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Abstract of thesis entitled: - ~—

ERP Studies of Tone Lateralization ~~_
Submitted by SHUAI, Lan T
for the degree of Doctor of Philosophy
at The Chinese University of Hong Kong in July 2009

Abstract

In this dissertation, 1 discuss the effects of the linguistic role
and the physical property on the hemispheric specialization (lat-
eralization) of the lexical tones. In the previous studies of lat-
eralization, there are two contradictory hypotheses. One em-
phasizes the linguistic role and predicts a left lateralization of
tone perception, while the other emphasizes the physical prop-
erty and predicts a right lateralization of tone perception. Both
hypotheses have their supporting evidence. ' _

In my Event-Related Potential studies, these two factors are
analyzed collectively. Two dichotic listening experiments, one
word phonological priming experiment, and one sentence seman-
tic vialation experiment are conducted. The results indicate that
the linguistic role (e.g. semantics) causes the tone processing to-
ward the left side, whereas the physical property causes the tone
processing toward the right side.

.- No previous tone lateralization studies havé analyzed the un-
derlying factors. F()llnwing- the philosophy that language is built
upon multiple (:(_)gn-it.ivo functions, I further examine the effects
of semantic memory and pitch processing on the lateralization
of tones in various language tasks. My findings help bridge the
previous theoretical discrepancies and unify the conflicting ex-
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perimental results regarding tone lateralization.
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Chapter 1

Introduction

Summary

This work is about tone lateralization, i.e., which hemi-
sphere of the human brain activates more when process-
ing the lexical tone. Both the structure and the function
of the brain are not symmetric in the two hemispheres.
I will first introduce the brain structure and the lat-
eralization structurally and functionally, both of which
relate with tone perception. In exploring tone lateraliza-
tion, I use ERP (Event-Related Potential) experiments
that consider the aspects of the linguistic role and the
physical property of tone, since tone has the linguistic
function to distinguish lexical meanings using the phys-
ical property of pitch changes over several hundreds of
milliseconds.

1.1 Thesis structure and hypothesis

The thesis consists of six chapters. Chapter 1 introduces the
basic brain structures, and Chapter 2 reviews the former studies
of tone lateralization.
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In Chapter 3 and 4, I describe the ERP experiments to ex-
plore tone lateralization, show thg data analysis procedures, and
discuss the experimental results. |

In Chapter 5, the effect of nowe on tone lateralization in
dichotic listening is discussed, because other researchers in their
tone dichotic listening experiments have introduced the noisy
condition, in which the effect of noise needs to be analyzed.

In the final chapter, I give a general discussion on the current
work by showing the relationship between my study and other
neuroimaging studies on speech processing. In the end, T point
out some future work.

My hypothesis in this dissertation is that as a whole, there
is no absolute lateralization of tone perception, both the phys-
ical property and the semantics affect tone lateralization. This
view comes from previous studies on the lateralization of tones,
speech and music, and semantic processing, as well as related
brain structures. I will begin with a review of the anatomical

structures of the brain.

1.2 Brain structural and functional' lateral-
ization

Let us first look at the basic structures of our brains and how
they process the speech sounds.

The basic structures of our brains go as follows. The human
central nervous system consists of the cerebral hemispheres, cere-
bellum, brain stem, and spinal cord (see Figure 1.1).
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Figure 1.1: Major divisions of the central nervous system

The cerebral hemispheres form the largest region of the hu-
man brain. They are responsible for the cognitive functions
such as perception, motor function, memory, and emotion. The
cerebral hemispheres include the cerebral cortex, the underlying
white matter, and other three deep-lying structures: the basal
ganglia, the amygdala, and the hippocampus [34].

The cerebral cortex is the thin outer layer of the cerebral
hemispheres, which is also called the gray matter (see Figure 1.2).

A~~~ Gray matter

Figure 1.2: White matter and gray matter

White matter is the myelinated axons from neurons in certain
layers of the gray matter projecting to other regions of the cere-
bral cortex. Since language functions are most related with the
cercbral cortex and the underlying white matters, I will discuss
the structures of these two parts in the rest of the dissertation.
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The cerebral cortex is anatomically divided into four lobes:
frontal, parietal, temporal, and occipital lobes. The cerebral cor-
tex has a highly convoluted shape, formed by grooves (sulei)
that separate clevated regions (gyri). One of the most prominent,
sulci- the lateral sulcus or sylvian fissure separates the tempo-
ral lobe from the frontal and parietal lobes. Another prominent,
sulcus- the central sulcus separates the frontal and parietal lobes

[34] (see Figure 1.3).

Figure 1.3: Four lobes of the cerebral cortex

The primary auditory cortex (PAC) is located in the medial
two-thirds of Heschl’s gyrus {51], which is a convolution of the
temporal lobe that runs obliquely outward and forward from the
posterior part of the lateral sulcus. General auditory processing
includes PAC bilaterally. Frontal and temporal lobes, as well as
underlying white matter connections, are the most important
for speech processing, especially the Broca’s area [11] and the
Wernicke’s area [65]. The Broca's area is in the left inferior
frontal gyrus (IFG) and the Wernicke’s area is an area in the
posterior left superior temporal gyrus (STG) (See Figure 1.4).
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Left side view

, Wernicke's
Broca s o = area
area \ £ 1 RN '/;’ Dorsal
u" ! '\‘ L ’r.. '1 4 . I~‘/. . :
§ ; /
e S oe—ad) 4 Anterior Posterior
o~ #.C‘(\c Fa
% ) = — '\-Pr'
e, ", ' mary Ventral
"“"/ ' auditory
e e S cortex

Figure 1.4: Broca’s arca and Wernicke's arca

Patients with the left inferior frontal gyri damaged have specech
production deficits. One severe case in which the patient can
only utter one syllable ‘tan’, was firstly reported in 1861 by
Broca [11]. It is the starting point of fhe cognitive neuroscience
studies. Patients with the Wernicke’s arca damaged are associ-
ated with speech comprehension problems as well as the symp-
tom of producing fluent but meaningless speech [65]. 1t was first
proposed by Wernicke [65] and later reported by Geschwind [22]
that the impairment of the underlying white matter that con-
nects these two regions along the lateral sulcus (also called the
sylvian fissure) is related with a syndrome of speech disorder
with good comprehension. This syndrome is called the conduc-
tion aphasia [22, 1]. In early aphasia and brain lesion studies,
Broca'’s area, Wernicke'’s arca, and the sylvian fissure between
them were though#to be the unique regions for speech process-
ing. y
However, this view reglected the fact that many other brain
regions also take part in language processing. Recent neuroimag-
ing studies have found that the superior marginal gyrus, angular
gyrus, middle frontal gyrus, middle temporal gyrus, and inferior
temporal gyrus, including the Broca’s area and Wernicke’s arca
and their right homologue regions, are also involved in language
processing. The activation of these regions is bilateral, although
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in many right handed pecople these regions in their left hemi-
spheres are activated more than those in the right homologous
regions. In addition, the right hemisphere is especially impor-
tant for prpsody and pragmatics. Therefore, language is a whole
brain function, instead of a function only involving a single or
two regions.

There are bundles of neural fibers connecting different regions
within the same hemisphere as well as between the similar ho-
111()](')‘;;110 regions in the two hemispheres. The fiber bundles con-
necting two hemispheres are called the corpus callosum, which
is involved in the communication between the two hemispheres.

The cytoarchitecture (cellular composition) is -fm.v‘nnnvtri(- be-
tween the two hemispheres in many regions of the cerebral cor-
tex. The PAC in the left hemisphere has greater cells that are
heavily myelinated [71]. The Broca's area has greater gray mat-
ter volumes than the homologue in the right hemisphere [8]. The
fiber projections between the Broca’s area and the Wernicke's
area have ventral and dorsal streams. and the ventral stream is
more left lateralized than the dorsal ones [47]. These structural
asymmetries could be the biological bases for the functional lat-
eralization of sounds with different physical properties or seman-
tic processing, such as the lexical tone and the stop-consonants,
or syllables with or without meanings.

1.3 Tone and languages

Tone is a linguistic term. It is primarily the use of pitch vari-
ations to distinguish lexical meanings [61]. And pitch is a per-
ceptual concept which depends on the hearer’s perception of the
fundamental frequency 0. Here, FO is an acoustical term which
refers to the number of pulses per second that-a speech signal
contains [69]. Each pulse is correspondent to a single vibration
of the vocal folds inside the larynx. When vocal folds are pulled
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tightly close to each other, by controlling the cartilages of the
larynx, air cannot pass through the glottis (opening of the vocal
folds) easily. If the air is pressed by the lungs, it will push open
the. vocal folds for a short period of time. Then with the drop-
ping of the air pressure, vocal folds will close again [60]. This
is one cycle of the vocal folds vibration. The tighter the vocal
folds are pulled, the higher the vibration frequency is. This is
how speakers change the {0 of their speech sounds. The typical
number of cycles is around 100 per sccond for male speakers.
Women and children have higher frequencies of vocal folds vi-
bration. So they have higher f0 (c.g. 400Hz) than men. In
sum, the number of vocal folds vibration is equal to 0. Our
perception of f0 is called pitch, which can be used linguistically
as tones, to distinguish word meanings. '

A language is called a ‘tone language’ if the pitch of the word
can change the meaning of the word [69]. Tone languages are
found all around the world [61]. Based on a very rough esti-
mation, about 70 percent of the world’s languages are tone lan-

M & " -
. guages [69]. The arcas in which tone languages are extensively

distributed include Africa, East and South-East Asia and the
Pacific, and the Americas [69]. And the tone languages include
“(1) the vast majority of African languages, (2) almost all of the
languages of the Sino-Tibetan family together with many neigh-
boring languages of Southeast Asia, and (3) certain clusters of
American Indian languages” (p93, [61]).

An example of the tones in Mandarin is shown in Figure 1.5.
The right column shows the fO of four monosyllabic Mandarin
words, with the same syllable ‘ma’. When the {0 decrcases,
syllable ‘ma’ means scold. When this syllable is produced with
the increasing f0, it means ‘hemp’. A high level pattern of the
f0 with syllable ‘ma’ means mother. And this syllable means
horse with a low dipping pattern of the f0.
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Figure 1.5: Four tones of Mandarin, Figure from [59)

Tone is superimposed mainly over the vowel of a syllable in
Mandarin. The length of the tone is usually around several
hundreds of milliseconds. The pitch changes of the tone can
also be defined physically as the fundamental frequency of the
glottal tone, or FO [62].

Regarding tone lateralization, according to the “task-dependent”
view, tone perception should be left lateralized, because it bears
language function and the left hemisphere is the language domi-
nant side [57]. However, the “cue-dependent” view predicts that
tone perception should be right lateralized, since the right hemi-
sphere has an m_lvai;tage in processing pitch changes [71], which
are the physical properties of tones. There is supporting evi-
dence for both of these views. For example, two behavioral stud-
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ies [57] [63], using the dichotic listening paradigm have shown a
right ear advantage (REA, left hemisphere advantage) on tone
perception, whereas a recent ERP study {42], using the MMN
(Mismatch-Negativity) paradigm, has shown a right hemisphere
advantage on tone perception around 200 ms after the stimulus
onset under the pre-attentive condition. The previous research
on tone lateralization will be discussed in detail in Chapter 2.

g -

0O End of chapter.



Chapter 2

Background

. Summary

Although tone is an important feature in languages, the
studies of the tone and the neural mechanisms of tone
processing are relatively rare, (-.mnpnr('(] with those of
the consonants and vowels. The late ralization of tones
is especially controversial and has not been studied thor-
oughly.

In this chapter, I will summarize previous behavioral
and neuroimaging studies about tone lateralization. The
necessary background knowledge about these experi-
ments will be given, including dichotic listening (simul-
tancous 1)1‘(?§(!11t,a_t,i011'0[' two different sounds, one to
cach ear), fMRI (functional magnetic resonance imag-
ing), and ERP (event-related potential), as well as other
relevant neuroimaging techniques.

Not all of the behavioral and neuroimaging studies’ re-
sults about tone lateralization are consistent with each
other. 1 will discuss the possible reasons underlying
these conflicting results and the merits of each experi-
mental paradigm. In the end, I will state the motivation
of (ondlu ting my ERP studies.on tone lateralization.

¢ 10
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2.1 Behavioral studies

2.1.1 Dichotic listening

Dichotic listening (DL) is a behavioral experiment paradigm
to study hemispheric lateralization in auditory modality. This
paradigm was first invented by Broadbent [10] to investigate the
memory capacity when subjects hear two pieces of information
from two separated channels. During the experiments, subjects
hear a series of digits in their two ears simultaneously. For ex-
ample, subjects hear three digits “734” in their left ears, and
at the same time, another three digits “215” in their right ears.
"Then, they are asked to report what they have heard in both
ears. ’ o

DL was first introduced to test the lateralization in speech
perception by Kimura [35]. Her paradigm is the same as in
Broadbent’s experiment. In calculating lateralization, she com-
pares the correct answers in subject’s two ears. If the right ears
get more correct digits than the left ears, then, there is a right
ear advantage: The results have shown that for subjects having
left hemisphere dominance for language, a right ear advantage
(REA) is observed, and the right hemisphere language dominant
subjects show a left ear advantage (LEA) in the dichotic trials.

Betore the DL experiment, the hemisphere dominance was
determined by WADA test [58]. In this test; subjects are in-
jected with sodium amytal in their left or right internal carotid
artery to sedate one hemisphere. ‘If the subject cannot speak
during the several minutes before the effect of the medication
dissipates; the hvnusphou‘ which wab injected with the sodium
amytal is assumed 1() be the ldlrg,lmg,v dominant hemisphere.
After the.language dominant hmmsph( re is decided, the DL is

-
')
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tested. And the results of the DL test always show that the
ear contralateral to the language dominant hemisphere has an
advantage in recalling the digits, which indicates that DL is a
robust measurement of hemispheric advantage.

Based on this fact, Kimura has proposed a model that when
the sounds from*two ears are different, the sound from the ear
contralateral to one hemisphere will suppress that from the ip-
silateral ear. In her word, “each ear has connections with the
auditory receiving arca in each hemisphere, but the pathways
connecting the ears to their opposite hemispheres are appar-
ently more effective than the ipsilateral pathways” (p164, [37]).
So the left hemisphere perceives the right ear’s sound better than
the left ear’s and the right hemisphere perceives the left ecar’s
sound better than the right ear’s. Because of the left hemispheric
advantage in perceiving a series of spoken digits, the right ear
shows an advantage in the DL test.

Although the ear advantages of the digits in the DL are al-
ways consistent with the language dominant hemisphere tested
by the WADA test, they are not always consistent with the
handedness. Among subjects with the left hemisphere advan-
tage for language, around 10% are left handers (10 out of 103
subjects, see pl68 in {35]). They have a REA, as same as the
other 90% right handers in this group. Around 25% right hemi-
sphere language dominant subjects are right handers (3 out of

12 subjects, see p168 in [35]. But they show a LEA. which is

1 4

consistent with the other left handers in this group. Usually in
the behavioral studies, right-handed subjects are chosen. But
there is a small chance to include right hemisphere language
dominant subjects (3 out of 96 in [35]).

. In sum, Kimura has proposed that the ear advantages of DL
rely on two things. The first is that the contralateral auditory
pathway will suppress the ipsilateral pathway, when the infor-
mation from the two ears contradicts each other. The second is
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that the left hemisphere has an advantage in processing speech
materials. Besides, based on the fact of the LEA in perceiving
melodies [36], there is evidence supporting a right hemisphere
advantage on perceiving the non-speech melodic materials. (See
Figure 2.1) '

Left hemisphere Right hemisphere
({Digits) {Melodies)

( )

Right ear
> Left ear

Figure 2.1: The mechanism of DL, reproduced from {37)

These hemispheric specializations of perceiving difterent kinds
of speech and non-speech materials are consistent with other
brain lesion and brain imaging results. And Kimura’s model is
well accepted as the mechanism underlying the DL when it is

“applied to test the hemispheric advantages.

2.1.2 DL on CVC syllables and non-linguistic pitches

*Studdert-Kennedy and Shankweiler are the first scholars to use
the consonant-vowel-consonant (CVC) syllables in the DL ex-
periment [56]. They aim to find the ear advantages of language
materials in a better controlled condition. The materials they in-
vestigated are six stop-consonants /b, d, g, p, t, k/ and six vow-
els /i, 9, &, a, 9, u/. All the CVC syllables are natural speech
recorded from a phonetician. After conducting the DL on 12
subjects, they find “a significant right-ear advantage for initial
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stop consonants; and a significant, though reduced, right-ecar
advantage for final stop consonants; a nonsignificant 1'ig}1t,-(‘eil'
advantage for six medial vowels; and significant and indepen-
dent right-ear advantage for the articulatory features of voicing
and place in initial stop consonants” (p592, [56]).

" The authors interpret the result as the left hemisphere ad-
vantage for specific language materials such as stop-consonants.
Their discussion’ follows the “task-dependent” view that the lan-
guage functions are lateralized to the left hemisphere. They con-’
clude that “while the general auditory system common to both
hemispheres is equipped to extract the auditory parameters of
a speech signal, the dominant hemisphere may be specialized
for the extraction of linguistic features from those parameters”
(p579, [56]). However, the significant REA does not exist in the
medial vowel in their experiment, and they cannot explain why
the medial vowels have no REA. Therefore, their experimental
results do not fully support this hypothesis.

Curiously, their experimental results can be explained by the
“cue-dependent” view. Zatorre et al. (p38, [71]) proposes that
“the auditory cortices in the two hemispheres are relatively spe-
cialized, such that temporal resolution is better in left auditory
cortical areas and spectral resolution is better in right auditory
cortical areas”. Poeppel (p245, [49]) suggests that the lateral-
ization correlates with the time window of the acoustic features:
“left auditory areas preferentially extract information from short
(~20-40 ms) temporal integration windows. The right hemi-
sphere homologues preferentially extract information from long
(~150-250 ms) integration windows”.

If we investigate the acoustic features of Studdert-Kennedy
and Shankweiler’s materials, we can find that the lateraliza-
tion patterns which are indicated by the ear advantages corre-
late with the acoustic features in temporal and spectral spans
[70, 71], especially in the time course [49]. If we look into the



[uby |

CHAPTER 2. BACKGROUND 1

dichotic trials composed of two stop-consonants, which show a
significant REA, the contrasts of the acoustic features of the two
stop-consonants are the formant transitions happening in the
first 20-40 milliseconds of the consonants. So it should be pref-
erentially processed by the left hemisphere. The other results
of the DL are also consistent with this hypothesis. For the di-
chotic trials contrasting with vowels, there is no contrasts of fast
formant transition in the vowel dichotic trials. The results also
show no significant REA, It is consistent with Poeppel’s hypoth-
esis that for the sounds having no acoustic features happening
within 20-40 milliseconds, there is no REA or left hemisphere
advantage in the processing. Although they expected to explain
the experimental results according to the “task-dependent” hy-
pothesis, their results, in fact, favor the “cue-dependent” hy-
pothesis more. One thing to notice is that their experiment is
a phonological discrimination task, which does not include ob-
vious semantic operations.

The other kind of DL is to use the non-linguistic pitches
as the materials. In Kimura’'s experiment, DL with melodies
shows a LEA, which indicates a right hemisphere advantage in
melody processing [36]. A better controlled experiment using
non-linguistic pitches has been done by Sidtis [54, 55]. The
experimental procedure follows the “A-B-X" paradigm, which
is different from the DL using linguistic materials, because the
subjects may not be able to name the notes they hear. In Sidtis’
experiment, subjects hear two pairs of dichotic trials as ‘A’ and
‘B’, and one diotic (simultaneous presentation of two identical
sounds, one to each ear) probe as the ‘X’. They are asked to dis-
criminate whether the last note has been presented in the previ-
ous two dichotic trials. The stimuli are 550 ms pitches with the
fundamental frequency plus two harmonics. The experimental
results confirm a LEA in pitch processing, which supports the
“cue-dependent” hypotheses as well.
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Both Zatorre et al.’s and Poeppel’s hypotheses of lateraliza-
tion belong to the “cue-dependent” hypotheses. These views
emphasize the correlation of the lateralization and the acoustic
properties of the materials. One difference between the two is
that Zatorre et al.’s hypothesis includes both the temporal and
spectral domains, while Poeppel’s hypothesis only focuses on
the temporal domain. In the speech and non-speech materials,
the distinctive acoustic feature is the fast formant transitions in
speech and the slow varying pitch changes in non-speech. The
fast formant transition in the stop-consonants is a broadband
feature which lasts about 2040 milliseconds. The pitch changes
in the 110;1—51)00(:11 always happen longer than 200 milliseconds
and occur in a narrow spectral range. The experimental results
of the lateralization of these two types of materials support both
groups of the “cue-dependent” hypotheses.

Instead of the acoustic features, the “task-dependent”™ hy-
pothesis emphasizes the function of the materials, namely whether
they have language functions or not. From the DL on consonants
or non-linguistic pitches, the “task-dependent” hypothesis can
also explain the experimental results, but it cannot explain the
non-significant REA for vowels, although vowels are one part of
the language. Up to this point, the “cue-dependent” hypothesis
is more acceptable to explain the experimental results with more
consistency. However, other than the acoustic features, there
are other factors influencing the lateralization and supporting
the “task-dependent” hypothesis. For example, the real-word
has a greater extent of REA than the pscudo-word, which indi-
cates that a linguistic role, such as semantics, can enhance the
left hemisphere advantage in perception [56].
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2.1.3 DL on lexical tones

In the case where pitch changes are used to contrast lexical
meaning, the factors of the acoustic feature and the linguis-
tic role intertwine, and the “cue-dependent” and the “task-
dependent” hypotheses predict an opposite result regarding tone
lateralization. The acoustic feature of tones is the pitch change,
which is the same as that in the non-linguistic pitches. Accord-
ing to the “cue-dependent” hypothesis, tones should be right
lateralized. However, the pitch changes in lexical tone indicate
different word meaning. When the sound is within the language
system, the “task-dependent” hypothesis predicts a left lateral-
ization of tones.

Van Lancker and Fromkin are the first scholars to test the
lateralization of tones using the DL [57]. According to their
experimental results, “tone-words and consonant-words are bet-
ter heard at the right ear, while the hums show no car effect”.
(Hum is the speech pitch changes without lexical meaning.)
They also compare the performance of the non-tone language
speakers and the tone-language speakers. “Preliminary results
on English-speaking subjects suggest that the consonant-words
give the usual right ear effect, while the tone-words and the
hums do not”. Based on these facts, they claim that “pitch dis-
crimination is lateralized to the left hemisphere when the pitch
differences are linguistically processed” (p101,[57]).

In their experiments, Thai language is used and both Thai
and English speakers are involved. Another similar study was
done in 2001 by Wang et al. using Mandarin and involving
Mandarin and English speakers [63]. The results of these two
experiments are consistent. However, not all of such studies
have the same results. Baudoin-Chial has also conducted a DL
on Mandarin recruiting Mandarin and French speakers [3]. She
has not found a significant REA in Mandarin speakers in tone
perception. Wang et al. have criticized that Baudoin-Chial did
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not use any method to increase the error rate, so that the high
accuracy rate and the ceiling effect have prevented her from
finding a significant REA.

Wang et al. [63] Jise the white noise at a -10dB S/N ratio
to increase the error rate of the Mandarin speakers to match
that of the English speakers. In Van Lancker and Fromkin's
experiment [57], they also use a method to increase the error
rate of the tone language speakers. In half of the trials, they
conjunct two trials together so that the memory load of the
native Thai speakers doubles and the reaction time for the trials
is decreased by half, compared with that of the English speakers.
However, both Van Lancker and Fromkin’s and Wang et al.’s
work has not considered the effect of noise on lateralization. |
have conducted an experiment on the effect of noise on tone
lateralization [53]. The results will be discussed in Chapter 6.
The inconsistent results among different behavioral DL studies
on lexical tones have also been shown in neuroimaging studies.
[ will introduce the basics of methods of neuroimaging studies
- and the experiments on tones and speech.

2.2 Neuroimaging techniques

2.2.1 EEG (electroencephalography) -

In Chapter 1, I have mentioned that the cerebral cortex is com-
posed of the gray matter and the white matter. The gray matter
contains six layers of cells. In these layers, there is a certain kind
of cell called the Pyramidal cell. These cells align parallel to cach
other and i)(?l‘])(}ll(li(flll‘dl‘ to the surface of the cortex. The sum-
mation of the electrical field changes of these cells is regarded
as the source of EEG signal [66].

The EEG data are collected by the electrodes put outside of
the scalp. The merit of the EEG is that the temporal resolu-
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tion is high, on the millisecond basis. The recorded EEG data
are rather noisy and hard to analyze based on a single trial.
The widely used analyzing method is the event-related poten-
tial (ERP), which is calculated by averaging a set of time locked
EEG data collected under the same type of stimuli. The ERPs
in different conditions may be different. This potential differ-
ence reflects different cognitive functions involved. However,
it is hard to locate the sources of the electrical field potential
changes. This is a drawback of the EEG method.

2.2.2 fMRI (functional magnetic resonance imaging)

The magnetic resonance imaging (MRI) is a technique used to
create strong magnetic fields to capture the image of the biolog-
ical tissue. There are two types of magnetic fields in the MRI
machine, the static field and the pulse sequence. The static mag-
netic field created by a MRI scanner is typically within the range
of 1.5 to 4.0 Tesla. A series of changing magnetic gradients and
oscillating electromagnetic fields created by a MRI scanner at
the same time are called the pulse sequence. The energy from
this field is absorbed by the atomic nuclei, and will later be emit-
ted by the nuclei. The amount of the emitted energy depends
on the number and type of the present nuclei. Different tis-
sues contain different proportions of various types of molecules,
which have different kinds of atomic nuclei. By adjusting the
pulse sequence, the MRI scanner can detect different types of
tissues. For example, the MRI of the brain can detect the dif-
ference between the gray and white matters. When the MRI is
used to detect the blood oxygenation changes of the brain over
time, the brain activity can be localized to certain brain regions.
This method is called functional magnetic resonance imaging or
fMRI. Although the temporal resolution is on the minute basis,
the spatial resolution of fMRI is rather good.



CHAPTER 2. BACKGROUND 20

2.2.3 Other neuroimaging methods

PET (positron emission tomography) is an invasive neuroimag-
ing method that can measure the blood flow changes in the
brain. This method requires an injection of the radioactive ma-
terial into the artery. When the radioactive material travels
with the blood and the time does not exceed half of the decay
period, the blood flow changes and the glucose metabolism can
be detected by measuring the radioactive substances. In this
way, the localization of the cognitive function can be measured.

DTI (diffusion tensor imaging) is used to detect the white
matter beneath the gray matter. It is a kind of MRI which can
trace the maximum diffusion direction of the water molecule.
This direction indicates the way of the neural fiber bundle, he-
cause the water molecule diffusion direction is restricted in the
neural fibers.

MEG (magnetoencephalography) is a method to measure di-
rectly the magnetic field changes of the neural activities. It
has both the good temporal resolution as in EEG and the pre-
cise spatial resolution as in fMRI. The measurement should be
done in a magnetic-shiclded room to prevent the influence of the
earth magnetic filed. And it can only measure the activity of
the surface of the cortex.

PET experiment detects the blood flow changes and fMRI de-
tects the blood oxygenation, which have similar origin of sources.
The magnetic field changes that MEG measures have the same
neural sources as that of the electrical field changes measured
by EEG. DTI is used to detect the white matter anatomy of
the brain, which may predict the functional connectivities (“the
mechanism for the coordination of activity between different
neural assemblies in order to achieve a complex cognitive task or
perceptual process”, p827, [17]). The experimental results using
these neuroimaging techniques will be mentioned together with
the results of ERP and fMRI experiments in exploring speech
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and language.

TMS is a technique to create a local magnetic field and to
induce a temporal suspension or interruption of the cognitive
functions, so that the brain regions relating with certain cogni-
tive functions can be detected. This method is also frequently
utilized to explore the brain functions relating to speech and
language.

In exploring tone lateralization, I use EEG experiment, be-
cause its high temporal resolution is suitable for the measure-
ment of the neural activities during speech perception. Although
it is hard to locate the neural sources precisely, the electrical po-
tential changes measured in the left and right sides outside of
the scalp infer the hemispheric advantages.

2.3 Neuroimaging studies on speech percep-
tion and tone lateralization

2.3.1 Neuroimaging studies on speech perception

The nerve fibers from the ascending auditory system enter the
PAC (primary auditory cortex). In the Brodmann area (BA)
system, PAC includes BA41 and BA42. The surrounding regions
in the superior temporal gyrus (STG) and sulcus (STS) in BA22
are called the belt region or secondary auditory cortex. Posterior
to the auditory cortex, the core region in the Wernicke’s area
within the lateral sulcus is called the planum temporale.

To detect the brain activation, one important principle of the
neuroimaging study is the rule of summation. For example, in
the fMRI measurement, if one region has a significantly stronger
blood oxygen level-dependent (BOLD) signal in one condition
than the other, it is regarded to be involved in the first condi-
tion more than the other. Usually, the second condition to be
compared is the control condition, while the first condition is the
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experimental condition and includes one more cognitive function
than that of the control. After the subtraction of the signals of
the experimental versus the control conditions, regions showing
a significant positive difference are regarded as processing the
additional cognitive function.

By subtracting different conditions, the brain localization of
certain cognitive functions, such as auditory, phonemic or se-
mantic processing, is determined. By contrasting the sound
perceiving condition with the silent condition, the regions for
general auditory processing are located, which involve the PAC,
belt region, and planum temporale. The auditory analysis of
the complex sounds, such as the phonetic processing, is located
in the lateral surface of STG and the STS, more ventrally to the
regions of general auditory processing. These are detected by
contrasting the speech perceiving condition with the non-speech
sound perceiving condition. The semantic processing involves a
vast, region ventrally distributed to the STS, such as the middle
temporal gyrus (MTG). These are determined by contrasting
word listening condition to the non-word and other complex
sound perceiving conditions. From the above results, a model of
the dorsal-to-ventral hierarchical speech processing in the tem-
poral lobe emerges [7]. These results also support Hickok and
Poeppel’s hypothesis that the ventral part of the temporal cor-
tex processes semantics, while the dorsal part of the temporal
cortex processes phonetics [25, 26).

With regard to lateralization, the semantic processing is the
most left lateralized. The phonetic processing is more left later-
alized than the general auditory processing. In [7], the author
summarized the lateralization patterns as “the degree of later-
alization appears to be strongest for lexical-semantic areas, less
for phonological and verbal workingmemory areas, and still less
for sensory cortex activations (e.g., auditory cortex in STG)”

(p237).
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These ventral and dorsal regions are connected to the ante-
rior (BA45/47) and posterior (BA44) parts of the inferior frontal
gyrus (IFG) respectively, which is shown by tracking the white
matter using DTT [2]. There is also evidence showing that the
IFG is involved in the perceptual tasks, especially the left IFG
or Broca’s area [24]. The functional neuroimaging study exam-
ining the semantic and phonetic processing in the frontal area
shows that the anterior IFG (BA45/47) involves more in the se-
mantic tasks, while the posterior IFG (BA44) involves more in
the phonetic processing [44]. These facts show the connections
between the brain structures and functions. The regions that
are connected together are involved in similar functions.

ERP experiments are also used to explore the phonetic and
semantic processing. According to Friederici’s model of the audi-
tory sentence processing [18], the phonetic processing is done in
the first 100ms and is reflected in the N1 component of the ERP
waves. The semantic processing is related with the N400 compo-
nent which is around 300ms to 500ms after the stimulus onset.
This model proposes that the ¢ognitive processing of different
aspects of the language functions is linearly conducted. How-
ever, the processing may not necessarily be serial. Early ERP
components as early as in 120ms and 180ms may also reflect
the semantic processing [48]. In my ERP experiment on tone
lateralization, both the early and late time windows including
P2 ( 200ms after the stimulus onset) and N400 components are
explored.

2.3.2 Neuroimaging studies on tone lateralization

Most results of the former neuroimaging investigations on tone
lateralization follow the “task-dependent” hypothesis, especially
those of the PET and fMRI studies. The comparisoh of the tone
processing in tone and non-tone language speakers shows that
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the left hemisphere has a more extensive activation in tone lan-
guage speakers [20, 27, 38]. The greater activations exist in a
broad brain network including the frontal, parietal and tempo-
ral lobes. Even in tone-language, such as Thai and Mandarin,
speakers, the Thai tone processing is more left lateralized in
native Thai speakers, compared to that of the Mandarin speak-
ers [21], and the region that shows the difference exists in the
Broca’s area.

These results at least show that the long-term language train-
ing alters the functional activity of the brain when exposed to
the same kind of stimuli. However, it is unknown in what aspect
the tone is processed differently in different Tanguage speakers.
Since the non-linguistic pitch processing is lateralized to the
right hemisphere in non-tone language speakers [70], it is rea-
sonable to hypothesize that the additional activation in the left
hemisphere in tone-language speakers is caused by semantics.
Here we assume that the pitch processing is in similar brain re-
gions for both the tone and non-tone language speakers. To the
knowledge of the author, there is no evidence in any behavioral
or neuroimaging studies showing that the prosody processing is
different for tone and non-tone language speakers.

According to the “cue-dependent” hypothesis, the prosody
processing should be right lateralized in any language speakers,
because the physical property of prosody is the slow variation
of the pitch. Tone also contains the pitch variations. If the
semantic role is removed, the tone pattern may be processed
more rightward. _ .

There is one ERP experiment [42] that investigates tone lat-
eralization, in which the subjects’ attention is removed. The re-
sults reflect a right lateralization of the tone processing, and the
lateralization pattern is reversed from that of the consonant pro-
cessing. Berlin et al.’s fMRI experiment [4] also shows a left lat-
eralization of the fast formant transition of the stop-consonants.
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Moreover, when the part of the stop-consonant is prolonged with
a decrease in thesrate of the formant transition, this left later-
alization also decreases. Jamison et al. [31] have found that the
fast (21ms as the mean duration) and slow (667ms as the mean
duration) sound changes are left and right lateralized respec-
tively in the temporal lobe. These results are good supporting
evidence of the “cue-dependent” hypothesis that the fast and
slow changing acoustic cues are processed in the left.and right
hemispheres respectively [71]. It also indicates that the speech
perception is left lateralized, because the speech contains fast
changing acoustic cues, while the music perception is right later-
alized, because the music is mainly composed of the slow varying
[)It(ll changes. | ‘

One possible reason for the ()’[)])()Hlf(‘ results between Gan-
dour et al.’s fMRI experiment and Luo et al.’s ERP experiment
on tone lateralization is that the time resolution of the BOLD
signal is at the level of second, which is the source of the fMRI

_ ng‘lldl However, the ERP experiment, investigates the electri-

Cé

potential chapges which refle ct directly the neural activities
and the time 1(%%1 is at the level of millisecond. 111 Luo et
al.’s experiment, they lllvvstlg_,dt(' the component, around 200ms
after the stimulus 011%0t, and ¢laim that the 115.,11t lateralization
of tone processing is just at the early time window. It is obvi-
ous that the fMRI experiment has no advantage at the temporal
domain (m(l cannot l)(‘ used to explore the brain activity within

[}

/The other possibility to explain the conflicting results is that
the experimental paradigm used in-Luo et al.’s experiment is

- -the 1111&»1;13,'(,(:11 negativity (MMN), which is a pre-attentive task.

In the auditory MMN experiment, subjects’ attention is usually

drawn to the visual modality. For example, subjects are asked

+0 read books or watch movies silently. When they are doing

so, the semantic processing may not arouse automatically, and
: o

i
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the lateralization pattern of tone is dominated by its acoustic
property. However, in Gandour et al.’s experiment, subjecty are
asked to do the discrimination task on tones. In this active task,
dlthough it only requires phonological processing, the semantic
processing may also be activated to help the discrimination.

f

2.3.3 Motivations of rhy ERP experiments

As analyzed above, both the linguistic role and the acoustic
property may affect lateralization. However, there were no pre-
vious systematical studies to exdmine both of these factors on
tone lateralization. By looking at the definition, tone is the pitch
variations to distinguish lexical meaning. It is natural to con-
sider the effects of both the acoustic property of pitch and the
linguistic role such as semantics on tone lateralization. When
the tone pattm'IfS do not contrast with the lexical meaning, the
abstract tone patterns are still part of the phonological system
in the language, which are called tonemes. It is also meaningful
to explore the lateralization of tonemes, even if they do not bear
lexical semantics. In the exploration of tone lateralization, the
toneme is also considered as part of it. In order to have a bet-
ter understanding of the factors that affect tone lateralization,
[ take account of these two factors, both of which impact on
tone lateralization, though they are in favor of two competing
hypotheses.

In Luo et al.’s study [42], the lateralization of tone has been
compared with that of the consonant, which reflects the effect
of acoustic property on tone lateralization. However, no one has
carefully explored the role of semantics on tone lateralization.
Although Van Lancker and Fromkin’s DL experiment use hums
as the pitch changes without semantics, this condition is not
well controlted to-expiore speech without semantics, because the
acoustic properties of hums are not comparable to words. Speech
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materials such as CVC-syllables or words usually have formant

_,bransi_tibns, while hums do not. In my ERP experiments, I use

1 real words and pseudo-words. The acoustic properties of pseudo-

_ words are comparable to real words, but these pseudo-words do
not contain semantics.

In my ERP experiments, I will investigate both the seman-
tic and acoustic aspects of tone processing. The fine temporal
resolution of the ERP paradigm allows me to explore the hemi-
spheric lateralization within a second.

0O End of chapter.



Chapter 3

ERP experiments on tone
lateralization

Summary

In this chapter, I will introduce my ERP experiments on
tone lateralization, including the experimental design,
sample materials, and methods. In the previous stud-
ies of tone lateralization, there is only one ERP study
on tone lateralization. In Luo et al.’s work [42], they
use the MMN paradigm to do the experiment. Since it
is acpassive listening task and no language tasks are in-
volved, their results of the tone lateralization only reflect
a pitch processing irrelevant of the linguistic function of
tone.

My ERP studies include four experiments, all of which
are language tasks. The first two are DL experiments,
the third one is word priming, and the last one is seman-
-tic violation in sentences. Details about the experiments
are introduced below.

28
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3.1 A brief introduction to ERP study

A schematic representation of the ERP experiment procedure is
shown in Figure 3.1. During the experiment, an experimental
(:g)llt,r()l computer presents the stimulus ('ciu(litory in my experi-
ments) to the subjects. They are asked to finish some language
tasks and their responses will be recorded by the experimental
control computer. In the same time, the brain waves of the sub-
jects are collected by a recording computer. And the signal is
amplified and digitized by the amplifier before recording. The
continuously recorded brain waves of all channels are EEG sig-
nals, which are tagged with time stamps synchronizing with the
stimulus presentation. This procedure allows the following ERP
analysis.

After the experiment, EEG datg ’Qf)es through 7 major steps
(see Chapter 4 for details), especially the segmentation of EEG
“signals and the averaging of multiple EEG segments with the
same type. The averaging procedure enhanced the signal to
. noise ratio and the ERP wave is obtained. Each component of
the ERP wave has its own time window and topographic distri-
bution. Theré&gy¢ two naming systems of the ERP components.
Take ‘P1’ for gxample, ‘P’ represents for positive and ‘1’ repre-
_sents for the first, so that ‘P1’ indicates the first positive going
component. The other type of naming system uses the time
window of the peaks to name the components. For example,
‘N400’ means a negative going component which peak is around
400 ms after the stimulus onset.
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Figure 3.1: The procedures of ERP experiments

3.2 ERP experiment on DL

In Chapter 2, DL has been introduced. In this section, I will
summarize the previous ERP studies on DL and narrate my DL
experiment on tone lateralization.

3.2.1 Motivations

Followed by the behavioral DL experiments that show the later-
alization in the auditory modality, the ERP methods are used to
explore the brain lateralization under the DL paradigm [15, 67).
Eichele et al.’s study examines the N1 component of the ERP
_waves during the stop-consonant DL [15]. They examine the
"~ electrodes in the left and right temporal regions, and find that
the latency of the N1 component in the left hemisphere is 15ms
shorter than that of the right homologue electrode (p < 0.01).
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In behavioral experiments, it is a standard to use the six stop-
consonants /b, d, g, p, t, k/ with an /a/ to form CV'(consonant-
vowel) syllables to detect the ear advantage. And the results
consistently show a REA in population [30]. Although Eichele
et al. have not found a significant amplitude difference between
the left and right homologous regions, the shorter latency of the
left hemisphere is consistent with the REA in behavioral exper-
iments, which reflects a more quickly response of the left hemi-
sph®re in perceiving stop-consonants. In a MEG study, “the re-
sults suggest that auditory impulses originated from the ear may
first arrive at the contralateral temporal cortex and then return
to the ipsilateral temporal cortex mediating through the corpus
callosum (p483, [45])”. Although the reason for these results
is unknown, at least it provides evidence that the contralateral
auditory pathways transpose signals quicker than the ipsilateral
pathways under the monaural presentation [45]. These results
confirm Kimura’s modal on DL that the contralateral pathways
surpass the ipsilateral ones, and the left hemisphere has an ad-
vantage in processing certain speech sounds.

Wioland et al. explore DL of pitch perception [67]. Since
it is hard to name the pitch, they use the dichotic monitoring
task, which requires subjects to discriminate the ‘rare’ stimuli
rather than to identify the stimuli in the original DL experiment.
(Arbitrary labeling of pitches verbally or with symbols needs
additional training for subjects, and it involves language tasks
other than pitch perception itself.) It is an oddball design. In
their experiment, subjects hear diotic pitches at 500Hz in 85%
of all trials. The pitch in the left or the right car changes to
2000Hz (left target or right target). Each type of these changes
occupies 5% of the trials. The input to the other ear remains
at 500Hz. These two conditions are dichotic conditions. In
the rest 5% of the trials, subjects hear diotic 2000Hz pitches
(diotic target). Once the subjects hear the ‘rare’ pitch, they will

-~
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give a response by pressing the button without caring about in
which ear they hear the pitch change. The statistical analysis
reveals that in the two dichotic conditions, the N2 component,
has higher amplitude when the tone change is in the left ear than
in the right car. Their “findings bring strong electrophysiological
support to Kimura’s structural model for dichotic perceptions
with a right hemisphere prevalence in a pitch discrimination
~ task” (p516, [67]).

ERP experiments on DL have consistent results as the ear
advantage results in the behavioral tests, for CV syllables and
pitch materials. However, it has not been used to explore tone
lateralization. Previous behavioral DL experiments on tone have
inconsistent, ear advantage results, while ERP measurement may
provide more direct evidence regarding the hemispheric special-
ization. Since tone is a part of the language system, it is possible
to label and name the tones as in the stop-consonant DL task.
The tone patterns do distinguish meaning, but they also form
the phoneme units which are called tonemes in certain tone lan-
guages. In this dissertation, the discussion of tone lateralization
also considers tonemes.

3.2.2 Experimental design

In the current DL ERP experiment on tone lateralization, the
two factors considered here are the linguistic role and the physi-
cal property. It is a two-by-two design. The linguistic role refers
to the semantic function of the tone. There are two levels in this
factor: syllables with characters that bear meaning and those
having no correspondent characters. They are called real sylla-
bles and pseudo-syllables, respectively. The physical property
refers to the acoustic features of the tone, compared with the
other phonemes such as the stop-consonants. The pitch changes
in tones are around 200 300ms long and the changes are fine-
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grained in the frequency range, while the formant-transitions in
the CV syllables are about 20-40ms within a wider frequency
band. Stop-consonant and tone are the two levels in the factor
of the physical property.

3.2.3 Materials

There are four conditions in this two-by-two design. The sample
materials are listed in Table 3.1. Mandarin syllables are used in
the experiments.

Table 3.1: The four conditions in the first DL experiment and the sample
materials in these conditions

Conditions REAL SYLLABLE PSEUDO-SYLLABLE
Consonant dichotic trial (bao), (dao) (dud), (bud)
Chinese Chgpacter sample €1, 7] s

Tone dichotic trial (bdo), (bao) (bua), (bua)
Chinese Character sample 5. ,

~In the real syllable dichotic trials, the two syllables both have
correspondent characters in Mandarin. When one syllable has
correspondent characters, the semantics of these characters is
activated. For example, when the syllable (bao) is heard, it is
natural for subjects to think of £, which means the ‘bag’. In
case there are multiple correspondent characters for a single syl-
lable, each of these homophones has its own meaning, and the
~semantics will be involved as well. In the pseudo-syllable conso-
nant dichotic trials, both syllables are made of valid consonants
and diphthongs. But when they are combined together, there
are no correspondent characters for these syllables. In both real
syllable and pseudo-syllable cases, there are consonant dichotic
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and tone dichotic trials. In the real syllable dichotic trials, sub-

1jects hear two syllables with different initial consonants.” Other
components in these syllables are the same. In the tone dichotic
trials, the only difference between the left and the right ecars is
the tone, and the two syllables have the same consonant and
diphthong.

In this experiment, the stop-consonants used are phonemes
(b) and (d) in Mandarin (/p/ and /t/ in IPA notation), and
the diphthongs are (ao) and (ua) (/au/ and /ua/). The tones
are tone one (the high level tone) and tone two (the high rising
tone). Eight syllables are constructed with these phonemes and
tonemes: (bao), (bdo), (dao), (ddo), (bua), (bud), (dua), and
(dud), which form eight pairs of dichotic trials. If the order
of left and right ear presentations is counted, there are sixteen
trials in total. All materials are listed in Appendix (Table A.1).

The sound materials are recorded from a female Mandarin
native speaker in a sound-proof booth, using Shure SM10A mi-
crophone and Sony PCM-2700A audio recorder. The sampling
rate is 44100Hz during recording. Twenty samples of cach sylla-
ble are recorded. The sounds are edited using the Praat software
after recording. Four real syllables having the same length are
chosen, with the mean duration of 300ms. Four pseudo-syllables
having the same length are also chosen, with the mean duration
of 350ms. The intensity of each of these sounds is adjusted to
75dB. In the end, sixteen pairs of dichotic trials are created by
combining two syllables in the left and right channels.

To gain a better experimental control, the pitch of one syl-
lable in a consonant dichotic trial is aligned to the pitch of the
other. And one syllable in a tone dichotic trial is made by its
original tone contour and the syllable structure of the other syl-
lable in the dichotic trial. The sound waveforms and the spec-
trograms are shown in Appendix (Figure A.1). These manipu-
lations will remove the acoustical dissimilarity between the left
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and right channels of the irrelevant phonemes in the dichotic
trials, and distinguish the target phoneme contrasts. Only stop-
consonant contrasts or the tone contrasts remain in the dichotic
trials.

3.2.4 Procedures and experimental settings

Before the experiment, subjects are tested with their hearing
abilities using the pure tone analysis method (PTA), and with
their handedness using the Edinburgh Handedness Inventory
[46]. The sample forms of the PTA recording and the hand-
edness test are shown in Appendix (Figure A.2).

The PTA test is done in a sound-proof room using the GSI-
68 diagnostic audiometer. Testing frequencies are 125Hz, 250Hz,
500Hz, 750Hz, 1000Hz, 1500Hz, 2000Hz, 3000Hz, 4000Hz, 6000Hz,
and 8000Hz. The sequence of the testing frequency begins from
1000Hz and increases step by step to 8000Hz, and then goes
down from 750Hz to 125Hz. The hearing threshold of each sub-
~ject at each frequency is determined by the automatic program
imbedded in the audiometer. Subjects should press a button
once they hear a sound. Usually, if the subjects respond to a
sound at a certain intensity level for 2 times within 3 presenta-
tions, we say they can hear the sound at that intensity level. If
the subjects press a button, the sound intensity will go down by
10dB; otherwise, it will bounce back by 5dIB. The lowest inten-
sity level at which subjects can respond for 2/3 times is called
the hearing threshold at a certain frequency.

If the subject’s hearing threshold consistently exceeds 30dB
at 3 adjacent frequency levels, his/her data will be excluded
from the analysis. Two subjects out of 36 have been excluded
due to their hearing abilities, although none of the subjects has
previous hearing problems. This hearing ability control is to
make sure that subjects can hear stimuli clearly, because during

*
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the experiment the intensity of the sound presentation is fixed
at 75dB. It is measured by the sound level meter, because the
sound intensity measured in the computer is not necessarily to
be the output sound intensity. '

Other settings of the ERP experiments are listed below. The
sampling rate of the EEG recording is 250Hz, and the reference
node is vertex. The impedance of all electrodes is adjusted below
50K Ohm at the beginning of the experiment to insure a good
contact with the scalp and clear data.

During the experiment, subjects are asked to respond to the
consonant and the tone of the heard syllable in one of their two
ears. At first, they see a fixation. Four hundred milliseconds
later, they hear a dichotic trial. Subjects are asked to listen
carefully to the sounds from both ears and try to remember
them. The fixation is on when subjects hear sounds. They are
asked not to blink or move any body parts while the fixation is on
the screen. The fixation disappears at 1000ms after the onset of
the stimulus, replaced by the Chinese character indicating “Z”
(left) or “A” (right). The purpose of the indication is to let
subjects to know which side of the syllables they should respond
to. The purpose to let subjects hear the stimuli before seeing
the indication is not to bias their attention to either ear. The
indication is on the screen for 1200ms. Subjects are asked to give
the response after seeing the indication. They are given 2000ms
more after the disappearance of the indication to respond. The
procedure of each dichotic trial is shown in Figure 3.2.
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Figure 3.2: The procedure of each dichotic trial

Four buttons are used for response, two for consonants and
two for tones. The choices are “B”, “D”, “ 7, and “/” rep-
resenting the consonants (b), (d), tone one, and tone two in
Mandarin. After the training of PinYin system for years, the
symbols represent, different phonemes for subjects for sure. The
‘task is regarded as a language task other than a metalinguistic
one. For example, when subjects hear (dao) and (bao) in their
left and right ears respectively, and they see "™ (right) as an
. indication. Then they should respond “B” and “ ” by pressing
the buttons. Subjects are instructed to respond with the left and
the right index fingers, one for the consonants and the other for
the tones. For half of the subjects, they use the left index finger
to respond to consonants and the right index finger to respond
to tones. It is reversed for the other half of the subjects. The
left or right hand response to consonants and tones is chosen
randomly between subjects. The sequence of the four buttons
is adjusted accordingly for each subject.

Each trial lasts 5 seconds. There are 64 trials in each block,
lasting 5 minutes and 20 seconds. In total, there are 4 blocks.
Between each block, subjects are allowed to take a rest for 2
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minutes. The whole experiment lasts about 30 minutes. In each
block, the 16 dichotic pairs appear randomly. E-Prime software
is used for the stimulus presentation. :

3.2.5 The second DL experiment

The basic settings in this DL experiment are the same as in
the first DL experiment, except for the materials and additional
two diotic control conditions. In the second DL experiment,
the consonants used are (d) and (t) (/t/ and /t"/ in IPA no-
tation), so the contrast in the consonant dichotic trials is the
VOT (voice onset time), instead of the formant transition in
"the stop-consonant CV syllables as in the first DL experiment.
The tone materials are tone one and tone four, instead of tone
one and tone two as in the first DL experiment. The vowels are
/a/ and /oe/, the latter of which does not exist in Mandarin.
The syllables composed of /ae/ are called non-syllables. The
sample materials are listed in Table 3.2.

Table 3.2: The four conditions in the second DL experiment and the sample
materials in these conditions

Conditions REAL SYLLABLE NON-SYLLABLE
Consonant dichotic trial - (da), (ta) (tee), (dce)
Chinese Character sample %, T ,

Tone dichotic trial (ta), (ta) (dee), (dae)
Chinese Character sample B, E :

Diotic trial (da), (da) (tee), (toe)
Chinese Character sample K, K g

In composing the stimuli in the second DL experiment, there
is no manipulation of the sound waveforms, except for the in-
tensity adjustment. The duration of the syllables is 350ms. The
reason for not adjusting the sound waves is that the two sounds
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in the dichotic trials in the first DL experiment are too similar to
each other, which causes difficulty for subjects to identify stimu-
_lus in either ear. The behavioral data also indicate a chance level
of choice for the average accuracy in the first DL. Although this
low accuracy does not deteriorate the lateralization analysis in
the behavioral data in the first DL, a better accuracy rate could
bring more confidence in the result analysis. A better distinction
of the two sounds in a dichotic trial makes the task easier for sub-
jects. The drawback of this consideration is that the differences
in the two sounds in a dichotic trial under the two consonant di-
chotic conditions may also include nuance pitch contrasts. The
mean pitch differences between the two sounds in the four con-
sonant dichotic pairs are listed in Table 3.3. According to the
d’Alessandro threshold [13], these pitch differences are unnotice-
able. For the same reason, the two sounds in each trial in the
two tone dichotic conditions may also have small differences in
the syllable structures. But the onset of these two sounds can
be manually adjusted quite well in Praat to diminish the differ-
ences in the onset time. The slight intensity differences inside
the sound waveforms between the left and right channels should
not affect the result, since each combination will be reversed in
the left and right channels for half of the presentations. Slight
formant differences between the two sounds in a tone dichotic
trial should not affect the result, either. The sound waveforms
and spectrograms are shown in Appendix (Figure A.3).
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Table 3.3: the mean pitch differences between the two sounds in the four
consonant dichotic pairs

Materilas TONE 1 TONE 4
MEAN FREQUENCY FREQUENCY RANGE
(& RANGE) (& MEAN)
Real (da): mean 376.1Hz  (da): range 369.1 443.0Hz
syllable (372.2 385.2) (413.7)
(ta): mean 376.1Hz  (ta): range 371.7 433.3Hz -
(369.9--391.8) (407.2)
Non- (d&@): mean 366.2Hz" (dce): range 321.4 442.6Hz
syllable (359.7 -382.1) (410.3)
(te): range 372.2Hz  (tce): range 345.0 458.2Hz
(354.2-385.1) (429.0) A

The measurement of the pitch is calculated with Praat. Due
to lack of pitch points in the beginning and ending parts of (tce)
during the measurement, the difference between (dde) and (toe)
seems to be greater than it actually is. Even if the difference is
as large as shown in the measurement, it does not exceed ong
semitone of mean frequency value of either (ddée) or (toe). szﬁ
the difference is not obvious in perception.

As in the first DL experiment, cach trial lasts 5 seconds. But
in the second DL experiment, in order to make subjects feel
more comfortable, the number of trials in each block is reduced
to 48, which leads to a change of the duration of cach block to 4
minutes. There are 6 blocks in the second DL experiment, and
the whole session lasts about 30 minutes.

3.3 Word priming

DL is an experimental condition that does not occur often in
daily life, and it adds more loads to the forebrain to process
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two sounds simultancously [32]. The underlying assumption to
use tone or consonant dichotic trials is that the additional pro-
cessing of two tones or two consonants will increase the load
of correspondent brain regions in tone or consonant processing.
By comparing different dichotic conditions, the differences in
tone or consonant processing are prominent. However, the di-
otic sound presentation is more natural, and the priming task is
one option for the study of tone lateralization.
&

3.3.1 Motivations and experimental design

Priming is a phenomenon of the acceleration of the responses
after repetitions. It has been widely explored in experiments
where subjects are exposed to a type of stimuli for more than
one time. In this situation, the response time will decrease from
the second time subjects encounter the same type of stimuli.” It
is called facilitation effect if the reaction time decreases, while
inhibition also occurs if the reaction time increases. :

Previously, in the study of child language acquisition, the
phonological priming ERP experimments have been used to ex-
plore the changes of the word onset processing along with lan-
guage experiences [9]. In Bonte and Blomert’s experiment, there
is a change of the N1 shape and a different N400 component re-
duction in different language groups when using words or non-
words as testing materials. In their experiment, the primes share
the first syllable with the target words in half of the trials. In
the other half of the trials, the primes share no common syllables
with the targets. The materials are all disyllabic Dutch words
or non-words.

When exploring the factors affecting tone lateralization, I
adopt a similar design as in Bonte and Blomert’s work, but use
different syllables in the ph8nological priming tasks, i.e., conso-
nant and tone. The underlying assumption is that the priming
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’
effects of tone or consonant will cause different lateralization
of the ERP component reduction in the two hemispheres. For
example, if the left hemisphere is the dominant hemisphere for
the consonant processing, the priming effect should be stronger
in the left hemisphere, hence the reduction of the ERP com-
ponent in the left hemisphere is greater than that of the right
hemisphere. However, if the right hemisphere is the dominant
hemisphere for the tone processing, the reduction of the ERP
component in the right hemisphere should be greater than that
in the left homologous sites, which reflects a stronger priming ef-
fect in the right hemisphere. 1 will use these two types of primes
to explore the factor of the physical property in my experiment.

Besides, by using real word and pseudo-word targets [ ex-
plore the different lateralization patterns of the ERP compo-
nent in these two conditions. According to the previous fMRI
studies [44], the semantic processing should be left lateralized.
The working hypothesis in the current experiment is that the
ERP component correspondent to semantic processing should
be more left lateralized. This effect could be indicated by higher
amplitudes in the left electrodes than in the right.

In sum, the factor of the physical property is reflected in the
different types of priming effects, and the factor of the linguistic
role is examined in the different types of target words. These two
factors are explored in different time windows in the ERP data,
and the experimental design is a three-by-two design including
two control conditions. In the factor of the physical property,
there are three levels: consonant primes, tone primes, and non-
primes. In the factor of the linguistic role, there are two levels:
real words and pseudo-words.

3.3.2 Materials and procedure

The sample materials are listed in Table 3.4.
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Table 3.4: the sample materials in the second ERP experiment

Conditions PRIME TARCGET
Real word Consonant prime (qué) (qi che)
Chinese Characters i R_E
Pseudo-word Consonant prime 4 (jing) (jidao bén)
Chinese Characters #f AR

. Real word Tone prime (hong) (xiang ging)
Chinese Characters it i
Pseudo-word Tone prime (quin) (gu6é men)
Chinese Characters i EA[R
Real word Non-prime (fa) (xué zhe)
Chinese Characters 7,3 25
Pseudo-word Non-prime (lin) (ying feng)
Chinese Characters e -k 4

There are 6 conditions, and 60 trials are formed under each
condition. In total, there are 360 trials. The full list of the
materials is listed in Appendix (Table A.2, A.3,-A.4, A.5, and
A.6). In the consonant priming conditions, the prime syllable
shares the same consonant as the first syllable in the target word,;
in the tone priming conditions, the tone of the prime syllable is
the same as the tone in the first syllable of the target word.
Real words are the disyllabic words in Mandarin; pseudo-words
are created by connecting two valid syllables, but the combined
syllables do not form a meaningful word in Mandarin.

In the experiment, subjects first hear the prime. The dura-
tion between the onset of the prime and the fixation is fixed at
600ms. The mean duration of the primes is 383.06ms (49.71)
(The number in bracket represents the standard deviation), and
the maximum length is 591ms. (The minimum length is 251ms.)
The sound intensity of the primes is set to 55dB and the sub-
jects are asked to ignore the sound played before the fixation.
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The purpose of presenting primes at low intensity and the in-
structions to subjects is to make sure that the priming effect
is strong [40]. Target syllables are adjusted to 75dB. After the
prime, the fixation appears on the screen. Four hundred mil-
liseconds later, the target word is presented in both cars. The
OSA (onset asynchrony) between the prime and the target is
fixed at 1000ms. Target length is 619.58ms (52.05) on average,
and the longest target is 751ms and the shortest one is 510ms.
After 1000ms after the onset of the target word, the fixation
disappears. Subjects should not blink or move any body parts
during the appearance of the fixation, and not to respond until
the fixation disappears. They are given 3000ms to respond. One
trial lasts 5 seconds. There are 60 trials in cach block with 10
randomly chosen stimuli from each condition. Each block lasts
5 minutes. Subjects are allowed to rest for 2 minutes between
two blocks. The experiment includes 6 blocks and lasts about 40
minutes in total. The procedure of cach priming trial is shown
in Figure 3.3.

Prime

Fixation

e Target

600ms .
\ 400ms

1000ms Response

s

3000ms

Figure 3.3: The procedure of each prime tria

® -

The task in the experiment is to judge whether the target
word is a real word or not. Subjects press the “Y’ button if they
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think the word is a real word, and the ‘N’ button otherwise. One
half of the subjects respond to ‘Y with their left index finger and
‘N’ with their right index finger. The other half do the reverse.
The left or right response order is determined randomly between
subjects.

3.4 Semantic violation in sentences

3.4.1 Motivations

The first ERP experiment exploring language processing is the
work on semantic violation [39]. They have found that the N400
component is more negative when the meaning of the target
word does not integrate well with previous context. N400 com-
ponent and semantic processing have been extensively explored
ever since then. I use the semantic violation paradigm to explore
the tone lateralization in my ERP experiment.

3.4.2 Experimental design

In this experiment, the physical property and the linguistic role
are squeezed together. I change the tone or the consonant in
the final syllable of a sentence to induce the semantic violation.
" Although the last syllable is a valid monosyllabic word in Man-
darin, it does not fit in with the sentence context. There is a
strict control of the sentence length and the syntactic structure:
cach sentence contains 11 characters, and the sentence structure
of the last two syllables is always a verb followed by an ()l)]o(t
Examples of the stimuli arc shown in Table 3.5.
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Table 3.5: the three conditions of the third experiment and the example
sentences in those conditions

Conditions SAMPLE SENTENCES
Normal sentence (za0 chén yi qi lai,
BR—EX,
ta jin kai shi shu téu).
f B Lh ik
Consonant induced (xia wit méi you ke,
semantic violation NHEHIR,

nan sheng dou g t1 you (qi)).

B EEn () -

Tone induced (nd dao xué wei hou,
semantic violation FHEA, u

*

ta hui ma shang hui guo (gud)).

fthz 5 Emhd (FE) .

3.4.3 Materials and procedure

There are 60 sentences in each condition, and there are 180
sentences in total. The average duration of the sentence from
the onset of the first syllable to the onset of the last one is
3206.1ms (156.1). During the (é'xpurinmnt., the fixation is shown
on the screen for 400ms before the auditory presentation of the
sentences. It disappears at 1000ms after the onset of the last
syllable. So the sentence duration is 4206.1ms (156.1) on aver-
age. The blank screen remains for 2000ms before the next trial
starts. The length of each trial varies according to the length of
the stimuli between the onset of the sentence and the end of the
second last syllable. The average length of cach trial is 6606.1ms
(156.1). The intensity of the imbedded sentence and that of the
-“target syllable are all adjusted to 75dB. Each block contains 40
sentences consisting of 10 randomly chosen sentences from cach
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of the three conditions, and 10 additional filler sentences. The
usage of the filler sentences is to make the positive and nega-
tive feedbacks have equal chances. There is no violations in the
filler sentences. They also contain 11 characters cach but the
sentence structure is not eontrolled. Each block lasts about 4
minutes. There are 6 blocks in total. Subjects can take a 2 min-
utes break between blocks. The whole experiment lasts about
30 minutes. The materials are listed in Appendix (Table A.7,
A8, A9, and A.10). The procedure of cach sentence trial is
shown in Figure 3.4.

Fixation

Context sentenc

o

Target

~,

400mk

~
flexible ™

1000ms Response

Figure 3.4: The procedure of each sentence trial

Subjects are asked to judge whether the heard sentence is a
normal sentence or not. Subjects should press ‘Y’ button if there
is no violation and press ‘N’ button otherwise. One half of the
subjects respond to ‘Y’ with their left index finger and ‘N’ with
their right index finger. The other half do the reverse. The left
or right response order is randomly assigned to the subjects.
. Usually the violation appears toward the end of the sentence.
Subjects are instructed not to blink or move their body parts
toward the end of the sentences.

+



CHAPTER 3. ERP EXPERIMENTS ON TONE LATERALIZATION 48

3.5 Subjects and four experimental procedures

Thirty-four subjects participated in the experiments, whose av-
erage age is 27 (4.2). All are university graduate or undergrad-
uate students, with mother tongue as Mandarin. Eighteen sub-
jects are male and 16 are female. After their PTA test, two male
subjects with their thresholds consistently higher than 30dB be-
low 4000Hz are excluded from the data analysis. Since the en-
ergy beyond 4000Hz is relatively low for speech sounds, it is
not necessary to exclude subjects with higher thresholds in that
range. '

The handedness score of each subject is listed in Appendix
(Table A.11). The scale is from -100 to 100, -100 representing
extreme left hander and 100 extreme right hander. The average
score is 83.1 (26.0). The independent-sample T-test shows no
significant difference in the handedness scores between male and
female subjects (4(27) = -1.6, p = 0.12). The average handed-
ness scores of males and females are 76.8 (31.7) and 90.1 (15.7).
There is a greater variance in male subjects, and their average
score is less than that of female subjects. The greater right hand-
edness score for the female subjects may increase the possibility -
of a left hemisphere advantage of language in them, noticing
that females may be more bilateral in the language functions,
while males usually have the left hemisphere dominance [12].

The four experiments are finished in two separate days for
subjects taking them all. (A few subjects attend 2 out of 4 ex-
periments within one day.) In each testing day, there are two
sessions of experiments. Subjects take a rest for 10 minutest
between the two sessions. On the first day, subjects do the
first DL experiment. There is a short practice block before the
experiment which has a half length as the testing blocks. The
materials are the same as in the experiments. Subjects can prac-
tice for twice to get familiar with the dichotic experiment. The
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first DL experiment lasts around half an hour. In the second ses-
sion, the word priming experiment is tested. There are 12 trials
in the practice block, using different testing materials from the
practice block, with two trials in ecach condition. All subjects
perform well in the practice block. The length of the experiment,
is around half an hour. On the second day, subjects take part
in the second DL at first. It also takes about half an hour. The
practice session includes 32 trials with the same testing materi-
als as in the formal test. After taking a 10 minutes rest, subjects
continue to do the sentence semantic violation experiment. The
practice block of semantic violation includes 9 sentences, with
3 sentences in each condition. The practice sentences are dif-
ferent than the testing materials. Subjects respond with high
accuracy during the practice. In each day, it takes about one
and a half to two hours to finish the two experiments, including
the preparation time for the experiment, e.g. putting on the net
and adjusting the impedance.

In sum, the first three experiments use the factorial design,
- with the semantics and the acoustic property as two factors. In
the factor of the linguistic role, real word and pscudo-word are
the two levels. In the factor of the physical property, tone and
stop-consonant are used as the two levels. In the last experi-
ment, the factor of the physical property is combined with the
linguistic role, namely semantics.

O End of chapter.



Chapter 4

Data analysis

Summary

In this chapter, the behavioral and ERP data from four
experiments are analyzed. The first two are DL experi-
ments. The ear advantages are calculated based on the
aceuracy of the two ears. In the word priming and sen-
tence semantic violation experiments, the reaction time
and accuracy rate are shown. The effects of the linguis-
tic role and the physical property on lateralization of the
ERP waveforms are tested in all four experiments.

4.1 Behavioral data

Among the four experiments, the behavioral data of two DL ex-
periments can be used to analyze the ear advantages. In these
experiments, it is hard to analyze the response time, since the
subjects have to give two responses sequentially within one trial.
Therefore, only the accuracy is considered. In the word prim-
ing and semantic violation experiments, both the accuracy and
response time are analyzed. Since the presentation is diotic in
these two experiments, the behavioral data do not reflect ear

00
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advantages, but they can be used to justify both the priming
effects, by checking the reduction of the response time, and the
semantic violation effects, by examining the length of the re-
sponse time. '

4.2 ERP data processing

The recorded brain waves are continuous EEG signals, and the
electronic signals reflecting certain cognitive functions are.em-
bedded in various kinds of noises. These noises may come from
the other activations inside the brain, the muscle movement, or
the outside equipment. There are two assumptions in the ERP
study. The first one is that the signals of the electrical potential
of certain cognitive function are time-locked to the onset of the
stimuli, while noises are not; the second one is that the signals
and noises are additive to each other. Considering these two
assumptions, if we align multiple chopped EEG segments with
their onset times and average them together, the noises will can-
cel out themselves and the useful signals will be preserved [41].

The working principle of the ERP is that the averaged time-
locked EEG segments of a certain type of stimuli reflect the cog-
nitive function that underlies it. Different types of the stimuli
may trigger different cognitive functions, hence incurring differ-
ent, shapes of ERP waves. That is why this type of experiment
is called the event-related potential. The statistical analyses of
the ERP waves can reveal the significant differences between the
waveforms in different conditions, and these differences reflect
different cognitive processes. .

The processing of the ERP data in my four experiments fol-
lows the 7 steps suggested by the manual of the EGI NetStation
software, and the data analyses all go through the similar pro-
cedures. |

1. Filter. It is the first step in the data processing. The
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default filter is a 40Hz low-pass filter. There are three reasons
to set this value: 1) this filter can exclude the 50Hz line noise;
2) the power of the frequency band beyond 40Hz is small; and
3) the most important cognitive functions are related with the
frequencies below 40Hz. During the recording, the high pass
filter is set to 0.1 Hz by default. After the low-pass filtering, the
frequency range of the signal is between 0.1 and 40Hz.

2. Segmentation. In my experiments, the fixation usually ap-
pears 400ms before the stimulus onset and disappears 1000ms
after the onset. Subjects are asked not to blink during the fixa-
tion period, because the EOG (electroculography) of blink will
cause electrical potential changes 10-20 times greater than the
ERP waves. In the segmentation setting, I focus on the wave-
forms from 200ms before the stimulus onset to 900ms after the
onset. It allows sufficient time for the data analysis after the
stimulus onset and a wider time window before the onset for the
artefact detection. During the experiments, the presentation
program records what t'.y{)(‘. of stimuli the subjects hear during
.the EEG recording. This is done by zid(ling time stamps with
different tags in the waveforms. After the segmentation, differ-
ent types of segments can be averaged in later steps.

3. Artefact detection. EEG signal is prone to be affected by
eye blinks, eye movements, or body movements. The artefact
detection is to exclude these bad segments out of analysis. In
my experiments, I set a strict threshold for the artefact detec-
tion: if the amplitude exceeds -100uV or 100uV in a segment,
it is marked as a bad segment. The other parameters are kept
the same as in the default setting. This step can also detect bad
.channels inside a segment. If the contact of the electrode and
the scalp is not good in some channel (each corresponds to one
electrode), the signal recorded will have abnormal high ampli-
tude. Such channels are marked as bad channels by the artifact
detection.
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4. Bad channel replacement. This step is to recover the data
with bad channel tags. The working principle is that the electri-
cal potentials of adjacent electrodes are very similar. Therefore,
the average of all adjacent channels should equal or approach
the real value of the electrical potential of a certain electrode.
Each electrode corresponds to one channel here.

5. Averaging. This step is to average all good segments
in every channel of each condition of each subject. After this
operation, the data size decreases a lot. For each subject, the
number of the dimensions of the data shrinks to 3 (conditions
X time points X channels).

6. Montage adjustment. This manipulation is to make an
adjustment of the electrical potentials, conceptually similar to
the averaging operation in the bad channel replacement. It cor-
rects the electrical potential errors when the electrodes in the
net are placed with unequal distances to each other. This is
a necessary step after the averaging to make sure of an even
spatial distribution of the data from all channels.

. 7. Baseline correction. Electrical potentials between different
conditions must be compared under the same criteria. The base-
line correction adjusts the average electrical potential to zero in
a small time window right before the stimulus onset. (If the
electrical potential before the onset is a flat line, we can set the
electrical potential to zero at the onset time point. However, the
ERP wave is not a line before the onset.) Usually, the time win-
dow for the baseline correction is from 100ms before the onset
to the onset time point.

After the above 7 steps, the ERP of each subject is ready for
- later analyses. Both of the wave amplitude and the latency can
be analyzed. Amplitude includes the peak amplitude (height
of the peak value) and the averaged amplitude within a certain
time window. Latency is referred as the peak latency of a cer-
tain component here. It is a measurement of the time lag of
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the peak from the stimulus onset. In the statistical analysis,
one amplitude or latency measurement of all subjects forms a
vector. Each number within the vector comes from one subject.
Considering different conditions or electrode locations, data, vec-
tors form a multiple dimension matrix. For example, if the ex-
periment follows a two-by-two design (four conditions), and the
electrodes are separated to the left or right homologue sites, the
dimension of the data matrix could be two-by-two-by-two. If
the results show a significant interaction between the left /right
factor (lateralization) and different conditions as designed in the
experimental manipulation, we say the experimental factor af-
fects lateralization (Figure 4.1).

condition 1 condition 2

. right
right left

left
ERP
component /\ /\

average
amplitude .

o condition 1
statistical

analysis condition 2

left right

Figure 4.1: An illustration of the expected result.

In the following sections, I will present the data of each ex-
periment, including both the behavioral and ERP data. The
ERP results may not have the exactly the same lateralization
pattern as shown in Figure 4.1, but there is also a significant
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4.3 Dichotic listening

4.3.1 Behavioral data

In every trial of this experiment, subjects have to respond with
both the consonant and the tone of the heard syllable in their
left or right ear. They are asked to give the response after the
indication appears on the screen. The response before the indi-
cation is not recorded in the experiment. The behavioral data
of one subject are excluded, since this subject always guesses
the answers before seeing the indication and the total number
of recorded responses is very low. Two other subjects are ex-
cluded due to their high hearing thresholds. In total, there are
31 subjects’ data available for the analysis out of 34 participants.

The percentage of the responses for each subject is listed in
Appendix (Table A.12), and the average percentage of responses
is 95.7% (9.2); the accuracy rate of each subject is listed in Ap-
pendix (Table A.13), and the average percentage of the accuracy
is 50% (21.6). Although the overall correctness is at a chance
level, it should not hinder the analysis of the ear advantages. In
the consonant conditions, the rate of correctness of the left ears
is 48.2% (14.2), and that of the right ears is 51.7% (12.4); in the
tone conditions, the rate of correctness of the left ears is 71.1%
(17.0), and that of the right ears is 72.5% (16.4). The rates of
correctness in the left and right ears in the four conditions are
shown in Figure 4.2. Having a longer duration, the tones always
show a higher correctness than the consonants, although both
of them are phonemes.
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T Rate of Correctness
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Figure 4.2: The rates of correctness of the left and right ears in the four
conditions. ‘RCon’: real syllable consonant DL condition; ‘PCon’: pseudo-
syllable consonant DL condition; ‘RTon’: real syllable tone DL condition;
‘PTon’: pseudo-syllable tone DL condition. L

In Figure 4.2, the rate of correctness of cach car in cach con-
dition is shown. ‘RCon’ means the real syllable consonant DL.
condition. ‘PCon’ means the pseudo-syllable consonant DL con-
dition. ‘RTon’ and ‘PTon’ mean the real syllable tone DL and
the pseudo-syllable tone DL conditions respectively. Each error
bar represents one standard error.

An often used method to calculate the car advantages is called
POE (percentage of errors). The formula to calculate POE is
shown below:

L'f'!'?'f)i"

‘ Lerror + Rerror

In formular 4.1, Leyror and Reqror represent the numbers of
errors in the left and right ears respectively. If Leqor equals to
50% of the total number of errors, there is no ear advantage. If a
POE exceeds 50%, it indicates that the right ear gets fewer errors
than the left ear, i.e., a right ear advantage. A left ear advantage
corresponds to a POE less than 50%. POE, as'a rough measure,
has been widely used in calculation of ear advantages in previous -
literatures of DL experiments [63]. In my experiment, the values

x 100% (4.1)
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of POE under consonant and tone conditions are 51.7% (11.4)
and 50.8% (15.7) respectively.

A statistical test of POE in each condition is shown in Ta-
ble 4.1. In order to test the right car advantage, we calculate
POE using the one-tail (right-tailed) T-test.

Table 4.1: The right ear advantage test based on POE in each condition

t-value and p- REAL SYLLABLE PSEUDO-SYLLABLE
value

Consonant DL t(30) = -1.095, p = 0.859 t(30) = 2.306. p < 0.014
Tone DL £(30) = -0.350, p = 0.636  t(30) = 0.973, p = 0.169

Only the pseduo-syllable consonant DL condition shows a sig-
nificant difference, and the sign of the t value indicates that the
left car gets more errors than the right car, and there is a right
car advantage. The reason for the real syllable consonant DL
condition not to have an car advantage is that the sound (bao)
and (dao) are quite similar. Subjects report that the pseudo-
syllables (bua) and (dua) are slightly casier to distinguish than
(bao) and (dao).

The paired T-test is also nsed to confirm the ear advantages.
It is used to examine whether the correctness of one car is sig-
nificantly different from that of the other car. The reason to use
this post-hoc test is that the POE may have extreme high or low
valucs when the nmnber of errors is small. The direct compari-
son of the left /right correctness is more stable. The test results
based on the correctness of the two ears are listed in Table 4.2,
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Table 4.2: The paired T-test results of the left and right ear correctness in
the first DL

t-value and p- REAL SYLLABLE PSEUDO-SYLLABLE

value ) _
Consonant t(30) = 0.908, p = 0.814  t{30) = -2.319, p < 0.014

dichotic trial

Tone  dichotic  £(30) = -0.380, p = 0.353  t{30) = -0.8%84, p = (.192
trial :

A 3-way repeated measures ANOVA reveals a three-way in-
teraction between the physical property, the linguistic role, and
the ecar advantage (F(1,30) = 5.506, p < 0.026). A two-way
interaction between the linguistic role and the car advantage is
also found (F(1,30) = 7.782, p < 0.009), and there is a signifi-
cant main cffect of the physical property (F(1,30) = 53.042, p <
0.001). Post-hoc analysis of the consonant dichotic trials reveals
a significant interaction between the linguistic role and the ear
advantage (F(1,30) = 8.943, p < 0.006). This interaction may
be caused by the similarity between the two real syllables in the
consonant dichotic trials, so that the car advantage of the real
syllable consonant dichotic trials is not significant. This is also
shown in the t-test of the car advantage in Table 4.1 and 4.2. In
the tone dichotic trials, there is a significant main effect of the
linguistic role (F(1,30) = 5.206, p < 0.030).

The slightly higher percentage of correctness of the left car
than that of the right car may be caused by the slightly better
hearing ability of the left cars than that of the right cars of the
testing subjects,  Although the statistical test of the left and
right car hearing threshold differences does not reach a signif-
icant level (p = 0.097), there are 6 subjects having significant.
left ear advantage (the hearing threshold differences exceed 5dB
between left and right cars) across the frequency in the PTA
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test. One subject has 4 significant right car advantage, but his
behavioral data are excluded in the car advantage analysis, since
the early responses before the indication are not recorded. For
the other subjects, there are no significant differences between
the hearing abilitics of the left and right cars.

4.3.2 ERP data

The 129 channels in EGI system have correspondent electrodes
in the 10-20 system according to the electrode coordinates (sce
Figure 4.3).

EGI 128 <=> 10-20 system
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Figure 4.3: The 129-channel EGI electrodes coordination and the 10-20 sys-

tem

o
In Figure 4.3, cach node represents the location of one ,‘,lu(:—
trode. The locations of electrodes of the 10-20 system are marked
above the correspondent nodes. ([33] The electrodes are dis-
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tributed of 10% or 20% along the longitudinal and the latitudinal
line on the head. F for frontal, C for central, T for temporal, P
for parietal, O for occipital. Odd numbers refer to the left hemi-
sphere, and even numbers refer to the right hemisphere.) The
- top of the figure is toward the nose. ‘VREF’ clectrode in the
center is set as the reference during the recording. Pairs of ho-
mologue electrodes representing frontal, central, and temporal
regions are shown in Figure 4.3. -
‘The waveforms of the C3 and C4 clectrodes in cach condition
are shown in Figure 4.4.
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Figure 4.4: Waveformms of the C3 (left) and C4 (right) clectrodes in each
condition ' ’

-

In Figure 4.4, the waveforms averaged over all subjects be-
tween 100 ms before the stimulus onset and 900 ms after the
onset are shown in each condition. ‘C3’ is the electrode in the
left central region, and ‘C4’ is the one in the right homologous
region. ‘

In order to compare the results with previous ERP experi-
ments on tone lateralization, I choose the P2 component. In Luo
et al.’s work, they examine the MMN at around 200ms after the

. stimulus onset. The P2 component in their DL experiment has

-
r
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a peak value around 200ms. The average amplitudes between
152ms and 248ms in cach condition in the C3 and C4 electrodes
are shown in Figure 4.5.

* P2 average amplitude

B Left
DRi;ht l '

Conditions

Figure 4.5: The average amplitudes in 152-248 ms at the C3 (left) and C4
(right) electrodes

In Figure 4.5, the averaged P2 amplitude is shown, which
is calculated from the amplitude of each subject between 152-
248 ms. Each error bar in Figure 4.5 represents one standard
erTor. k

The topological map at the avergged peak latency is shown in

Figure 4.29 at the end of this Chapter. Since the distribution of

the P2 component is central frontal, the C3 and C4 homologue
electrodes are chosen to perform the statistical analysis. The
peak amplitude instead of the average amplitude between 152ms

and 248ms for cach subject is used for the statistical analysis at

first. )

The 3-way repeated measures ANOVA is conducted. The
lateralization, the physical property, and the linguistic role are
the 3 factors in this analysis. There are 32 subjects’ data in the
analysis. Two significant two-way interactions are found: one
is the interaction between the physical property and the later-
alization (F(1,31) = 7.199, p < 0.012); the other is the interac-
tion between the linguistic role and the lateralization (F(1,31)
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= 10.219, p < 0.003). Another three main effects of the three
factors are found as well (lateralization: (F(1,31) = 13.549, p
< 0.001; the physical property: (F(1,31) = 23.785, p < 0.001;
the linguistic role: (F(1,31) = 5.228, p < 0.029). These results
indicate that both the linguistic role and the physical property
interact with the lateralization in the same time period.

In order to compare with the later experiments, I also conduct
the statistical test on the averaged amplitude between 152ms
and 248ms. The result shows a significant interaction between
the physical property and the lateralization (F(1,31) = 5.554, p
< 0.025) and an interaction between the linguistic role and the
lateralization at a marginal level (F(1,31) = 3.468, p = 0.072).
The lateralization (F(1,31) = 13.957, p < 0.001) and the physical
property (F(1,31) = 22.708, p < 0.001) have the main effects.

The latencies of the P2 peaks in cach condition are shown in
Figure 4.6. The three-way repeated measures ANOVA is con-
ducted, and only a main effect of the linguistic role is found
(F(1,31) = 7.889, p < 0.009).

P2 latency - ) 1

RCon PCon RTon PTon

Figure 4.6: The P2 latencies in each condition at the C3 (left) and C4 (right)
clectrodes

In Figure 4.6, the average peak latency of P2 component is
calculated from the ERP waveform of each subject between 152
and 248 ms. Each error bar represents one standard error.

The main finding of this DL experiment is that the P2 peak
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amplitude shows significant interactions both between the phys-
ical property and the lateralization, and between the linguistic
role and the lateralization. The result indicates that both the
physical property and the linguistic role of the stimuli affect
lateralization. From the values of the amplitude, the conso-
nant conditions have a greater extent of left lateralization com-
pared with the tone conditions, while the real syllable conditions
have greater extent of left lateralization than that of the pseudo-
syllable conditions.

4.4 The second DL experiment

4.4.1 Behavioral data

Thirty-one subjects’ data are collected for the analysis. The
overall response rate is 98.3% (4.6), and the rate of correctness
across all subjects is 74.3% (21.2). The individual response rate
and the percentage of correctness are listed in Appendix (Ta-

ble A.14 and A.15). In the consonant conditions, the rates of

correctness of the left and right ears are 58.9% (23.8) and 74.7%
(16.5) respectively; in the tone conditions, the rates of correct-
ness of the left and the right cars are 78.8% (20.0) and 84.7%
(14.4) respectively. The rates of correctness of the left and right
ears in the four conditions are shown in Figure 4.7. Consistent
with the first DL experiment, the correctness in the tone dichotic
conditions is higher than that in the consonant dichotic condi-
tions, and the right ear advantage is greater in the consonant
conditions, which is shown in the following analyses.

Oy
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Rate of Correctness
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Figure 4.7: The rates of correctness in the four conditions in the second DL
experiment. ‘RCon’: real syllable consonant DL condition: ‘NCon’: non-
syllable consonant DL condition; ‘RTon’: real syllable tone DL condition:
‘NTon’: non-syllable tone DL condition.

In Figure 4.7, the rate of correctness of each ear in cach con-
dition is shown. ‘RCon’ means the real syllable consonant DL
condition. ‘NCon’ means the non-syllable consonant DL condi-
tion. ‘RTon’ and ‘NTon’ represent the real syllable tone DL and
the non-syllable tone DL conditions respectively. Each error bar
represents one standard error. '

The POE in the consonant condition is 62.3% (18.2), and
that in the tone condition is 56.5% (22.5). The T-test result
reveals significant differences in the percentage of correctness
between the left and right ears in the real syllable consonant DL
condition (t(30) = -4.833, p < 0.001), the non-syllable consonant,
DL condition (t(30) = -3.341, p < 0.002). and the real syllable
tone DL condition (t(30) = -3.010, p < 0.005). There is no
significant difference between the left and right correctness in
the non-syllable tone DL condition.

A 3-way repeated measures ANOVA shows a significant in-
teraction between the physical property and the ear advantage
(F(1,30) = 8.351, p < 0.007). There is a marginal significance
for the interaction between the linguistic role and the ear advan-
tage (F(1,30) = 3.063, p = 0.09). In addition, there are three
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main effects for all three factors (the ear advantage: (F(1,30) =
20.740, p < 0.001); the physical property: (F(1,30) = 43.111,
p < 0.001); the linguistic role: (F(1,30) = 4.788, p < 0.037)).
The interaction between the physical property and the ear ad-
vantage is consistent with the ERP data shown in the following
data analysis.

Vs

4.4.2 ERP data

Since there are fewer trials in each condition in the second DL
experiment than in the first DL experiment, the ERP waveforms
are not as smooth as those in the first DL experiment, both
for the averaged data and individual data. Therefore, the data
analysis is based on the time-averaged values between 152ms
and 248ms. The averaged ERP waveforms at the F3 and F4
electrodes through all subjects in the three conditions are shown
in Figure 4.8. The topographic maps of the time-averaged value
between 152 and 248 ms in the threé conditions are shown in
Figure 4.30 at the end of this chapter.
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Figure 4.8: The averaged ERP waveforms at the F3 (left) and F4 (right)
electrodes in the three conditions ’

In Figure 4.30, the waveforms averaged over all subjects be-
tween 100 ms before the stimulus onset and 900 ms after the
onset, are shown in each condition. ‘F3’ is the electrode in the
left fromtal region, and ‘F4’ is the one in the right homologous
region. -~

After the time averaging, the mean values of the amplitudes
within the time window of 152-248ms at the F3 and F4 elec-
trodes are shown in Figure 4.9. The reason to choose the frontal
sites for the data analysis is that the frontal lobe is highly in-
volved when both the dichetic and diotic stimuli are presented
[32]. ’ '
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Figure 4.9: The time average values between 152 and 248ms at the F3 (left)
and F4 (right) electrodes in all conditions. ‘RCon’: real syllable consonant
DL condition; ‘NCon’: non-syllable consonant DL condition; ‘RTon’: real
syllable tone DL condition; ‘NTon": non-syllable tone DL condition; ‘Real’:
real syllable diotic condition; ‘Non-syllable’: non-syllable diotic condition.

In Figure 4.9, the averaged P2 amplitude is shown, which
is calculated from the time averaged amplitude of each sub-
ject between 152-248 ms. Error bar in Figure 4.9 represents
“one standard error. ‘Real’ means the real syllable diotic con-
dition. ‘Non-syllable’ means the non-syllable diotic condition.
"The other notations have the same meaning as in Figure 4.8.

A 3-way repeated measures ANOVA is conducted to analyze
the data. The linguistic role, the physical property, and the
lateralization are the three factors. In the linguistic role, the
real syllable and the non-syllable are the two levels. In the
physical property, the levels of the consonant DL trials and the
tone DL trials are compared with the diotic trials as a third
level. The F3 and F4 electrodes in the left and right sites are
the two factors in the lateralization. ]

The interaction between the physical property and the later-
alization is found (F(2,60) = 9.288, p = 0.001), and the linguistic
role has a main effect at a marginal level (F(1,30) = 4.252, p
< 0.048). The post-hoc analysis based on merely the dichotic
conditions has a similar result. The physical property inter-
acts with the lateralization significantly (F(1,30) = 4.933,.p <
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0.034) and the linguistic role has a main effect (F(1,30) = 4.316,
p < 0.046). The average amplitudes in the three conditions are
shown in Figure 4.10.
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Figure 4.10: The average amplitudes in '152-248ms at the F3 (left) em(‘l F4
(right) electrodes

In Figure 4.10, the average amplitudes of the real syllable and
non-syllable conditions are shown. The values equal to those in
Figure 4.9.

The interaction between the linguistic role and the lateraliza-
tion does not reach a significant level, perhaps because the diotic
conditions are added or the materials in the dichotic trial are less
similar than those in the first DL experiment. Subjects may pay
more attention to the physical property differences during the
second experiment compared to the first DL experiment. Al-
though the statistical analysis does not reach a significant level,
the average value in the real word conditions shows a greater
degree of lateralization than that of the non-word conditions, as
shown in Figure 4.11.



CHAPTER 4. DATA ANALYSIS 69
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Figure 4.11: The average values in the real and non-syllable conditions at
the F3 (left) and F4 (right) electrodes

In Figure 4.11, the average amplitudes of real syllables are
calculated in the three real syllable conditions, and the aver-
age amplitudes of non-syllables are calculated in the three non-
syllable conditions. Each error bar represents one standard er-
ror.

The main finding of the second DL experiment is that the
~ physical property affects lateralization significantly, which is
! ‘sli()wn by the P2 averaged amplitude. This result is consis-
tent with the ear advantages of the behavioral data. Although
the interaction between the linguistic role and the lateralization
is not significant in the ERP data, it recaches a marginal sig-
-nificance level in the behavioral data. It is interesting that in
the behavioral data, the two consonant dichotic eonditions and
the real syllable tone dichotic condition show significant REAs,
while there is no significant REA in the non-syllable tone di-
chotic condition. In the tone dichotic condition, it scems that
without a strict control of the stimulus the REA increases a lot
when the first and the second DL experiments are compared, al-
though the correctness is comparable in these two experiments.
But there is still no significant REA in the non-syllable tone di-
chotic condition, which indicates that the semantics causes the
REA in tone perception other than the physical property.
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4.5 The word priming experiment

4.5.1 Behavioral data

Thirty-one subjects’ data are analyzed in this experiment. The
overall response rate is very high, 99.9% (0.5), and the accuracy
rate is also high, 96.0% (8.9). The response rate and the ac-
curacy rate of cach subject are listed in Appendix (Table A 16
and A.17). Only one subject gets some confusion about the real
word conditions. The variance in the real word conditions is
relatively higher than that in the pseudo-word conditions. The
average accuracies in all conglitions are shown in Figure 4.12.
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Figure 4.12: The average accuracies in all conditions. "RCon™ real word
consonant priming condition; ‘PCon™: pseudo-word consonant priming con-
dition; ‘RTon” real word tone priming condition: ‘PTon’: psceudo-word
tone priming condition ; ‘RNon’: real word non-priming coundition; ‘PNon’:
pseudo-word non-priming condition.

In Figure 4.12, the rate of correctness in cach condition is
shown. ‘RCon’ means the real word consonant priming condi-
tion. ‘PCon’ means the pscudo-word consonant priming con-
dition. ‘RTon’ and ‘PTon’ represent the rcal word tone prim-
ing and the psceudo-word tone priming condition respectively.



CHAPTER 4. DATA ANALYSIS 71

‘RNon’ means the real word non-priming condition, and *PNon’
represents the pseudo-word non-priming condition. Each error
bar represents one standard error. '

A 3-way repeated measures ANOVA shows a significant main
effect of the priming offect (F(2,60) = 4.778, p < 0.013). and the
consonatt priming conditions have significantly higher accuracy
rate than the non-priming conditions (F(1,.30) = 9.137. p <
0.005). The marginal means in the three conditions are shown
in Figure 4.13.

3-way repeated measures ANOVA of the accuracy
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Figure 4.13: The average accuracies in all conditions

In Figure 4.13, the average values of the accuracy in the real
word and pseudo-word conditions are shown. The values equal
to those in Figure 4.12,

The averaged reaction time over all conditions is 962.72ms
(159.99). The reaction times of cach subject in all conditions
arc listed in Appendix (Table A.18). The reaction times in all
the conditions are shown in Figure 4.14.
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Figure 4.14: The reaction times in all conditions

In Figure 4.14, the average reaction time in cach condition is
shown. Each error har represents one standard ervor,

A 3-way repeated measures ANOVA reveals asignificant main
effect of the real and pseudo word conditions (F(1,30) = 78.350),
p < 0.001). The priming conditions have a main effeet (F(2.60)
= 8.503, p = 0.001), and there is a marginal level interac-
tion cffect between the real/pscudo-word conditions and the
priming/non-pritning conditions (F(2, 60) = 2.899. p = 0.074).
The means of the reaction time in the three conditions are shown
in Figure 4.15.
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Figure 4.15: The means of the reaction time in all conditions

The average reaction times in the real word and pscudo-word
conditions are also shown in Figure 4.15. The values equal to
those in Figure 4.14. .

Although the reaction times in the real word conditions are
significantly shorter than those in the psendo-word conditions,
it does not mean that the accuracy rates are higher in the real
word conditions. The statistical test indicates that the real
~and pseudo word conditions do not show significant differences
in the accuracy rate, even without the data from the subject
who has the lowest correctness rate in the real word conditions.
The priming conditions increase the accuracy rate, especially -
in the consonant priming condition. However, the facilitation
effect (reduction of the reaction time) only exists in the real
word consonant priming condition at a marginal level (t(30) =
-1.993, p =0.055, two-tailed). The tone priming conditions al-
ways have an inhibition effect (increasing of the reaction time):
the real word tone priming condition has an inhibition effect at
a marginal level (£(30) = 1.822, p = 0.078), and the pseudo-
word tone priming condition has a significant inhibition cffect
(t(30) = 2.524, p = 0.017). This inhibition effect of the tone
priming conditions is consistent with the previous phonological
priming experiments involving the Cantonese Character read-
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ing tasks [68]. The time differences between the priming and
non-priming control conditions are showa in Fignre 4.16. The
real and pscudo-word: priming conditions are contrasted with
the real and pseudo-word non-priming conditions respectively,
in calculation of the time difference of cach subject.

Priming effects

[l Priming effects |

PCon RTon PTon

Reaction time (ms)

Conditions

Figure 4.16: The time differences between the priming and non-priming con-
ditions. ‘RCon’: the time difference between the real word consonant prim-
ing condition and the real word non-priming condition; ‘PCon’: the time
difference between the pseudo-word consonant priming conditions and the
pseudo word non-priming condition; ‘RTon": the time difference between the
real word tone priming condition and the real word non-priming condition;
‘PTon’: the time difference between the pseudo-word tone priming condition
and the pseudo-word non-priming condition.

In Figure 4.16, the average time differences between the prim-
ing and non-priming conditions are shown. ‘RCon’ represents
the time difference between the real word consonant priming
condition and the real word non-priming condition. *‘PCon’ rep-
resents the time difference between the pseudo-word consonant
priming conditions and the pseudo word non-priming condition.
‘RTon’ represents the time difference between the real word
tone priming condition and the real word non-priming condi-
tion. ‘PTon’ represents the time difference between the pseudo-
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word tone priming condition and the pseudo-word non-priming
condition. Each érror bar represents one standard error. The
facilitation or inhibition effects were illustrated in the previous
paragraph.

4.5.2 ERP data o

-~ * -

"The ERP waveforms at the P3 (uul P4 elec tm(lm in cach ((m(h-

tion are shown in Flg.,mv 4.17.
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Figure 4.17: The ERP waveforms at the P3 and P4 electrodes in the three
conditions

In Figure 4.17, the waveforms averaged over all subjects he-
tween 100 ms before the stimulus onset and 900 ms after the
onset, are shown in cach condition. ‘P3’ is the electrode in the
left parietal region, and ‘P4’ is the one in the right homologous
region. Based on the left/right differences in the waveforms, [
will focus on the P2 component i analyzing the data in the
later parts for this pair of electrodes.
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The original ERP waveforms at the I3 and F4 clectrodes are
shown in Figure 4.18. '
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Figure 4.18: The average ERP waveforms at the F3 and 4 electrodes

The waveforms at the F3 and F4 electrodes are also shown
in Figure 4.18. The waveforms are averaged over all subjects
between 100 ms before the stimulus onset and 900 ms after the
onset. ‘K3’ is the electrode in the left frontal region, and *F14° is
the one in the right homologous region. Based on the left /right
differences in the waveforms, I will focus on the time window
around 400 ms in analyzing the data in the later parts for this
pair of electrodes.

The topographic maps between 152ms and 248ms and those
between 400ms and 448ms in the three conditions are shown
in Figure 4.31 and Figure 4.32 at the end of this chapter. The
analysis on the effects of the physical property and the linguistic
role is based on the two time windows. Since in previous neu-
roimaging studies, the auditory priming effects correlate with
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the haemodynamic changes in the superior temporal lobe and in-
ferior frontal lobe [5], and the haemodynamic changes are caused
by the neuronal changes in the same brain region [29], the data
analysis is carried out at parietal and frontal electrode sites. The
auditory pathway arrives at the superior temporal gyrus at first,
so that in the carly time window the P3 and P4 clectrodes at
the posterior region are analyzed. And in the late time window,
the F3 and F4 clectrodes at the frontal region are analyzed.

In the carly time window between 152 and 248 s, a 3-way re-
peated measures ANOVA reveals significant 2-way interactions
between the physical property and the lateralization (F(1.30) =
4.810, p = 0.036) and between the linguistic role and the later-
alization (F(1,30) = 5.636, p < 0.024) based on the waveform
differences between the priming conditions and the non-priming
control conditions. The average amplitudes reductions between
152 and 248ms at the P3 and P4 electrodes in the four conditions
arc shown in Figure 4.19.

.
At
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The average amplitude of primihg effect® between
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Figure 4.19: The average amplitudes of the priming effects between 152
and 248ms at the P3 (left) and P4 (right) electrodes in the four conditions.
‘RCon’: the differences between the real word consonant priming condition
and the real word non-priming condition: *‘PCon’: the differences between the
pseudo-word consonant priming condjtion and the pseudo-word non-priming
condition; *RTon’: the differences between the real word tone priming con-
dition and the real word non-priming condition: ‘PTon’: the differences be-
tween the pseudo-word tone priming condition and the psendo-word non-
priming condition.

In Figure 4.19, the average values of the differences between
the priming conditions and the non-priming conditions between
152 and 248 ms are shown. ‘RCon’ means the differences be-
tween the real word consonant priming condition and the real
word non-priming condition. ‘PCon’ means the differences be-
tween the, pseudo-word consonant priming condition and the
pseudo-word non-priming condition. ‘RTon’ means the differ-
ences between the real word tone priming condition and the real
word 11()11-1)1'i111i11-g condition. ‘PTon" means the differences be-
tween the pseudo-word tone priming condition and the pseudo-
word non-priming condition. Each error bar represents one stan-
dard error.
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This result indicates that the consonant and the tone primes
affect the lateralization significantly. From the mean amplitude
differences shown in Figure 4.20. we can sce that in both real
word and pseudo-word conditions, there is a greater negativity
in the left clectrode than in the right electrode in the consonant
priming conditions. This result reflects a greater left lateraliza-
tion of the consonant processing than the tone processing,.
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]

— T v greTng I

Ampliude Sl snc e
& &
| |
|
|
|
|
|
1
|
Anplhude diften ecms (uih

Figure 4.20: The average values of the amplitude differences between the
priming and non-priming control conditions between 152-248ms at the P3
-and P4 electrodes

1 l’/,

In Figure 4.20, the average values of the amplitude differences
between the priming and non-priming conditions are shown.
The values equal those in Figure 4.19. There are both signifi-
cant interactions between the real/pseudo word conditions and
the lateralization, and between the consonant/tone conditions
and the lateralization. '

In the real word conditions, however, the amplitudes of the _
left hemisphere are lifted, compared with those in the pseudo-
word conditions (Paired T-tests are conducted. In the left hemi-
sphere, t(30) = 1.836. p = 0.076 for the real and pseudo-word
consonant priming conditions, and t(30) = 2.174, p < 0.038 for
the real and pseudo-word tone priming conditions. In the right
hemisplrere, there are no significant. differences of the amplitude
between the real and pseudo-word conditions in both the conso-
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nant and tone priming conditions). This effect appears immedi-

ately after the presentation of the second syllable in the target
disyllabic word. According to the analysis of the sound mate-
rials, the carliest appearance of the second syllable is at 191ms
after the onset of the first syllable. The mean starting time of
the second syllable is at 284.64ms (40.28). The starting timg
does not differ significantly between the real (mean: 283.32ms
(38.27), minimum: 191ms) and pseudo-word (mean: 285.96ms
(42.27), minimum: 196ms) conditions. The consistency of the
second syllable in the situations where the first syllable is a whole
word or not affects the lateralization of the priming effects signif-
icantly. The higher amplitude in the real word conditions than
in the pseudo-word conditions only existing in the left clectrodes
indicates a left lateralization of the sémantic processing. It is
surprising that this effect appears at such an carly time window.’
According to Friederici ([18]), the effect of the semantic integra-
tion should appear around 300-500 ms after the stimulus onset.
It seems the top-down linguistic effects run parallel to-the carly
stage acoustic processing.

An analysis is also carried out at a later time window be-
tween the 400 and 448ms after the onset of the first syllable
based on the F3 and F4 electrodes. This time window is about,
120ms to 170ms, later than the average starting time of the
second syllable. The result ghows that these is also a signifi-
cant interaction between the linguistic role ang the lateralization
(F(1,30) = 10.440, p=0.003). TFhis analysis is based on merely
the four priming conditions without subtraction to the control
conditions. If the non-priming control conditions are subtracted,
there is still a significant interaction betwéen the linguistic role
and the lateralization (F(1,30) = 4.389, p < 0.045)." There is
a marginal level interaction between the physical property and
the lateralization (F(1,30) = 3.468, p = 0.072). This interaction
is the same with and without subtracting the control conditions.

i
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It fefledts the existence of the priming effect even in a late time -
wm(low after 400ms after the stimulus onset. The mean ampli-
tud®differences at this late time window with subtraction of the
control conditions dre shown in Figure 4.21. A relative greater
110gativity of the tone priming conditions than consonant prim-
_ ing conditions reflects a s’rr(mg_,m priming effect for tones in the
\Ia.te time window. This could be caused by the longer duration
of the tones, compared with that of consonants.
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Figure 4.21: The mean of the amplitude differences between the priming
“conditions and non-priming control conditions between 400-448ms at the F3
and F4 electrodes

\

In Figure 4.21, the average values of the amplitude differences
between the priming conditions and non-priming conditions are
shown. The interaction betweern the lateralization and the con-

~sonant/tone conditions i is not obvious, especially in the real word
conditions. The interaction between the real /pseudo-words and
the lateralization is still apparent.

The major finding of this experiment is that in the time win-

. dow of P2 component, both the linguistic role and the physical

. property affect the lateralization significantly, which is shown
by examining the priming effects of the amplitude in tho ERP
. wa.voforms ‘

L3 -



CHAPTER 4. DATA ANALYSIS

4.6 Sentence semantic violation

4.6.1 Behavioral data

o
The overall response rate is 99.98% (0.18) and the rate of ac-
curacy is 94.3% (3.2). The average response time is 854.13 ms
(186.61). The individual response rate, accuracy rate, and -re-
sponse time in each condition are listed in Appendix (Table A.19.
and A.20). The average rates of accuracy and reaction time in
the three conditions are shown in Figure 4.22 and Figure 4.23.
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Figure 4.22: The average rates of accuracy in the three conditions in the sen-
tence semantic violation experiment. ‘Con’: the consonant violation condi-
tion; ‘“Ton’: the tone violation condition; ‘Non’: the non-violation condition.

In Figure 4.22, each error bar represents one standard error.
‘Con’ means the consonant violation condition. ‘Ton’ means the

tone violation condition. ‘Non’ means the non-violation condi-
tion.
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Figure 4.23: The average reaction times in the three conditions in the sen-
tence semantic violation experiment. ‘Con’: the consonant violation condi-
tion: ‘Ton’: the tone violation condition; ‘Non": the non-violation condition.

In Figure 4.23, cach error bar represents one standard error.
‘Con’ means the consonant violation condition. “Ton’ means the
tone violation condition. ‘Non’ means the non-violation (f().ll(lif
tion. o

The accuracy rates in the three conditions differ among each
other. The 1-way repeated measures ANOVA on the reaction
time shows a significant main effect of the different conditions

(F(2,56) = 22.923, p < 0.001). The contrast between the conso-

nant violation and non-violation control conditions (F(1,28) =
7.787, p < 0.009) indicates that these two conditions are signif-
icantly different. The contrast between the tone violation and
non-violation conditions is also significant (F(1,28) = 16.834, p
< 0:()()1). A post-hoc paired T-test reveals a_significant differ-
ence in the accuracy rate between the consonant violation and

. . tone violation cenditions (t(28) = -6.705, p < 0.001). From the

= ¢

results of the mean accuracy (see Figure 4.24) and the statis-
tical testing, the consonant condition has the lowest accuracy,
while the tone violation condition has the highest accuracy, even
greater than that of the non-violation condition.
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One-way Repeated-measures ANOVA on the Accuracy Rate
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Figure 4.24: The mean accuracies in the three conditions

In Figure 4.24, the mean values of the accuracy of the three
conditions are shown. The values equal to those in Figure 4.22.
The accuracy differences shown above are also reflected in the
reaction time. The consonant, violation condition has the longest
reaction time, while the tone violation condition has the short-
est (see Figure 4.25). The 1-way repeated measures ANOVA - on
the reaction time shows a significant.main effect of the different

* conditions (F(2,56) = 7.155, p < 0.002). The contrast between
the consonant violation and non-violation control conditions is
significant (F(1,28) = 7.290, p < 0.012). There is no significant
difference between the tone violation and non-violation condi-

tions. A post-hoc paired T-test shows a significant difference

between the consonant and tone violation conditions (t(28) =
4.040, p < 0.001). '
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One-way Repeated-measures ANOVA on the Reaction Time '
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. Figure 4.25: The mean reaction times in the three conditions

In Figure 4.25, the mean values of the reaction time of the
three (on(lm(ms are L,hown The values equal to those in Fig-
ure 4.23. '

It seems that the tone violation mn(llt ion is the easiest to
judge with the shortest reaction time and highest accuracy, while
the consonant violation condition is the opposite. It‘ is consistent
with my previous experiments of word priming in which 111(‘
consonant and tone processing are (l1ﬁ(‘1 ent. , .

¥

4.6.2 ERP data

. The averaged ERP waveforms of the F3/F4, C3/C4, and P3/P4
eleetrodes in the three conditions are shown in Figure 4.26.
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Figure 4.26: The averaged ERP wavefoms of the three conditions in three
pairs of electrodes ’

In Figure 4.26, the waveforms averaged over all subjects be-
tween 100 ms before the stimulus onset and 900 ms after the
onset, are shown in each condition. ‘F3’ is the electrode in the
left frontal region, and ‘F4’ is the one in the right homologous
\_-xegion. ‘C3’ is the electrode in the left cental region, and ‘C4’
" is the one in the right homologous region. ‘P3’ is the electrode

. in the left parietal region, and ‘P4’ is the one in the right ho-

mologous region. Comparing the violation conditions and the

. non-violation condition, the differences are shown in time win-

dows around 300 ms to 500 ms after the stimulus onset.
Since it is a semantic violation task, the N400 component
contrasting the semantic violation and non-violation conditions

15 the target component to be analyzed. It has been mentioned

that the inferior frontal cortex has haemodynamic changes in
the semantic violation tasks and it should be the source of the
N400ERP component [23]. The frontal electrodes F3 and F4 are
chosen to be analyzed at first. In the consonant conditions, the

v



| CHAPi*ER'4. . DATA ANALYSIS .. . 87
N4(]() ('omponvnt is 5131111‘1( d.Ill’lV left lateralized (t(‘ZS) 2.2, p
= 0.036) in the frontal sites. There i is no significant lateralizati ion
. for the tone Vl()ldh()ll N400 (01111)011(*11'r A 2-way I(‘])(‘dl’(‘(l meas
~sures ANOVA based on tho average amplitude between 400ms -
“and 448ms at the F3 (Lll(l F4 ¢lectrodes is also conducted. There-
isa hlf_,mh(.ant inter action between the physical praperty and the
lateralization. (F(1,30) = 4.343, p < 0.046). Tt reflects that the
. physical property affects the lateralization of the N40O%c ompo- - .
nent significantly. The aver: age dmplltu(lo differences between
tllo'vmld,tl()n and 11011-v1()l(1110n conditions at the I3 and F4
elec tmdos l)(‘two(‘n 4(}0111% and 448ms are shown in }'1;,111(‘ 4.21.

Average érﬁpli_tuda differences 400-448ms

mlLet
O Right

Amplitude differences

.. Consonant violation - Tone violation -
Non%iolation Nonvielation

Figure 4.27: The amplitudes of the N400 (:0111])(111(;1“ in the consonant and
tone violation conditions at the F_3 (lé_ft) and F4 (right) electrodes

" In Flguu' 4. 27 cach error bar 1(*1)r(‘s(\11t,b one stamlru(l CITOr.
The differences between the left and 115,111; h()lnolog,uo regions
show a great difference between the two violation conditions,
which indicates that the lateralization of %vlimnti(' processing in
the late time window is also affected by the plwsl( d] property -
factor. _

At the central-parietal electrodes, there are clear ll(‘g.,d,flVl—_
ties around 300 ms after the stimulus onset. ’Smw in this time
range, the amplitude differences between the violation and non-
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_- violation conditions match the topographical distribution of pre-
viously described N400 component [39], the post-hoc statistical
analysis is also conducted at the C3 and C4 clectrodes between
252ms and 348ms (Figure 4.33 at the end of this Chapter). In

+ Schirmer et al.’s exploration [50] of Cantonese tone processing

- using the semantic violation tasks and ERP methods, they also
do the analysis in the time window between 200 ms and 450 ms

-~ * after the stimulus onset.

The upper row in Figure 4.33 shows the topographic maps of
the three conditions and the bottom row shows the contrasts of
different conditions. - The contrast between the consonant vio-
lation and non-violation conditions has a central-parictal distri-
bution, while the tone violation versus non-violation conditions

_, . is more frontal distributed with a clear right lateralization of the
A .‘Qlegativity. A direct comparison of the consonant and tone viola-
= =7 “tion conditions shows a left lateralization at the central parictal
S sites. .
A 3-way repeated measures ANOVA reveals a significant 1
teraction between the physical property and the lateralization
(F(1,30) = 5.990, p < 0.021). This result matches the analysis
“done in the 400ms-448ms time window. (sce Figure 4.28)-,

Average amplitude differences 252-348ms

:

: : b
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Consonamt vivlation - Tone violation -
Nonvielation Nonvialation

Figure 4.28: The average amplitudes between the semantic violation and
non-violation condition at the C3 (left) and C4 (right) electrodes between
252ms and 348ms
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In Figure 4.28, each error bar represents one standard error.
The opposite lateralization patterns for the consonant and tone
violation conditions shows clearly.

In both the 300ms and 400ms time windows, the N400 compo-
nent is more left lateralized in the consonant violation condition
than in the tone violation condition. In the 300ms time window,
the average amplitude of the negativity is even right lateralized.
In both cases, the physical property interacts with lateralization
significantly, even in the late N400 component of the semantic
violation task. By themselves, the ERP waveform differences
between the semantic violation and non-violation control condi-
tions reflect the semantic processing. My experimental results
show that this cffect is significantly left lateralized when the
semantic violation is introduced by the consonant abnormality,
while there is no significant left lateralization in the tone viola-
tion condition. l

4.7 Summary i

In the four ERP experiments, the factors underlying tone lateral-
ization are analyzed. Both the physical property and the linguis-
‘tic role affect tone lateralization. In the DL experiment, these
offects take place in the same time window at around 200ms
after the stimulus onset in the ERP data. From the behavioral
data, a general trend is that the consonant DL conditions have a
greater REA than that of the tone DL conditions. The real syl-
lable consonant DL condition in the first DL experiment has two
syllables too similar to each other, which diminishes the REA
in the behavioral data. However, the LHA (left hemisphere ad-
vantage) which is correspondent to the REA in the behavioral
data is obvious in the ERP results. In the ERP data, a clear
result of the interactions between the linguistic factor and the
lateralization, and between the physical property factor and the
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lateralization exist in the first DL experiment. The physical
property factor also interacts significantly with lateralization in
the second DL experiment, however the linguistic factor does
not. interact significantly with lateralization probably because
of the increasing of the number of conditions or the acousti-
cal similarity of the non-syllable material to other real syllables
in Mandarin or Cantonese (Mandarin subjects may become fa-
miliar with the Cantonese phoneme /oe/ after coming to Hong
Kong). In general, the results support that the tone process-
ing is more right lateralized (or less left lateralized) than that
of the consonant processing, and ‘the semantic processing is left
lateralized when comparing words with meaning and without
meaning. B

In the word phonological priming experiment, both factors
interact with the lateralization of the ERP waveforms in the
priming cffects at the ecarly time window. This result is con-
sistent, with the DL experiment. Other than the interactions
between the two factors and the lateralization, the pseudo-word
conditions have greater negativity in the ERP amplitude, which
may have similar underlying mechanisms as in the sentence se-
mantic violation experiment. This negativity is more significant
in the left hemisphere, which indicates that the left hemisphere
has an advantage in semantic processing. And the ERP re-
duction (negativity increasing) of the left hemisphere is greater
than that of the right hemisphere, which supports that the tone
is more right lateralized (less left lateralized) than the consonant
in perception.

I the sentence semantic violation experiment, the physical
property interacts with the lateralization in late time windows
around 300ms to 400ms after the stimulus onset. Although the
linguistic factor is combined with the physical property factor, in
the sense of semantic violation, the phoneme violation of tones
or consonants should not differ from each other significantly,
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especially in the late time windows. However, my experimental
results indicate that the physical property affect lateralization
in the late time window, during the semantic violation task.

Combining the above results, both the linguistic factor and
the physical property affect lateralization. Tone is toward bilat-
erally processed because its slow varying physical property, while
the semantics when tone is used to distinguish lexical meaning
makes it more left lateralized when compared with tonemes (or
tone patterns) that has no meaning. These processes are parallel
existing both in the early and late time windows.
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Real syllable Consonant dichotic ~ Pseudo-syllable Conosnant dichotic
Condition - >» Condition

Real syllable Tone dichotic Pseudo-syllable Tone dichotic
Condition Condition '

Figure 4.29: The topographic map of the average amplitude in 152-248ms in
cach condition, in the first DL experiment.



CHAPTER 4. DATA ANALYSIS , . 93

-
- -

A

“n Real syfiable Consdhant dichotic Non-syllable Consonant dichotic
Condition : Condition

Real syllable Tone dichotic ‘Non-syllable Tone dichotic
Condition Condition

e N

Real syllable Binaural Non-syllable Binaural
Condition : Condition

Figure 4.30: The topographic maps of the average amplitude in 152-248ms
in each condition, in the second DL experiment.

S
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Real word Consonant pfming Pseudo-word Consonant priming
- Condition. ; Condition

Real word Tone priming Pseudo-word Tone priming
Condition Condition

Real word Non-priming Pseudo-word Non-priming
Condition . Condition

Figure 4.31: The topographic maps of the averaged amplitude in 152-248ms
in each condition, in the word priming experiment.
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. Real word Consonant priming Pseudo-word Consonant priming
» Condition Condition

Real word Tone priming

Pseudo-word Tone priming y
Condition

Condition

Real word Non-priming

Pseudo-word Non-priming
Condition

Condition

Figure 4.32: The topographic maps of the averaged amplitude in 400-448ms
in each condition, in the word priming experiment.

&
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Consonant violation Tone violation Non-violation
Condition Condition Condition

__

Consonant violation - Tone violation — Consonant violation —
Non-violation Condition Non-violation Condition Tone violation Conjlition

Figure 4.33: The topographic maps of the average amplitudes in 252-348ms
in each condition and the amplitude differences between different conditions,
in the sentence semantic violation experiment. -

L)

O End of chapter.
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Chapter 5

Tone lateralization under noisy
conditions *

Suinmary

This chapter discusses the DL experiment on the per-
ception of Mandarin tones under clean and noisy condi-
tions, and examines the enhancing role of noise on the
lateralization patterns of tones. It is shown that the lat-
“eralization patterns of different tones are inconsistent:
the perception of tone 1 exhibits a left ear advantage,
while that of tone 2 or tone 4 has a right ear advantage.
These different patterns are ascribed to different tone
features and the fast or slow change of the tone pitch.
A gender difference in tone perception is also detected
from the results.

5.1 Motivation

The behavioral DL experiment on tone lateralization was first
conducted by Van Lancker and Fromkin on Thai tones [57]. In
their experiment, the ear advantages of Thai tones in both Thai
and English speakers are compared and a right ear advantage for

97
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Thai tones in Thai speakers‘ has been discovered. This is sup-
portive evidence for the “function” view of tone lateralization.
However,. the empirical results of later behavioral DL experi-
ments do,not show a consistent right ear advantage for tones.
For example, Baudoin-Chial has failed to find any ear advan-
tage on Mandarin tones [3]. Wang et al.’s DL experiment has
revealed a right ear advantage for Mandarin tones in Mandarin
speakers, but no ear advantage in English speakers [63]. Al-
though, a right ear advantage in tone language native speakers
and no ear advantage in non-tonal language speakers have been
found in both Van Lancker and Fromkin’s [57] and Wang et
al.’s experiments [63], the experimental conditions in these DL
experiments are different between native and non-native speak-
ers. In the former experiment, two consecutive dichotic trials
are used for native Thai speakers in half of their trials; while
for non-native speakers, only isolated dichotic trials are used.
In the latter experiment, the white noise with -10dB S/N ra-
tio is introduced for native Mandarin speakers, but non-native
speakers only hear clean speech. Without a systematic study of
the tone lateralization patterns under noisy conditions, directly
introducing noise may affect the lateralization results, since the
noise may act as a confounding variable. In addition, both ex-
periments have not reported the hearing ability differences in
left and right ears of subjects.

Considering these, I propose a DL experiment on tone lat-
eralization under clean and noisy conditions. It begins with a
test of the hearing ability of subjects in left and right ears. In
addition, instead of simply inducing errors as in Wang et al.’s
experiment, I find that the noisy condition actually enhances
the REA slightly from the clean condition to -10dB S/N ratio,
though the effect is different for different tones. Moreover, the
experimental results show that subjects exhibit different later-
alization patterns toward different tones, and two factors can be
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used to explain these various lateralization patterns. Finally, the
individual and gender differences among subjects are discussed,
which is one of the significant factors to study the variety in
human behaviors [16] and is usually neglected in some previous
studies.

5.2 Methods

In order to find the effect of noise on tone lateralization, I embed
the tone dichotic trials in white noise under three different S/N
ratios, and compare the lateralization patterns in noisy dichotic
trials with those in clean dichotic trials.

Two groups of subjects are tested. In one group, both the
balance of the hearing abilities of the two ears and the envi-
ronmental noise are controlled. In the other group, these two
conditions are not strictly controlled as the same as in [63]. The
purpose of doing this is to investigate whether these control con-
~ditions affect REA in the tone dichotic listening experiment.

5.2.1 Participants

In the first group, 25 native Mandarin speakers are enrolled
in the experiment. Eleven of them are qualified to take the
experiment based on the Edinburgh Handedness Test [46], the
Hearing Threshold Level (HTL) test and the pretest. These 11
subjects include 5 males and 6 females, whose average age is
25.36 (2.25), and all of them are strongly right-handed.

" In the second group, 11 native Mandarin speakers with no
history of hearing impairment are enrolled in the experiment.
All of them are strong right-handed, tested by the Edinburgh
Handedness Test. There are 6 males and 5 females in this group,
whose average age is 25.82 (2.82).
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5.2.2 Stimuli

In this experiment, the testing materials consist of 16 mono-
syllabic Mandarin words, as shown in Appendix (Table A.21),
which are formed by four syllables (f: (guo), (hui) and (shi)
combined with 4 tones (adopted from [63]). The FO contours of
the four Mandarin tones are shown in Figure 5.1. The stimuli
are recorded from a female native Mandarin speaker and the
tone contours are analyzed by Praat software.

600

550
500

450 Tone 4

400 Tone 1

/] 0.05 01 015 0.2 0.25 o3 0 35 04
Time(s)

Figure 5.1: The FO contours of the four Mandarin tones, each of which is
carried by the syllable /fan/.

The recording is done in a sound-proof room in a digital
speech processing lab using a SHURE microphone and digitized
with a MACKIE 12-channel mixer at 44.1 kHz. Each word is
produced separately. The lengths of the four tones of the same
syllable are roughly the same, which are chosen from the three
repeated recordings of each tone of this syllable.

Each target word lasts about 400ms. The target stimuli in
each dichotic trial are either clean or embedded in white noise.
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The length of the noise is 1000ms. The three noisy conditions
include 0dB, -10dB and -20dB S/N ratios, and the S/N ratio is
measured during the 400ms in which the target word is presented
(0.3ms 0.7ms in the noise sound file). The intensity profile of
the noise is shown in Figure 5.2. After the target word has been
embedded in the white noise in th,l'e three noisy conditions, the
intensity of the whole sound file is/adjusted at 75dB using Praat
software. |

81.56

intensity (dB)

43.9

b~ 041 02 03 04 05 06 07 08 08 1
Time (s)

Figure 5.2: The intensity profile of the noise.

~ The Inter-Stimuli Interval (ISI) is set to 2 seconds. A total
of 192 dichotic pairs (12 pairs x 4 syllables x 4 conditions) arc
generated using MATLAB. Each pair contains two words with
the same syllable but different tones. There are 4 blocks in
the experiment, each consisting of a randomization of these 192
pairs of stimuli.

5.2.3 Procedure

Ty

For the first group, the experiment is conducted in a sound-proof
booth. All participants are tested individually with a head- .
phone (SENNHEISER HD 280 Pro). Before the experiment,
participants are given the handedness test. Those strongly right-
handed participants are allowed to take the HTL test (1 of the
24 participants, not strongly right-handed, is excluded). They
are tested of their hearing "ability under 125, 250, 500, 1000,

—
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2000, 4000 and 8000 Hz. Participants whose left and right ears’
HTLs differ more than 10dB or either of them exceeds 25dB at
any frequency are excluded (6 of the 23 participants fail to meet
this criterion). Participants who pass the HTL test are g‘i\;('.n
the pretest. During the pretest, participants are tested using
48 trials randomly chosen from the 192 dichotic trials in the
real test. Participants who reach more than 50% correctness in
both left and right ears are allowed to take the real test (7 of 17
participants do not pass the pretest). In the real dichotic test,
four blocks are presented, each containing 192 randomized tri-
als. The output volume of the two channels of the headphones
is calibrated at 75dB using a sound level meter. Subjects are
instructed that they will hear two different words (only differ in
tones) simultaneously in their two ears. They need to identify
the tones of both stimuli and write them down on an answer
sheet using the four tone marks. Left ear and right ear response
rows are counterbalanced across blocks to avoid order bias. Each
block lasts around 8 minutes. Between the first two and the last
_two blocks, there is a 30-second rest. The two channels between
these blocks are counterbalanced. Between the second and third
blocks, there is a 2-minute break for the subject to take a rest
and prepare for the reversed order of ear response rows in the
answer sheet. The whole experiment lasts approximately 35
minutes.

For the second group, the experiment is conducted in the of-
fice environment. Right-handed subjects with no previous hear-
ing deficits are recruited. There is no HTL test in this group.
In the formal DL test, all procedures are the same as in the first
group.
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'5.2.4 Data analysis

The Percentage of Errors (POE) is calculated to indicate the
lateralization, including the POE of all stimuli and POE of each
of the four Mandarin tones.

5.3 Results and Discussion

The overall correctness of the 384 stimuli (192 pairs) is 75.7%.
The average POE of the 22 subjects is 52.3%, which is lower than
the POE (57%) reported in Wang et al.’s experiment. However,
Wang et al. have not reported the hearing ability differences in
left and right ears as in my experiment, and there is a possibility
that the unbalanced hearing ability may affect the ear advan-
tages. Besides the overall correctness and POE, the correctness
and POE under the clean and three noisy conditions are listed
in Table 5.1.

Table 5.1: The Correctness and POE under the clean and noisy conditions

[N

Condition CORRECTNESS (%) POE (%)

Clean 82.6 *52.1
- 0dB 807 52.9
-10dB - 76.4 53.4
-20dB 63.1 00.7

Y

As shown in Table 5/1, POE increases in the noisy condi-
tions, compared with the clean condition, though in the -20dB
S/N ratio noisy condition, the increase of POE is not as ob-
vious as that in 0dB or -10dB S/N ratio condition. This is
because that in the -20dB condition subjects may not clearly
identify the tones in"both ears, which is indicated by the abrupt
drop of correctness compared with the other three conditions.
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In order to find the lateralization patterns, Wang et al. intro-
duce the white noise at -10dB S/N ratio to increase errors and
to avoid ceiling effect. However, they do not notice that the
noisy condition may affect the result of lateralization. My ex-
perimental results suggest that a certain degree of white noise
can increase the POE value in a certain degree in the tone DL
experiment. Although the effect does not reach the statistical
significance level, the white noise may still act as a confounding
when ear advantages of tonal and non-tonal speakers in Wang et
al.’s experiment are compared. There is functional neuroimag-
ing evidence supporting that the low S/N ratio increases the left
hemisphere activation in speech processing [6, 72]. These fMRI
results show that Broca’s area has an enhanced activation when
the S/N ratio decreases (Binder et al. 2004), and under a very®
low S/N ratio, only the left BA44 arca activates significantly
compared with other regions that correlate with speech process-
ing [72]. The possible explanation of this phenomenon is that
the Broca’s arca may compensate for the loss of the sensory in-
formation by enhancing the internal speech sound presentations
and serve to improve performance under low S/N ratio. The
above evidence that the left hemisphere activates more under
low S/N ratio is consistent with my finding that the left later-
alization increases when the S/N ratio decreases.

There are no significant group difference between group 1 and
group 2. However there are significant noise level and gender
interactions (F(3,54) = 4.266, p < 0.012) (Figure 5.3).
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POE of male and female sﬁbjects
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Figure 5.3: Noise level and gender interactions of the POE values

5.4 POE of the four tones

-

Subjects show different lateraliZation patterns with respect to
the four tones. The one-way ANOVA shows the main effect of
tone (F(3,54) = 6.202, p < 0.003). Table 5.2 lists the POEs of
the four tones, in which tone 1.exhibits a left car advantage;
tones 2 and 4 have a strong rifht ear advantage. Tone 3 has a
right ear advantage under -10dB S/N ratio noisy condition, a left
~ ear advantage in the clean condition, but in the 0dB and -20dB

S/N ratio noisy conditions, the éar advantagc

¥

s are inexplicit.

Table 5.2: The POE of four tones under different conditions

Condition TONE 1 TONE 2 TONE 3 TONE 4
Clean 41.9% 56.3% 48.7% 56.7%
0dB 41.7% 61.4% 49.4% 54.3%
-10dB - 41.9% 58.6% 52.7% 59.9%
-20dB 50.8% 50.5% 56.4%

©47.8%

I propose two explanations for thie different tone lateralization
patterns. The first explanation deals with the feature differences

L ?
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of these 4 tones. According to the 7 features that Wang [61]
assigned for different tones (CONTOUR, HIGH, CENTRAL,
MID, RISING, FALLING and CONVEX), tone 1 differs from
the other 3 tones in CONTOUR, and tones 2 and 4 differ from
tone 3 in HIGH. The different tone features Ill‘d,y'('.allh'(? different
lateralization patterns of the four tones.” This explanation and
my experimental results nmy'further reveal a neural mechanism
in the auditory system that works similarly as that in the vi-
sual system. For instance, in the primary visual cortex of cat,
there are “complex” cells that only respond to specifi¢ orien-
tation of light bars [28], indicating that certain neurons in the
visual cortex can extract different orientation features from the
visual stimuli. Similarly, my experiment shows that different
pitch contours in tones may correspond to different brain mech-
anisms. However, whether there are such pitch contour feature
extraction neurons in the auditory cortex of humans or other
animals remains unknown.

My second explanation concerns the fast or slow changes
of the tone contours. As shown in Figure 5.1, the tone con-
tour of tone 1 is flat and its frequency throughout the whole
word changes slowly, however tones 2 and 4 have fast frequency
changes throughout the pitch contours. Qur results indicate that
the fast or slow changes of the fundamental frequencies of differ-
ent tones may cause different lateralization patterns, such that
tone 1 has a left ear (right hemisphere) advantage while tone 2
or tone 4 have a right ear (left hemisphere) advantage during the
perception. This finding partially matches Poeppel’s hypothesis
on the lateralization [49], which states that the left hemisphere
is more sensitive to the fast physical property changes and the
right hemisphere is more sensitive to the slow physical property
changes, though the time window in this hypothesis does not
exactly match that of mine. As for tone 3, its pitch contour
undergoes a falling rising change, but this change is not fast
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cnoﬁgh compared with that of tone 2 or tone 4. Therefore, the
lateralization pattern of tone 3 in the clean condition is similar
to that of tone 1 (left ear advantage).” However, in the -10dB
S/N ratio noisy condition, the lateralization patterns of tone 3°
are reversed, which is consistent with my argument that a cer-
tain degree of white noise can increase the right ear advantage.
It is also consistent with the finding in Wang et al.’s experiment
that tone 3 has a strong right ear advantage in noisy conditions.

-
'

5.5 Individual difference and gender differ-
ence |

The individiial and gender differences among subjects are indi-
cated by the individual POE. Table 5.3 lists the correctness and
POE of each subject, in which ‘M’ indicates male subjects and-
‘F’ indicates female subjects. As shown in Table 5.3, different
subjects show different degrees of lateralization, one male and
four female subjects even have reversed lateralization patterns
compared with others. In addition, the average POE of all male
subjects is 54.76% (3.52) and the average POE of all female
subjects is 51.0% (6.0). In the first group that is strictly con-

trolled, the average POE of male subjects is 56.84% (3.41) and
the average POE of female subjects is 48.93% (5.43). Based on
a T-test in the first group, a significant gender difference of the
POE is detected (£(9) = 2.937, p < 0.018). In the sum of group
1 and group 2, gender difference reaches a marginal significance
level (£(20) = 1.788, p = 0.098). This gender difference indicates
that tones are more bilaterally processed by females than males.

A similar gender difference has also been found in some other
studies [52, 64]. . b
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Table 5.3: The correctness and POE (percentage of errors) of each subject

Subjects CORRECTNESS (%) POE (%)
Group-1

M1 89.6 56.0
M2 69.1 54.9°
M3 54.4 . 588
M4 654 529
s 76.1 616
F1 710 - 515
F2 686 38.6
F3 80.7 52.9
" F4 64.3 473
F5 854 .. 524
F6 88.5 50.9
Group 2 :
M1 93.3 491
M2 52.1 * 554 .
M3 74.2 52.7
M4 87.1 56.8 ’
M5 " 50.9 © 514
M6 ' 728 ° © 52.8
F1. 660 47.6
F2 . 787 62.6
F3 - 683 52.9
F4 R B 478
F5 ;¢ B . 56.5
! -~
4 L] 4 v
] R -
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Y

‘5.6 . The ear advantages of tones change with
. . noise

In this chapter, I report a Mandarin tone DL experiment to
. study tone lateralization under clean and noisy conditions. Based
‘ on a hearing test, the subjects of the experiment are well con-
trolled ‘of their left and right ears” HTLs. Apart from the clean
condition, three noisy conditions are introduced, and the later-
alization patterns of the four Mandarin tones under these con-
ditions are compared. The results show that certain noisy con-
ditions such as those under the 0dB and -10dB S/N ratios may
limitedly increase the average POE. In addition, subjects show
qr(.lif‘f(*.i‘(‘,n’r, ear advantages for different tones: the perception of

v tones 2 and 4 shows a right ear advantage, while that of tone 1

. .- shows a left ear advantage. Two physical properties, the tone
i features such as CONTOUR and HIGH, and the fast or slow
changes of the fundamental frequencies of different tones, may
cause these different tone lateralization patterns. Moreover, a
gender difference of POE is revealed, which suggests that there
could be differences in the underlying mechanisms of tone per-
ception between male and fémale speaker3. In this experiment,
the lateralizatién pattern of tone 3 is different in clean and noisy
(()Il(llthllS which cannot be explained by the 1I)ovo two phys-
ical properties. In addition’ & these physical properties, other
factors may play a role in affecting the lateralization pattern of
tone 3, and the exploration of these linguistic or nonlinguistic

factors remains as the future work.

-




Chapter 6

Discussion

Summary

In this chapter, I will discuss the results of my ERP

and behavioral experiments, and link them with previ-
« ous work regarding tone lateralization. My main find-
ing is that the linguistic role and the physical property
both affect tone lateralization. I will also discuss a gen-
cral pattern of tone lateralization and link my results of
ERP studies with previous brain structure studies. In
the end, a general view about the neural bases of lan-
guage is discussed, the major contribution of my ERP
studies to tone lateralization is summarized, and some
future work is mentioned.

6.1 Discussion of the results

The purpose of my ERP experiments is to test the underlying

factors that affect tone lateralization. By nature, the physical

property and the linguistie role of tones should be analyzed, be-

cause the tone is the use of pitch to distinguish lexical meanings.

{ In addition, the Jateralization of tonemes should also be consid-
v .

110 e
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ered, because when tones are used in certain language, their
patterns become the phonetic units in the language, even they
are not, used to distinguish lexical meanings. Furthermore, it is
not necessary to be restricted to real words with specific mean-
ings. The use of pseudo-syllables and pseudo-words is a novel
character of my ERP studies, which has never been discussed in
previous literature.

In Van Lancker and Fromkin’s experiment [57|, they have
found that there are no ear advantages of hums. They use
the hums as a control, without considering the lateralization
of tonemes. However, tone patterns should be considered since
they are part of the phonological system in certain language.
Although the result of lacking REA" for hums compared with
tone words is consistent with my ERP results, they do not con-
sider the underlying factors. The REA for tone words compared

- with hums may be caused by both the semantics and the phys-

ical properties. There is no strict control to separate these two
factors in their experiment.

- In the previous studies of tone lateralization, two views on
lateralization, the “t&Sk—dﬁ])(‘.l’ld(—)lllt” and the “cue-dependent”
hypotheses, are proposed, each focusing only on one side of the
two basic properties of the tone. With the biases and presump-

.tions about tone lateralization, some specific experiments can

certainl}} find evidence to support cach of these two conflicting
hypotheses. -

. In the behavioral experiments and PET or fMRI neuroimag-
ing studies [20, 21, 27, 38], the materials are all real words and
contain physical properties such as the fast formant transitions
within 20-40ms. Tone patterns presented in the hums with-
out fast changing acoustical cues are not considered as part of
the facts of tone lateralization. The results of behavioral or
neuroimaging studies reflect the tone lateralization as the final
outcomes of the whole tone processing without caring about the
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. . .
precise temporal resolution of the neural activities. However, in
the experiments of speech perception, the temporal domain is
important and the perception process is online.

_ In the previous ERP experiment on tone lateralization [42],
no specific language tasks are involved, and the right lateral-
ization of tone reflects the lateralization pattern on its physical
property. The merit of that and my ERP experiments is that
the temporal resolution is high and it is crucial to look inside the
time course of tone processing. In Luo et al.’s experiment, they.
.only examine the ERP component around 200ms. because of
the MMN paradigm. In my ERP experiments, the components
within 1000ms after the onset can all be analyzed.

The results of my four ERP experiments show that in early
and late time windows, the physical property and the linguistic
role both affect tone lateralization. The early and late time win-
dows are defined around P2 and N400 components. In previous
ERP studies, the functions of the P2 and N400 components have
been extensively explored. Based on the serial model of audi-
“tory sentence processing [18], P2 is assumed to be related with
word category processing which is after the phomological pro-
cessing at the N1 component . N400 component has long been
associated with semantic processing and it will increase when
the material does nof integrate with the context. Although it
has been assumed that different functions are represented in
different ERP components and the processing is mainly serial
other than parallel, the results of my experiments indicate that
different functions are presented in both early and late ERP
components. In the two DL experiments, the two factors af-
fect the lateralization of the P2 components, and in the word
priming experiment, both factors interact with P2 component
as well. The linguistic role also affects the lateralization around
the 400ms time windows after the onset of the first syllable in
the disyllabic pseudo-words. In the sentence semantic violation
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experiment, the deviation of tone or consonant interacts with
the N400 lateralization around 300 ms-400 ms after the onset of+
the target syllable. In sum, it is hard to dissociate the effects of
these two factors in the time course. They may be dissociated in
the spatial distribution in later studies, which indicates different
neural sources of these two factors.

The result of the behavioral experiment shows an increas-
ing trend of the REA in the 0dB and -10dB S/N conditions, com-
pared with that in the clean condition. In the -20dB S/N condi-
tion, the REA decreases compared with that in the -10dB S/N
condition, shown by an abrupt decrease of the correctness (See
Table 5.1). The error rate in the -20dB S/N condition matches
that in Wang et al.’s study at -10dB S/N ratio [63]. However,
the effect of the REA is much weaker than their results when
the POE values are compared.

I reproduce the same set of stimuli used in Wang et al.’s
study and use the similar -procedures as them [63]. I have a
strict control of the hearing ability difference of the recruited
subjects in group 1 and the environmental noise, which has not
been reported in detail in their study. In my experiment, the
hearing ability difference between the left and right ear of each
subject is not greater than 10dB, at 7 frequency levels from
125 to 8000Hz. My test is done in a sound proof booth with
the environmental noise around 40-45dB. The different experi-
mental results between these two studies may be caused by the
different experimental controls. The differences of the hearing
abilities between the left and right ears may cause different ear
advantages in the DL experiment, even in the normal hearing
subjects. '

At least, my data show that the -10dB S/N ratio increases
the POE compared with that in the clean condition. This re-
sult infers that the white noise increases the REA in the tone
DL experiment. Therefore, the comparison between the testing
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results of Mandarin subjects in noisy condition and those of En-
glish subjects in clean condition is unfair, not to mention when
the hearing ability is not strictly controlled. And the claim of
the REA of the lexical tone in Mandarin native speakers may
not be true in the previous tone DL experiment.

6.2 Is tone bilaterally processed?

Although I do not argue for an absolute lateralization of tone
processing, the general trend of the lateralization could be dis-
cussed. Since the two underlying factors of tone processing are
toward the opposite directions, tone perception must include
the interhemispheric communications and the two hemispheres
should both carry out parts of the processing. In this sense, tone
is processed bilaterally.

In my ERP data, because the testing materials always have
fast changing acoustic cues, the general pattern of lateralization
of ERP components is always toward the left side. It is impossi-
ble to dissociate the base syllables from tones in tone language
when distinguishing lexical meanings. The relative lateraliza-
tion pattern of tones in different conditions is examined by ma-
‘nipulating various factors, and it is hard to dissociate a pure
contribution of the tone processing in my ERP experiments. In

my opinion, there is no way to determine the tone lateralization
~ alone without considering the underlying factors. The linguistic
processes in the brain are broadly distributed among all four
lobes, and there is no ’language’ center in the brain. It is rea-
sonable to assume joint operations in different parts of the brain
for tone processing. The relative contribution of each underlying
factor could be explored in future studies.
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6.3 Structul:al differences in the two hemi-
spheres

In Zatorre et al’s review on language and pitch lateralization,
they have mentioned a cytoarchitectural difference between the
left and the right superior temporal gyri. The cellular com-
position differences may predict different functions in the two
hemispheres. Left hemisphere has large and heavily myelinated
cells, which suggests a fast conduction of the electrical signals.
This mechanism may allow a better temporal resolution of the
auditory signals, since the cells could detect the signal changes
that happen in a short time window. However, the cells in the
right hemisphere are relatively small in size and have less myelin
sheath. The function of the myelin sheath is to make the signal
transform quickly inside axons. The lack of this structure could
result in a slow conducting rate of the signals in the right hemi-
sphere. But this slow response may raise another advantage in
the signal detection. Since the signal is transformed slowly, it
‘will be preserved much longer, and the signal changes that hap-
pen after a long time can be detected easily. However, for a
continuously changing signal which varies slightly along a rel-
atively longer time window, the fast conductive cells may not
detect these small differences.

A good analogue of this temporal and spectral trade-off effect
is the Fourier transform. In the engineering signal processing
methods, a better temporal resolution in a shorter time win-
dow always causes a sacrifice of the spectral resolution, and the
precision in the narrower frequency band needs a longer time
window to be analyzed. The neural system may have similar
general patterns, although the details of the neural processing
of information are not yet clear. The advantages of temporal
and spectral resolutions in the left and right hemispheres may
be caused by either the different properties of single cells or
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the emerging property that sum up all feedbacks from neuronal
function groups.

The above structural differences between the two hemispheres
may predict the iunwond] differences when different stimuli
with fast or slow changing acoustical propertics are perceived.

There is another kind of structural difference between the
two hemispheres which may predict functional lateralization of
semantics. In Parker et al.’s DTI (diffusion tensor imagning)
studies, dorsal and ventral language pathways arc examined.
They find a greater lateralization in the ventral pathway con-
necting the superior temporal gyrus, middle temporal gyrus to
the inferior temporal gyrus. In previous neuroimaging studies,
the middle temporal gyrus is associated with the semantic pro-
cessing [7, 14}, and it is left lateralized. The results of these
functional neuroimaging studies are direct proofs of the left lat-
eralization caused by the linguistic role of tones. And the struc-
tural differences between the left and right white matter volumes
are consistent with the trends of those functional neuroimaging
studies. '

Further discussion about how my study of tone lateralization
links with a broader view of the neural bases of language and
brain functional localization will be discussed in the following
section.

6.4 ‘Language as an interface’

In the study of the functional organization of human brains,
a basic assumption is that each of the cognitive functions is
segregated in certain brain regions. It is a recent trend to study
the functional integration of the cognition [19, 43]. However, in
the theory of the cognitive bases for language, it has been a long
history since the integrated view was proposed.

The basic assumption in my ERP studies of tone lateral-
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ization is that the language functions involve various more ba-
sic cognitive functions. As in the ‘mosaic theory’ proposed by
William S-Y. WANG in 1967, “language is regarded as a kind
of ‘“interface’ among a wvariety of more basic abilities. These
abilities underlie nonlinguistic processes as well, and involve the
perception of patterns in the frequency and témpnml domains,
the coding and storage of events and objects at different levels of
memory, the manipulation of various hierarchical mental struc-
tures.” (p116, [60]) }

In my ERP studies, the results support that the pitch percep-
tion and the semantic processing both contribute to the tone per-
ception and affect the functional lateralization of it. Although
the ERP experiments can not localize precisely the region of the
functions of the underlying cognitive processes, lateralization is
a rough measurement of the localization, and the influences of
the semantics and the acoustic cues are consistent with other
behavioral and neuroimaging studies.

By looking at the language functions as integrated necural
processes, other than the historical view that the Broca’s arca
is the site for speech production, the Wernicke’s area is the site
for speech perception, and the left hemisphere is language dom-
inant hemisphere for all language functions, the puzzles of tone
lateralization could be resolved.

6.5 Tone lateralization puzzle

‘
The current ERP studies on tone lateralization propose a fresh
view different from previous studies. It has been discussed re-
cently that the tone lateralization should be dissected into differ-
ent, conditions, knowing that both the 'task-dependent’ and the
‘cue-dependent’ hypotheses only tell parts of the truth. How-
ever, there were no specific solutions to this intriguing question.
Although previous studies have already cumulated consistent re-
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sults regarding lateralization of semantics and pitch perception,
no previous work has analyzed them in the frame work of tone
lateralization. Since the nature of the tones covers these two
basic factors, it is reasonable to explore the effect of pitch and
semantic processing on tone lateralization.

6.6 Brain is a dynamic system

The ERP results reflect that certain brain function may have
multiple hicrarchies, and the functional lateralization is not fixed.
Different brain regions work together to process the complex
cognitive function such as language. Tone study is a good ex-
ample of it. "The changes of the acoustical properties or the
semantics of the materials alone may affect brain lateralization,
during the same type of tasks using similar sounds.

To further explore the functional localization of the basic
cognitive functions, other experimental methods such as fMRI
should be used in future studies, which will provide further cvi-
“dence of the current ERP studies.

6.7 Future work

An interesting question raised in Chapter 5 is that whether dif-
ferent tones have different lateralization. According to Poeppel
[49], the fast changin acoustic cues are left lateralized, while
the slow changing acoustic cues are right lateralized. 1If the
pitch changes of the contour tones are detectable within sev-
eral dozens of milliseconds, it might be categorized to the ‘fast
changing’ sounds and be left lateralized. This is supported by
the data in Chapter 5. It may also predict that the low rising
tone in Cantonese has a less left lateralization than the high
rising tone. Further neuroimaging evidence needs to be found.
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Other experimental methods such as fMRI study need to be
“used to confirm these findings in my studies, although the tem-
poral resolution of fMRI is not as good as ERP. In previous
fMRI studies the comparison between pscudo- and real-words
has not been examined on tone perception. The precise spa-
tial localization of this contrast is an interesting question, and
could be compared with the same comparison when the vowels
or consonants arc changed. If the regions are the same, it will
indicate that the semantic processing is in certain brain regions
irrelevant of the acoustic cues. Otherwise, it will confirm that
different types of acoustic cues have different brain mechanisms
and each has a specific phonetic and semantic interface.
Moreover, the Mandarin phoneme and toneme auditory pro-
cessing has not been studied thoroughly in the previous work.
The relation between non-linguistic cues and specific linguistic
phonological contrasts should be examined more carefully. This
will help us understand better the neural bases of language.

O End of chapter.
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Supplementary materials

Table A.1: Stimuli of the first DL experiment

Dichotic
trials

REAL SYLLABLES

PSEUDO-SYLLABLES

Consonant.
dichotic

~ trials
and
Chinese
Characters

(bao), (dao)
6, 7]

(bdo), (ddo)
B 13

(dao), (bao)
7], &

(dao), (bao)
T8, &

(bua), (dua)

(bua), (dua)

(dua), (bua)

(dud), (bua)

Tone
dichotic
trial
and

Chinese
Characters

(bao), (bdo)

(dao), (dao)
71, T3

L3

(bdo), (bao)

(ddo), (dao)
5, 7]

(bua), (bua)

(dua), (dud)

(bud), (bua)

(dud), (dua)

120
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(h) (dud)

Figure A.1: Sound waveforms and the spectrograms (0-5000Hz) of the first
DL experiment. The pitch contours are also shown in the spectrograms (75

500Hz).
~
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Figure A.2: The PTA form and the hafdedness test form used in the ERP
experiments. ’
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-

(g) (te)

Figure A.3: Sound waveforms and the spectrograms (0 5000Hz) of the second
DL experiment. The pitch contours are also shown in the spectrograms (75
500Hz). ;
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Table A.2: Materials of the word priming experiment. real words. part -]

f
Gonsonant.  Real Word Tone  Real Word Non- Real Word
Primes Targots Primes  Targets Primes Targets

=] IhEE 1t ¥ H HA
& fe 2 N B R
H R L KRBT % L
3 A [E] JtH R i e
tH BER Tic oK R HH
. b T \ Al X & ai
5 Ir & K & WK
I 515 i JHAR 270 RIK HH
® LR H Hi & ==}
X L4} A W 5 7T
& JiE {33 Ji A 8 AR
7K vl 5 TiE 15 E20G
& Bt Ex g 2% 2 G2
+ B 4 A £ GRE 3
o, 2 i £ 1% T
) 1< FH K bt 7 L
5 i B AR % i
S A& * ipgla] " R
5 &% R NE iX 23S
F 61 T G G SN
piy W 41 AR JA i
& 7N P X A % (fa) FE
iz A0 = RE M iEHL
1= Bt 1k Vi i3 A<
I 1213 * EE E TR 1%
¥ it &2 ME 1N =
(7} BY) & LET %] iRRY
B e I 15 &z &t
)| e Ak ¥/ X )18
il B bt T x E

(continued on
next page)
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Table A.3: Materials of the word priming experiment. real words, part 2

3]

- : .
(Following Table A.2)

Consonant  Real Word Tone  Real Word Non-  Real Word
Primes - Targets rimes  Targets Primes  Targets
K AR . 2% A5 itz "
N ©7 X Z U B BER
& AR B i Mo R
3T R = R g o ff. fE
K ES 5 T RS )
7] E- bal A it ZA
) e T W A
L piifes) e 3| itk +i
w/ . ®E i) LAHI X F %
BE ke £ MR s B
hz, =k i 3 A ;.
% A% & e B (R 4%
Z 7z i1 HE : F it
v #E S Y L &

K il B LAfS i it
e 31 b b J5 5 5
it "X K MF e cdhiliig)
5] B [ H i {Mp1) 4
1# X o I 4] fEx
i) _E % #fm S FHE
gt ) ¥ wA 4 JE
JEE RFE 5] Z ¥ & oEz
& it L3 P 54 wekd
H #h{E * {m] 3 U, 11294
i NE 21 ZRIN Fh KFH.
o T i g
i3 L ¥ h& i i)
o [ 11 TF 3 KK
il F%51 2] A E2 BT
il B it e 1A EE:
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The real words are chosen from the Sinica Corpus of the
Academia Sinica (http://elearning.ling.sinica.edu.tw/eng_jindai.html).
The average rank of the real words is 827.4. The highest rank of
these words is 45 and the lowest rank is 1,956. All real words are
within the top 2,000 most frequently used words in the corpus.

The average frequency of occurrences of the words is 1,194.5 -
with the highest frequency of 9,059 and lowest frequency of 302.
All words are disyllabic noun words.

Table A.4: Materials of the word primning experiment, pseudo-words, part 1

Consonant Pscudo-Word Tone  Pseudo-Word Non-  Pseudo-Word

Primes Targets Primes Targets Primes Targets
s =4 T 4 Br ) T
i REdiE T k=t iy 2
14 iR i) 7N St #5E
ik PR & ERYY 3 R

A (fh) nE A f&[ml il B
g (G- 7 4B% t8
ey N B RE R VAW:N
% =t I 2~k FE e
25 & g ~R e PLEC
iE - e 2t H10 23 Wik
HE ER j N iz ST
B B3 % IR A A 3E
7S LEE Zi%k (X% + AL
[:E] =wy & =k 4k PSf7
& B ¥ 5 i) &
[ nhy Gl AR o 3R
L&) Rz 7 H L FRE

(continued on

next page}
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Table A.5: Materials of the word priming experiment, pseudo-words, part 2

(Following  Table A.4)

Consonant Pseudo-Word Tone  Pseudo-Word Non-  Pseudo-Word

Primes = Targets Primes Targets Primes Targets
fii 24 e [ 7 5 5F
5. AFE i TR EE S (£
i [ X R KR * AT
it R e B+ B (san) [lH
% B 3 i fym) AR
B - %E & (8 E % g
1A A+ A 443 2 AR
it ZilEs] il #TIL i AE
0 N & R e A
o #1a it T fidi [E &
i o b A 1} mE
&F EA 7T 1Tl ik TR
&K R 17 [A] ffr - H Ui
T ZWAN fit B il R
: w # % 2 1 %5
fioh . Ik o Bl R 7NER
F TNE i1 fla 5 K
G % 2 i 1 nt: K&
Al R R ZI] i 1Y
W €11 H BN p) = /NE
Coom %8 1 RS i Z%
8 BAZ: R’ ZiR = e
W& fifiti T& I e T
/N [ % (she) SR P fiz i
# © W # et £ Wit
xF LAk .15 CE: & %
22 EW g % ¥ b
24 L = - AR il Ak B
% % w0 KkE | ® i
- R 1 Bk 7/ w5 g3 Wil
. - ' (to be

. continued)
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Table A.6: Materials of the word priming experiment. pseudo-words, part 3

(Following  Table A.5)

Consonant I’Pseudo-Word Tone Psv.ndo—W()r(f Non-  Pscudo-Word
Primes Targets Primes Targets Primes Targets
% gt I} il i s
% £ & &) =Yt A L
+ T 3} e 0, e
i X A iR =) LN
2 FLBA 2 Pt % H&
& yiia B ik i iE ik
& 155 #= iz & ME
Jit T i3 & i N
J& ) b HE 3 B
=1 BB i3 L & Fydili]
™ Ell /N - K IR
i paLs 1H E i} e RN

In the following tables, materials used in the sentence seman-
tic violation experiment arc listed. All sentences are composed
of 11 characters, which are constructed to two phrases with the
maximum length of 7 characters and the minimun length of 4
characters. The target word in each sentence is the last charac-
ter, which is a monosyllabic word. The syntax of the sentence
is controlled such that the second last character 1s the verb and
the last character is the object.
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Table A.7: The stimuli of the semantic violation in sentences, part 1
Consonant Toune Nou-
violation violation violation
/NEATEARTG, A RETETL L FLEES R3]
RTELVERE () - WERFG (E) . Bi&Eaiy.
NERT R, e E AR ATRY BEmE,
RIRZWEE (K - AR (BR) . PR R .
Rz ITIXIKH#, finth AL, PN AR,
2R VHEE (K . FEMARZE (D) - MRS -
/NAR AR L HEENFHL, fib ANt JRE o A
W ERZ T (gan) (R - IHRCREE (%) . & 1Rk -
BRA T, KBS, IR —IAF R
ANRIEGERME () - RTRARM LfHER (e, . - R -
JOUBBEREL [ EETR AR, IXEBFHAR,
#EEEM (5 - ARIKERE () - A AR -
/IR BESE B, METNT T fi 1E A ERHK,
WEEFL (K - SERBE (F) . S
R T LHEEIE, BRG],
FERta R (R . SRR (F) . ESpaFiip:
X KA HERA, SMETFE T fb 12 A #1330,
EREERH FR) - t ZOTHERL () . HIE R -
Bl JLRAR . SRS, i PN AR AT
HCTERE () - BAREBRBRE (H) . LHEME.
I EE RN X ARSEAE, EHRAE,
PIFEFITIR (F) - BELEWA (F) o HER T 5E -
AR REH HRATRRFLE [ RAKET,
i LS T . HAEEHFR () - HISEET .
BRE FER, KEXEANT, B ok,
BEMEBE () - R EEE () - fih SR B -
BiX— A/, IR E NG, NRERBRE.
ARESMR (B . BHEEMWE (4) . MR B -
AR SAET, fih—a)iEE UL, HEHRFHE,
FHIAMRRE K . EEZBR (B . BRENRR -
{to be

continued)
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Table A.8: The stimuli of the seinantic violation in sentences, part 2
(Following Table A.7)

Consonant Tone Non-
violation violation violation
AR LT 15, FERAFE, Wi A RIS
EERSEW (5t . AR ERE (N . RESNHA T -
HIRK, S\ 'NREITFHE
RAXTHESRSER () - BIREELSES R . WREREE.
LEBEREE. ERELLE. FHEXTE,
BEEEE (B . e ke (E) - H R B A
CIRIb i RS #E RN TFTK
FHPLas#ree (H) - R KBIE () - B U 22 A -
SRR, E R, BEW T,
BB E (H) - CEAERY ) - FAPLSERATHE .
L RIRIZE BN 5, TESE T AT, AT RS TR A
SEERE k) . ARFRRIR G () . N R .
RHEBAE 5K F], BIRIAER . NETS,
TNERER] (F8) . SRIEREE (7)) o FOVFSERR
A EFTEK, HIFETT, YN
HREBE (/) - HgHET X (R . ZEREMGLE -
RN L, i, TV EGRCIR & BT s b AT Ui
BORFITHE () - FHEIGE () - BERFEEN .
N THEAT INVERTR T H T RRERE,
bl IR (58) . BIAELER () - R ST A
HORBAA, HE 22 B e MIEESZ T,
AKRZ%EE (1) - BEREE (A . ANEZH I, -
I RET AR5 B} {1, L RS 0k
PR ERE (57 - AT AGRERRE S () . i [e S AR B 515
AR A= %7, L5 A NRFRBRAE,
RIFFhifE (&) » ZEEBEW F) - FALH 2 -
WATIRIMARSS EFLE T ¢ASFUED
WMzl () . th—EETLE () - MWTTIFRER.
B W (9] B, REETH, fib 3B AR S
iR+ () . BEATHFEES (F) - SBERFEIRE.
(to be

continued)
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Table A.9: The stimuli of the semantic violation in sentences, part 3

(Following Table A.8)

Consonant. Tone Non-
violation violation violation
fils IR RERRR B 18 MEKRIFEA, BEFRIER.
BRI (B - AV KIS W0 . WM NILTE -
/MBI SESEAL (GBI T SRFER .
BFAHHE (E) - ARER (B (M . ICERE XL E .
KIURSE, FFIE A HEEHE.
BREEREIR (8 -  FRAFHEEE GO - A BITRRE -
B2 T, EELHEM ANRE RO
WNERTIK GE) . RIEMRER K - fils B XKME LS -
XRNTEBES, (8RN eI Z A,
AuEiEE (R . IR G (H) o /NMBEEERIR .
HERT LA, FRFE Ty i
ARSI (B . WEIFEERE (B . SRIEAFN.
REDBER, fth 3R ES 72, HTRR,
HAARE ) - HWEGNBRE (24 . B R
—HFNEITH, b bUG Yz 2 H A
EfH L (%) . SATLABL (3F) . B R F R -
SRAEFHH, FASHE N, ATEES S =)
KATHSR (H) o BN TEM (E - AREERRME -
NEFRE S /BRI TH ERBEZ)A,
SERBELYE () . FHEAR R . s S AR O -
HHTE T, ERAET BT BR—EE,
BIHEABRR () - BHAREA (2) . LV PR L TR
/NRRABER TSR, NEFZRE . AEMEEC,
HESRSER (7D AERIQH AL . AREREE -
HREINRE MNFFER . bR 1754,
AREREMREE () .« AUERBIBEMIRE (BF) o SRNERIBE .
FESE R, A& HEFZ, NEEEE A,
AFEHEER (fL) - HR/EFRR (&) . IEHEFITEK -
HIRE @S] 1 MG, BESFAT 2T
iR EwtL Ok . X JLREZE (+) - ARt K
(to be

continued)
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Table A.10: The stimuli of the semantic violation in sentences, part 4

(Following Table A.9)

Consonant. Tone Non-
violation violation violation
i 5 R AE] AINEAME — BB AT FRIT MR AERT
BENE (B . MERB(yn) () WNEEE .
fth 22 H FTEIE, KA, fih IR RE
RAAVER () - HATEMRIZE (EF) . FDBRSF SR
HRATHEREA, ’ SRIESE, ANTERERE T
FEANERE ) o REBMBKETHR FD . IR CEE .
THFERHEIR, IEIERTRE] T, X IR TEERTE
HERHEBM (3K . FEEROE (o) () . TR IRS .
IR A, XIKRETHRR TRt E
EeTHRRE (B - RIZEF G i) . AR S AL -
EEBENEA, Z+EHT, i EE N
TREEG () . MBEZEEFL (5« KERIFEIE.
ELEHTHTT, RS V4T, fRIZ AR
e (B) - FHaEH (80 - TESHAL -
JK SR 1 AR it BRI VEHDANIE .
WERTSEHIRE (KD . BEHSTMN (') . XFRER ERR .
bt L, RRPBALHRA. NEFRENE,
FEERSG A GF) - SEEEE (A . JX LR AT -
Mo FNRE RTAT
ANREIRA (B - TAREBIFE k) - DRI E R -
SR FER, BT EREAL, Fedk LS
ETERHAB (1) - BEEZHE B . REARAEREA
R B AT, Mt FEmZiS,
TRNER (8 . LB REREL ()« TS -
BRE LA, fib =R AR FRAZE B
FHRER B . k¥ GB) - HIGEE .
FHTdEH, BATHRIGFH M, AT T,
ILPhERESR (B - fiEE S (B - FIEER .
NEEEL, AR ARE, ANTERNE T,

iR E e (GE) -

AR (L) .

ERIT B .
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Table A.11: The handedness score of the subjeets

Male - Handedness Feniale  Handedness

subjects SCOLe subjects SCOrC
1 - 1 a0
2 50 2 70
3 60 3 70)
4 64 4 ) 71
) 70 4] T80
6 80 § 90
7 90 7 100
8 90 8 100
9 90 9 100
10 90 10 100
11 90 11 100
12 90 12 100
13 100 13 100
14 100 14 100
15 100 15 100
16 100 16 100
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Table A.12: The response rate of each subject in the first DL experiment

Consonant  dichotic trial Tone dichotic trial

Real syllable Psceudo-  syllable Real  syllable Pseudo-  syllable
Left Right Left Right Left Right Left Right
100% 100%; 100%, 100% 100%  100% 100%; 100%
100%; 100% 100%, 100% 100%  100% 100%. 100%
100% 100%; 100%: 100% 100%  100% 100% 100%;
8% 69% 84% 81% T2%. 2% 91%, 88%,
91% 94% 7% 97% 59%. 63%. 2% 47%
94% 94% 94% 100%. 100%  100% 7% 97%
94% 100%, 100%; 94%, 88, 91% 81% 88%
100% 100% 100%, 100% 100%. 94% 100% 100%
88% 100% 97% 84%, 100%, 100% 100% 97%
8% 84%, 91% 94%. 97%  100% 91%. 97%.
100% 100% 100%, 100%. 100%  100% 100%. 100%
9% 81% 97% 91%, 100%  100% 100% 100%
78% 84% 100% 97% 100%  100% 97U 100%
100% 100% 94% 97% 7% 100% 100% 97%
100%, 100% 100%. 100%. 100%  100% 100% 100%
a7% 100% 100% 100%. 100%  100% 100%, 100%.
100% 100% 100%. 100%. 100%  100% 100% 100%,
97% 100% 100%, 100%, 100%, 100% 100%. 100%
94%; 88%; 94%; 91% 100%  100% 100%, 100%
100% 97% 100% 100%. 100%. 97%. 97% 100%
100%, 97% 100% 100%. 100% 100%. 100%. 100%.
94% N% 100% 97% 97% 97%. 100%. 100%,
50% 44%, 56% 59% 100%  100% 97% 100%
100%, 94%, 100% 100% 97% 100%. 100%. C97%
7% 7% 7% 100% 100%  100% 100% 100%.
100% 97% 100% 4% 88% 88% 84% 81%
7% 100% 94% 97% 100%  100% 100% 100%
97% 100%; 100% 100%, 100%  100% 100%, 100%,
97% 97% 97% 3% 100%  100% 4% 100%,
97% 100%, 100%, 97% 94% 100% v/ 94%
100% 100%, 100%, 100%, 7% 100% 100%, 100%
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Table A.13: The accuracy rate of cach subject in the first DL experiment

Consonant  dichetic trial Tone dichotic trial

Real syllable Pscudo-  syllable Real  syllable Pseudo-  syllable
Left Right Left Right Left  Right Left Right
72% 56% 44% AT% 97% 97% 97% 91%
38% 53% 28%, 8% 88% 97% N% 9%
69% 38% 81% 28%, 88%  88% 81% 91%
24% 55%; 44% 62% 61% 39% 48%, 46%,
55% 53% 48% 65% 42% GO%. 43% 67%
57% 50% 30% 66%; 88%: 78% 74% 74%
67% 28%: 53% 63% 39% 52% 35% 39%
66% 47% 41% A7T% 84% 83%. 75% 69%
71% 47% 39% 56% 63%  81% 63% 81% -
44% 52% 28% 47% 58%. 53% 48%. 55%
44% 53%; 34% 53% 72 88% 72% 72%
45% 42% 23% 66%. 9% 78%. 94%. 69%.
52% 48% 25%. 61% 100%.  97% 87 100%
56%: 59% 40% 48% 61%  66% 63% 55%
50% 50% 50%: 50% 66%. 66% 69% 66%
61% 63% 56%, 81% 53% 53% 63%: 50%
1% 44%, 50% 50%; 53% 47% 50U 47%.
19% 38% 13% 75% 75%, 78% 81% 69%,
50% 61% 40%, 52% 41% 88% 38% 56%
63% 55%: 53%: 47% 59% 58% 61% 6%
47% 61% 53% 31% 81% 91%. 75% 84%
50% 52% 44% 48%, 0% 90% 72% 8%
44%; 71% 33% A7% 94%, 81% 74%, 88%
47%, 53%; 41% 66%: TT% 75% 78%. 90%
65% 26% 65% 28%; 78% 72%. 2% 81%
44% 32% 53%. 80% 54%. 43% 63% 65%
45% 47% 63% 45% 97% 97% 88% 3%
61% 53% 63% 56% 78% 75% 63% 84%
55% 45%; 42%, 53% 81% 59% 83%. 72%
74% 28% 50% 52% 0% 8% 87% 80%:
34% 53% 56% 44% 55% 75% 69% 53%
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~ Table A.14: The response rate of cach subject in the second DL experiment

Consonant.  dichotic trial Tone dichotic trial
Real syllable Non- syllable Real syllable Non- syllable
Left Right Left  Right Left Right Left  Right
100% 100% 100%  100% 96%; 100%, 96% 100%
100% 100% 100%  100% 100%  100% 96% 100%
100% 100% 100%  100% 100%  100% 100%  100%
100% =~ 100% 96%  96% 92% 160% 92% 96%
100% 100%, 100%  100% 100%  100% 100%  100%
100% 100% 100%  100% 100%  100% 100%  100%
100% 100% 96% 100% 100%  100% 100%  100%
100%, 100% 100%  100% 100%  100% 100%  100%
9%6% 100% 100%  100% 100%  100% 100%  100%
100% 2% 96% 6% 100%  100% 100%  100%
100% 100% 100%  100% 100% 92% 6% 96%,
100% 100% 100%  100% 79% 79% 83% T9%
100%, 100% 6%, 9% % 83% 96%. 100%  96%
100% 6% 100%  100% 100% 96% 96% 100%
100%, 100% 100%  100% 100%  100% 100%  100%
100%, 100% 100%  100% 100%  100% 100%  100%
96% 100% 100%  92% 100%  100% 100%  100%
100% 100% 96%, 100%; 100%  100% 100%  100%
100%, 100% 100%  100% 100%  100% 100%  100%
100%: 96% 100%  92% 100%  100% 96% 96%,
100% 100%, 100%  100% 100%  100% 100%  100%
92% 100%; 96% 100% 100%  100% 100%  100%
100%, 100% 100%  100% 100%  100% 100% 100%
100%; 100% 2% 100% 96% 100% 100%  100%
92% 100%; 2% 9%6% 100%  100% 100%  100%
100% 100% 96% 100%, 100%  100% 100%  100%
100%; 100% 100%  100% 100%  100% 100%. 1()()%=
100% 100% 6% 100% 100%  100% 100%  100%
100% 100%; 92% 6% 100%  100% 100%  100%
100% 100% 100%  100% 1% 67% 9%  79%
100% 100% 100%  100% 100%  100% 100%  96%
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Table A.15: The accuracy rate of cachi subject in the second DL experiment

* Consonant dichotic trial Tone dichotic trial
" Real syllable Non- syllable Real syllable Non-  syllable
Left Right Left  Right Left Right Left Right
* 54% 1% T9% 88% 78% 92%, 919 100%
21%, 58% 46%, 63% T9% TOY% T8N 83%
88 100% 100%  100% 100% 100%. 100%  100%
17% 96% 4% B3 73% 92% 64 9%
29% 50% 38% 63% 88%. 88%. 679 Ry
92%. 9% 92%. 96%. 92% 100%. 100%.  100%.
54%, 71% T0%, 67% 83%. 92% 83%. 96
58% 71% 71% 71% R8%, 8% 96U 92%.
61% 75% 71% 92% 88Y%. 100%. 96 92%
38% % | 3% 5T% 50%  B4% 54%  50%
88% 92% 88%. 92% 92%. 95% B3N, 91%
38% 67% 8% 67% 37%. 79% T0% 84U
38% 63% 57% 48%; 30% T0% 50% 57T%
100% 96% 92% 100% 100% 100%. 96 100%
54% 63% 63% 54%, 96%. 88% 100% 67%
71% 75% 75% 83% 83% 96%. 100% 96%,
87% 96% 9%, 82% 92%. 6% 100%. 96%.
38% 79% 65% 50% 58% 46%. 67% 587
83% 54% 92% 63% 96%. TO%, 88Y 88%.
46% 57% 21% 59%, 33% 67% 30% 70%
63% 96% 5% 92% 92%. 96%, 964, 92%,
55% 46% 87% 75% T9%. 92%. 75%. 88%,
42% 42% 38% 67% 67% 75% 54%, 71%
83% 88% 82%  83% 83%  92% 83%  96%
36% 83% 59% 87% T9% B8 96% 88%;
50% 67% 61% 88% 8% 92%. 92% 71%
1% 71% 75% 92% 5% 58% 75% 88%;
67% 92% 74%  100% 88% 92% 6% 92%
50% 1% 50% A8% - 88% 2%, 96% 96%
42% 58% 50% 54% 41% 63% 26% 58%,
29% 8% | 2% 1% 83%  88% 88%  91%
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Table A.16: The response rate of each subject in the word priming experiment

Real word conditions Pseudo- word conditions
Consonant Tone Non- Consonant Tone Non-

priming priming priming priming priming priming
100% 100% 100% 100% 100% 100%
100% 98% 100% 98% 100% 100%
98% 100% 98% 100% 98% 100%
100% 100% 100% 100% 100% 100%
100% 100% 100% 100% 100% 100%
100% 100% 100% 100% 100% 100%
100% 98% 100% 100% 100% 100%
100% 100% 100% 100% 100% - 100%
100% 100% 100% 100% 100% 100%
100% -100% 100% 100% 100% 100%
100% 98% 100% 100% 100% 97%
100% 100% 100% 100% 100% 100%
100% 100% 100% 100% 100% 100%
100% 100% 100% 100% 100%; 100%
100% 100% 100% 100% 100% 100%
100% 100% 100% 100% 100% 0%
100% 100% 100% 100% 100% J100%
100% 100% - 100% 100% 100% 100%
100% 100% 100% 100% 100% 100%
100% 100% 100% 100% 100% 100%
100% 100% 100% 100% 100% 100%
100% 100% 100% 98% 100% 98%
100% 100% 100% 100% 100% 98%
100% 100% 100% 100% 100% 100%
100% 100% 100% 100% 100% 100%
100% 100% 100% 100% 100% 100%
100% 100% 100% 100% 100% 100%
100% 100% 100% 100% 100% 100%
100% 100% - 98% 100% 100% 100%
100% 98% 100% 100% 100% 100%
100% 100% 100% 100% 100% 100%
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Table A.17: The accuracy rate of each subject in the word priming experi-
meit

Real " word conditions Pseudo- word conditions
Consonant Tone Non- Consonant Tone Non-
priming priming priming - priming priming priming
100% 100% 93% 98% 90% 100%
98% 97% 100% 93% 97% 93%
97% 100% 100% 98Y% 97% 97%
98% 100% 97% 100% 98% 95%
98% 97% 87% 98% 97% 93%
97% 98% 97% ’ 100% 100% 98%
98% 97% - 100% 97% 100% 93%
95% 98% 90% 100% 95% _ 100%
100% 98% 100% 98% 98% 100%
98% 97% 87% 100% 97% 100%
95% 95% 98% 97% 98% 95% °
95% 100% 98% 100% 97% 100%
100% 98% 100% 97% 98% 95%
98% 100% 100% T 95% 98% 100%
97% 97% 95% 100% 97% 97%
100% 97% - 100% 95% 95% 97%\
97% 100% 97% 100% - 100% 97%
95% 100% 98% 100% 98% 93%
98% 100% 95% 100% 97% 100%
98% 100% 97% 100% 100% 100%
a7% 97% 98% 95% 98% 90%
98% 95% 92% 95% 93% 95%
98% 98% 95% 97% 95% 95%
100% 98% 93% 100% 98% 92%
33% 95% 33% 92% 25% 97%
93% 100% 93% 100% 92% 98%
95% 92% 98% 95% 98% 97%,
98% 100% 100% 98% 98% 95%
9% 98% 95% 98% 98% 97%
95% 100% 95% 85% 97% 92%
98% 97% 100% 97% 98% 98%
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Table A.18: The reaction time and the priming effects of each subject in the
word priming experiment. (ms)

Real word conditions Pseudo- word conditions
Consonant Tone Non- Consonant Tone Non-
priming priming priming priming priming priming
951.23 986.20 975.10 979.78 949.52 1017.60
896.18 888.80 906.52 983.80 1066.15 979.83
1186.49 1226.56 1160.49 1494.30 1524.08 1434.03
703.55 732.02 725.98 881.70 885.38 884.30
763.45 793.25 777.42 833.73 859.40 837.68
936.80 951.18 954.80 1032.68 1057.45 1020.13
1116.98 1076.08 1095.78 1144.46 1140.13 1140.15
725.93 745.42 739.05 779.72 803.47 803.03
816.50 834.73 832.22 906.77 905.08 878.33
860.50 953.13 878.42 042.77 1944.38 935.57
850.67 899.90 876.97 1042.14 1075.23 1040.86
933.17 048.57 918.05 955.12 970.90 958.02
787.93 814.83 799.62 930.95 931.22 966.50
014.28 929.03 959.88 1145.48 1130.18 1041.58
759.82 763.90 755.92 827.52 831.90 835.05
869.52 889.42 879.23 1098.70 1090.72 1077.37
1223.03 1236.67 1140.37 1275.60 1255.87 1245.25
883.20 927.37 880.37 1045.13 1032.62 1070.10
933.65 917.55 917.15 1023.43 1013.38 1017.82
790.07 800.15 796.58 935.77 942.63 917.50
732.25 754.33 762.93 889.97 902.32 912.15
863.68 855.53 861.13 959.38 977.81 961.92
892.47 1004.33 1023.72 1193.80 1249.48 1171.19
828.82 876.90 847.32 978.85 1008.97 991.62
1339.37 1335.65 1392.58 1338.72 1346.20 1318.88
753.22 746.27 743.93 757.00 770.73 755.90
1010.57 988.42 1040.50 1157.35 1103.73 1103.20
907.97 950.42 923.23 1061.27 1040.30 1047.35
795.50 820.19 819.87 907.18 © 905.80 865.47
876.00 956.07 913.97 1061.34 1208.22 1037.22
866.37 876.50 845.93 959.47 969.70 990.38
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Table A.19: The response rate and accuracy rate of each subject in the
sentence semantic violation experiment

Response rate Accuracy rate

Consonant Tone Non- Consonant Tone Non-

violation violation violation Tiolation violation violation
100% 100% 100% 87% 100% 92%
100% 100% 100% 93% 98%, 92%
100% 100% 100% 95% 98Y% 98Y%
100% 100% 100% 90% 98% 92%
100% 100% 100% 9% . 97Y% 97%
100% 100% 100% 93Y% 95Y% 97%
100% 100% 100% 97% 98Y% 93%
100% 100% 100% 93Y% 97% 98Y%
100% 100% 100% - 92Y% 100% 93%
100% 100% 100% 87% 97% 95%,
100% 100% 100% 95% 97% 95%
100% 100% 100% 92% 93% 95%,
100% 100% 100% 90% 93% 95%
100% 100% 100% 87% 93% 92Y%
100% 100% . 100% 97% 100% 97%
100% 100% 100% 92% 98Y%: 95%
100% 100% 100% 92% 97% 92%
100% 100% 100% ,90% 100% 95%
100% 100% 100% 95% 98% 92%
100% 100% 100% 92% 95% 95%
100% 100% 100% - 88% 93% 93%
100% 100% 100% 88% 93% 95%
100% 100% 100% 97% 93% 90%
100% 100% 100% 93% 95% 95%
100% 100% 100% : 88% 95% - * 92%
100% 100% 100% 93% 9% 9% -
100% 100% 100% 93% . 98% 97%
100% 100% 100% 95% 95% 88%
98% 100% 100% 97% 98% 95%
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Table A.20: The reaction time of each subject in the sentence semantic

violation experiment

P

Reaction time (ms)
Consonant Tone Non-
violation violation violation
926.45 896.28 992.7
695.88 680.93 711.02
1338.13 1304.73 1318.8
687.08 663.02 652.5
897.28 874.42 . 849.55
964.82 881.7 - 978.83
750.13 740 803.88
957.05 872.47 872.18
823.18 778.97 707
1028.17 983.72 1023.88
863.55 829.63 803.93
616.9 607.6 536.18
851.47 899.7 852.73
1234.73 1136.52 1251.67
873.65 - 744.3 752.78
887.95 836.8 902:33 -
782.95° 760.1 756.87
785.55 766.62 | 687.02
863.4 870.55 937.13
656.75 634.23 664.92
829.68 _ 873.48 84217
801.42 818.97 803.33
1009.05 919.13 971.3
706.3 666.62 . 6567.57
735.78 721.87 735.77
"891.08 894.57 752.33
959.82 872.87 827.48
589.92 553.32 593.88 -
1341.25 -

1423.98

1213.45
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Table A.21: The 16 monosyllabic words used in the DL experiment under
noisy conditions (adopted from [63))

Character Pinyin Tone English
ol fan 1 sail
I fan 2 ALNOY
573 fin 3 IeVerse
(7 fan 4 meal
A ZU0 1 pan
[E] g0 2 country
R guo 3 fruit
it BUO 4 pass
X hui 1 gray
fe] hui 2 return
3 hi 3 destroy
2 hud 4 nieeting
i shi 1 teacher

f- shi 2 ten
B shi 3 history
s shi 4 right

O End of chapter.
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