1 and 14
in Experiment 2. Participants self-reported handedness,
and only right handed participants were recruited.
Ethical approval for this research was granted by the
University of Maryland Institutional Review Board, and
all participants gave written informed consent prior to
participating in the experiment session.

2.2. Design and materials

Stimulus material consisted of four syllable types (an
obstruent followed by a low vowel [a]: PA, BA, FA, VA)
recorded by a native speaker of North American
English at 44,100 Hz, presented as 16-bit WAV files. The
mean stimulus duration was 712 ms (SD = 57 ms), with
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individual syllables being 618 ms (PA), 720 ms (FA),
743 ms (BA), and 766 ms (VA) in duration. Stimuli were
normalised for intensity and presented to participants
at 60 dB SPL during the experimental procedure. Exper-
iment 1 employed a roving-standard oddball paradigm.
Stimuli were presented in a single block, within which
the standard syllable (BA, FA, or VA) varied randomly
across trial sequences, each sequence ending with a
fixed deviant (PA). Participants listened passively while
neural responses were recorded (see §2.4). Experiment
2 used a single-standard oddball paradigm. The PA sylla-
ble served as the standard, and BA, FA, or VA syllables
served as deviants (see §2.5).

Each experiment used a set of stimuli which can be
fully cross-classified in terms of periodicity and noise,
where stimuli differ from each other along one or both
of these dimensions. It is this difference that we expect
to elicit an MMN response in participants. All experimen-
tal stimuli were syllables which differed from each other
in their initial consonant, which is the locus of acoustic
differences across the experimental conditions. For
example, while a PA syllable is characterised by the
lack of periodicity and lack of noise in the consonantal
onset, FA shares the lack of periodicity, but is character-
ised by noise. VA, in turn, is characterised both by
periodicity and noise, meaning that while FA s
different from PA along a single dimension (noise), VA
is different along two simultaneously (periodicity and
noise). If the MMN is additive, then we expect a larger
MMN here compared to the other two cases, see
Figure 1.

It is worth noting that, in the roving-standard design
(§2.4), one syllable is not overrepresented in the number
of stimulus presentations compared to the single-stan-
dard design (§2.5). In the latter design, the number of
standard stimuli (PA) is predominant with respect to
the other stimuli; for every presentation of VA, BA, or
FA, participants heard approximately 18 PA syllables,
while in the roving-standard paradigm, trains of stimuli
alternate among the three possible comparison syllables
(BA, FA, VA) as deviants, yielding a more balanced distri-
bution of presentations across syllables. This stimuli
balance is important for ensuring that observed effects
are not due to a disproportionate number of standards.
If there were an effect associated with the standard train
preceding each deviant, this design would be more sen-
sitive to detecting it, since each comparison stimulus
occurred with equal frequency as the preceding
standard.

Continuous neurophysiological activity was recorded
using a 160 channel axial gradiometer whole-head mag-
netoencephalographic MEG system (KIT) at the Univer-
sity of Maryland Neuroimaging Centre. Stimuli were
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Standard
stimulus:
BA, FA, VA

-1>>> VA

4-6 repetitions

Deviant
stimulus: PA

< ) PA

Further
Trials

(A)

Standard
stimulus: PA

‘ ) PA

4-6 repetitions

Deviant
stimulus:
BA, FA, VA

<>>>VA

Single repetition

Further
Trials

(B)

Figure 3. (A) Protocol for Experiment 1, the roving-standard paradigm. In each standard-deviant train, participants were auditorally
presented with one of three repeating standard stimuli categories (e.g. [va], [ba], [fa]) followed by the deviant [pa]. The standard
stimulus in each train was pseudorandomly sampled from the three categories and repeated between four and six times. (B) Protocol
for Experiment 2, the fixed-standard paradigm. In each standard-deviant train, participants were auditorally presented with a single
repeating standard stimulus category [pa] followed by the one of three deviant categories (i.e. [va], [ba], [fa]), and a 200 ms interval of
silence. The standard stimulus in each train was repeated between four and six times and the deviant categories were pseudoran-
domly sampled from the three categories. The two protocols are identical in the stimuli used, they differ only in the order of pres-
entation of standards compared to deviants. The standard [pa] differs from the deviant [va] in two features (i.e. manner, voicing), the
standard [pa] differs from the deviant [ba] in one feature (i.e. voicing) and the standard [pa] differs from the deviant [fa] in one feature

(i.e. manner).

delivered binaurally into the magnetically shielded room
via Etymotic ER3A insert earphones that were calibrated
and equalised to have a flat frequency response
between 100 and 5000 Hz. Continuous recordings of cor-
tical activity were made in DC (no high pass filter) at a
sampling frequency of 1000 Hz. An online low pass
filter of 200 Hz and a 60 Hz notch filter were applied
during recording. For the duration of the experiment,
participants laid in a supine position and quietly
watched a silent movie in a dimly lit, magnetically
shielded room (Tervaniemi et al., 1999).

2.3. MEG data preprocessing

The data was analysed using MNE-Python (Gramfort et
al., 2013). Flat and noisy channels were identified for
each data-set and interpolated using the MNE algorithm.
A band-pass filter was applied at .01 and 30 Hz to the
raw MEG data. Using independent component analysis
(ICA; Picard algorithm) implemented in MNE-Python,
fifteen components were computed for each participant,
and those reflecting ocular (blinks and saccades) or
cardiac artifacts were identified by visual inspection of
the component topographies and time courses were
subsequently removed. Across participants in both
experiments, the number of components removed
ranged from 3 to 6 (mean = 4.71, SD = 0.91). After pre-
processing, epochs of 900 ms were extracted from the
continuous data (—100 to 800 ms relative to stimulus
onset). Epochs were baseline-corrected by subtracting
the mean signal in the —100 to Oms pre-stimulus

interval from each channel prior to statistical analysis.
Epoch rejection was set to 3000fT to exclude trials
with abnormal peak-to-peak amplitudes caused by
non-cortical signal, such as muscle movement or
coughs, resulting in .92% of all epochs being dropped.

2.4. Experiment 1

2.4.1. Procedure
Despite the prominent role that the MMN has played in
understanding the neurophysiology of our sensory
systems, its exact mechanism is not completely under-
stood (Garrido et al.,, 2009; May & Tiitinen, 2004, 2010);
however it can be elicited after only a few repetitions
of a standard stimulus (Garrido et al., 2008; Haenschel
et al, 2005; Jaaskeldinen et al., 2004; Naaténen et al,,
2007). In this novel multi-deviant paradigm, participants
were exposed to a fully random sequence of 4-6 stan-
dard stimuli selected from the set standards — BA, FA,
and VA. Stimuli were deployed using PsychoPy (Peirce
et al., 2019). The inter-stimulus interval (ISI) was 350—
1000 ms. The ISl was randomly determined for each
standard train and following deviant stimulus. After
this train, a single deviant stimulus, PA, was presented.
Each participant was exposed to 450 trials (Figure 3(a)).
Assuming a mean of 5 repetitions per standard, partici-
pants were exposed to 2,250 standard and 450 deviant
presentations (total 2,700 stimuli)." Participants listened
passively while neural responses were recorded.

In each trial, one standard syllable (randomly selected
from BA, FA, or VA) was repeated 4-6 times and was then



followed by a single deviant (PA). Each participant com-
pleted 450 trial sequences in total. Using MNE-Python,
PA events were sorted into categories according to
which standard they followed (BA, FA, or VA). After
excluding artifact-contaminated trials, we focussed on
the subset of transitions in which the deviant followed
six standards, yielding an average of 150 usable tran-
sitions per participant, or approximately 2,250 usable
evoked responses across all participants.

2.4.2. Data analysis

Regions of interest were determined by inspection of
butterfly plots of every channel at time intervals that
fall within the expected time-course of MMN (see
Figure 4). Sensor-level activity shows the overall spatio-
temporal distribution of evoked responses, with the
most active sensors are localised to the left and right
posterior temporal channels, with possible peaks of
interest at about 100, 200, and 350 ms, within the
range of the expected time-course of an MMN response.

A topographic plot of the time windows confirms the
presence of a dipole in each condition (Figure 5). Follow-
ing this, we limited our data analysis to a set of 10 chan-
nels in the posterior temporal region of the left
hemisphere, which showed the largest evoked
responses over the expected time course, as shown in
the schematic sensor array in Figure 6.

Plotting the ERFs by condition at these channels
revealed peaks at 100 ms, at 200 ms, and at 350 ms
(Figure 6). At each peak, the VA condition differs most
from the standard. The plotted evoked responses in
Figure 6 suggest that there is a response beginning
just before 150 ms, with an approximately 100 ms dur-
ation, within the expected MMN response time window.

2.4.3. Results

The ERF results are consistent with our hypothesis: The
VA condition is the “most” divergent, while the BA and
FA conditions elicit similar evoked responses (see
Figure 6). To quantify these differences, we fit a linear
mixed-effects model (LMM) using the statsmodels
package in Python (Seabold & Perktold, 2010). The
dependent variable was the mean amplitude within
each time window, and Condition (BA, FA, VA) was
included as a fixed effect. Participant was included as a
random intercept to account for subject-specific base-
line differences. The overall temporal window of analysis
(0-400 ms post-stimulus onset) was selected a priori
based on the typical time course of the mismatch nega-
tivity (MMN). Time intervals divide the approximately
400 ms window in which the MMN is known to occur:
0-80ms, 80-160ms, 160-240ms, 240-320ms, and
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320—400 ms (see Garrido et al., 2009 for discussion con-
cerning the time course of MMN).

Channel selection included the 10 active channels in
the posterior temporal region as described in §2.4.2, as
well as selections of ten channels in three other quad-
rants: the posterior temporal region of the right hemi-
sphere, and bilateral frontal regions. Condition, the
primary fixed effect, reflected the standard-to-deviant
transition: PA following BA, FA, or VA. Categorical predic-
tors (Condition, Timelnterval, and ChannelSelection)
were dummy-coded, with the first level of each variable
serving as the reference category. Participant was
included as a random intercept to account for variability
in baseline mean amplitude across participants. The
main effect of Condition tested whether mean ampli-
tude differed across the three deviant response types,
averaged across time intervals and channel selections.

The results of the model indicated a significant differ-
ence between conditions, with the reference condition
being PA in the context of BA standards. The predicted
mean amplitude for PA after BA was 2.798 fT (95% ClI
[1.082, 4.514]) fT. In contrast, PA in the context of the
FA condition did not differ significantly from that of
the BA condition (8 = —.846, SE = .959, z=-.882,
p = .378), with a predicted mean amplitude of 1.952 fT
(95% Cl [.236, 3.668] fT). PA in the context of the VA con-
dition, however, showed a larger response (8 = 2.502,
SE = .959, z = 2.608, p=.009), with a predicted mean
amplitude of 5.3fT (95% CI [3.584, 7.01]fT). Because
the same physical deviant (PA) was presented across
all standard contexts, this difference can be attributed
to the preceding standard rather than to the physical
properties of the deviant itself. This effect was particu-
larly prominent in the left temporal channels during
the 160-240 ms time window, corresponding to the
expected MMN response.

To further examine the differences between con-
ditions within the 160—240 ms time interval at posterior
left temporal channels, we performed a post-hoc Tukey
HSD test using the statsmodels package (Seabold &
Perktold, 2010) in Python. Tukey HSD tests were con-
ducted across all time interval and channel selection
combinations; only the 160-240 ms interval at posterior
left temporal channels yielded pairwise differences.
Further, the results indicated a difference between PA
in the context of BA versus VA (M = 15.36, p=.041), as
well as between the FA and VA contexts (M = 17.82, p
=.015). These results support our hypothesis in that
there was no difference between PA conditions in the
BA and FA contexts (M = —2.46, p =.915), suggesting
that while the BA and FA contexts did not differ signifi-
cantly from each other, the VA context showed a stron-
ger response (results summarised in Table 3).
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(A) Evoked activity at all channels for BA condition
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Figure 4. Experiment 1 (roving standards paradigm) sensor-level evoked response fields across all 156 channels for the deviant [pa]
following each standard category: (A) standard [ba], deviant [pa], (B) standard [fa], deviant [pa], (C) standard [va], deviant [pa]. Chan-
nels are colour coded, and a head map illustrating sensor distribution is provided in the upper left corner of each panel. Data is from

15 human participants.
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(A) Standard [ba] (B) Standard [fa] (C) Standard [va] agnetic Field {f1)
320-350 ms 320-350 ms 320-350 ms x10

Figure 5. Experiment 1 (roving standards paradigm) sensor-level topography of the sink and source for the evoked response fields
averaged over the 320-350 ms post-stimulus onset time-window to the (A) standard [ba], deviant [pal, (B) standard [fa], deviant [pa],
(C) standard [va], deviant [pa] stimulus trains. Topographic regions in red indicate the source of the magnetic field (i.e. positive evoked
response fields), while topographic regions in blue indicate the sink of the magnetic field (i.e. negative evoked response fields).

To complement the inferential statistics, we calcu- largest effects were observed between the BA and VA
lated Cohen’s d for each pairwise comparison using contexts (d = —.884) and the FA and VA contexts
the pingouin package in Python (Vallat, 2018). The (d = —1.105), indicating large differences, with VA

—— PA after BA (6th)
—— PA after FA (6th)
—— PA after VA (6th)

60

80 160 240 320 400 480 560 640 720 800

Time (ms)

Figure 6. Root-mean square (RMS) of the evoked response fields in Experiment 1 (roving standards paradigm) to the deviant [pa]
following one of the three possible standard stimuli (i.e. [ba] (blue), [fa] (green), [va] (red)). The RMS responses here are obtained
from the mean of 10 left temporal sensors (see head map with channel selection in the lower right portion of the Figure) and are
only for stimulus trains that contained six standard stimuli preceding the deviant. The dotted line at 0 ms indicates onset of the audi-
tory stimulus. Time ticks on the x-axis are spaced at 80 ms intervals; the first five intervals were included in the statistical analysis. A
significant peak of interest is highlighted in gray.
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Table 3. Experiment 1: Post-hoc Tukey HSD results for 160-240
ms time interval and left-temporal channels.

Group 1 Group 2 Mean Diff. p-adj Lower  Upper
PA after 6 BAs  PA after 6 FAs -2.46 915  -=1730 1239
PA after 6 BAs  PA after 6 VAs 15.36 .041 51 30.21
PA after 6 FAs  PA after 6 VAs 17.82 .015 297 32.66

eliciting stronger responses in each comparison. In con-
trast, the effect size between the BA and FA contexts was
negligible (d = .147), suggesting similar responses for
those two conditions. These effect sizes further
support the interpretation that the VA condition
differed most strongly from both BA and FA, which
themselves did not differ meaningfully.

These results support the additive hypothesis: the
evoked responses to the deviant stimulus were
different across all three standard conditions, but the
response to the deviant following a standard from
which it differed along two dimensions was larger. This
contributes further evidence that speakers attend to
contrastive speech cues in an independent manner.

2.5. Experiment 2

2.5.1. Procedure

Experiment 2 differs from Experiment 1 in that the stan-
dard and deviant conditions are reversed. Experiment 1
was a roving-standard paradigm, but Experiment 2 uses
a fixed-standard paradigm: A PA context to evoke
responses to a roving deviant FA, BA, or VA. Stimuli
were presented using PsychoPy (Peirce et al, 2019). In
each stimulus train, participants heard between four
and six repetitions of the standard PA stimulus, each
separated by a randomly sampled inter-stimulus interval
(ISl) between 350 and 1000 ms. After the final PA, a
single deviant stimulus from the set BA, FA, or VA was
presented following another independently sampled
delay within the same ISI range.

Each participant completed 450 trials (Figure 3(b)),
producing approximately 2,100 evoked responses for
each deviant condition. Since there are more standard
presentations in the data (between four and six stan-
dards for every deviant in each trial), a random sample
of PA stimuli was taken on a by-participant basis, equiv-
alent in number to the average of deviant stimuli, select-
ing the fourth PA in the sequence as the “most
standard” stimulus that a participant could expect on
any ftrial.

2.5.2. Data analysis

Regions of interest were determined by inspection of
butterfly plots of every channel used at time intervals
which fall within the expected time-course of MMN

(see Figure 7). Visual inspection of the channel activity
shows that the most active channels are localised to
the left and right posterior temporal channels, with
possible peaks of interest at about 150, 250, and 325
ms, within the range of the expected time-course of an
MMN response.

A topographic plot of the time windows confirms the
presence of a dipole in each condition (Figure 8). Follow-
ing this, we limited our data analysis which a set of 10
channels in the posterior temporal region of the left
hemisphere which showed the strongest response
over the expected time course. These channels are
shown in the schematic sensor array in Figure 9.

A grand average was obtained across all participant
data sets to yield the plot in Figure 9.

2.5.3. Results

Using the statsmodels package in Python (Seabold &
Perktold, 2010), we ran a linear mixed-effects model
(LMM) to examine the effects of Condition (BA, FA, VA),
Timelnterval (0-80ms, 80-160 ms, 160—240 ms, 240-
320 ms, and 320400 ms), and ChannelSelection (Left
Temporal, Left Temporal Front, Right Temporal, Right
Temporal Front) on the mean amplitude of evoked
responses in Experiment 2. All categorical predictors
were dummy-coded, with the first level of each variable
serving as the reference category. Participant was
included as a random intercept to account for baseline
variability across subjects. The model revealed no signifi-
cant three-way interaction, and post-hoc Tukey HSD
tests likewise revealed no significant differences across
deviant conditions.

One potential reason for the lack of difference in
these results might be the different temporal aspects
of each condition. For example, the PA stimulus is
characterised by a period of closure during the articula-
tion of the consonant, which is then followed by a burst
and a period of aspiration before the vowel begins, for a
total obstruent duration of 77 ms. The BA stimulus also
begins with an obstruction characterised by a period
of closure and a burst, but there is no period of aspira-
tion and the total duration of the consonant is only 38
ms. The two fricative conditions, FA and VA, have no
closure period and no burst, and have durations of
118 ms and 75ms respectively. A further difficulty,
beyond the question of duration, is that, since BA and
PA are characterised by periods of articulatory closure
and acoustic silence, while FA and VA are not, is that it
is not clear when participants perceive the stimuli as dis-
tinctive speech sounds. These facts compound such that
the stimuli being compared are in fact heterogeneous in
a way that could impact their perception: the obstruents
do not temporally align with respect to when the
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(A) Evoked activity at all channels for BA condition
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Figure 7. Experiment 2 (roving deviants paradigm) sensor-level evoked response fields across all 156 channels for the deviants [bal,
[fa], and [va] following the standard [pa]: (A) standard [pa], deviant [ba], (B) standard [pal, deviant [fa], (C) standard [pa], deviant [va].
Channels are colour coded, and a head map illustrating sensor distribution is provided in the upper left corner of each panel. Data is
from 14 human participants.
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(A) Deviant [ba] (B) Deviant [fa]
290-320 ms 290-320 ms

(C) Deviant [va] Magnetic Field (fT)
290-320 ms %10

Figure 8. Experiment 2 (roving deviants paradigm) sensor-level topography of the sink and source for the evoked response fields aver-
aged over the 290-320 ms post-stimulus onset time-window to the (A) standard [pa], deviant [ba], (B) standard [pa], deviant [fa], (C)
standard [pa], deviant [va] stimulus trains. Topographic regions in red indicate the source of the magnetic field (i.e. positive evoked
response fields), while topographic regions in blue indicate the sink of the magnetic field (i.e. negative evoked response fields).

acoustic-phonetic cues to voicing and manner of articu-
lation are available to listeners. The roving-standard
design in Experiment 1 obviates this issue, because
every evoked-response is a reaction to the same physical
token.

3. Discussion

The experiments presented here constitute an effort to
link cognitive neuroscience and phonological theory
(Embick & Poeppel, 2015; Poeppel & Embick, 2005). In

0 ! : ; : :
0 80 160 240 320
Time (ms)

400 480 560 640 720 800

Figure 9. Root-mean square (RMS) of the evoked response fields in Experiment 2 (roving deviants paradigm) to one of the three
possible deviant stimuli (i.e. [ba] (blue), [fa] (green), [va] (red)) following the standard [pa]. The RMS responses here are obtained
from the mean of 10 left temporal sensors (see head map with channel selection in the lower right portion of the Figure) and are
only for stimulus trains that contained six standard stimuli preceding the deviant. The dotted line at 0 ms indicates onset of the audi-
tory stimulus. Time ticks on the x-axis are spaced at 80 ms intervals; the first five intervals were included in the statistical analysis.



phonology, there is a virtually consensual view which
holds that the representations of speech sounds are
complexes of features, basic representational units cor-
related to acoustic phenomena and/or articulatory
configurations relevant to the act of speaking (see the
contributions in Clements & Ridouane, 2011). However,
there is extensive debate in the literature concerning
the exact nature of these representations; in particular
there has been recent debate concerning the origin of
phonologically-relevant features. Early work in contem-
porary phonology assumed that features are universal,
with a single, genetically-endowed set of features
shared by all speakers of all languages (Chomsky &
Halle, 1968; Jakobson et al., 1952). This assumption is
still axiomatic in contemporary work in phonology,
though recent work has questioned it, arguing for a
theory of features that emerge on a language specific
basis (Dresher, 2014; Mielke, 2008; Odden, 2022).

We used English to establish a full cross-classification
of two features, which are contrastively meaningful in
phonology (voice, manner), correlated to two phonetic
features in the acoustic signal (lower-frequency periodic
noise, higher frequency aperiodic noise). The larger
MMN to PA after the standard VA suggests that we
can use the novel roving-standards MMN paradigm to
find neurophysiological changes to individual feature
changes. Our results suggest that evoked additivity is a
reliable correlate for independent processing of linguis-
tically-significant acoustic features.

The present study is of both methodological and
theoretical interest. Methodologically, it asks if tech-
niques from cognitive neuroscience can to used to
derive a reliable correlate for features — the most basic
unit of phonological representation — by examining
additivity in evoked responses to co-occurring acoustic
cues in speech. It lays the groundwork for investigating
whether phonological features are universal or emerge
during acquisition from a more general capacity for cate-
gorising linguistic sound. While previous studies have
explored additivity in correlated speech cues (Lidj et
al., 2010; K. Yu et al.,, 2022), we extend this work by
asking how language-specific experience shapes the
processing of acoustically comparable, but linguistically
variable, cues. Put another way, we ask if linguistic
experience changes perception in speakers’ brains.

Our linking hypothesis is additive: we predict that
evoked responses to a speech sound which differed rela-
tive to another along two dimensions would be addi-
tively larger than those which differed to the standard
along only a single dimension. Further, we predicted
that those evoked responses to stimuli which differed
along only one axis would be largely comparable to
each other. We interpret additivity as a measure of
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independent processing of acoustic features, suggesting
that a larger MMN response from a deviant to a standard
correlates to more feature changes, broadly speaking.

This hypothesis is supported by the results of Exper-
iment 1, which used a novel roving-standard task to
explore the MMN to the same speech sound in
different contexts. The results from Experiment 1 show
that a change from VA to PA elicits a larger MMN than
a change from BA or FA to PA, the latter of which are
equivalent in terms of featural differences. These
results contribute to the literature on additivity,
showing that acoustic features are processed in an addi-
tive manner when they are linguistically significant.
Moreover, this study makes a methodological contri-
bution by developing a novel roving-standard paradigm
which can be used on any four-way cross-classification
system.

One possible interpretation of these results is as an
asymmetric MMN, as reported in oddball paradigms
that probe phonetic and phonological representations
(Monahan, 2018). In traditional block designs, where
each phonetic category alternates as standard and
deviant, the resulting MMNs are typically not of equal
amplitude, contrary to predictions based solely on
acoustic-phonetic properties. Instead, studies consist-
ently report larger MMN amplitudes when the standard
stimulus corresponds to a putatively specified or marked
category, and the deviant corresponds to an underspe-
cified or unmarked category. For example, an MMN
was elicited when German round and back vowels —
specified with [labial] and [dorsal]l, respectively —
served as the standard, and an underspecified coronal
vowel served as the deviant; in contrast, no MMN was
observed when the unmarked coronal vowel was the
standard and the marked labial or dorsal vowel was
the deviant (Eulitz & Lahiri, 2004).

Collectively, these findings suggest that voiced and
voiceless stops are not representationally equivalent in
the phonology: voiced stops are underspecified relative
to voiceless stops, producing larger MMN responses to
voiced deviants among voiceless standards, though
the reverse does not hold. This is consistent with predic-
tions of the Featurally Underspecified Lexicon frame-
work (Lahiri & Reetz, 2002, 2010). Similar results have
been observed in consonants (Cornell et al., 2013; Fu &
Monahan, 2021; Hestvik & Durvasala, 2016; Hestvik et
al., 2020; Hgjlund et al, 2019; Maiste et al, 1995;
Monahan et al., 2022; Politzer-Ahles & Jap, 2024; Schluter
et al., 2016, 2017), vowels (Cornell et al., 2011; de Rue et
al., 2021; Scharinger et al., 2012, 2016; Y. H. Yu & Shafer,
2021) and lexical tone (Politzer-Ahles et al., 2016).
Though consistent with privative feature systems, this
research does not adjudicate hypotheses that regard
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the universality of the feature set. Further, Hestvik and
Durvasala (2016) demonstrated that asymmetric mis-
match responses emerge only when there is intra-cat-
egory variation among the standard stimuli. Because
the present study used a single, invariant standard
token for each condition, no such asymmetry was
expected; the current design thus minimises potential
asymmetry effects.

A potential limitation of the present study is that we
did not include a separate P-standard condition, which
would have allowed for a more direct isolation of the
MMN component. Adding such a condition would
have substantially increased the duration of the exper-
iment and risked introducing fatigue-related noise into
the data. Nevertheless, the differential responses
observed across standard contexts, together with the
consistent left-temporal localisation of effects, support
the interpretation that the observed responses index
mismatch processing. While direct isolation of the
MMN would be ideal, we believe that the current
design provides a reliable measure of auditory feature
processing in this paradigm.

Experiment 2 used a classic roving deviant design to
elicit an MMN; unlike Experiment 1, the design of this
paradigm presents participants with a fixed standard
and roving deviant. What is compared are cross-cat-
egory stimuli, each with their own temporal, articulatory,
and acoustic differences. The results obtained are sug-
gestive but difficult to interpret. The evoked responses
for each condition cluster together but do exhibit appar-
ent divergences, though our statistical analysis did not
reveal any differences. One potential reason is the
difficulty inherent in properly aligning temporally het-
erogeneous speech sounds. Another possibility is that
the sample size does not provide adequate statistical
power in this paradigm.

One remaining question concerns to which domain
the additive effect in Experiment 1 is relevant. In other
words, is the additive effect generated by auditory pro-
cessing of phonetic features, or by a more abstract pho-
nology? English is the empirical domain of our study, but
this work is only a first step investigating a fundamental
question about representations in human minds, not
just individual languages. As such, it is important to
extend the paradigm to a language where the phonetics
and phonology diverge, to disentangle the two
domains.

Speakers are sensitive to the phonological contrasts
of their own language, but what about speech sounds
with non-contrastive acoustic cues? As shown in Table
2, some languages have gaps or allophony resulting in
a system of contrasts that does not fully use every

feature available in the acoustic signal. The protocol
developed in Experiment 1 could be appropriately
adapted to test speakers of languages where the pho-
netics do not align with the phonology as they do in
English. This has the potential to contribute to phonolo-
gical theory, specifically with respect to the language-
specific view of phonologically significant features and
integrated processing of correlated speech cues.

Evidence for the emergent theory of language-
specific featural representations would take the form
of an absent or suppressed MMN to a speech sound
that is phonetically, but not phonologically, distinct.
For example, in Campidanese Sardinian, stops use
voicing as a contrastive cue, but the distribution of
voiced fricatives is restricted (Bolognesi, 1998; Lai,
2021; Virdis, 1978). The bilabial fricative appears as a pre-
dictable allophone of [p] in intervocalic contexts. Acous-
tically, it is distinct from [p], [b], and [f] in the same way
as English, but phonologically it may lack a [voice]
feature, since voicing has an incomplete contrastive
function. An MMN response to this allophone that
does not differ significantly from [p], relative to [b] and
[f], would indicate that acoustic correlates for voice are
not represented phonologically, and its acoustic features
are perceived in an integrated manner — this would
provide support to the language-specific view of emer-
gent feature systems.

In conclusion, our study tested whether or not con-
trastive phonetic cues are independently processed.
We designed two oddball paradigms — one of which is
novel. We found MMN responses in this paradigm, con-
sistent with independent processing of the acoustic
cues. This work is a preliminary step towards further
testing of speakers of a language with incomplete con-
trastive cross-classification of acoustic cues which
could bring further theoretical insight.

Note

1. One participant session was terminated early due to an
unexpected time constraint and yielded only 343 trials.
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