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Abstract

How the brain encodes the speech acoustic signal into phonological
representations is a fundamental question for the neurobiology of language. The
following paper is aimed to investigate the relationship between the
phonological and phonetic properties of Persian simple vowels and
neurophysiological events corresponding to them. To achieve such goal, we
employed electroencephalography to map the Persian vowel system onto
cortical sources using the N1 auditory evoked component. We found evidence
that the N1 is characterized by asymmetrical indexes in the auditory areas of the
cortex, structuring vowel representations. Properties of these ERPs were
analyzed and modelled on one hand by the landmarks in the spectral window of
their respective stimulus (such as F1, F2 and F2-F1) and on the other hand by
the phonological distinctive features categorizing them (namely, height and
place). The results revealed that the responses contain at least two
distinguishable modulations of N1 components: a symmetric N1a which peaked
between 113 to 149 milliseconds after the onset of the stimulus and a heavily
left-leaning N1b which peaked between 149 to 170 milliseconds thereafter. Both
Nla and N1b subcomponents showed strong correlations with a variety of
parameters of both phonological and acoustic nature of the respective stimuli.
However, N1a was significantly better modelled by acoustic factors while N1b
displayed a better fit to a model based on phonetic factors. Based on such
results, this paper argues that firstly the perceptual procedure of vowel
categorization is a gradient process starting from demarcation of the stimulus
signal according to acoustic landmarks which is done almost symmetrically then
the processing load shifts significantly to the left hemisphere for the
categorization of the input based on its perceived distinctive features. And
secondly, that such information can be exploited to draft a ‘tonochronic’ map of
such perceptual processes and define a perceptual field for every vowel and
distinctive feature in the tonochronic space.
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1. Introduction

How our brains encode the speech acoustic signal into phonological
representations is a fundamental question for the neurobiology of language
and the question of whether this process is characterized by tonochronic
properties of the primary auditory cortex remains a long-lasting challenge.
As the previous magnetoencephalographic studies have failed to achieve a
consensual account of the hierarchical or asymmetric indexes for speech
processing, the following paper is aimed to approach this problem through
an investigation of the relationship between the phonological and phonetic
properties of standard Persian simple vowels and the neurophysiological
events corresponding to them using electroencephalographic technics.

2. Literature review

Although it is well understood since the 1980's that the recognition of
acoustic constructions are tightly related to the activities of certain neural
clusters which their location in the primary auditory cortex and other
adjacent areas mirrors the location of activated auditory receptors inside the
basilar membrane of the inner ear, it was only in the early 2000s that
magneto-encephalographic studies demonstrate there is also a tonochronic
element into this processes: sounds with different acoustic characteristics are
processed according to different timetables. Yet after more than a decade
and a half, MEG technics used in those studies have failed to arrive at a
consensus about the source, (bi-)laterality, and distinctive properties of this
tonochronic element. Manca and Grimaldy (2016) worked out the causes of
such ineffectiveness by attributing it to the relatively lower temporal
resolution of MEG and the insensitivity of the MEG to the radial neural
sources and suggested that by employing EEG we might be able to work our
way past the problem of accessing the hierarchical internal structure of early
auditory response (auditory N1) of the cortex.

3. Materials and method

Eighteen volunteers (9 women; mean age + SD: 26.3 + 3.8) participated in
the experiment after providing written consent. The subjects were all native
speakers of Persian, right-handed, and without any history of auditory,
neurological, or any other significant health impairment. The participants
were each presented four strings of auditory stimuli played successively at a
random order with a random interval of 1400 to 1700 milliseconds. Each
string consisted of 50 iterations of each six simple vowels of standard
Persian as pronounced by a young-adult male native speaker at neutral tone
plus 18 iterations of a 200 milliseconds long, 1KHz pure tone as distractor
stimulus. They were asked to passively listen to the stimuli while the
neurologic reactions of their cortexes were being recorded via a 32-channel
EEG cap with a standard 10-20 configuration and sample rate of 512Hz. The
resulting signals were then cleared, processed, and analyzed into
independent components through the ICA algorithm.
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The results then were statistically analyzed and used to examine the efficacy
of a phonological estimator model based on discrete and abstract distinctive
features of height and place of the vowels against an acoustic estimator
model based on continuous physical landmarks (namely F1, F2, and F2-F1)
in the spectral window of the acoustic signal.

4. Results

The preliminary results revealed the existence of two separate and distinct
modulations of the auditory N1 component in primary auditory response.
The earlier subcomponent of N1 (henceforth N1a) was observed to appear at
latencies of around 113 to 149 milliseconds, symmetrically distributed
between left and right cortical hemispheres, while the heavily left-leaning
later sub-component (N1b) started to appear only as late as 149 to 170
milliseconds after the onset of the stimulus. Both modeling approaches also
suggest that the latency and amplitude of the neural responses corresponding
to each type of Persian vowels are strongly related to their acoustics and
phonologic properties viz. back vowels (those with lower F2s) evoke
significantly later but weaker responses in both modulations.

5. Conclusion

This study demonstrates that the quantifiable properties of early auditory
responses of Persian speakers might be categorized into three groups. First,
those correlated to the type of stimulus (e.g. Nla & N1b latency and
amplitude). Next, those which are correlated to the idiosyncratic
characteristics of a specific instance of the vowel (Absolute laterality and the
delay between N1a and N1b peaks) and at last those which are the properties
of the processing system (relative laterality).

The comparison of the phonological and acoustic models further suggests
that While certain properties (those of the first category) of both Nla and
N1b subcomponents showed strong correlations with the estimator
parameters of both phonological and acoustic nature, However, Nla was
significantly better modeled by acoustic factors whereas N1b displayed a
better fit to a model based on phonetic factors. Based on such results, this
paper argues that the perceptual procedure of vowel categorization is a
gradient process that starts from the demarcation of the stimulus signal
according to acoustic landmarks. The first step is done almost
symmetrically. Then the processing load shifts significantly to the left
hemisphere to categorize the input based on its perceived distinctive
features. And secondly, that such information can be exploited to draft a
tonochronic map of such perceptual processes and define a perceptual field
for every vowel and distinctive feature in the tonochronic space.
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