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ABSTRACT

Speech sounds vary across different conditions and subjects; nevertheless, listeners
perceive the phonemes without difficulties. Categorical perception (CP) occurs when
listeners map the varying speech sounds into discrete phonemic categories. In CP, to
discnminate a pair of stimuli that cross a category boundary is much easier than those that
lie within the same category, even though both pairs are separated by an equal physical

difference. CP is one of the important properties e¢ssential for speech perception.

Pitch contour or its acoustic correlate, fundamental frequency (F0), distinguishes
lexical meanings in tone languages. Two topics on CP of lexical tones were studied in the
thesis: (1) the factors influencing CP, and (2) the temporal process of CP. These two topics
were investigated through both behavioral and event-related-potential (ERP) methods on

Cantonese and Mandarin tones.

Four factors were studied. They were (1) intrinsic acoustic properties of pitch
contours by comparison between continua of level tones and contour tones; (2) positions of
target syllables relative to context (without contextual sentence, at the beginning and at the
end of the contextual sentence); (3) language backgrounds by comparison between listeners
with diffe.rent tone experiences; and (4) camier syllables (real word, non word, and
nonspeech). Three temporal stages were studied in the same experimental paradigm. They
were (1) the preattentive stage investigated through the mismatch negativity (MMN); (2) the
attentive stage investigated through the P300; and (3) the overt response stage investigated
through the hit rate data.

All these four factors influence the degree of CP. In the discussion, both gcne?al
auditory processing and language specific processing are suggested to be responsible for the
various types of exhibition of CP, although they have different weights for different factors.
Different patterns of CP were also observed in three temporal stages due to different
weights of these two types of processing. In summary, a multistage model which includes
both general auditory processing and language specific processing is proposed to explain
the CP of lexical tones. This model improves previous models by proposing that the
weights of these two types of processing in speech perception depend on the types of

factors, and the temporal processing stages.
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Finally, for the first time in the literature, the thesis also reﬁorted that even though a
tone contrast (i.e., level vs. rising) is present in both tone systems, the same contrast is
perceived differently by the two groups of subjects by virtue of their different language

experiences.
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CHAPTER 1 INTRODUCTION

1.1. Categorical Perception and Its Importance

Every day, we cluster things around us into different categones with or without being
conscious of doing so. We know a table is a table, no matter whether it is round or square,
large or small. We would not mistake a table for a chair or a stool. The ability to classify
things and events into categories is one of the important cognitive abilities of human beings:
cognition is categorization (Harnad, 1987). Categorization reduces the number and variety
of the many objects, which need to be remembered. “Categorization occurs when we focus
on important properties that are common to different objects and ignore irrelevant details
(Repp, 1984).”

Categorization occurs in many domains, from a concrete object such as a cat or a dog
to an abstract idea such as goodness or truth, from the visual domain such as different
colors to the auditory domain such as gliffere’nt types of sounds. When some categories are
formed, there is a relative percep’tuaf E:hange on the category boundary by enlarging the
perceptual distance on the category boundary while shrinking the perceptual distance within

a category. This phenomenon is called Categorical Perception (CP).
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Figure 1.1.1 Hlustrations of the spectrographic patterns for stimuli used in the
experiment by Haskins Laboratories. Pattern 14, at the lower right, is complete in both
time and spectral demains. (For discussion, see the text for details) {Taken from
(Liberman, Harris, Hoffman, & Griffith, 1957)]
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CP in speech sounds is first observed by Haskins Laboratories (Liberman, et &l
1957). In this first CP expeniment, Liberman et al. constructed a series of syllables spanning
the three categoriés /b/, /d/, and /g/ preceding a vowel /e/ by varying the transition of the
second formant (F2). The first and second formants of this series of syllables are shown in
Figurel.1.1. In the figure, fourteen 300 ms stimuli were constructed to represent the series.
The results showed that the continuum can be reliably clustered into three rather sharply
divided phonemic categories. Moreover, even though the physical difference along the
continuum was the same, the subjects were better to discriminate between the sounds that
lie on opposite sides of a phoneme boundary than between the sounds that fall within the
same phoneme category. Furthermore, if the discrimination scores for adjacent pairs with
the same step were connected together to form a curve along the continuum, there was a
peak located on the phonemic boundary in the discrimination curve. Figure 1.1.2 (a)

showed a stereotypical CP with two categories.

On the other hand, the other pattern of perception is called continuous perception,
when the CP is absent. In the continuous perception mode, there i1s no sharp bogndaxy to
divide two categories. Rather, the proportion to perceive Figure 1.1.2 shows a schematic
plot of identification and discrimination in stereotypical categorical perception mode and in

stereotypical continuous perception mode (absence of categorical perception).
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Figure 1.1.2 Plot of stereotypical categorical perception (a) and stereotypical
continuous perception (b). The dashed line with a diamond and the dotted line with a
rectangle represent identification scores of category A and B respectively. Solid line
with an open triangle represents correct discrimination of every two adjacent stimuli

pair.
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The mechanisms of CP are not without controvérsy and are reviewed in Chapter 2.
Nonetheless, the ability to place a range of phonetic features embedded within the quasi-
continuous sound signal into discrete phonological categories is crucial for language
processing (Baddeley & Wilson, 1993). CP is one manifestation of such ability and is
associated with different types of dysfunction on language processing. (1) The children at
nisk of reading difficulties were less sensitive than not-at-risk children to changes between
tokeng that crossed the voice-onset-time (VOT) phonetic boundary (Breier, Fletcher,
Denton, & Gray, 2004; Breier, et al.,, 2001). (2) Subjects in schizophrenia had shallower
phonemic boundary slopes than the control normal subjects for place of articulatory (POA)
(from /ba/ to /da/) (Cienfuegos, March, Shelley, & Javitt, 1999). (3) Children with dyslexia
showed an increased perceptibility of within-category differences on POA continuum (from
/ba/ to /da/), which is significantly different from the normal children. Moreover, the
pattern is less clear in nonspeech condition (Serniclaes, Sprenger-Charoiles, Carre, &
Demonet, 2001). A followed-up experiment on investigation of CP in illiterate aduits
showed no difference of boundary effect between the illiterate adults and the normal adults,
which further suggested that the CP anomalies displayed by dyslexics are indeed a cause
rather than a consequence of their reading problems (Serniclaes, Ventura, Morais, &
Kolinsky, 2005). (4) In non-alphabetic Chinese system, dyslexia also correlated with less
accurate phonological awareness. For example, while performing similarly to reading-level
controls, dyslexic children perceived tene and aspiration contrasts less categorically and

less accurately than age-matched controls (Cheung, et al., 2009) .

Since CP is an important phenomenon associated with some language abilities, it
attracts many research interests in either clinical application, or in the cognitive study, or in

linguistic research.

1.2. Lexical Tone and Its CP Studies

Previous studies have demonstrated that CP is observed in both consonants and
vowels, although more often in consonants than in vowels [See review in (Diehl, Lotto, &
Holt, 2004)). Both consonants and vowels are segments, which are defined in linguistics as

“any discrete unit that can be identified, either physically or auditorily, in the stream of
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Chapter | Introduction

speech” (Crysial, 2003) (pp408-409). In contrast, the suprasegmental features usually
extend over more than one segment such as tone, stress, and intonation. Among those,
lexical tones also distinguish word meanings in tone language, in addition to consonants
and vowels (Wang, 1967). Tone is superimposed mainly over the vowel of a syllable in
Mandarin. The length of the tone is usually around several hundreds of milliseconds. So it
is called suprasegmental information. Table 1.2.1 shows a syllable structure of a Chinese -

dialect.

Table 1.2.1  Syltable structure of a Chinese dialect. Elements enclosed in [ ] are
optional [Taken from (Wang, 1973)]

Tone

Final

[Medial]] Nucleus|[Ending]

Initial

Lexical tones are primarily determined by the fundamental frequency, or FO. The
fundamental frequency is the number of glottal pulses per second that a speech signal
contains. Each glottal pulse corresponds to a single vibration of the vocal folds inside the
larynx (Wang & Peng, 2006). The tighter the vocal folds are pulled, the higher the vibration
frequency is. This is how subjects change the FO of their speech sounds. The typical
number of cycles is around 100 Hz for male subjects. Women and children have higher
frequenciés of vocal folds vibration (around 300 Hz). Our perception of F0 is called pitch.
If the pitch can be used to distinguish word meanings, it is called tone. A language is called
a tone language if it has tones. Tone languages are found all around the world (Wang,
1973). Based on a very rough estimation, about 70 percent of the world’s languages are
tone languages (Yip, 2002) and over half the world’s population speak a tone language
(Fromkin, 1978).

Mandarin and Cantonese, the two Chinese dialects studied in the present thesis, are
both tone languages. Mandarin has four tones (neutral tone, which does not distinguish
lexical meaning, is excluded from the four): high level tone (tone 1), high rising tone (tone
2), dipping tone or falling rising tone (tone 3), and high falling tone (tone 4). Without

consideration of duration, Cantonese has six tones®: high level tone (tone '1), high nsing

* There-arc three entering tones with stop endings — tone 7 to tone 9 — share the same pitch patterns of level tones.
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tone (tone 2), mid level tone (tone 3), low falling tone (tone 4), low rising tone (tone 5) and
low level tone (tone 6). '

An example of the tones and their relationship with the pitch patterns in Mandarin 1s
shown in Figure 1.2.1. The right column shows the FO of four monosyllabic Mandarin
words, with the same syllable ma. When the FO decreases, syllable ma means ‘scold’. When
this syllable is produced with an increasing F0, it means ‘hemp’. A high level pattern of the
FO with syllable ma means ‘mother’. And this syllable means ‘horse’ with a low dipping

pattern of the FO. The pitch contour of Cantonese tones is sho #n in Figure 1.2.2.
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Figure 1.2.1 Mandarin tones. The right panel represents the pitch contours. The
middle four characters in left panel represented the corresponding characters to the
pitch contours. [Taken from (Wang, 1973)]
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Figure 1.2.2  Pitch contours for Cantonese tones. Each tone is uttered by a male
speaker. [Taken from (Peng, 2006)]

Lexical tone is an important constituent to distinguish the word mearring; however, its
suprasegmental feature makes it different from phonetic segments. Are lexical tones also
perceived categorically? Do they show the similar ‘phonetic mode’ as vowels and
consonants? The previous CP studies in lexical tones showed inconsistent results from
different tone languages and different paradigms. The continua varying along Thai level
tones (Abramson, 1979) or varying along Cantonese level tones (Francis, Ciocca, & Ng,
2003) are perceived continuously if the tones are in citation forms. However, also in
citation forms, the continuum varying along Mandarin level and rising tones is perceived
categorically or quasi-categorically by native subjects (Halle, Chang, & Best, 2004; Y. S.
Xu, Gandour, & Francis, 2006). The presence of CP is also influenced by the listeners’
hinguistic backgrounds. The same Mandarin level to rising tone continuum was perceived
continuously by non-tone language listeners (Halle, et al., 2004; Y. S. Xu, Gandour, &
Francis, 2006).

The limit studies on CP of lexical tones are not comparable to the numerous studies in
consonants'and vowels. In this thesis, the perception of Cantonese level tones as well as
level and rising tones' in both Mandarin and Cantonese tope systems was systematically
investigated through different types of m_;nipulation‘. In Chapter 3, behavioral'experimcnts
were conducted to show the effect of different factors on CP of Cantonese level tones. In
Chapter 4, behavioral experiments were condl_ibted to show the effect of different factors on

_CP of level vs. rising tones in both Mandarin and Cantonese tone systems.
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1.3. Event-Related-Potential and Its Applications in CP Studies

The early CP studies were mainly behavioral studies through various types of
manipulati;)n. Although such manipulation is very useful to investigate how various factors
influence CP, the inherent very low temporal resolution of the behavioral studies hinders
their applicatioh in investigating when CP happens. Is it during the sensory and perceptual
stage or is it during a later stage after the signal has been transferred onto a higher level? A
technique called electroencephalography (EEG), which has a very high temporal resolution

. (Donchin, 2006), is suitable to investigate this when question.

The EEG, the electrical activities of the brain, can be reliably measured from the
human scalp. The EEG reflects thousands of simultaneously ongoing brain processes. The
brain response to a single stimulus or an event of interest, called event-related-potential
(ERP), is not usually visible in the EEG recording of a single trial. Therefore, to see the
brain response to the stimulus, the experimenter must conduct many trials and average the
results together, causing random brain activity to be averaged out and }he relevant ERP to
be remained (Luck, 2005). A schematic illustration of the recording procedure is shown in
Figure 1.3.1. In the left panel of the figure, EEG recording system is presented; while, in
the right panel of the figure, the recorded brain wave synchronizing to each stimulus 1s
shown. The continuous brain wave is segmented into different epochs aligning with the
onset of a stimulus. The averaged wave of the same type of epochs is called an ERP. The

procedure to obtain an ERP is shown in Figure 1.3.1. !
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Figure 1.3.1 A schematic illustration of EEG recording procedure. See the text for
details. [Taken from(Luck, 2005)]
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Experimental psychologists and neuroscientists have discovered that many different

stimuli can elicit reliable ERPs from participants. The ERPs may be described in terms of a

-

a

-y

~



Chapter I Introduction

senies of positive and negative peaks or components that occur at different characteristic
time. The timing of ERPs is thought to provide a measure of the timing of the brain’s
communication or the timing of information processing {reviewed in (Hillyard & Kutas,
1983)]. For example, an ERP component called P300 refers to a positive peak at around
300 ms after a rarely occurring event (Donchin, Tueting, Ritter, Kutas, & Heffley, 1975).
Another ERP component called N400 refers to a negative peak at around 400 ms after a

word violates the semantic meaning in a sentence (Kutas & Hillyard, 1984).

ERP is also used to study the temporal processing of CP and thus to investigate the
neural mechanisms underlying CP in different stages. Since CP is a perception phenomena
happened in phonological level, two typical ERP components are used to study CP:
mismatch-negativity (MMN) [reviewed in (Niitinen, Paavilainen, Rinne, & Alho, 2007,
Pulvermiiller & Shtyrov, 2006)] and P300 (Maiste, Wiens, Hunt, Scherg, & Picton, 1995).

The technical details and their applications in CP were introduced in Chapter 2.

1.4. Organization of the Thesis

CP is an important phenomenon in language and lexical tone is a component of
language. Both are essential topics in studying language, and attract many research interests.
There is intensive research on CP of other linguistic relevant features. However, only a little
work on CP studies on lexical tones was available. Two topics on CP were studied in this
thesis: (1) the factors influencing CP, and (2) the temporal process of CP. The work of the
present thesis was done through both behavioral and event-related-potential (ERP) methods

on Cantonese and Mandarin tones. It is organized as following.

Chapter 2 provided the background of CP studies in three sections. Selected
mechanisms underlying CP and the factors influencing CP were introduced in the first
section. The motor theory (Liberman, Cooper, Shankweiler, & Studdert-Kennedy, 1967) is
the first proposed model to explain the mechanisms underlying CP. The motor theory
emphasizes the influence of production on perception. Therefore, it can be called a single
factor model. It gains many research interests recently because some new evidence from
brain imaging studies confirms the involvement of some brain areas, which are traditionally
responsible for speech production, in speech perception. However, some studies suggested

“that, many other factors such as the general auditory processing, in addition to the
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production, also influence CP [reviewed in (Repp, 1984)]. Those other factors were also
briefly introduced in this chapter. Integrate the general auditory processing into linguistic
processing, some multi-factor models were proposed. A multistore model (Y. S. Xu,
Gandour, & Francis, 2006), which introduces different types of memory systems to deal
with these two types of processing, was one of multi-factor. However the multistore model
did not consider the temporal dynamic of different types of processing on CP. Therefore,
another multi-factor model called multilevel model (Phillips, 2001) was proposed to suggest

the timing of influence from different factors.

In chapter 2, following the first section, which introduced the mechanisms underlying
CP, the second section of this chapter focused on the typical analysis methods on
behavioral CP studies. The criteria of the presence of CP and the measure of CP were
detailed in this section to facilitate the experimental description in later chapters. Finally,.
the two ERP components to study CP, as wel! as the reasons to select these two components,

were reviewed.

Chapter 3 described the behavioral experiments on CP of Cantonese level tones. A
series of experiments were conducted to examine the perception behavior on Cantonese
level tones, especially the effect of context position on CP and the influence of the
linguistic background. Perception performance by native listeners in citation forms was
studied first and followed by studies of contextual position effects on target’s CP. In the
same time, the influence of different language backgrounds was also studied by examining
the performance from three groups of subjects: native subjects (Cantonese), subjects who
speak another tone language (Mandarin), and subjects who do not speak a tone language
(French). Furthermore, the perception of nonspeech sounds and non-word speech sounds,
both of which mimic the pitch contours of the real Cantonese words, was also investigated
to check the influence of carrier syllables. Through the investigation on these different

types «f factors, the mechanisms underlying CP was proposed.

Chapter 4 described both the behavioral and ERP experiments on CP of a continuum
spanning from a level to a rising tone in both Mandarin and Cantonese tone systems. The
aim of ERP experiments was to investigate the temporal dynamics of CP process. Three
types of data (MMN, P300, and the hit rate) were measured to investigate CP under three

temporal stages: the preattentive stage, the attentive stage, and the overt response stage. The
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behavioral experiments in this Chapter had two functions: (1) post hoc to venfy CP
behaviors, and (2) to look into the speech perception in the final cognitive stage of speech
recognition—decision making. Both cross-language comparison and the manipulation of
carrier syllables were also included in this chapter to show how long-term linguistic

training influences the tone perception as a whole.

Chapter 5 was general discussion. CP experiments described in this thesis provided
more information on how different types of factors influence the performance of tone
perception. The results show that the (1) CP is not absolute but context dependent, (2) CP is -
influenced by linguistic training, and (3) CP is observed in nonspeech sounds in some
conditions. Furthermore, the work also presented the time course of CP processing. The
discussion on the obtained results led to better understanding of the complex behavior of
CP, especially the underlying mechanisms of CP on different cognitive stages. A mu!tiérage
model was proposed to explain the observed data. The model integrates the ments from
both the multistore model (Y. S. Xu, Gandour, & Francis, 2006) and the multilevel model
(Phillips, 2001). The key point of the proposed model in the present thesis is that two types
of processing (general auditory processing and language specific processing) have different
weights according to the different types of conditions and different temporal stages in
speech perception. Moreover, major contributions, as well as some future work, were aiso

summarized in this chapter.
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CHAPTER 2 BACKGROUND

2.1. Mechanisms Underlying the Categorical Perception

2.1.1. Motor Theory

The analyses on speech sounds had shown that acoustic features of speech sounds vary
a lot, even when the same word is uttered by the same people. Moreover, the variation of
acoustic features highly depends on speech context (Liberman, et al., 1967). Nonetheless,
humans map the complex acoustic signals into finite phonemic categories without
difficulties. This invariant mapping process was illustrated by Liberman et al. (1967), who
showed that sounds with different spectral patterns are perceived as the same consonant (/d/),
when they are followed by different vowels. The invariance of speech perception can also be
illustrated by CP on a sound continuum, which shows that the continuously and infinitely
changing acoustic signals can only be mapped into a limited number of phonemes without

ambiguities on phonemic boundaries.

To explain such invariance in perception, the motor theory was proposed to model the
process of speech perception (Liberman, et al., 1967). In the motor theory, the complicated
articulatory encoding is assumed to be decoded in the perception of speech by the same
processes that are involved in production. In other words, people perceive spoken words by
identifying the vocal tract gestures with which they are pronounced (Liberman & Mattingly,
1985, 1989). The discontinuity on the phonemic boundaries when humans perceive speech
sounds, where CP happens, is mainly due to the realization of speech production. This
hypothesis is consistent with early reported experimental evidence — the categorically
perceived speech sounds are continua with manipulation of features that cannot be produced
continuously [See reviewed in (Repp, 1984)). These features include (1) VOT (Liberman,
Harris, Eimas, Lisker, & Bastian, 1961; Liberman, Harris, Kinney, & Lane, 1961), (2) POA
(Carden, Levitt, Jusczyk, & Walley, 1981; Johnson & Ralston, 1994; Liberman, et al., 1957),
(3) manner of articulation (Bastian, Eimas, & Liberman, 1961; Fitch, Halwes, Erickson, &
Liberman, 1980; Miller & Eimas, 1977) and (4) nasality of the consonant (Larkey, Wald, &
‘Strange, 1978; Miller & Eimas, 1977). For some other phonemic features, such as vowels
(Fry, Abramson, Eimas, & Liberman, 1962; Pisoni, 1973) or lexical tones (Abramson, 1979),

11
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the continuous articulation between phonetic categornies is a possible, so failure or less CP is

observed.

Therefore, the motor theory proposed that both perception and production share a
special “phonetic module”, which is human-specific. [See reviewed in (Diehl, et al., 2004)].
The advocated specific phonetic module in the brain by the motor theory was illustrated by
the duplex perception (Liberman & Mattingly, 1989), although a later study provided an
alternative explanation for the duplex perception (Fowler & Rosenblum, 1990). The duplex
perception refers to the phenomenon that the same acoustic information is used for both a
nonspeech and a speech percept. In practice, a listener is presented a dichotic stimulus— two
ears are presented with two different sounds simultaneously. One sound is an isolated third-
forrnant transition sounding like a nonspeech chirp. The other sound is the base syllable
consisting of the first two formants with complete formant transitions, and the third formant
without a transition. The base syllabie is perceived ambiguously as either /da/ or /ga/. If the
sound of third-formant transition is more /ga/ biased, the subject will unambiguously hear
the stimulus as both chirp and the unambiguous /ga/. Moreover, when the third-formant
transition sound is presented in the isolation form, the perception mode is continuous.
However, if it is presented in the dichotic stimulus, the perception mode is categorical
(Liberman & Mattingly, 1989). The duplex perception, where whether the same sounds are
perceived categorically depends on whether they are perceived as speech or nonspeech, 1s
used as a strong evidence to show the existence of the speech module. Figure 2.1 shows the

conceptual diagram of special speech module proposed in the motor theory.

Even though the motor theory has evolved several versions (Liberman, et al., 1967,
-Liberman & Mattingly, 1985, 1989), the mechanisms of speech perception proposed in this
theory remains controversy {See review in (Galantucci, Fowler, & Turvey, 2006; Hickok,
Holt, & Lotto, 2009; Lane, 1965; Scott, McGettigan, & Eisner, 2009; Studdert-Kennedy,
Liberman, Harris, & Cooper, 1970)]. In this thesis, I only focus on the controversy about one

particular phenomenon of speech perception, the CP.

Two key mechanisms underlying CP suggested in the motor theory are the phonetic
module and the discontinuity of speech production. Therefore, criticisms for the explanation

are coming from these two aspects. (1) Whether there is a phonemic module, so that CP is

12
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dedicated to speech and human specific. (2) Whether CP relies on production. If CP is also
observed in nonspeech sounds, or in other species than humans, or in other modalities, the
hypothesis of point (1) is not valid [ See review (Repp, 1984)]. The point (2) attracts lots of
interests because of the explosion of brain imaging techniques’ application on cognitive
science, which shows speech perception involves access to the motor system (Burton &
Small, 2006; D'Ausilio, et al., 2009; Ravizza, Henri, & Claire, 2005). However, the evidence
from the brain imaging studies is not without controversial. Detailed evidence for these two

points, which includes auditory modality only, was reviewed in the following sections.

Speech Module
Categorical
perception
Is speech? Yes
Continuous
Inout perception
npu
No Nonspeech
» (continuous
perception)

Figure 2.1.1 A conceptual diagram of the motor theory. A speech detector is presented
at first to identify the incoming signal. If it is nonspeech, it will be perceived continuously.
If it is speech signal, it is processed with “Speech Module”'. There are two pathways
inside the "Speech Module”. (1) If the continuous production is possible, it is perceived
continuously. (2)If it is produced discontinuously, it is perceived categorically.

2.1.2. Some Issues in the Motor Theory

2.1.2.1. CP in nonspeech sounds.

As it was mentioned in section 2.1.1, many phonemic features are perceived
categorically; however, later studies found that nonspeech sounds sharing the same acoustic
features are also perceived categorically. For example, a set of nonspeech tonal stimuly that
differ in the relative onset time of their components were employed (Pisoni, 1977) to
investigate the perception mode on this onset time relation [also called fone-onset time
(TOT))]. The result showed that the TOT, which is analogous with VOT, is also perceived

categorically. Following this pioneer work by Pisoni, Holt et al. used nonspeech sounds,
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which mimick certain temporal properties of VOT stimuli, to train the subjects to categorize
the continuum (Holt, Lotto, & Diehl, 2004). The subjects were divided into two groups: one
group of listeners learned categonies with a boundary coincident with the perceptual
discontinuity, while another group leamed categories defined such that the perceptual
discontinuity fell within a category. Listeners in the latter group required significantly more
experience to reach criterion categorization performance. These two studies by Pisoni and
Holt et al. indicated that there is perceptual discontinuity for feature of onset time

relationship. However, this perceptual discontinuity is not restricted to speech sounds.

»
Moreover, if the nonspeech sounds were constructed to share some critical transient

acoustic cues of consonants {ramp of noise amplitude), the perception of these nonspeech
sounds is categorical (Mirman, Holt, & McClelland, 2004). If the nonspeech sounds mimick
the steady-state spectral cues of simplified synthetic vowels (filtered frequency bands of the
noise), the perception was less categorical (or continuously) (Mirman, et al,, 2004). This

characteristic is very similar to the observation in consonants and vowels.

The above evidence showed that some acoustic features are also perceived
categorically by humans. The features are not limited to speech sounds; rather, the general
features are utilized in language. Languages make use of perceptual discontinuities to
promote distinctiveness among sounds within a language inventory, instead of using-a

special phonetic module.
2.1.2.2. CPinanimals.

CP is also observed in other species than humans. The most well-studied VOT feature
is perceived categorically by chinchillas and the CP performance of chinchilla is similar to
English adults (Kuhl & Miller, 1975). An interesting feature of VOT is that its perception is
highly correlated with first formant (F1) onset frequency. Researchers found that when F1-
onset frequency is lower, longer VOT is required for human listeners to perceive synthesized
stop consonants as voiceless. This correlation effect was also observed in several types of
animals: Japanese quails (Kluender & Lotto, 1994), budgerigars (Dooling, Okanoya, &
Brown, 1989), chinchillas (Ohlemiller, Jones, Heidbreder, Clark, & Miller, 1999) and
monkeys (Steinschneider, et al., 2005) [also see review (Belin, 2006)]. This boundary effect
on VOT feature can be also reflected from neural responses. Intracortical responses recorded

in human and monkey primary auditory cortex, which responded to VOT or TOT, showed
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similar patterns of the discontinuity on 20 ms (Steinschneider, et al., 2005), the critical
threshold to distinguish English voiceless and aspiration sounds. The available evidence
showed that encoding the VOT phonetic feature is not specific to human beings nor relies on
production. The 20 ms threshold is not limited to VOT or TOT, but a more general temporal
threshold in the auditory sensory system. For example, the house mice categorize the 50 kHz
with various durations into two categories, which is sharply divided on 25~30 ms boundary.

Two sounds are discriminated only when they differ at least 20~25 ms (Ehret, 1992).

POA or formant transition is another well studied phonetic feature. This feature is also
perceived categorically by many types of animals. Japanese quails can be trained to
distinguish /d/ from /b/ and /g/ preceding by different vowels (Kluender, Diehl, & Killeen,
1987). It was also found that rhesus monkeys perceive /be/-/de/-/ge/ in a categorical
manner, with different heart rates when they hear across-category pairs and within-category
pairs (Morse & Snowdon, 1975) [also reviewed in (Repp, 1984)]. This category boundary
effect in monkey was also observed behaviorally in a more recent study (Kuhl & Padden,
1983).

In addition to the phonetic features in speech sounds, some species related calls or
songs are also perceived categorically by non-human species. (1) In a study, crickets’
responses to some sound frequencies showed CP on the boundary of 16 kHz. The CP was
measured through cricket’s turning performance in both labeling and habituation-
dishabituation paradigms (Wyttenbach, May, & Hoy, 1996). The 16 kHz boundary
frequency reflects the frequency to identify the crickets’ enemy: crickets call at 4 to 5 kHz;
while, their enemy (bats) call at 25 to 80 kHz. (2) Position of an inflection from a rising to a
falling frequency in acoustic sounds is a key feature for Japanese macaque communication
signals. Therefore, the synthetic sounds, which resemble the critical feature of inflection
position, can be clustered categorically by trained Japanese macaques (May, Moody, &
Stebbins, 1989). (3) Note duration is a critical feature for swamp sparrow to distinguish two
note categories with different roles in song construction. Swamp sparrow not only showed
CP behaviorally (Nelson & Marler, 1989), the neurons in freely behaving swamp sparrows
also expressed categorical auditory responses to changes in note duration (Prather, Nowicki,
Anderson, Peters, & Mooney, 2009).
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More studies on response of non-hurnan species to speech and species-specific sound
have been reviewed in some early papers (Ehret, 1987; Kuhl, 1986; Snowdon, 1979). All the
above evidence showed that CP of auditory sounds is not necessarily processed by a specific

speech module and is not limited to humans.
2.1.2.3. Broca's area and the motor cortex in speech perception.

The special “phonetic module” proposed in the motor theory is shared by perception
and production. In other words, the discontinuity observed in CP is due to the discontinuity
of vocal gestural. Some evidence showed that there is a production-perception link in the
speech. For example, repeated presentation of /pa/ leads to less ambiguity of identifying /pa/
in a /ba/-/pa/ continuum (Cooper, 1979). Similarly, the same adaption effect is reflected in
production. Since VOT is correlated with F1 onset frequency, the VOT for /pi/ is shorter
than /ti/. When the subjects adapt to repeated presentation of /pi/, VOT is reduced when
producing the /pi/-/ti/ continuum [(Cooper, 1979), see also in (Galantucci, et al., 2006)).

In addition to the behavioral evidence, the finding of mirror neurons and the
involvement of Broca’s area and the motor cortex in speech perception showed some neural
evidence of the perception-production link. Both Broca’s area and the motor cortex are
important for speech production. The Broca’s area is located at the posterior inferior frontal
lobe. The importance of Broca’s area in speech production is well-recognized now, since
Paul Pierre Broca (1824-1880) reported impairment of speech production from a patient with
this area damaged. The motor cortex includes three parts: the primary motor cortex (M1),
the premotor area (PMA) and the supplementary motor area (SMA). It is most involved in

controlling body’s voluntary movements, including speech production.

The discovery of mirror neurons in monkey provides direct neural evidence for motor
system (F5) involvement in perception (Pellegrino, Fadiga, Fogassi, Gallese, & Rizzolatti,
1992). A mirror neuron is a neuron that fires both when an animal acts and when the animal
observes the same action performed by another (Rizzolatti & Craighero, 2004). Later finding
showed that the mirror neuron also fired when the monkey heard the sounds of actions
(Kohler, et al.,, 2002). However, it is normally impossible to study single neurons in the
human brain, so scientists c@ot be certain that humans have mirror neurons. By using
Junctional magnetic resonance imaging (IMRI), researchers found that some brain regions

(left inferior frontal cortex, including the Broca’s area—homologue to Monkey’s F5, and
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right superior parietal lobe) were active [(Chong, Cunnington, Williams, Kanwisher, &
Mattingley, 2008; Welberg; 2008), although a contradict evidence was presented in
(Dinstein, Gardner, Jazayeri, & Heeger, 2008)} both when a subject performed an action and
when he saw another individual performing an action. It has been suggested that these brain
'regions contain mirror neurons, and they have been defined as the human mirror neuron

system (lacoboni, et al., 1999).

Some indirect measures were used to study the mirror neuron system in humans. For
example, one measure 1s recording the size of a motor evoked potential (MEP) from muscles
induced by transcranial magnetic stimulation (TMS) on motor cortex. When a person
observed another person’s action, his motor cortex became more excitable, so that the size of
the MEP was enhanced (Fadiga, Fogassi, Pavesi, & Rizzolatti, 1995). It was found that the
size of the MEP from tongue and lip muscles was enhanced when subjects listened to speech
than when they listened to non-verbal sounds (Fadiga, Craighero, Buccino, & Rizzolatti,
2002; Watkins, Strafella, & Paus, 2003). Furthermore, by using the technique of combining
positron emission tomography (PET) with TMS, the posterior part of the Broca’s area was
identified to modulate the excitability of the motor system during speech perception
(Watkins & Paus, 2004). Recently, by using fMRI, distinct motor regions in the precentral
gyrus, which are sparked by articulatory movements of the lips and tongue, were found
differentially activated when subjects listened to the lip- or tongue-related phonemes
(Pulvermiilier, Huss, et al., 2006).

In CP study, deficits in the prefrontal region, including Broca’s area, were found to be
associated with impairment of categorical production. Some evidence showed that patients
with lestons to Broca’s area or who with Broca’s aphasia are more likely to produce
phonemes that are not good exemplars of a given target category. Moreover, this type of
disorder is thought to be an impairment of motor planning but not weakness of the
articulatory musculature [See review in (Ravizza, et al., 2005)]. More surprisingly, the
prefrontal regions are also involved in categorical perception. Patients with frontal lesions
showed difficulty in identifying phonemes with VOT and POA features and displayed more
continuous function than normal subjects and patients with subcortical lesions (Ravizza,
2003).
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Above evidence showed that “it is possible the prefrontal regions maintain abstract
motor representations that are used for speaking as well as comprehending” (Ravizza, et al.,
2005). However, the studies of involvement of Broca’s area in speech perception did not
show a consistent result. In a PET study, only overtly discrimination of the phonological
features actived part of the Broca’s area in the left hemisphere, but this area did not activate
in passive listening (Zatorre, Evans, Meyer, & Gjedde, 1992). Ravizza (Ravizza, et al., 2005)
proposed the function and the timing of the involvement of the motor cortex in the speech
perception to reconcile the discrepancy. (1) The motor information is needed when the
speech signal is attended to and is difficult for a clear categorical decision. So, the time
sequence for different brain regions to be involved is different: the motor cortex is involved-
later than the temporal-parictal gyrus. In deed, some magnetoencephalography (MEG)
results have shown that the activation of inferior frontocentral areas in speech perception for
action words was areund 15 ms later than the activation of superior temporal areas even
during the passive listening (Pulvermiiller & Shtyrov, 2006; Pulvermiiller, Shtyrov, &
Iimoniermni, 2005). (2) Alternatively, the inconsistent engagement of Broca’s area in passive
listening may indicate that this region is for attention-based retrieval but not for motor-based
phonological representations. However, this explanation is less possible because of some
new evidence, which suggests Broca’s area is involved in the representation of articulatory
information and not just in the controlled retrieval of such information (Ravizza, et al., 2005).
For example, experiments showing excitability of the motor system during speech
perception in passive listening tasks with low attention demands (Pulvermiiller, Huss, et al.,

2006; Pulvermiiller & Shtyrov, 2006; Watkins & Paus, 2004; Watkins, et al., 2003).

In summary, accumulating brain imaging studies revealed the involvement of the
motor cortex and mirror systems in speech perception and some of their functions in CP.
However, exact function and the timing of the involvement of the motor cortex and mirror

systems need to be investigated more before we have a clear picture.

2.1.2.4. Comments on the motor theory

From the above review, CP is observed in nonspeech sounds, which cannot be
produced by humans; in animals, who cannot produce human speech; and in very early
infants before they can produce the sounds (Jusczyk, Rosner, Cutting, Foard, & Smith, 1977).

Therefore, the explanation provided by the motor theory cannot explain all CP phenomena.
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Even though there is increasing evidence to show the involYement of the motor cortex in CP,
the role of the motor cortex in CP is unclear yet. MoreoveZ:the motor cortex is not the only
brain area responsible for CP. As Lotto, et al. input: “/t'sfvery different to claim that motor
area activity is present during perception than that motor activity plays a necessary part in

perception, as proposed by MT (motor theory} .” (Lotto, Hickok, & Holt, 2009)

Speech processing involves many resources and the procedure is not instantaneous, so
there should be more than one mechanism underlying CP, including that proposed by the
motor theory. Moreover, different mechanisms may work at different time duning the
process. The multiple mechanisms can be illustrated by the leaming procedure. The above
review has shown that there is a hardwired threshold in the brain for the VOT feature.
However, the threshold can also be learnt and thus to be altered with more efforts later (Holt,
et al., 2004).

Most languages use this innate VOT threshold for phonetic boundary, while some
other languages use more complex boundaries in addition to the innate VOT threshold. The
complex boundaries are trained by experiences (Keating, Miko§, & Ganong I1I, 1981;
Kessinger & Blumstein, 1997; Lisker & Abramson, 1964) [ See review in (Lasky,
Syrdallasky, & Klein, 1975)]. The leamning ability was also exhibited in Japanese guails
(Holt, Lotto, & Kluender, 2001). The VOT examples show that there are at least two
mechanisms for CP: innate and leamming. The leaming procedure is more common on

perception training than production training.

The learning procedure 1s not constrained to the VOT feature; it can also change the
performance on other features, such as the POA feature and calls specific to specials. For
example, the topographic pattern of evoked potentials, which were recorded from monkeys
in response to the place feature, changed after training. The responses shifted from the right
hemisphere to the left hemisphere after the monkeys were exposed to the contrast prenatally
or postnatally, when they were compared with those from the control group (Molfese, et al.,
1986). Moreover, the group with prenatal exposure only showed a response to across-
category discrimination, while both postnatal exposure and control groups showed responses
to both across-category and within-category discrimination. This evidence showed that the
training period in monkeys is as important as in humans. Finally, calls specific to special can

also be learnt through training. For example, swamp sparrow populations that learn different
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song dialects show different categorical perceptual boundaries, which are consistent with the

boundary being learnt (Prather, et al., 2009) .

The learning effect described above showed that at least two procedures involved in
CP processing: the innatc_ non-linearity in general auditory systems and the perceptual
reorganization through training. Moreover, the fact that the training effect is also present in
nonhuman animals further opposes the idea of a special phonetic module in the brain. The
behavioral and neurophysiological studies on the perception-production link also indicated
that the timings of involvement for different brain areas in CP are different. Therefore, it is
more reasonable to suggest that there are multiple stages along the process, which will be

discussed in the section 2.1 4.

2.1.3. Factors Influencing Categorical Perception

.
As reviewed in the section 2.1.2, the motor theory cannot fully explain all empirical

data on CP, so some other top-down information — lexical information, semantic
information, and visual speech — influences CP as well (Hickok, et al., 2009). Moreover,
since CP is observed in the general auditory processing, likewise, other factors than the top-
down information — the non-linearity in the sensory system, the auditory memories, and the
attention — also influence CP. In general auditory perception, there are two types of
perception modes: categorical and continuous perception. When the non-linearity in the
sensory system Is not available for some acoustic features, the general auditory perception is
continuous. On the contrary, when the non-linearity mapping is available, it 1s a categorical
perception. The general auditory perception is irrelevant for linguistic experience. On the
other hand, since the phonemic categories are discrete and limited, the perception mode for
phonetic features is categorical. These two types of processing —linguistic relevant and
general auditory processing — interact with each other. To investigate the various factors
from these two types of processing, some manipulations on experimental design are done in

practice (Repp, 1984).

First type of manipulation is on the auditory memory. (1) Adding a noise or an
irrelevant sound between two trials interferes” with the auditory memory. Through such
manipulation, the phonetic procedure will be more prominent. Indeed, the vowel

discrimination showed an increased categoricalness of CP through this manipulation
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(Fujisaki & Kawashima, 1969; Lane, 1965), while consonant discrimination showed littie
effect with the same manipulation (Fujisaki & Kawashima, 1969). (2) Similarly, increasing
the duration of an inter-stimulus-interval (1SI) decreases the auditory memory, while leaves
the phonetic procedure intact. Indeed, experimental evidence showed that discrimination
score for vowels was decreased when ISI increased, while ISI had little effect on consonant
discrimination. Moreover, ISI affected discrimination of a within-category pair more than
that of an across-category pair [(Pisoni, 1973), cited in (Repp, 1984)]. (3) In the interfering
procedure, the acoustic properties and the context positions of interferential stimuli also
matter. A more similar interference to the target introduces a greater interference effect. In
addition, a following context interferes with auditory memory more than a preceding one
(Repp, 1984). (4) Use some methods to increase the discrimination sensitivity. For example,
rating scales and reaction times provide more information for fine discrimihation sensitivity.
In color CP studies, the reaction times have been used as a measure to examine the
hemispheric lateralization for CP, while there was no difference when regarding with the
discrimination score (Gilbert, Regier, Kay, & lvry, 2006). Different types of presentation
paradigms also have different discnmination sensitivity. Some presentation paradigms have
more discrimination sensitivity than others. For example, the AX paradigm is more sensitive

in the discrimination task [See in (Repp, 1984)].

Second type of manipulation is on stimulus. As reviewed in section 2.1.2, the acoustic
properties play*an important role in CP: vowels are perceived less categorical than
consonants. Some nonspe@ unds, which mimic some characteristics as vowels or
consonants, share the simiiar gree of CP as the speech sounds. One of the acoustic
properties to distinguish vowels and consonants 1s stimulus length. Therefore, a reduction in
stimulus duration weakens the auditory trace and thus leads to clearer CP [See in (Repp,
1984)].

The last type of manipulation is on subjects. The cross-language studies are often used
to investigate the hnguistic influence on CP. However, the studies on human infants
[e.g.(Eimas, Siquelan.Er, Jusczyk, & Vigorito, 19721)] and non-human animals show the
general auditory processing underlying CP. The training experience and strategies of the
subjects also influence CP. There are two alternative modes, phonemic and auditory, when
subjects listen to the synthetic sounds. The neural circuits are different when subjects switch
the mode (from the auditory processing to the speech processing) to listen to the same

-
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stihuli (Dehaene-Lambertz, et al., 2005). Several studies also showed that in the phonetic
mode, listeners integrated all the relevant acoustic information into a phonetic perception,
while in the auditory mode, they either selectively attended to individual anditory dimension

or divided attention among several of them (Best, Morrongiello, & Robson, 1981).

All the above evidence showed that many factors, in addition to production gestures,

influence CP. !

!

2.1.4. Multilevel and Multistore Processing Models

The review from section 2.1.2 showed that there are at least two types of processing
underlying CP: the phonemic processing and the auditory processing. This two-process
model is also called dual-process model (Fujisaki & Kawashima, 1971). The dual-process
model proposed that the phonemic mode is catciorical, and the auditory short-term store is
continuous. Although such model can explain the early behavioral CP results, which showed
an increased discrimination performance on the phonetic category boundary, it cannot
explain recent CP experiments on nonspeech and animals. Moreover, it does not provide
clear information on how these two modes are processed in the time dimension. Therefore,
two recent models on spécch perception — multilevel and multistore models — are

introduced in the following sections.
2.1.4.1. Multilevel processing model

A INTRODUCTION.

To study the speech process in the temporal domain, neurophysiological indexes
reflected by EEG or MEG are the best methods. During a word production, fine-grain
spatiotemporal progression of lexical, grammatical, and phonological processing within
Broca’s area has been revealed by using the intracramal electrophysiology (Hagoort &
Levelt, 2009; Sahin, Pinker, Cash, Schomer, & Halgren, 2009). The speech perception,
similarly, is a complex processing containing multiple stages from acoustic input to syntactic
process. Traditionally, serial model 1s proposed for the process of speech perception. Some
neurophysiologic evidence also supports this model. For example, the acoustic information
is processed at 20-200 ms after-4 Stimulus’ onset and is reflected by ERP component of
P20-N100; the phonological information is processed at a delay of 100400 ms, which is
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reflected by N100, N200; and, the lexical and semantic information is dealt with at around
400 ms reflected by N350 and N400 respectively. [Reviewed in (Pulvermiiller & Shtyrov,
2006)). Howevér, more recent studies, by using MMN, show that psycholinguistic
information—phonological, lexico-syntatic, and semantic information, as well as context
integration—in speech perception is processed nearly simultaneously in this early time
window (around 200 ms after information is available) [Reviewed in (Pulvermiiller &

Shtyrov, 2006; Pulvermiiller, Shtyrov, & Hauk, 2009].

These above models just rowghly break down the stages of spoken sentence
comprehiension. Both the serial and near-parallel models of speech comprehension did not
consider the fine-grain process from the acoustic signal to lexical presentations; neither did it
explain the neurophysiological process of CP. The mapping from acoustic signals to lexical
representations is mediated by a number of different levels of representation as shown in
Figure 2.1.2, as Phillips stated: “Jt is standard to distinguish at least the levels of acoustics,
phonetics, and phonology in the representation of speech sounds.” (Phillips, 2001)

Lev?l of Detection from o
representat'ion for electrophysiological Linguistic relevant
speech signal signal
Specific to
. native
/ Phonology / MMN lamguage
Strong for linguistically-
. levant distinctions
Phonetic  / , e tinctions,
/ :le ' ? and weak for linguistically-
irrelevant distinctions
/ Acoustic / M100 or Lineuisticall
N100 inguistically
-irrelevant

Figure 2.1.2 A multilevel model of CP. There are three levels of representation for
mapping between acoustic signals and phonology categories. Electrophysiological
signals to detect each level of representation are shown in the middle column. It is not
clear what signal is for detections of phonetic level yet. The last column shows how each
level of representation is relevant to language background. CP can be happened in all
levels.

23



Chapter 2 Background

In this multilevel of presentation, the representation of the acoustic aspect of speech is
believed not to be modified by exposure to specific languages, while the abstract
phonological representations differ substantially across subjects of different languages. The
intermediate phonetic stage may contain multiple representations, which present
linguistically-relevant acoustic distinction more strongly, and present linguisticatly-
irrelevant distinctions less strongly. The discontinuities of some acoustic features, whose
CPs can also be observed in infants and nonspeech, are observed through N100 or M100.
For example, the M100 latency varied with vowel category (/a.i.u/), specifically with vowel
height (F1), but not with speaker (Poeppel, et al., 1997). The general 20 ms threshold on
VOT feature is also reflected by N100, which is due to the inactivation period of the
response (Sharma & Dorman, 1999). The phonological representation is uniform across the
range of different phonological categories. One characteristic of such uniform, irrelevance of
within-category variation, has been well documented by MMN (Kazanina, Phillips, &
Idsardi, 2006; Phillips, et al., 2000). Nonetheless, other characteristics of uniform in
phonological level (e.g. acoustic diversity of categories, neutralization of some sounds) do
not gain convincing neurophysiological evidence yet. Although the MMN studies show
evidence that phonological categories are available to the auditory cortex and in the early

stage, they give no indication of how the categories are encoded.
B. COMMENTS.

The smultilevel processing model, which is based on electrophysiological data,
proposed a serial processing in speech perception. The first level is an acoustic
representation which is linguistic irrelevant and the later two levels are linguistic relevant.

Although in this model, CP can be present in all levels, the influence of linguistic
| background is only present on later two levels. Since phonology representation is discrete
and happens in the last stage, the multilevel model predicts CP on all speech sounds. This
prediction contradicts to what have been observed on vowel perception. Therefore, there is

something missing in this model.
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2.1.4.2. Multistore processing model
A. INTRODUCTION.

With the inter-linguistic behavioral study on speech and nonspeech, Xu et al. proposed
a multistore processing model (in Figure 2.1.3.), which introduces a memory system, to
explain speech perception. The memory system includes four types of memories: sensory
memory trace, analyzed sensory memory, short-term categorical memory, and long-term

categorical memory (Y. S. Xu, Gandour, & Francis, 2006).

According to the model, the sensory memory trace is derived from unanalyzed raw
sensory data with around 300 ms integration time window. The analyzed sensory memory
extracts the analyzed sensory codes, which include steady-state (e.g. pitch height), time-
varying (e.g. pitch slope), and event-timing (e.g. VOT) etc. Both sensory memories deal
with the information in a continuous way. The two memories differ in their life time and
generators in the brain. The sensory memory trace only lasts around 300 ms, and the

analyzed sensory memory lasts several seconds. Referring to Lil et al.’s MEG result (L,

Williamson, & Kaufman, 1992), the sensory memory. trace has a neural generator in the
primary auditory cortex, and the analyzed sensory’memory has a neural generator in the
association auditory cortex. The relatively longer sensory store is necessarily required for

context-coding.

The categorical processing is dealt with by both the short-term categorical memory
and the long-term W memory. The short-term categorical memory captures only
critical features of the stimuli that are used for perceptual categorization, so it 1s responsible
for nonspeech CP and CP in animals. Short-term categorical representations can be
. permanently preserved in long-term memory pursuant to perceptual learning. This long-term
categorical representation may serve as templates to be activated later by bottom-up
matching of similar features. This long-term categorical representation may also provide fop-
down expectations in the encoding of short-term categorical memory that allow listeners to
better direct selective attention to critical stimulus features or dimensions. Xu, et al. referred
Luo et al.’s (Huan Luo, Husain, Horwitz, & Poeppel, 2005) study to show that the difference
between short-term and long-term categorical memory lies in the auditory area. According to

Luo et al.’s results, the long-term categorical memory is responsible for “natural” (long-term
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training) categorization for speech sounds, while the short-term categorical memory is

responsible for “newly” learnt (short-term categorization) for nonspeech sounds.

Long-term Context-
Categorical Memoary coding
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Figure 2.1.3 A multistore model of CP. It includes four memory stores: sensory memory
trace, analyzed sensory memory, short-term categorical memory, and long-term
categorical memory. Information is encoded in a hierarchical order but short-term
categorical memory and analyzed sensory memory can be processed in parallel. All the
sensory and short-term categorical components are subject to memory decay. The
available memory traces after decay are input for decision-making. If long-term
categorical memory is also available, it will interact with short-term categorical memory
via both top-down and bottom-up mechanisms. All the memory components with
relatively Ionger lifetime are involved in context-coding. [Taken from(Y. S. Xu, Gandour,
& Francis, 2006)]

A. COMMENTS

In the model, the final decision comes from three ways: the sensory memory traces, or
the analyzed sensory memory, or the short-term categorical memory which is modified by
the long-term categorical memory. The multistore model can be viewed as an extension of
the dual-process model, but it did not provide clear information on the temporal course of
the speech processing. In addition to the missing temporal information in the multistore
moclej,-the information about how to do the final decision from these three memories is not
clear too. Is it an on/off switch in each type of memory to reach the final decision, or is it an

optimal judgment based on weights from different types of memory? In Chapter 5, [ will
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return to the multilevel and multistore models and propose a combination model called

multistage model to fill in the missing information.

2.2. Behavioral Methods to Study Categorical Perception

To study CP behaviorally, identification (labeling) and discrimination tasks are two
typical methods. The testing objects used in both tasks are a continuum of stimuli varying
their physical features in one or some dimensions with two end points unambiguously
perceived as two categories. In an identification task, these stimuli are repeatedly presented
to subjects in a random order for classification into one or another category. In contradict to
the rather fixed paradigm for the identification task, discnmination task has vanous
paradigms. Typically, an ABX or an AX paradigm is used In an ABX paradigm, stimulus A
always differs from B, while, the X is either the same as A or as B. The subject is asked to
discriminate stimulus X to be A or to be B. In an AX paradigm, the subject is asked to

discriminate whether X is different from A.

The ideal CP has the following charactenistics (Repp, 1984): (1) In the labeling
function, there is a sharp boundary between two categories; (2) In the discrimination
function, there is a peak at the category boundary; (3) In the discrimination function, within
a category, the discrimination performance is at or near chance level; (4) The discrimination

function can be fully predicted from the identification function.

However, in the practice, there is no ideal CP. Therefore, it is necessary to measure the
degree of categoricalness, especially when we compare the performance from different sets
of continua or when we compare the performance from different groups of subjects. In the
below two sections, the analytic methods on the degree of categoricalness for identification

function and discrimination function will be introduced.

2.2.1. Identification Task

2.2.1.1. Response to each stimulus

To investigate whether a sound continuum is perceived categorically, three stimuli are
required in a continuum to check the location of identification boundary. Therefore, response

to each stimulus is a natural measurement. When there are two or more continua tested and
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each subject participates in more than one condition, the repeated measure (RM) analysis of
variance (ANOVA) is preferred, with two within-subject factors: continuum and stimulus.
On the other hand, when the data comes from two groups of subjects, a mix model is used

where there’s a between-subjects (grouping) factor and a within-subject factor (stimulus)
(Keating, 2006; Max & Onghena, 1999).

2.2.1.2. Boundary steepness and boundary position

The statistical test on response to each stimulus is whether different labels are provided
for different stimuli. There is no information about the degree of CP on different continua or
conditions. Researchers generally have interests on the category boundary (the 50%
crossover point), and the boundary steepness (the gradience, or the boundary width, or the
range of stimuli spanned by the 25% to 75% responses). Instead of analyzing response to

each stimulus, different methods to obtain the boundary steepness and position are

introduced in this section.
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Figure 2.2.1 Schematic plots of identification responses from two data sets, the average
response over the whole continuum is shown below the plot. a) The two sets differ in
category boundaries, and the average information indicates the difference. b) The two
sets differ in boundary sharpness but not in the position of the boundary, so the average
information cannot indicate the difference.

A. AVERAGE ALL RESPONSES OF A DATA SET.

First method is to average all the responses over different stimuli of one data set
together, and then to compare the average responses between different data sets (Repp,
Liberman, Eccardt, & Pesetsky, 1978). This method is effective when two data sets differ in
the category boundary (Figure2.2.1a). However, in this method, there is no information
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about sharpness of category boundary, which is one of the central interests in the analysis of

speech perception. If two data sets do not differ in the category boundary but in the
boundary sharpness (Figure2.2.1b), the averaging method cannot distinguish them.

B. TRANSFORM TO PREDICTED DISCRIMINATION.

Second method 1s to transform the identification data into the predicted discrimination
data by equation (2.1). Then, the comparison of sharpness of a category boundary can be
done by the comparison of peakness on predicted discrimination data (Y. S. Xu, Gandour, &
Francis, 2006).

Predicted discrimination:

P

pred.d:‘.rr(,-‘j

)=(1+(PA[,—PAJ)Z)/2=(1+(PB,.—ng)z)lz (2.1)

Where, P, .., 1§ the predicted discrimination score on stimulus pair of (i, j). P,

and P, are identification scores for category A or B respectively. P, represents the

proportion of stimulus 1 labeled as category A. For example, to calculate predicted

discrimination score on stimulus pair 1-3, we can obtain

Prrea ez =05+ (Py - P)12=05+(Py, —Py)* /2 . After the score of predicted

discrimination is calculated, the value and the position of the peak can be obtained from the

curve.

C. CURVE FITTING: LOGISTIC.

— Th{tlast method is curve fitting, which can be used to obtain both information of
category boundary and category sharpness. Categorization data are generally not quite linear,
nor exponential, they are generally more S-shaped. Logistic has this shape and can be
constrained to fall between 0 and 1, so, it is the best theoretical match to the expected shape
of the data (Keating, 2006). Figure2.2.2 shows the logistic functions presenting different
degrees of gradience (Frisch, Pierrehumbert, & Broe, 2004). After the raw data has been
transformed into logistic function, the two features: category boundary and boundary
steepness can be obtained by the following equations (Frisch, et al., 2004; Keating, 2006):
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by +byx
P = e
log = |, urhr (2.2)
y=b,+bx (2.3)

In equation (2.2), F_, is the smoothed version of raw data (or the proportion of one

og
category), which has an S-shape, xis the input parameter, here refers to stimulus number. In

equation (2.3), y is a linear regression function, and b, and b, are two parameters estimated

from the raw data through “maximum likelihood”.

In the estimation, the highest data value should be less than 1, and lowest data value
should be greater than 0. So in practice, change “0” to 0.001 (or simlar value), and
correspondingly, “1” to 0.999 (or similar value). The sharpness information can directly be

obtained from b, (Kutner ef al., 2005, p. 567)(Y. S. Xu, Gandour, & Francis, 2006). Even
though b, is not the actual slope of data, it is related to the slope, with higher values

reflecting shallower curves. The boundary information can be calculated through X from

the equation (2.3) when f{(x)=0.5. Therefore, the position of CP boundary can be obtained

from equation (2.4)

Position of CP boundary: X, = —L (2.4)

bl
D. CURVE FITTING: PROBIT.

Another curve fitting approach is more in accord with general statistical practice: If
data cannot be fitted by a line, try transforming the data to make them look linear, then fit a
line. Z-scores has been used to transform the data to fit a line by linear regression and the
boundary is where z=0 [(Eimas, Cooper, & Corbit, 1973; Miller & Liberman, 1979), also
refers to (Keating, 2006))
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Figure 2.2.2 Three constraints with different degrees of gradience representing
possible phonotactic constraints. [Taken from (Frisch, et al., 2004)]
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Figure 2.2.3 CDF function (I)F o (X) with different combinations of & and y values.

Recently, a very popular curve fitting approach is probit transformation. It is very
similar to logistic curve but has a steeper slope than a logistic curve, and is preferable for
fitting very categorical responses. The probit model use inverse cumulative distribution
Junction (CDF) associated with standard normal distribution. The CDF with normal

distribution with variance o and mean p can be written in (2.5)

]
O . (X)=——==]e ¥ dt
ot (%) oy L (2.5)

The o’ determines the steepness of CDF function, and i determines the center of the

CDF function. See Figure 2.2.2 for the comparison of CDF function with different » and o°.
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When ¢’=1 and u=0, the distribution is called standard normal distribution. Figure2.2.3

shows the CDF with different combinations of the parameters.

If the distribution is not the standard normal distribution, the linear function (2.6) is
used to transform into a standard normal distribution and then the probit equation becomes

(2.7). Rewrite the equation (2.6) by changing the parameters of o’ and y into by and b,, the

linear transformed function y is obtained in (2.8). CP boundary is x when P ,,,,=0.5in

equation (2.7), or y = 0 in equation (2.8). Therefore, the boundary x_, can be obtained from

equation (2.9), the same as (2.4).

y=(x-u)lo | (2.6)
Poi= e [ Ta
probit ™ \/571'_ € u (2.7)
. 1
y=—x—-—=5b+bx (2.8)
g
" Position of CP boundary: X, = % (2.9}

To avoid the negative quantities when P probic 15 less than 50%, in practice, the

equation (2.7) can also be rewritten as (2.10), and similarly, equation (2.8) can be rewritten

in format of (2.11) and the position of CP boundary is in (2.12) [P23, (Finney, 1971)].

2
—-u

e ? du

1 -5
P oobis= Br L (2.10)

L u
y=—x——+5=by+bx 2.11)
o] (o3
5-b,
Position of CP boundary: X, = 5 (2.12)
1
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The boundary slope, or sharpness, can be obtained by boundary width, which is the

span of x, when the value of P, between 25% to 75% in (2.7) or (2.10). From the

equation (2.13), similar to the case of logistic approximation, &, is associated with the slope

information. A higher the b, is associated with a steeper slope or a narrower boundary width.

Boundary width or sharpness: w=x, . — X, g,s =—— (2.13)

1.35
bl

2.2.2. Discrimination Task

Discrimination data can be shown by correctness of an AX or ABX response. A
discrimination curve is obtained by connecting the responses to different pairs in order of the
stimulus number. If a continuum is perceived categorically, there is a peak on the curve,

which corresponds to the discrimination between categories.

In an ABX task, the correctness of a response is obtained by averaging all correct
responses of ABA and ABB together. In an AX task, each unit is compnsed of all the trals
in four types of comparisons (AB, BA, AA, and BB). Adjacent comparison units contain
overlapping AA or BB trials, (e.g., the 3-3 pairs were included in both 1-3 and 3-5 units in a
two-step discrimination). Discrimination response D, for each comparison unit is defined

by equation (2.14) [See also in (Y. S. Xu, Gandour, & Francis, 2006)].
D,y = P(S'/S)e P(S)+ P( D'/ Dye P(D) (2.14)

The percentages of “same™ (‘S’) and “different” (‘D’) responses of all the same (S)
and different (D) trials (i.e., the correct responses) in each comparison unit are represented
by two conditional probabilities, P('S'/S) and P('D /D) respectively. P(S) and P(D) are the
probabilities of S (AA or BB} and D (AB or BA) trials in each unit.

After the discrimination curve is obtained, there are some different methods to analyze
the discrimination data and to do the comparison between different data sets. The first type
of analysis on discrimination data is on discrimination peak: the location of the peak and
the height of the peak. The location of the peak indicates the category boundary, while the
height of the peak indicates the resolution of discrimination on the category boundary. The

second type of analysis is the comparison between across- and within-category
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discrimination. In practice, to improve the signal to noise ratio, the responses to all within-
category pairs are averaged, and likewise to all across-category pairs, and these averages are
compared (e.g. by paired t-test) (Pisoni, 1973; Y. S. Xu, Gandour, & Francis, 2006). The
comparisen of discrimination between within- and across-category provides information for
the degree of categoricalness, with a greater difference indicating a higher degree of
categoricalness. The third type of analysis is the comparison between obtained
discrimination vs. predicted discrimination (Best, et al., 1981; Y. S. Xu, Gandour, &
Francis, 2006). The comparison between predicted and obtained discrimination is rare and
the results usually showed that the discrimination score on within-category is better in

obtained function than that in predicted function (Keating, 2006; Liberman, et al., 1957).

2.3. ERP Components to Study Categorical Perception

2.3.1. ERP Components Correlating with Categorical Perception

Due to its h\igh temporal resolution (millisecond), the ERP is a good method to
investigate the temporal course of CP. The ERP, which directly reflects the brain activities,
is often correlated with some cognitive functions. For example, N400 is a negative
component correlated with easiness of semantic integration (Chope, Metzlutz, Wioland,

Rumbach, & Kurtz, 1994; Kutas & Hillyard, 1980; Lau, Phillips, & Poeppel, 2008).

Similarly, there are some different ERP components correlated with CP. For example,
in a CP study on facial emotional expresston, three ERP components — bilateral occipito-
temporal negativities (N170), the vertex positive potential (P150), and P3b wave — are
found to be modulated by the types of deviants’ category (Campanella, Quinet, Bruyer,
Crommelinck, & Guerit, 2002). Reduction of N1m (the magnetic equivalgat to N1 wave of
EEG), which is measured by MEG, is observed when two values of VOT are across a
category boundary than within a category (Simos, et al,, 1998). The amplitude of N1-P2
complex is increased as perception improved after training. This change in waveform
morphology are thought to reflect an increase in neural synchrony, as well as strengthened

neural connections associated with improved speech perception (Tremblay, et al., 2001).

Nonetheless, some of the above described ERP components are modality dependent,

such as the N170; and thus cannot be used to study the auditory processing. Furthermere, it
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is difficult to use them to study higher cognitive processing like language function because
the language function associated with them is not clear yet. For example, although N1 is
frequently studied in auditory experiment, the auditory N1 does not directly reflect some
higher language functions. It is oftén referred to as an exogenous response, which is evoked
by any acoustic stimulus with a well-defined onset, regardless of the listener’s task or
attentional state (Niditinen & Picton, 1987; Phillips, 2001). Moreover, the inter-cultural
effect, which is very important in studies of speech perception, on the early ERP components
is not clear or consistent. For example, although ERP components between 40 ms and 550
ms are influenced by the melodic structure type of the music phrase, only P3-like component

is affected by cultural familiarity (Nan, Kndsche, & Friederici, 2009).

In particular, some mid and late ERP components, such as MMN, N400, P600 etc., are
found to be affected by language influence or to be correlated with some linguistic functions.
Typically, the present thesis uses two ERP components (MMN and P300) under different
types of conditions to investigate how different linguistically relevant factors modulate these
two components; thus, the temporal dynamic of brain activities affected by these factors can
be revealed. Both ERP components are elicited by a rare change in the auditory sequence,
but they occur at different stages of speech processing: MMN occurs at the early speech
processing without attention, and P300 occurs at the late speech processing with attention.

More details about these two components are reviewed in the next two sections.

2.3.2. MMN

2.3.2.1. Characteristics of MMN

MMN is especially used to study brain activities in pre-attentive stage. The
‘traditional’ MMN is generated by the brain’s autornatic response to any change in auditory
stimulation exceeding a certain limit, which roughly corresponds to the behavioral
discrimination threshold (Niitinen, et al., 2007). The MMN can be obtained experimentally
by passive oddball paradigm without subject’s attention. In an oddball paradigm, there are at
least two tj'pes of stimuli presented in a block, where one type of stimulus occurs (*standard’)
more frequently than the others (‘deviants’). To distract their attention, subjects are often
guided to focus on another modality such as movies or books when presented with the

auditory input. By subtracting ERP waves of deviants from those of standards in the passive
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oddball paradigm, a difference wave called MMN is obtained. In addition to the
experimental paradigm, the topographic distribution and the temporal information also
distinguish the MMN from other ERP components. The MMN has a frontocentral and
central distribution (relative to a mastoid or nose reference electrode) and often peaks
(negatively) at 100-250 ms after the change onsct [Reviewed in (Kujala, Tervaniemi, &
Schrger, 2007; Nédtinen, et al., 2007)1.

2.3.2.2. Mechanisms and generators of MMN

The MMN is typically recorded without subjects’ focal attention. It can even be
recorded during non-attentive states such as sleep (Atienza, Cantero, & Dominguez-Marin,
2002), or in coma (Fischer, Morlet, & Giard, 2000). This demonstrates that brain can

respond to the change automatically (Garrido, Kilner, Stephan, & Friston, 2009).

Such early and automatic response leads to the proposal that MMN is the differential
activation of the afferent N1 transient detectors for repetitive ‘standard’ stimuli and
‘deviant’ stimuli. The recent studies using idemtity or control MMN reveal that the
traditiona! oddball MMN reflects both a non-comparison sensory processing and a
comparison based cognitive processing (Maess, Jacobsen, Schroger, & Friederici, 2007,
Naitinen, Jacobsen, & Winkler, 2005; Niitinen, et al.,, 2007). The identity MMN 1is
obtained by subtracting ERP of deviants in the oddball block from that in a control block.
The control block is a separated block containing the same number of standard stimul and
deviant stimuli. Moreover, the number of deviants in the control block is the same as the
number of deviants in the oddball block. Consequently, by subtracting ERP of deviants,in
the oddbali block from that in a control block, the refractory effects of the afferent neytons,
which are introduced by the probability difference between the standard and the deviant
stimuli in the oddball block, are extracted from the identity MMN. The identity MMN
indicates that the elicitation of an MMN requires the presence of a memory representation of
the standard. Therefore, two components — an early components (N1) and a late component
(identity or control MMN) - are presented in the oddball MMN. The early component (N1)
is induced by refractory effects and the later component (identity or control MMN) is
induced by the comparison procedure. The neural generators'_for these two components are
separated in the time domain but overlapped in the spatial domain. Both are located in the

auditory cortex.
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There is another neural generator of MMN located in the frontal lobe. Although the
MMN is seldom affected by attention, the frontal generator of MMN 1s associated with an
involuntary attention switching process, an automatic orienting response to an acoustic
change (Escera, Alho, Schroger, & Winkler, 2000). The role of the prefrontal generators is
supported by studies of patients. The patients with prefrontal lesions showed diminished
temporal MMN amplitudes (Alain, Woods, & Knight, 1998).

Research also reveals that an MMN can be elicited not only by changes in physical
properties, but also by changes in abstract rules, such as grammatical rule (Pulvermiiller,
Shtyrov, Hasting, & Carlyon, 2008; Shtyrov, Pulvermiiller, Naatanen, & Ilmoniemi, 2003},
stimulus pattemns (Tervaniemi, Saarinen, Paavilainen, Danilova, & Naatanen, 1994), and
cross-modality integration (Colin, et al., 2002) etc. [Reviewed in (Kujala, et al., 2007,
Niiténen, et al., 2007; Pulvermiiller & Shtyrov, 2006)]. In these so-called ‘abstract feature’
MMN studies, there is no physically identical, repetitive standard stimulus but rather a class
of several physically different ‘standard’ stimuli. The invariant ‘abstract’ feature, uniting the
various exemplars of the standard stimuli, is based on some common rules that they all obey
(Nadtanen, et al., 2007). With the help of MEG, the source of MMN in prefrontal or
premotor area is found to have an 2040 ms delay than that in the auditory cortex, when
MMN is elicited by intelligent speech sounds {Reviewed in (Pulvermiller & Shtyrov, 2006)].
These studies suggest that the prefrontal source provides some top-down information to
facilitate the automatic detection. In addition to the sources located in the prefrontal lobe and
the temporal lobe, intracranial MMN recordings in animals suggest that at least in some

species, MMN subcomponents also may be generated in the thalamus and the hippocampus
(Alho, 1995).

In summary, the MMN is caused by at least two underlying functional processes: a
sensory memory mechanism related to generators from the temporal lobe, and an automatic
attention-switching process related to the generators from the frontal lobe. The sources in the
temporal areas may be involved in processing changes of the sounds’ physical properties or
abstract rules; whereas, the sources on the frontal area may reflect reorientation of attention,

which provides top-down prior expectations (Garrido, et al., 2009).
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2.3.2.3. Applications of MMN

Although the MMN is mainly studied in auditory modality, it can be elicited from
other sensory modalities such as the somatosensory modality (Akatsuka, et al., 2005), the
olfactory modality [Réviewed in (Pause & Krauel, 2000)], and the visual modality
[Reviewed in (Pazo-Alvarez, Cadaveira, & Amenedo, 2003)].

MMN reflects the accuracy of auditory discrimination, and it can be obtained even
from inattentive subjects. Théreforc, it becomes an especially attractive tool for studying
various central auditory-system dysfunctions both in adults and chiidren [Reviewed n
(Nidtinen, 2000, 2002, 2003)]. The most promising clinical application of MMN is in
schizophrenia patients. Different types of abnormalities of MMN elicited from schizophrenia
patients have been found to be associated with different types of dysfunctions. Therefore,
MMN can be used as a diagnosis measure [Reviewed in (Nédtinen & Kéhkonen, 2008), also
in (Garrido, et al., 2009)]. Another important clinical application is in the field of dyslexia.
Dyslexia is currently thought, in the majority of the cases, to be result either from a
dysfunction of the phonological system or a more general auditory deficit (({lujala &
Niitinen, 2001). MMN can be elicited either by changes of abstract phonological rules or
changes of acoustic properties. Therefore, through different types of manipulation, the MMN
is useful to determine which aspects of auditory information are deficiently processed in

dyslexia [Reviewed in (Kujala & Naitinen, 2001), also in (Garrido, et al., 2009)).

MMN is also a hot topic in the linguistic area, because it can be used to index the
memory traces for phonemes and to probe the permanent language-specific speech-sound
memory traces (Nﬁﬁtﬁnén, et al., 1997). Different levels of linguistic processes are found to
affect MMN, which indicates the early and automatic access of these linguistic processes
and supports a necar-parallel linguistic processing (Pulvermiilier, Shtyrov, Ilmoniemi, &
Marslen-Wilson, 2006).

These different levels include lexical access and selection, semantic processes, and
syntactic processes. (1) At the lexical level, familiar sounds of one’s native language and
unfamiliar sounds can be distinguished through the size of MMN. For example, a same
vowel elicited a larger size MMN by subjects whose native phonemic system has this vowel
than by subjects whose native phonemic system doesn’t have this vowel (Néitinen & Alho,

1997). (2) At the semantic level, unattended word stimuli elicited an activation sequence
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starting in the superior-temporal cortex and rapidly progressing to the left-infenor-frontal
lobe (Pulvermiiller, et al., 2005). More importantly, the spatio-temporal patterns of cortical
activation depended on lexical and semantic properties of word stems and affixes, thus
indicating that the MMN can give clues about lexico-semantic information processing stored
in long term memory. (3) At the syntactic level, the size of MMN was found to reflect
whether a word string conforms to abstract grammatical rules (Pulvermdiller, et al., 2008;
Pulvermiiller, Shtyrov, et al., 2006). These results suggested that lexical, semantic and
syntactic information can be processed by the central nervous system outside the focus of
attention in a largely automatic manner, which favor the payroll processing of language.
[More examples on application of MMN in linguisticeinformation can be found from the
following review paper: (Nidtinen, et al., 2007; Pulvermiiller & Shtyrav, 2006;
Pulvermiiller, et al., 2009)]

Moreover, since neither explicit responses nor attention is required to elicit an MMN,
it is particularly suitable to study the language development in infants. For example, in a
Finnish-Estonian cross-linguistic design, the obtained evidence suggested that the language-
specific speech-sound memory traces develop between 6 and 12 months of age (Cheour, et
al., 1998).

2.3.3. P300

2.3.3.1. Characteristics of P300

P300 is a positive ERP component, which peaks at 300 ms or more (up to 900 ms)
after a stimulus. P300 is also called P3 or late positive component (LPC) in the literature. [n
addition to the latency, P300 also has a characteristic pariclocentral scalp distribution
(referencing to nose or mastoid). Although there are some other paradigms to elicit P300, the
oddball paradigm, the same paradigm used in recording MMN, 1is a typical one (Polich,
~ 2007). However, in contradict to MMN, which is recorded without subjects’ focal attention
and is irrelevant of tasks, the P300 wave only occurs if the subject is actively engaged in the
task of detecting the targets. Therefore, it depends. very much on the processing of the
stimulus context and levels of attention and arousal (Linden, 2005; Polich & Kok, 1995).

The P300 was first observed to be correlated with stimulus uncertainty (Sutton, Braren,
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Zubin, & John, 1965). Accumulating research work makes it clearer now that P300 reflects
the discriminability of detection of change (Polich, 2007).

2.3.3.2. Mechanisms and generators of P300

P300 reflects brain activities that update the information from the memory when
subjects pay attention to the stimuli (Donchin, 1981). The amplitude of P300 increases when
the probability of the target is lower or when the target is easier to be discriminated. P300
amplitude indicates the amount of central nervous system activities, which are related to
incoming information processing. Figure2.3.1 shows a context-updating model to explain
the processing of P300 (Polich, 2003b). In the model, the sensory input is evaluated with
attention. If the incoming stimulus is not different from what has been stored in the working
memoi‘y, the current mental model is maintained, so that only N100, P200 and N200 are
evoked. However, if a change is detected, the attentional process governs the updating of the
stimulus representation in the memory, so that P300 is evoked (Polich, 2003b, 2007). The
latency of P300 increases when targets are harder to be discriminated from standards, but not
when respbnse times increase for other reasons (Linden, 2005). In other words, the latency

of P300 is correlated with reaction time only when the accuracy is emphasized.

P300 has two subcomponents—P3a and P3b. P3b, which has a parietocentral
topographic distribution and is a bit late in time, is elicited by task-relevant deviant stimuli
that are attended to. Whereas P3a, which has a frontocentral scalp topographic distribution
and occurs a bit early than P3b, is elicited by stimuli more salient than the target without
subjects’ attention (task irrelevant) (Polich, 2003b, 2007). The P3a sometimes is also called
“novelty” P300, which is traditionally elicited by inserting unique and highly salient (or
novel) stimuli in the trains of repeated standard and target stimuli (Spencer, Dien, &
Donchin, 1999). Since P3a is generally largest over the anterior and central recordirg sites,
has a comparatively short peak latency, and rapidly habMes, it is thought to reflect frontal
lobe function (Polich, 2004),
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MEMORY COMPARISON NEURAL MODEL

Figure 2.3.1 Schematic illustration of the P300 context-updating model. [Taken from
(Polich, 2003b)]

The neural generators of P300 are not precisely determined even after three decades of
research on this field (Linden, 2005). “The P300 may have multiple intracerebral generators,
with the hippocampus and various association areas of the neocortex all contributing to the
scalp-recorded potential” [(Picton, 1992), see also in (Linden, 2005)]. The intracranial
recording studies revealed that multiple generators in neocoritical and limbic areas showed
responses to rare stimuli when subjects paid attention to them and did the categorization
(Linden, 2005). The areas include the hippocampus (located in medial temporal lobe)
(McCarthy, Wood, Williamson, & Spencer, 1989), the inferior frontal sulcus (Baudena,
Halgren, Heit, & Clarke, 1995), the inferior parietal lobe (Smith, et al., 1990), the superior
parictal lobe (Halgren, et al., 1995), the temporal lobe (Halgren, et al., 1995), and the
anterior cingulated cortex (Baudena, et al., 1995).

Furthermore, the neural generator for P3a and P3b may be different. The lesion studies
revealed that “the target-P300 seems to be mainly affected by temporoparietal junction
lesions, whereas novelty responses are compromised in patients with a wide range of lesion
sites, including the medial temporal, frontal, and parietal lobes” (Linden, 2005). By using
the event-related fMRI, the areas around the Sylvian fissure activate to infrequent targets
(Linden, et al,, 1999; McCarthy, Luby, Gore, & Goldman-Rakic, 1997). Although fMRI
studies also found some different neural sources other than the Sylvian fissure for novel
P300 than the target P300, the studies are yet to be confirmed [See also in (Linden, 2005)].
The EEG/MEG source localization combining with fMRI showed that the neural generator
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of P3a is more anterior than that of P3b, which are located in anterior superior temporal
gyrus (Alho, et al., 1998), prefrontal cortex (He, Lian, Spencer, Dien, & Donchin, 2001), and
anterior cingulate or supplementary motor area (Dien, Spencer, & Donchin, 2003). In
summary, although it’s still unclear about the neural generator for P3a and P3b, the
converging data still “provide some strong evidence that the inferior parietal lobe and the
temporoparietal junction, particularly the supramarginal gyrus, in the generation of the P3a
and P3b, whereas lateral prefrontal areas seem 10 contribute to the P3a only, in particular,
that evoked by novel stimuli. More superior and posterior parietal areas showed higher

target than distractor responses.” (Linden, 2005)
2.3.3.3. Applications of P300

P300 latency reflects stimulus classification speed (Kutas, McCarthy, & Donchin,
1977), which is generally unrelated to the methods of overt response (Magliero, Bashore,
Coles, & Donchin, 1984; McCarthy & Donchin, 1981). Moreover, P300 latency is
independent of behavioral reaction time especially when the reaction time is affected by
factors more than stimulus difficulties [(Verleger, 1997), see also in (Pglich, 2004)].
Therefore, it can be used as a motor-free measure of cognitive function. The peak latency of
P300 is shown to be correlated with age. Picton (1992) summarized the relationship between
P300 peak latency and age. The function of this relationship has a “V” shape. Latency gets a
minimal value in the middle of the age axis (around 18 years) and increases towards two end
points (either with the subjects getting younger in the range 5-18 years or with the subjects
getting older) [See also in (Polich, 2004)].

In addition to age {Walhovd & Fjell, 2001), P300 is also used as an indicator for
general cognitive efficiency (i.e.,, how well an individual patient can process incoming
information). It indexes some cognitive process that is related to the general mental ability
measured on intelligent quotient (1Q) test (McGarry-Roberts, Stelmack, & Campbell, 1992).
P300 is also correlated with many types of mental dysfunctions, such as schizophrenia,
autism, dementia, alcoholism, Korsakoff’s syndrome, etc. [See (Picton, 1992) for a detailed
review]. However, since it is hard to determine how brain disorders affect the fundamental
cognitive operations of attention allocation and immediate memory and thus influence P300
amplitude or latency, the application of P300 in the clinical measure should be careful
(Picton, 1992; Polich, 2004).
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Another important application of P300 is in the area of brain-computer-interface (BCI)
(Birbaumer & Cohen, 2007; Farweli & Donchin, 1988; Sellers, Kiibler, & Donchin, 2006).
The BCI systems are especially developed to help patients, who lack of motor movements
(such as paralyzed people), to communicate with others through brain waves. In the P300
based speller, as long as the subjects are able to pay attention to a specific target presented
among a metric of selection, the P300 to the target will be able to be detected without the
subject’s motor movement. Therefore, the target of a subject’s in mind can be identified by

other people without the subject’s overt movement.

Although P300 is not language specific, since P300 reflects the general cognitive stage
including attention and memory, it can and has been used to investigate psycholinguistic
issues (Kutas & Van Petten, 1994). (1) The P300 indicates social awareness. For example,
vocal sounds directly reflect a communicative intent, so that intensity change of vocal but
not nonvocal sounds is socially relevant. P300 showed that when subjects listened to a
sequence of vocal or nonvocal sounds that contained rare deviants which differed from
standards in sound intensity, the vocal sounds recruited enhanced sensory and attentional
resources than nonvocal sounds (Schirmer, Simpson, & Escoffier, 2007). (2) The conceptual
integration of text to the sentence can be indexed by P300 (Yang, Perfetti, & Schmalhofer,
2007). (3) Stroop effect, a psychology effect when subjects are asked to report the color in
which a word is displayed, subjects are influenced by word meaning even though it is
irrelevént, is a demonstration of automatic semantic interference. Although the reaction time
is delayed in incongruent condition, the P300 latency remains stable. This suggests that the
response-related processes are the primary source of Stroop interference (Ila & Polich, 1999;
Sziics, Soltész, & White, 2009). In summary, the combination methods of reaction time and

the P300 enrich the understanding on some linguistic phenomena.

2.3.4. Comments on the MMN and P300

Both MMN and P300 are elicited from the oddball paradigm, although they are in
different attentive stages and different time windows. The MMN reflects the automatically
detection of violation in the pre-attentive stage, which characterizes the implicit, intuitive
knowledge; while the P300, reflects the conscious detection of violation to the standard in
perceptual stage, which characterizes the explicit knowledge (van Zuijen, Simoens,

Paavilainen, Naatanen, & Tervaniemi, 2006). The same experimental paradigm but different
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attentional processes make MMN and P300 often to be studied together to examine the

contrast between the automatic and controlled processing (Sussman, et al., 2004).

2.3.5. Neurophysiological Bases for Speech Perception

MMN and P300 are often examined together to study the model of speech perception.
On one hand, the early studies suggested a three-factor (acoustic, phonetic and phonemic)
hierarchy for speech perception (Pegg & Werker, 1997, Werker & Logan, 1985). Based on
these studies, Dalebout and Stack (1999) suggested that MMN, P300, and behavioral
responses could be used to test the proposition that there are different processing levels tn
the perception of speech in addition to attentional conditions (Dalebout & Stack, 1999). In
this serial model, the auditory level of processing can be reflected by MMN. Secondly, the
P300 indexes the phonetic/phonemic level, which is responsible for phonemic contrasts that
exists in response to the native languages or phonetic contrasts of any language. Thirdly,
there exists a higher order linguistic level wherein lexical, syntactic, and semantic

knowledge mediates perception. This level is only shown in behavioral performance.

On the other hand, accumulating evidence has shown that the language influence has
been reflected as early as in the time window of MMN (see section 2.3.2). Studies on a
phonological task revealed both acoustic properties and phonological information influence
the magnitude of P300 (Tampas, Harkrider, & Hedrick, 2005). These recent studies

suggested the parallel or near parallel processing of acoustic and phonetic information.



CHAPTER 3 BEHAVIORAL EXPERIMENTS ON CANTONESE

LEVEL TONES

3.0. Purposes of the Experiments

Three level tones which only exist in the Cantonese tone system were investigated by
behavioral experiments. All the stimuli used here were synthesized by pitch-synchronous
overlap and add (PSOLA) through a speech processing software — Praat (Boersma &
Weenink, 2005). The PSOLA changes the pitch contour of a sound, while keeps the voice
quality unchanged (Lemmetty, 1999).

There were four experiments in this chapter. The purposes of this series of
experiments were to examine (1) whether Cantonese level tones are perceived categorically;
(2) how the contextual sentences influence the perception of Cantonese tones; (3) how
linguistic experiences of subjects influence CP; and (4) whether the degree of CP on the
same pitch contours depends on the types of carrier syllables (i.e., real word, non-word,

nonspeech)

3.1. Experiment I: to Examine the Context Effect

Only an identification task was carried out in Experiment I on Cantonese level tones.
Native listeners participated in Experiment | to check whether Cantonese level tones are
perceived categorically by native subjects. In this experiment, the position of the target
tonal syllable was manipulated to have three types: in isolation (1SO) without a contextual
sentence, at the beginning of a contextual sentence (right context, RC), and at the end of a
contextual sentence (leff context, LC). When the target syllables were in isolation form,
they were tested in an absolute manner. That means the pitch contour of the target syllable
was manipulated so that the target syllable is perceived as one of the three Cantonese level
tones. When the target syllable was embedded in a sentence, it was tested in a relative
manner. That means the target syllable can be perceived as one of the three Cantonese level
tones depending on the pitch contrast between the target and the contextual sentence. This
pitch contrast was obtained by changing the pitch contours of the sentence only (the target

syllable was unchanged). Experiment I was conducted to examine the first two points
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proposed in seotion 3.0. The two points were repeated here: (1) whether Cantonese level
tones are perceived categorically; and (2) how the contextual sentences influences CP of

Cantonese leve! tones.

3.1.1. Method

3.1.1.1. Subjects

Thirteen native Cantonese speakers (7 male and 6 female, age: mean=23 years,
SD=4.5 years)® volunteered to participate in the experiment. All of them are university
students from the City University of Hong Kong. None of them reported a history of
speaking or hearing disability. All of them are right handed according to self-report. Since
this behavioral experiment was not aimed to test the lateralization pattern, no formal

handedness test was done.
3.1.1.2. Stimuli
A. ISOLATION FORM.

Table 3.1.1  FO value of stimuli in Experiment Ia (isolation form). Anchor syllables,
which were used as filler, were naturally uttered speech. Synthetic syllables were based
: on stim#8, the base syllable.

Mean FO (Hz)

Stimu# Synthetic syllable Anchor syllable
189, (HighLevel) 189 (High-Level)

182
175
168
161
154
147
140 (Mid-Level, base syllable)
133
126
119 (Low-Level) 119 (natural Low-level)

Clalelo[wlajr|alw|n]—

* To estimate the sample size is not an casy job. Different estimation methods are required for different types of statistical
analysis methods (Eng, 2003). For repeated measures analysis of variance (RMANOVA), there is not a mature method to
predict the sample size. Therefore, the number of subjects was chosen according to rule of thumb. In behavioral
experiment, the number of subjects is between 10 and 20. The more the better, however, subjects are expensive, we
should balance between the cost and the relibility of the results. In practice, we started from 10 and analyzed on the data.
If there are some effects with low power effect but near significant, we will increase the number of subjects and 1est again
to check the robustness of the significant effect.
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Cantonese three level tone syllables [4) fen® (to divide), Bl fen*’(to sleep), and £
fen®® (to share)] were uttered by a native Cantonese subjects five times. The best utterance
of each tone syllable, which was measured by two independent researchers, was chosen as
the anchor syllable. Among the three anchor syllables, the mid-level tone was chosen as the
base syllable. Eleven stimuli were synthesized by varying pitch contours from low-level to
high-level based on the base syllable (mid-level syllable). The pitch values of two end
points (#1, high-level; and #11, low-level) were determined by two anchor syllable
(naturally uttered high-level and low-level tones). Therefore, all the 11 stimuli differed
only on pitch contours but they were the same in all other acoustic properties. The duration
of each target syllable was normalized to 500 ms. Mean pitch values of the 11 stimuli, with

7 Hz step, were shown on Table.3.1.1.

B. WITH CONTEXTUAL SENTENCE.

The target syllables (TSs) [4} fan' (to divide), Bl fan® (to sieep) and 4 fan® (to
share)]” were embedded in two types of contexts. One was the left context sentence (LC)—
the target is at the end of the sentence) and the other was the right context sentence (RC)}—
the target is at the beginning of the sentence). The LC sentence was We {8 <#{% fan (ni’ go’
zi® hai® TS, This word is fan) and the RC sentence was fan (#-12 B8 (fan hai® mat’ ji’ si’,

fan 1s what rﬁeaning). Durations of the sentences were 1.11 s for LC, and 1.15 s for RC

respectively. The duration of the targets was 450 ms for LC and 350 ms for RC.

LC and RC stimuli were constructed and presented with the same procedure. Similar
to those in ISO form, the three LC and RC sentences, which differed in target syllable but
had the same contextual sentences, were uttered five times by a native male speaker. The
best utterance of each sentence, which was measured by two independent researchers, was

chosen as the anchor sentence. The sentence with the target of mid-level tone [B fan’ (to

sleep)] was chosen as the base sentence. Other stimuli were synthesized by varying the
pitch contour of context syllables. The.FOQ difference (FO dist.) between the carrier syllables
and the target syllables determined what the target was perceived. Therefore, instead of
using the pitch contours of the target as the anchor point, the mean FO dist. between the

© All the superscript value represents for the tonai catcgory in Cantonese. For example, 7S is tone | target syllable with
tone
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contextual sentence and the target syllable was chosen as the anchor. The two anchors were

from naturally uttered high-level and low-level sentences.

The difference in mean Fo between the [hai®] and [fan'] was measured, which we
called anchor 1. The values of the difference were 44Hz and 46Hz in LC and RC sentences
respectively. Similarly, anchor 2 was obtained from the difference in mean F, between the
[hai®] and [fan®]. They were -6 Hz and -4Hz in LC and RC sentences respectively. The
values of two anchors were slightly modified according to the rule of distance between 55-
33-22. In other words, the difference of F0 distance between the high-level sentence and the
mid-level sentence was twice times than that between the mid-level and the low-level

sentence.

Table 3.1.2  Mean F0 value (Hz) of stimuli in Experiment Ib (with contextual
sentence). Synthetic syllables were based on stim#7, the base syllable

. LC LC LC FO RC RC RC FO
Stim# . .
context target dist. target context  dist.

1 83 44 (High-Level) 90 46
2 88 39 95 41
3 93 34 100 36
4 98 29 105 31
5 103 24 110 26
6 108 19 115 21
7 113 127 14 {Mid-level, base) 136 120 16
8 118 9 125 11
9 123 4 130 6

10 128 -1 135 1

11 133 -6 (Low-Level) 140 -4

The difference in Fg between anchor 1 and the baseline was equally divided at 5 Hz
step. Hereby, we obtained 7 points as reference (No.1-7 in Tab. 3.1.1). Similarly, four
reference ﬁoints (No.8-11) were obtained between anchor 2 and the baseline. Totally there
were 11 points including 2 endpoints. No.7 was the baseline point. Different stimuli or
testing sentence were differed only by pitch contours of the carmier sentences, and all the
other acoustic properties were kept the same. A schematic diagram of pitch contours was
shown in Figure 3.1.1. Real pitch contours for LC and RC continua were shown in
Figure3.1.2. The value of the pitch contours was listed in Table. 3.1.2. The FO dist. is
obtained by the equation (3.1):
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FO dist. = FO (T5)-F0 (context) (3.1)

Where, the ‘context’ here referred o has5.

Anch 2
No. of Stumuli -6Hz --1_Hz No. of Summls
! . X
9 10
8 9
7 . 8
g . Anch ¢
.; 44Hz «:!61-!7 3
. : 3
3 ;
3 v ' 2
1 v 1
F, coatowr of Fo contour of F contour of
."ha.l‘-' mLC TS (fan h.llo in RC
Summtus No.7 1s the baseline sertence

Figure 3.1.1 Stimuli continua structure of Experiment . The step in the continua was
3Hz. We anticipated TS in stimulus No.I to be perceived as [fan' | and TS in stimulus
No.11 to be perceived as [fan®].
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Figure 3.1.2  Pitch contours of LC (left context) and RC (right context) in Experiment I.
We anticipated TS (target syllable) in stimulus No.! (blue line) to be perceived as [fan'],
TS in stimulus No.7(green line} to be perceived as [f'cmj ]. and TS in stimulus No.7(red
line) to be perceived as [fan®] .T1: tone 1; T3: tone 3: T6. tone 6. The dashed vertical
lines in each plot are the boundaries of each word.
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3.1.1.3. Identification task

Every trial was constructed by two repeated identical stimuli, which were separated
by a 500 ms inter-stimulus-interval (IS1). There was a 4 s inter-trial-interval (IT1) after
every trial. The stimuli were presented to listeners via a loudspeaker. The presentation
paradigm was shown in Figure3.1.3. Subjects were required to identify the target after a
trial as one of the three target words (4} fan', Bl fan’, or #} fan®) by circling one out of the
three, even if they were not sure about the answer. There werel3 types of trials in Isolation
form including 11 synthetic stimuli constructed from the base syllable and two anchor
stimuli, which were natural uttered high-level and low-level tone syllables as the fillers;
while, there were 11 types of trials in context form. The subjects who failed to respond to
anchor points in isolation form correctly were rejected from further data analysis. Each type
of trial was repeated twice and all were presented to the subjects in a random order. Each of
three conditions (Isolation, RC, and LC) contains five such blocks. There was a one
minute’s break after each block and a three-minute’s break after each condition. Three
conditions are counterbalanced among subjects. The whole experiments took 30 minutes. A

sample sheet is attached in appendix 2.

"
1 ! | | | |
I | Stim A StmA | ! | | StimB StimB | ! I | Stim N StimN | !
| I | L1 I | > |
| Mg [ | t | I
: ISI = 500 ms : ! ISI = 500 ms : : ISI = 500 ms :
| . | 1 ) | i : |
| Trial 1 I | Trial 2 [ | Trial N [
S, | | L I |

-

ITI=4s

Figure 3.1.3 Presentation paradigm in identification task for Cantonese level tones.

3.1.2. Data Analysis

All thirteen subjects were included in the data analysis, because none of them failed
to reach at least 75 % of correctness on the two anchor points in each continuum. Since the
three continua with different target positions were perceived by the same subjects, all the
statistical analyses were either repeated measures analysis of variance (RMANOVA) or

paired s-test. The analyses were to test whether the three continua were perceived
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differently by the subjects, especially whether they showed different CP. All the statistical
analyses were conducted through the software called SPSS (http://www.spss.com/) (Brace,
Kemp, & Snelgar, 2003). When conducting RMANOVA, Greenhouse-Geisser adjustment

was used when the assumption of sphericity was violated and the significant level was set at
0.05. To correct the type | error by multiple tests, the threshold value p was corrected by

Bonferroni adjustment in pairwise f-test.

3.1.2.1. Identification curves.

The identification curve was obtained by sorting the proportion of response to each
category in an order of the stimulus number. Smooth of the identification curve indicates
how confident and consistent the subjects categorize the stimuli. The deviant of the first
derivation of the identification curve was such an indicator. The equation (3.2) showed

how to obtain the first derivation of the identification curve.
Ap, =[p'rl(i-!-l)-pTI(i)]+[pT6(i)—pfﬁ(‘.+l)] i=1~10 (3.2)

Here, only T1 and T6 were calculated, since the T3 is not monotonic increased and
moreover, T3 can be uniquely determined by T1 and T6. i here, represented stimulus
number. Since T1 and T6 had reverse direction of increasing along the continuum, they
contribu.ted different signs to the derivation. Since there were 11 stimuli on each continuum,

the i was in the range of 1 to 10.

Larger Ap, indicated change of adjacent identification responses more abruptly.

Moreover, the larger variance of Ap, over the continuum or subjects indicated less smooth

of the identification responses.

3.1.2.2. Predicted discrimination.

Equation of (2.1) only deals with two categories. To deal with three category data in
this experiment, the (2.1) was modified according to that described in (Francis, et al., 2003)

and rewritten as equation (3.3).

plpred.disc,)=0.5+0.25{( py, (i) - pp ()]}

: : (33)
+(Pry ()= prs (N + [Pre (D) = Pre()])}
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According to the crossover points in identification curves, the predicted
discrimination value was grouped into across- and within- category results. Then the

comparison was on these across- and within- category groups.

3.1.3. Results

3.1.3.1. Identification curves.

-

Identification responses averaged across listeners according to three target positions
were presented in Figure 3.1.4. The figures showed that listeners exhibited crossovers in
their identification function. Three categories were obtained along the continuum. The
crossovers corresponded roughly to the expected location of boundaries between three tone
categories (at the 3-5 and 9-11 pairs in both the isolation form and the LC continuum and at
4-6 and 7-9 pairs in the RC continuum®). Category boundaries in RC continuum are sharper

than those in LC continuum and isolation form.

The identification curve in the isolation form was messier than that in the LC or in the

RC continuum. A two-way RMANOVA was conducted on the delta value of identification
responses (Ap,) [3 target position (POSITION): Isolation, LC and RC X 10 i, the delta
steps (STEP)] . There was no any main effect for POSITION or for STEP. However, there
was an interaction effect [POSITION X STEP: F(2,18)=3.234, p<0.001}, which revealed
that patterns of the identification score between an adjacent pair were diffesent for these

three continua. Figure 3.1.5 showed the Ap,of these three target positions. The post hoc

analyses on each / over three continua by RMANOVA showed that when i=5 and i=6, the
Ap, significantly differed in three continua [i=5: F(2,24)=11.877, p<0.001; i=6:

’ )F(2,24)ﬁ5.165, p£=0.014]. To correct the type | error by multiple tests, the threshold value P

/,' was divided by 11, so p<0.005 was the significant value. After the correction, only when

; i=5, the Ap, significantly differed in three continua.

Another method to examine the smoothness of the identification curve was to check

the deviants of Ap, over the whole continuum for three types of positions. Therefore, there

were three such values corresponding to each continuum for each subject. A RMANOVA

d Only two major crossovers {loneland tone3, tone3 and toneb) were considered
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on the factor of POSITION showed variance of Ap, significantly differed in three continua

[F(2,24)=5.714, p=0.020]. However, the post hoc pairwise comparison showed that none of

them significantly differed from each other, although there is a trend that deviants of Ap,

in Isolation form is larger than in RC or LC condition [mean of deviants of Ap,: 1SO=0.617;

RC=0.405; LC=0.382].
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Figure 3.1.4 Results of natural speech based Cantonese level tones perceived by native
subjects in Experiment I. The target syllables had three types of positions: in the
isolation form (Isolation), at the beginning of the sentence (RC), at the end of the

sentence (LC). A solid line with a cross represented predicted discrimination (Pred disc.)

calculated from the identification results. A solid line with a circle, a dotted line with a

square, and a solid line with a rectangle represented the proportion of the stimuli
perceived as tone 1 (T1), tone 3 (T3) and tone 6 (T6) respectively.
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Figure 3.1.5 The delta value of identification responses (Ap,) in three continua with

different positions of target in Experiment 1. The solid line with a rectangle, the dash line
with a diamond, and the dotted line with a square represented the Ap, when it was in

isolation form, in RC continuum and in LC continuum respectively.

3.1.2.2. Predicted discrimination.
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A two way [3 POSITION X9 stimulus pair (PAIR)]RMANOVA showed there were
both a significant interaction effect and a PAIR main effect, but no POSITION main effect
[POSITION X PAIR: F(16,192)=3.219, p<0.001; POSITION: F(2,192)=2.346, p=0.117;
PAIR: F(8,192)=2.711, p=0.01]). The interaction effect indicated that predicted
discrimination score over the nine pairs did not show the same pattern for three POSITION
continua. A one-way RMANOVA on the factor of PAIR for the predicted discrimination
showed that only RC continuum had a significant PAIR effect, while Isolation and LC
continua had none [RC: ( F(8,96) =7.311, p<0.0d1; LC: F(8,96)=0.422, p=0.831; Isolation:
F(8,96)=2.094, p=0.108)]. |

Table 3.1.3  Grouping information, grouped mean value, and statistical analysis of
predicted discrimination scores in three continua of Experiment L. ** : p<0.003; * .
p<0.017. (significant level p<0.017 after correction)

RC LC 150
mean pairs mean pairs | mean pairs
2-4,
4-6, 2-4, B
AC 0.838 7-9 0. 623 9-11 0. 702 | 3-5,

9-11
wC 0.585 others | 0.634 other | 0.676 | nthers

Aca"is;e:c £(12)=4.818, | t(12)=-0.328, | t(12)=0. 563,
oot p<. 001#%s p=0. 748 p0. 583

RC vs. LC  1{(12)=4.420, p=0.001%x
AC RC vs. 1SO  t(12}=1.893, p=0, 082
LC vs. IS0 t(12)=-1.567, p<0. 143
RC vs. LC  t(12)=-1.718, p=0. (1l
WC RC vs. 180 t(12)=-4.210, p=0.001%*
LC vs, IS0 t(12)=-1.573, p0.142

To improve the signal to noise ratio, the nine stimulus pairs for each continuum were
grouped into within-category (WC) and across-category (AC) pairs according to the
crossover of identification curves. Therefore, the p(pred.disc) values of WC and AC were
averaged as in Table 3.1.3 and plotted in Figure3.1.6. The RMANOVA of p(pred.disc) on
two within-subject factors (3 POSITION X 2 CATEGORY: AC and WC) revealed a
significant interaction effect and two significant main effects [POSITION: F(2,24)=5.152,
p=0.014; CATEGORY: F(1,24)=18,087, p<0.001; POSITION X CATEGORY:
F(2,24)=8.178, p=0.002). The observed interaction effect indicated that patterns of the
difference between AC and WC categories in three continua were different. To further

check what kind of patterns differ between AC and WC in each continuum, three paired t-
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tests on the difference between AC and WC for each continuum were conducted. The
 results (listed in Table 3.1.3) revealed that only RC continuum had a significant effect on
CATEGORY by showing a higher p(pred.disc) in AC than that in WC even after correction.
The paired t-tests confirmed that CP was only observed in the RC continuum and absent in
bOﬂl] the LC continuum and‘ the Isolation continuum. Moreover, six paired t-tests revealed
that RC continuum had a higher predicted discrimination than LC continuum only in
‘across-category pairs but not in within-category pairs; on the contrary, RC continuum had a
higher predicted discrimination than ISO continuum only in within-category pairs but not in
across-category pairs. These results further supported that the RC continuum was perceived
more categorically than the LC continuum, and the identiﬁca.tion curve from the ISO

continuum was less smooth than that from both LC and RC continua.

Fipeaddin) O AC B WC

| .
08! ns.

| ns.
06 |
04 |
02| ;

o' —! i i) N b 2
RC : LC ISO

Figure 3.1.6 Grouped value of predicted discrimination according to AC (Across-
category) and WC(within-category) in three continua of Experimentl. **: p<0.01; ns.
Non significant, RC: right context, LC: left context; ISO: isolation. Error bar
represented standard error.

3.1.4. Summary and Discussion

The result obtained from Experiment I confirmed our hypothesis that perception of
Cantonese level tones is affected by the context. In this experiment, target syllables were
kept unchanéed in both the RC and LC continua, therefore, tone categories of the target
sy_llables were totally determined by the context. Nonetheless, the subjects successfully
categorized the continua into three tone categories. Moreover, the identification function
was smoother when the targets were embedded in a sentence than when they were isolated.

This smoothness was illustrated by a smaller deviance of Ap, over the whole continuum in

RC and LC conditions than in ISO condition. Furthermore, the larger deviance in IS0

condition was not due to the sharper categorical boundary, since no CP was observed. The

55



Chapter 4 Behavioral and ERP Experiments on Mandarin and Cantonese Tones

results showed that pitch changing in the adjacent syllable influences the perception of the
TS. Therefore, categorization of tonal categories not only depends on the absolute pitch
value of the TS but also on the pitch distance between the TS and adjacent syllables. The
result in Experiment I is consistent with the findings from a previous study on Mandarin
tones (Lin & Wang, 1984).

The context effect observed in Experiment I was not only restricted to the presence of
a contextual sentence. The effect of the target position in a sentence was also observed. CP
was only observed in RC continuum, while no CP was observed in LC or ISO continuum.
These results confirned the early findings (Francis, et al., 2003) that noncategoncal
perception of Cantonese level tones in isolation but categorical perception of them with a
context. However, our finding extended that finding by further illustrated that CP was only

observed in RC but not in LC condition.

The results obtained from Experiment [ provided some suggestions to two questions
raised at the beginning (1) whether Cantonese level tones are perceived categorically; (2)
and (2) how a contextual sentence influences CP of Cantonese level tones. The results
suggested that (1) the perception of Cantonese tones highly depends on the context; (2) the
Cantonese level tones are perceived categorically only when they are with a contextual
sentence, especially when the contextual sentence follows the target level tone; and t3) the
position of contextual sentence also influences the degree of CP on Cantonese level tones,

with increment of CP only in RC condition but not in LC condition.

However, there was a limitation in Experiment I. In this experiment, the stimuli were
synthesized based on naturally uttered speech, therefore, mean Fo of TSs in LC and RC
continua were different. The difference of Fy between the /hai’/ and TS was also different
for each corresponding stimulus in LC and RC sentences. Therefore, it was hard to tell
whether the difference of categoricalness was due to context position or due to a higher
mean Fo value in RC continuum. Experiment II, where TS and Fo distance were kept strictly

equal, was carried out to rule out the influence of this latter factor.
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3.2. Experiment II; to Reexamine the Context Effect

Experiment Il was conducted to investigate further the mechanisms underlying the
position effect observed in Experiment I, especially to investigate whether the position

effect was due to the artifact of naturally uttered stimuli.

3.2.1. Method

3.2.1.1. Subjects

Twenty three native Cantonese subjects {12 male and 11 female, age: mean=22 years,
SD=4.2 years )° volunteered to participate in this experiment. All are students from the City
University of Hong Kong, with no reported history of speaking or hearing disability. All of
them are right handed according to self-report. Since this behavioral experiment was not

aimed to test the lateralization pattern, no formal handedness test was done.

3.2.1.2. Stimuli
¢

Table 3.2.1 Mean FO value and F0 dist. of stimuli in Experiment 11 (with contextual
sentence). Synthetic sentences were based on stim#9, the base syllable

Srigy - . context TS Step FO dist. FO dist.

{teng] (Hz) (Hz)  (Hz) (Hz) {mel)

1 133 -52 (High-Level) 0 0
2 138.27 -5.2 -7 5.2
3 143.4 .53 ‘ 14 -10.4
4 148.7 -5.3 -21.1 -15.7
5 154 -5.3 -28.1 -21
6 159.3 -5.4 -35.1 -26.3
7 164.7 5.4 -42.1 2317
8 170.1 5.4 49.1 371
9 1755 133 0 (Mid-level, base) -56.1 425
10 181 5.5 63.1 48
11 186.5 5.5 2702 -53.8
12 192 55 772 -59
13 197.6 56  (Low-Level) -84.2 -64.6

* We first enrolled 10 subjects in the experiment, however, the preliminary result show a marginal effect with low power
effect. We later added more subjects to increase the power cffect and reanalyzed the data.
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Stimuli of Experiment II were resynthesized sentences based synthetic male speech
generated from CUTALK (http://dsp.ee.cuhk.edu.hk/speech/cutalk) (a text-to-speech
engine). Only two contextual sentences (RC and LC) were used in this experiment. The LC
was presented by the sentence: [tau’ sin’ nei’ teng' TS (You have just heard the word TS)].
The RC was presented by the sentence: {TS teng’ dak’ how’ hou’ (The word of TS is heard
quite clearly)]. The TSs were: [5¥ si’ (poem), # si’ (hobby), and ¥ si° (thing)). Six (three
for LC and RC each) sentences were generated from the CUTALK. Three sentences
differed in target syllables but had the same of contextual sentences. The engine generated
the identical context sound of [feng’], and three TSs. The three TSs differed only in FO
value and were identical in both LC and RC conditions. The duration was 280 ms for target

syllable, 1.317 s for RC sentence and 1.344 s for LC sentence.

No. of stummly No. of snmubs
) o )
. Is
9 84.19me 9
8 8
7 7
6 Anch ] 6
i 0 mel : 0 mel 3
2 4 2
1 e Y
Fp contour of /teng'i Fo comtour of  Fpcontour of :tengl ‘
mLC TS (/sv) unRC
Stmudus No.9 1s the baseline sentence

Figure 3.2.1 Stimuli continua structure of Experiment II. The step in the continua was

7.0 mels. We anticipated TS in stimulus No.1 to be perceived as /si'/ and TS in stimulus

No.13 to be perceived as /si%. Stimulus No.9 was the base sentence, based on which the
continua were synthesized.

Following the similar procedure described in section 3.1.1.2, thirteen stimuli were
synthesized for each continuum. Stimulus No.9 was the base sentence. Two anchors in LC
and RC conditions were obtained by measuring the FO dist. between the context ([teng"])
and TSs. The distance between the two anchors was larger than that in Experiment [, so mel
scale was chosen for step unit. The FO difference (FO distance) between the carrier syllables
and the target syllables determined what the target was perceived. The calculation of F0 dist.
was the same as in equation (3.1), and Fo(7:5)=133Hz was kept constant. The FO dist. step

between adjacent stimuli was 7 mels. The information of pitch distance was listed in Table
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3.2.1. Figure 3.2.1 and Figure 3.2.2 showed the schematic and real pitch contours
respectively.

LC RC
it v T 10

1K1/}

Figure3.2.2  Pitch contours of LC (left context) and RC (right context) in Experiment
1. We anticipated TS (target syllable) in stimulus No.1 (blue Ime) to be perceived as
[si']. TS in stimulus No.9(green line) !o be perceived as [si’], and TS in stimulus
No.9(red line) to be perceived as [si°] .T1. tone 1; T3: tone 3. T6: tone 6.

3.2.1.3. Identification task

Thirteen tokens in each of the RC and LC continua were randomized into a block
with 1.5s ITI. There were nine such blocks for each continuum. [n other words, each trial
was repeated nine times. There was a one-minute’s break between blocks and a three-
minute’s break between conditions. The first block was-a practice block, which was not
counted into the response. Two sets of continua were counterbalanced among subjects to
reduce the order effect. In contradict to Experiment I, one trial in Experiment i contained
only one stimulus without a repetition as shown in Figure 3.2.3. Subjects heard the stimuli
over a SONY headphone (MDR CD-777) and conducted the identification task following
the same procedure as in Experiment | described in section 3.1.1.3B. The whole duration

was 30 minutes.

—— e =

Figure 3.2.3 Presentation paradigm in identification task for Cantonese level tones
(synthetic based stimuli).
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3.2.2. Data Analysis

Similar to Experiment |, all the statistical analyses were either RMANOVA or paired
t-test. When conducting RMANOVA, Greenhouse-Geisser adjustment was used when the
assumption of sphericity was violated and the significant level was set at 0.05. To correct
the type | error by multiple tests, the threshold value p was corrected by Bonferroni

adjustment in pairwise #-test.

The analysis procedures were similar as in Experiment 1. The procedure includes (1)
whether three categories were obtained in each continuum; (2) whether the identification
curves had equal smoothness in LC and RC, which indicates the consistency of the category
classification; and (3) whether the degree of CP was different in LC and RC conditions. The
dependant variables for the above three points were identification scores (identification

curves), Ap, (or deviance of Ap,), and the predicted discrimination scores respectively.

3.2.3. Results

3.2.3.1. Identification curves.

Identification responses averaged across listeners according to three target positions
were presented in Figure 3.2.4. The figures showed that listeners exhibited crossovers in
their identification function. Three categories were obtained along each continuum. The
crossovers corresponded roughly to the expected location of boundaries between the three
tonal categories (at the 3-4 and 9-10 pairs in LC continuum and at 1-2 and 6-8 pairs in RC
continuum). Category boundaries in RC continuum were sharper than those in LC

continuum and isolation form.

Similar to Experiment I, a two-way RMANOV A was conducted on the delta value of
identification responses ( Ap, ) [2 target position (POSITION): LC and RC X 12 j, the delta
steps (STEP)] . There was a significant STEP main effect {F(11,242)=3.568, p<0.001] but
no significant POSITION main effect [F(11,242)=0.037, p=0.848]. The interaction effect
was also significant [POSITION X STEP: F(11,242)=3.075, p=0.001], which revealed that
the patterns of the identification score between the adjacent pair were different for these

two continua. Figure 3.2.5 showed the Ap, from both continua with different target
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positions. The post hoc analyses on each i over these two continua by paired #-test showed
that when /=1, 5, 6 and 10, the Ap, significantly differed in two continua [i=!: t(22)=2.463,
p=0.022; i=2: (22)=-3.022, p=0.006; 1(22)=2.736, p=0.012; 1(22)=-2.498, p=0.020]. To
correct the type I error by multiple tests, the threshold value p was divided by 13, so
p<0.0017 was the significant value. After the correction, no significant difference of

Ap, between these two continua was obtained.

The second method to examine the smoothness of the identification curve was to

check the variance of Ap, over the whole continuurn in the two position types. A paired ¢-

test between two continua showed variance of Ap, was not significantly differed for two

continua [t(22)=1.31, p=0.204].

Both types of analysis on identification curves did not show evidence that there was

difference of smoothness between these two continua.
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Figure 3.2.4 Results of synthetic based Cantonese level tones perceived by native
subjects in Experiment Il. The target syllables had two types of positions: at the
beginning of the seltence (RC), at the end of the sentence (LC). A solid line with a cross
represented predicted discrimination (Pred disc.) calculated from the identification
results. A solid line with a circle, a dotted line with a square, and a solid line with a
rectangle represented the proportion of the stimuli perceived as tone 1 (T1), tone 3 (T3)
and tone 6 (T0) respectively.
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Figure 3.2.5 The delta value of identification responses ( Ap,) in two continua with

different positions of target in Experiment II. The solid line with a diamond and the dash
line with a rectangle represented the Ap, in RC continuum and in LC continuum

respectively.

3.2.3.2. Predicted discrimination.

The predicted discrimination scores for 11 stimulus pairs from each continuum were
grouped into within-category (WC) and across-category (AC) pairs according to crossovers
of identification curves. The p(pred.disc) of WC and AC were averaged according to the
groups described in Table 3.2.2 and plotted in Figure 3.2.6. The RMANQVA of p(pred.disc)
on two within-subject factors (2 POSITION X2 CATEGORY: AC and WC) revealed a
significant interaction effect and two significant main effects [POSITION: F(1,22)=8.007,
p=0.01; CATEGORY: F(1,22)=16,551, p=0.001; POSITION X CATEGORY:
F(1,22)=13.645, p=0.001]. The results indicated that the overall predicted discrimination
from AC is better than WC. In other words, there was an abrupt boundary in the
identification curve. The observed interaction effect suggested that the patterns of

difference between AC and WC categories in both continua were different.

Table 3.2.2  Grouping information, grouped mean value, and statistical analysis of
predicted discrimination scores in two continua of Experiment II. **: p<0.005;*:
p<0.025 (significant level p<0.025 after correction).

RC LC
. mean ‘Lpairs mean pairs
- 2-4,
1-3, 3-5,
AC 0. 657 6-8 0.573 8-10,
. 9-11
WC 0.539 others | 0.545 other
AC vs. WC 1(22)=4. 26, t(22)=2. 137
paired t-test P 00] = p0. 044
AC  RCvs. LC (22)=3. 288, p=0. 003*+
wC RC vs. LC t(22)=-l.293.'p=0.210
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Figure 3.2.6 Grouped value of predicted discrimination according to AC (Across-
category) and WC (within-category) from LC(left context) and RC(right context)
continua in Experiment I1. **: p<0.005, *: p<0.025, ns. Not significant. Error bar
represented standard error.

To further look into what kind of difference, a paired -test on the difference value
between AC and WC for each continuum was conducted. To correct the type | error due to
the multiple t-test, significant level is set at p<0.025. The results (listed in Table 3.2.2)
revealed that only RC continuum had significant effects on CATEGORY by showing a
higher p(pred.disc) in AC than that in WC. Moreover, RC and LC continua differed in AC
pairs only. The paired s-test confirmed that CP was only observed in RC continuum and

absent in LC continuum.

3.2.4. Summary and Discussion

The comparison of the categorical boundaries showed that they were sharper in RC
than in LC continuum. These results replicated the position effect observed in Fxperiment [.
Experiment II improved Experiment 1 with better control of stimuli by using synthetic
speech. Therefore, the target syllable and the immediate neighbor syllable were the same in
LC and RC continua. With such control, the observed categoricalness difference between
LC and RC could not be attributed to the acoustic difference of target stimuli or FO height

in Experiment [.

One of the major differences between the LC and RC continua in Experiment I and I
was the timing of perceiving the target tone. This timing difference was related to the
auditory memory as reviewed in the chapter 2. When the target was presented in LC

continuum, the reference of the pitch range has been set up, while the reference has not
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been set up in RC continuum. Therefore, in LC condition, the listeners could immediately
identify which tone they had perceived, therefore, they could pay more attention to the
acoustic details. On the contrary, in RC condition, the listeners could only identify the tone
category of the target after the later occurring context. In the later case (RC condition), the
auditory memory decayed more than that in the LC condition, especially when there was an
interference sound, the context, before the subject made the judgment. The auditory

memory theory predicts the same asymmetric effect will be observed in nonspeech syllablcs.

The second major difference between LC and RC continua in both Experiment | and

I was the naturalness of the transition of pitch contours between the target and the context.
According to the study of tone production, pitch contours of the context affect the pitch
contours of the target syllables. Therefore, depending on the tonal types of the context, the
“same target will have different pitch contours on the transition point. Furthermore, this
ipﬂucnce is more prominent when the context precedes the target than when the context
follows the target. This is also referred as that the anticipatory effect is smaller than
carryover effect in tone production (Y. W. Wong, 2006; Y. Xu, 1994, 1997). Conscquently,
the dqgrcc of naturalness of LC continuum should be less than that of RC continuum, when
the synthetic procedure was only simply to shift the context upwards and downwards in

both Experiment I and 1.

According to different types of perception theories, there are two contradicting
anticipations of effects of the pitch transition. In the motor theory, the speech perception is
the perception of the intention of articulation gestures or the perception of neural command.
[n other words, perception is invariant and irrespective of the actual acoustic features. This
is why the motor theory can be used to explain the invariant perception in coarticulation
conditions (Liberman & Mattingly, 1985). The motor theory considered the link between
production and perception is innate but not learnt. Consequently, no matter how the surface
acoustic feature changes, as long as the changing is consistent with the production
constraints, the perception is: invariant (Liberman & Mattingly, 1985). These production
constraints are primary due to coarticulation with different types of contexts. Therefore, the
position of the context or the content of the context should not affect CP, since the neural
command is the same in both conditions, even though surface acoustic features due to the
realization are different in these two conditions. In other words, the motor theory

anticipates a symmetric CP between LC and RC with a natural transition.
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On the other hand, the multistore model suggests the language experience influencing
CP. The linguistic experience makes the pitch contour of the target in LC more similar to
that of the context than that in RC. Therefore, listeners are more ambiguous on identifying
the target when it is in LC than when it is in RC condition. When the pitch contour of the
target is less similar to the target, more reliable and consistent tonal category will be
obtained. Under this model, we will predict that more natural pitch transition between the
target and the context will reduce CP in LC. However, since the transition is not so
prominent in RC, CP will not be influenced too much by it. In other words, the multistore
model predicts a more natural transition will induce more asymmetric CPs between LC and
RC. Morcover, the model also predicts that such asymmetric CP will be less when the

listener without a corresponding linguistic experience.

In the following two experiments (11l and IV), the above hypotheses were tested.
Experiment 111 was designed to investigate how the pitch transition affects the asymmetric
effccts of CP due to the position of contexts. The influence from carrier syllables was also
studied in Experiment I1I. There were three types of carrier syllables tested in Experiment
I1I: real words, non-words, and nonspeech sounds. The exposure or the experience of the
native listeners on the three syllables is decreased accordingly. Through such manipulation,

language influence can be investigated.

Experifncm IV was designed to further study the language effect by a cross-language
study. Three groups of subjects participated in the experiment: native subjects, subjects who
speak another tone language, and subjects who do not speak a tone language. Similar to the
effect of the carrier syllable, the language effect on these three groups of subjects is
decreased accordingly. Nonspeech carriers were also employed in Experiment IV. We
anticipated subjects without a tone language experience would be less affected by the

carrier syllable than the native Cantonese subjects.

Comparison between Experiment [ and Experiment 11 on stimuli construction and the
number of subject indicated that more consistent category boundaries were obtained and
smaller number of subjects was needed with the same power effect in Experiment .
Moreover, the following experiments were conducted to investigate how the naturalness
influences CP. Therefore, all the stimuli in Experiment 11l and [V were synthesized from

the base sentences in Experiment 1.
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3.3. Experiment II1: to Check the Effect of Syllable and Pitch Transition

3.3.1. Method

3.3.1.1. Subjects

Twelve native Cantonese subjects (seven male and five female, age: mean=21 years.
SD=2.6 years), were paid 1o participate in the experiment. All are students from the City
University of Hong Kong, with no reported history of speaking or hearing disability. Al} of
them are right handed according to self-report. Since this behavioral experiment was not

aimed to test the lateralization pattern, no formal handedness test was done.

3.3.1.2 Stimuli
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Figure 3.3.1  Pitch contours used in Experiment Illa. SSC: simply shifted continuum;

INT: interpolation continuum; LC: left context; RC: right context; Tl tone 1; T3 tone 3;
T6. tone 6. The dashed vertical lines in each plot are the boundaries of each word,
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A. MANIPULATION OF PITCH TRANSITION

To study the effect of the pitch transitions, two sets of stimuli were needed. One set of
stimuli, simply shifted (SSC) continuum, was the same set used in Experiment 1. The
second set of stimuli, interpolation (INT) continuum, was synthesized by the following four
major steps. Firstly, the three uttered sentences with three targets were normalized on pitch
contours to let the pitch contours of contexts in three sentences be similar and on the same
height level. Secondly, shift the naturally uttered tone-1 and tone-6 sentences upwards or
downwards to make the pitch height of the target syllable in these two sentences similar as
that in the tone-3 sentence. Thirdly, two anchor sentences were obtained by shifting the
context of the tone-3 base sentence upwards and downwards. After shifting, the pitch
contours of the altered contexts was similar to that in the shifted version of tone-1 and tone-
6 sentences, while the main pitch contour of the target was kept unchanged. Then, the pitch
transition between the context and the target was modified to be analogous to those in
shifted tone-1 and tone-6 sentences. Finally, other stimuli were obtained by interpolating
the pitch contours between the two anchor sentences. Figure 3.3.1 showed the pitch

contours of 11 stimuli used in Experiment llla.
B. DIFFERENT TYPES OF CARRIER SYLLABLES

~ In addition to the real words [fan] (SSC set), a nonword sound {fe] (NWS set) and a
nonspeech sound (saw wave complex tones, CPT set) were also used in Expeniment 1II to
investigate the effect of carrier syllables. Three sets of stimuli only differed in the spectral
information of the carrier syllables, while all other aspects (1.e., the context, the pitch
contours, the duration, and the amplitude) were kept the same. The nonword sound has a
correct Cantonese phonological rule, but does not represent any semantic meanings. The
nonword sound was synthesized by concatenating the consonant portion from the syllable
[fan] and the vowel portion from a naturally uttered syllable [se] (Eng. to write down). The
nonspeech sound was synthesized by concatenating the consonant portion from the syllable
[fan] and a saw wave. Both the nonword and the nonspeech sounds were normalized on the
amplitude profile and duration. Therefore, except for spectral information, these two sets of

stimuli were kept as similar to the set of real words as possible.
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3.3.1.3. Hdentification task

Identification task was only applied when the pitch transition was investigated (SSC
and INT sets). The procedure was the same as that described in Experiment II. Four
subjects (three male and one female) were excluded from further analyses due to their

failure to reach identify the category of two endpoints on the practice round in either set.

3.3.1.4. Discrimination task

After the identification task, discrimination task was applied on all the four sets (SSC,
INT, NWS, CPT) in Experiment III. The four sets were presented to subjects in a
counterbalanced order and tested in two days. Stimuli were presented to listeners over a
SONY headphone (MDR CD-777). In each set, the stimuli were consisted of all pairwise
combinations of individual sentences separated by zero or two tokens along the continuum,
with an [S] of 500 ms. There were a total of 29 such pairs for each of LC and RC continua.
Twenty-nine pairs repeated each three times were distributed into 15 blocks randomly. The
subjects were instructed to select ‘yes’ or ‘no’ on paper to indicate whether two TSs in a
pair were the same or different. Each block contained 6 pairs (with 6s ITI), except for the
last block which only contained 3 pairs. There was a one-minute’s break between blocks

and a three-minute’s break after 15 blocks. The duration for one experiment was one hour.

A presentation paradigm for discrimination task was shown in Figure 3.3.2.

= ——————- 1 [T ————— ) Frm = 1
{ | | | | |
: Stim A Stim X : : Stim B Stim X : : Stim N | Stim X | !
e .
I | ] I | |
: 1SI = 500 ms : : 1S1 = 500 ms : : [SY = $00 ms :
I ) ! } ) | | ) !
I Trial 1 : | Trial 2 | [ Trial N :
___________ L o e e
«—>
ITI=6s

Figure 3.3.2  Presentation paradigm for discrimination task.

3.3.2. Data Analysis

3.3.2.1. Predicted discrimination.
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The analysis on predicted discrimination was the same as that described in
Experiment I and II. Since in Experiment I and 1, the Ap, did not provide more information
than the predicted discrimination, only analysis on predicted discrimination was considered
in Experiment II1.

3.3.2.2. Obtained discrimination.

The score of discriminations for each pair was calculated following descriptions in
previous study (Francis, et al., 2003). Obtained discrimination scores were calculated by

equation (2.14), which was described in chapter 2. The equation (2.14) was repeated here.

D, = P(S'/S)e P(S)+ P('D'/ D) P(D) (2.14)

3.3.3. Results

3.3.3.1. Identification results and predicted discrimination.

Identification responses averaged across listeners according to three target positions
were presented in Figure 3.3.3. The figures showed that listeners exhibited crossovers in
their identification function. Three categories were obtained along each continuum. The
crossovers corresponded roughly to the expected location of boundaries between the three
tonal categortes (at the 4-5 and 8-9 pairs in INT-LC continuum and at 4-5 and 7-8 pairs in

other three continua).

Similar to Expennment I and 11, the predicted discrimination scores were grouped into
within-category (WC) and across-category (AC) pairs according to the crossovers from
identification curves. The p(pred.disc) of WC and AC was averaged as shown in Table
3.3.1 and plotted in Figure 3.3.4. The RMANOVA of p(pred.disc} on three within-subject
factors (2 POSITION X2 CATEGORY X2 CONTINUUM: SSC and INT) revealed no
significant three-way interaction effect, but one significant two-way interaction and two
significant main effects {POSITION: F(1,7)=11.91, p=0.011; CATEGORY:: F(1,7)=22.25,
p=0.002; POSITION X CATEGORY: F(1,7)=7.304, p=0.031]. The main CATEGORY
effect indicated that the overall predicted discrimination from AC was better than WC,
which suggested that there was an abrupt boundary in the identification curve. The
observed POSITION X CATEGORY interaction effect suggested that the degree of CP
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(difference between AC and WC) was depending on the target position (LC or RC} No
three-way mteractwn effect suggested that two types of continua (SSC and INT) had a
similar pattern regardmg on the effect of target position on the degree of GP.

‘—"— Pred disc.
—_—— Tl

SSC-L.C

1.0 e

Proportion of identification/
predict discrimination

0.0
Stim. # 7 8
Stimulus pair !5 2; 3 4- 3 (8,. g
1.0 &

0.8

Proportion of identification/
predict discrimination

Figure 3.3.3  Results of two sets of Cantonese level tones perceived by native subjects
in Experiment Illa. SSC: simply shifted continuum; INT: interpolation continuum. The
target syllables had two types of positions: at the beginning of the sentence (RC), at the
end of the sentence (LC). A solid line with a cross represented predicted discrimination
(Pred disc.) calculated from the identification results. A solid line with a circle, a dotted
line with a square, and a solid line with a rectangle represented the proportion of the
stimuli perceived as tone 1 (T1), tone 3 (T3) and tone 6 (T6) respectively.

However, two post hoc analyses on each continuum (SSC and INT) repetitively
revealed that the POSITION X CATEGORY interaction effect was only presented in INT
continuum but not in SSC continuum [SSC: F(1,7)=0.597, p=0.465; INT: F(1,7)=26.773,
p=0.001}. Furthermore, four post hoc paired t-tests on CP (difference between AC and WC)
revealed that there was a sighiﬁcant CP on RC but not on LC in both SSC and INT continua,
which further confirmed the three-way interaction effect obtained from RMANOVA.
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Another four post hoc paired t-tests on position effect (difference between RC and LC)
revealed that the position effect was only presented in across-category paired in INT

continuum (listed in Table 3.3.1).

In summary, the results in identification performance replicated the position effect (a
greater CP in RC than in LC) in general. Although the effect of transition is weak, there
was a trend that the pitch transition modulated the position effect by showing a more
natural transition would induce a more asymmetric CP when positions of the contextual

sentence were different.

Table 3.3.1  Grouping information, grouped mean value, and statistical analysis of
predicted discrimination scores in two continua (SSC and INT) of Experiment I11. **:
p<0.0025; *: p<0.0125 (significant level p<0.0125 after correction).

SSC-RC SSC-LC INT-RC INT-LC
mean pairs mean pairs mean pairs mcan pairs
3-5, 3-5, 3-5, 3-5,
AC 0. 769 ;:g: 0.718 ;::: 0. 787 ;:g: 0. 648 ;:g:
-9 -9 7-9 8-10
wC 0.552 { others | 0.560 | other | 0.535 | others { 0.568 | other
AC vs. WC t(7)=5. 05, t(7)=2. 551, t(7)=4.784, t(7)=2. 455,
paired t-test p=0. 001 +x £0. 038 p=0. 0024% p0. 044
AC RC vs. LC t{7)=1.016, p=0. 344 t{7)=5. 1058, p=0. 00!**
¥C RC vs. LC t(7)=-0. 269, p=0. 796 t(7)=-2. 966, p=0.02]
O  Left context AC B  [eft context WC
& Right context AC B Right context WC
p (plred.disc) ns ns ns
ns ™ — es
08
0.6
0.4
0.2 :
0

SSC - INT

Figure 3.3.4 Grouped value of predicted discrimination according to AC (Across-
category) and WC (within-category) from left context and right context continua in
Experiment 1. SSC: simply shifted continuum; INT: interpolation continuum, **:
p<0.0025; *: p<0.0125; ns. Not significant. Error bar represented standard error.
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3.3.3.2. Obtained discrimination.

Table 3.3.2  One-way RMANOVA on effect of stimulus in Experiment IIl. **:
p<0.001; *: p<0.05.

LC RC

F(8,56)=4.302, ~
SSC | <G.001%5 F(8,56)=11.661, p<0.001**
INT | F(8,56)=2.553, p=0.019* | F(8,56)=6.792, p<0.001**

F(8,56)~5.091, _ .
NWS | 0001+ F(8,56)=5.166, p<0.001

CPT [ F(8,56)=1.503, p=0.177 F(8,56)=2.293, p=0.034"
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Figure 3.3.5 Obtained discrimination scores of LC and RC in Experiment III. SSC:
simply-shifted continuum, INT: interpolation continuum; NWS: non-word sounds; CPT:
complex tones

In total, there were 8 continua [4 CONTINUUM (SSC, INT, NWS, an' CPT) X2
POSITION (LC and RC)] of obtained discrimination scores, which were showed in Figure

3.3.5. Eight one-way RMANOVA on each continuum were carried out to check whether

there were peaks and valleys on the discrimination curves. The within-subject factor was
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STIMULUS with 9 steps. The results showed that except for CPT-LC continuum, all other
seven continua had peaks and valleys on the discrimination curves (Table 3.7). According
to results from the pairwise t-test and the grand average discrimination curves (in Figure
3.3.5), the 9 steps were grouped into within-category (WC) pair and across-category (AC)
pairs (listed in table 3.3.3.). Further analyses were on these grouped discrimination scores.
Results of statistical analyses were detailed in appendix 3.

A. EFFECT OF PITCH TRAINSITION

To investigate the effect of pitch transition on CP, comparison was done on SSC and
INT. Following the same steps as those in predicted discrimination scores, the D, of WC
and AC were averaged as shown in Table 3.3.3 and plotted in Figure3.3.6. The
RMANOVA of D, on three within-subject factors (2 POSITION X2 CATEGORY X2
CONTINUUM: SSC and INT) revealed no significant three-way interaction effect, but one
significant two-way interaction and two significant main effects [POSITION:
F(1,7)=30.389, p=0.001; CATEGORY: F(1,7)=64.009, p<0.001; POSITION X
CATEGORY: F(1,7)=16.699, p=0.005). The main CATEGORY effect indicated that the
overall predicted discimination from AC was better than WC, which suggested the
presence of a CP. The observed POSITION X CATEGORY interaction effect suggested the

degree of CP was depending on the target position (LC or RC). No three-way interaction
effect suggested that two types of continua (SSC and INT) had a similar pattern regarding
on the effect of target position on the degree of CP, which is consistent with the predicted

discrimination results,

However, two post hoc analyses on each continuum (SSC and INT) repetitively
revealed that the POSITION X CATEGORY interaction effect was only presented in INT
continuum but not in SSC continuum [SSC: F(1,7)=2.64, p=0.148; INT: F(1,7)=16.701,
p=0.005]. Furthermore, four post hoc paired t-tests on position effect (difference between
RC and LC) revealed that the position effect was only presented in across-category of INT
continuum. Another four post hoc paired t-tests on CP revealed that all four sets had a
significant CP (listed in Table 3.3.3).
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Figure 3.3.6 Grouped value of obtained discrimination according to AC (Across-
category) and WC (within-category) from left context and right context continua in
Experiment Il to study the effect of pitch transition. SSC: simply shifted continuum; INT:
interpolation continuum,; **: p<0.0025; *: p<0.0125, ns. Not significant. Error bar
represented standard error.

In summary, the results in obtained discrimination replicated the results from
identification task in following two aspects. (1) The asymmetric CP due to target position i3
obtained — the degree of CP is higher in Right Context (RC) continuum than that in Left
Context (LC) continuum. (2) When the transition is more natural (INT), RC has a higher
CP than LC does; while, there is no such significant asymmetric effect observed when the
transition is less natural (SSC).

Table 3.3.3 Grouping information, grouped;mean value, and statistical analysis of

obtained discrimination scores in two continua (SSC and INT) of Experiment I11. **:
p<0.0025; *: p<0.0125 (significant level p<0.0125 after correction).

SSC-RC SSC-LC INT-RC INT-1.C
mean pairs mean pairs - mean pairs mean pairs
5, 4-6 3-5, 41-6, 3-5, 4-6, 3-5, 4-6,
; ; ; 0. 643
- A 0ied 6-8, 7-9 0888 6-8, 7-9 e 6-8 4 7-9,8-10
wWC 0.608 others 0.529 other 0.615 others 0.577 other
AC vs. WC t (7)=5. 631, t (7)=4. 503, t(7)=8. 335, t (7)=3. 654
paired t-test p0. 001*%% p0. 003%+ p<0. 00] = p-). 008%
AC RC vs. LC 1(7)=2.626, p=0.034 - t(7)=7.388, p<0.001%*
WC RC vs. LC - t(7)=2.668, p=0.032 t(7)=1.665, p=0.140

B. EFFECT OF CARRIER SYLLABLE

To investigate the effect of carrier syllable on CP, comparison was done among SSC

(Real word), NWS (Nonword) and CPT (Complex tone). Similarly, the D,y of WC and AC
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were averaged as in Table 3.3.4. and plotted in Figure 3.3.7. The RMANOVA of D, on
three within-subject factors (2 POSITION X2 CATEGORY X3 CONTINUUM: SSC, INT,
and CPT) revealed no significant three-way interaction effect, but one significant two-way
interaction and two significant main effects [POSITION: F(1,7)=26.004, p=0.001;
CATEGORY: F(1,7)=52.296, p<0.001; CATEGORY X CONTINUUM: F(1,7)=4.322,
p=0.035]. The CATEGORY X CONTINUUM interaction effect indicated that CP was
different on these three continua, although the main CATEGORY effect indicated that the
overall discrimination in AC pair was better than that in WC. The main POSITION effect

suggested that the overall discrimination performance was different regarding on the target

position.

However, three post hoc analysis on each continua (SSC, NWS, and CPT) repetitively
revealed that none of the continua showed a POSITION X CATEGORY interaction effect.
This suggested no evidence of the effect of target position on CP in these three continua.
Furthermore, six post hoc paired t-tests on position effect (difference between RC and LC)
revealed that discrimination performance from both category pairs in NWS continuum was
affected by target position by showing better discrimination in RC than in LC in both
category pairs. However, no evidence of such target position effect was presented on SSC
or on CPT continuum. Another six post hoc paired t-tests on CP (difference between AC
and WC) revealed that except for CPT-LC and RC continua, all the other four sets had a
significant CP (listed in Table 3.3.4.), though CP in CPT continua was also marginally

significant.
O  Left context AC B Left context WC
| ID,M B  Right context AC B Right context WC
) ns
ns

0.9

0.7

0.5

Figure 3.3.7 Grouped value of obtained discrimination according to AC (Across-
category) and WC (within-category) from left context and right context continua in
Experiment I to study the effect of carrier syllables. SSC: simply shifted continuum;
NWS: non-word sounds; CPT: complex tones; **: p<0.008; *: p<0.002; ns. Not
significant. Error bar represented standard error.
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Table 3.3.4  Grouping information, grouped mean value, and statistical analysis of
obtained discrimination scores in two continua (SSC, NWS, CPT) of Experiment I11. **:
p<0.0025; *: p<0.0125 (significant level p<0.0125 after correction).

SSC-RC SSC-LC NWS-RC NWS-LC CPT-RC CPT-LC
mean pairs mean pairs mcan pairs mean pairs mean pairs mean  pairs
3-5, 3-5, -5 3-5,
4-6, 4-6, a-5, a-5, o 4-6,
AC 0.83 6-8, 0. 68 5-7. 0.84 6-8 0. 67 6-8 0.74 ;_g 0. 64 7-9,
7-9 7-9 B-10
1-3,
L1 0.61 others | 0.53 others § 0.68 others | 0.51 others | 0.66 oathers | 0.51] 2&;
9-11
AC vs. W
e : tN=5.631, | t(N=4.503, | tM=5.53 | t(M=0.69, | t(M=1.886, | «(7)=2.797,
p test 0, 00 %% p0. 003%x p=. 001 %% p<D. 001% p30. 101 p=0. 028
AC RC vs. LC  {(7)=2 626, p-0.034 t(7)=4. 17, p=0. 0042 t{7)=2.08, p=0.076
wC RC vs. LC t{7)=2.668, p0.032 t(7) =4, 12, p=0.004= L{7)=2. 91, p-0. 023

In summary, the results of comparison on different types of carrier syllables showed
that CP was presented in continua with real word and non-word carrier syllables. This
difference between speech and nonspeech suggested that CP is influenced by linguistic
experience. Although no evidence showed a significant CP on complex tones, the trend of
discrimination of AC pair better than WC pair did not reverse. This same trend suggested
the generalization of tone experience on non speech sounds. Moreover, the main

POSITION effect but no POSITION X CONTINUUM effect suggested that discrimination

performance of RC was better than LC and this trend was regardless of the carrier syllables
as long as the pitch contours were the same. In other words, the POSITION effect was

affected by pitch contours but not by carrier syllables.

3.3.4. Summary and Discussion

Experiment III employed both the identification and the discrimination tasks to
investigate whether the asymmetric CP regarding the position of the target was due to the
naturalness of speech sounds. The results from identification and discrimination tasks
consistently showed that a more natural pitch transition induced a more asymmetric CP.
Since a symmetric CP in natural speech was anticipated from the motor theory (discussed in
section 3.2.4), the observation favored the multisore account of CP in that other

mechanisms than the motor theory also take effect.
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The multistore model considers. effects from Both general auci'itory processing and
linguistic influence. The observed ggymmetric CP regarding on the target position can be
explained by both accounts. However, the results from experiment on manipulation of pitch
confours sugge‘sted the lingliistic ?nﬂuénce is more responsible for the asymmetric CP. Due
to the asymmetric coarticulation éff;ct — the preceding context influences the target more
than the following context A, the pitch contours of the target vgry more in LC than in RC
(Y. W. Wong, 2006; Y. Xu, 1994, 1997). Therefore, listeners are more ambiguous when
identifying the target when it is in LC than when it is in RC in natural speech (the INT
continuum). When the pifch contour of the target is less similar to the target as in SSC

continuum, more reliabfe and consistent tonal category will be obtained.

Furthermore, linguistic experience in multistore model (Xu et al., 2006) predicts less
CP and asymmetric effect when the target with less experience. The comparison on
different types of carrier syllables partially confirmed the prediction. When the carrier
syllable was nonspeech sound, even the pitch contour was the same as that in real word,
neither obvious CP nor obvious asymmetric effect was observed. The results that similar
CP was presented in non-word sound and in real word suggested that CP observed in the
experiment was a more phonological processing than the semantic processing. In
Experiment 1V, the influence of linguistic experience on CP was further investigated by a

cross-language study.

On the other hand, the general auditpry account suggested by the muitistore model
also gained supports from the results by showing that the discnimination performance in RC
was better than that in LC in general, which was regardless of the types of camer syllables.

Nopetheless, better discrimination in RC than in LC in general rgight also be due to the

_ artifact during the construction of the stimuli, which needs to be investigated in the future.
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3.4. Experiment IV: to Check the Effect of Linguistic Background

%

3.4.1. Method

*

34.1.1. Subjects

In addition to eight valid Cantonese subjects, who participated in Experiment [, 17
more subjects from different language backgrounds participated in the experiment: nine
Mandann subjects (7 male and 2 female, aged 18-26) from universities in Fuzhou, and
. eight French subjects (4 male and 4 female, aged 18-23) from Université Lumiére lyon 2.
All the subjects were paid to participate. None of them had reported history of speaking or
hearing disability. Speakers from the other two language I(Mandarin and French) have no

experience on Cantonese. None of the subjects have experiences of musical training.

3.4.1.2. Stimuli

Two sets of stimuli were used: SSC (simply shifted continuum) and CPT (complex
tone continuumy). These two sets of stimuli were the same as described in Experiment { and

[l11. Both sets of stimuli included LC and RC conditions.
3.4.1.3. Discrimination task

Due to the lack of corresponding phonemic labels of level tones in Mandarin, French
and nonspeech, only the discrimination task was carned out in the experiment. The
experimental procedure was the same as that described in Experiment III. The data of
Cantonese was the same as in Experiment 111 and repeated here to investigate the influence

of language backgrounds.

The experimental settings were listed below: (1) Cantonese subjects listened to the
‘simply shifted real words. (CS: Cantonese + Speech); (2) Cantonese subjects listened to the
complex tones (CN: Cantonese + nonspeech); (3) Mandarin subjects listened to the simply
shifted real word (MS: Mandarin + Speech); (4) French subjects listened to the simply
shifted real words (FS: French + Speech); (5) French subjects listened to the complex tonéé

(FN: French + nonspeech).
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3.4.2. Data Analysis

Obtained discrimination was analyzed with the same method as that described in

Expenment I1I.

3.4.2. Results

In total, there were 10 continua [S CONTINUUM (CS, CN, MS, FS, FN) X2
POSITION (LC and RC)] of obtained discrimination scores shown in Figure 3.4.1.
Similar to Experiment III, ten one-way RMANOVAs with factor of STIMULUS were
carried out to check whether there were peaks and valleys on the discrimination curves. The
results showed that peaks and valleys were significantly obtained from both LC and RC
continua in CS condition. MS and CN had a marginally significant STIMULUS effect on
RC continuum. The remaining continua did not show a significant STIMULUS effect
(Table 3.4.1). According to results from the pairwise t-test and the grand-averaged
discrimination curves (in Figure 3.3.5), the 9 steps \;ferc grouped into within-category (WC)
pair and across-category (AC) pairs (listed in Table 3.4.2). Further analyses were on these
grouped discrimination scores. They were analyzed from different aspects: performance on
speech set, performance on nonspeech set, and performance on interaction between speech

and nonspeech sets. Results of statistical analyses were detailed in appendix 4.

Table 3.4.1  One-way RMANOVA on the effect of stimulus in Experiment [V **:
p<0.001; *: p<0.05.

LC -~ [xe
CS | F(8,56)=4.302, p.001%* | F(8,56)=11.661, p<0.00I%k
MS | F(8,64)=0.688, p=0.700 F(8,64)72. 157, p=0.043 x
FS - | F(8,56)=0.998, p=0.448 F(8, 56)=1.544, p=0.1631
CN [ F(8,56)=1.503, p=0,177 F(8, 56)=2. 283, p=0.034 *
FN | F(8,56)=0.848, p=0. 565 F(8,56)=1.717, p=0.115 B
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Figure 3.4.1 Obtained discrimination scores of LC and RC in Experiment IV. CS:
Cantonese + Speech; CN: Cantonese + nonspeech; MS: Mandarin + Speech; FS:
French + Speech; FN: French + nonspeech.

A. PERFOMANCE ON SPEECH SET

G Left context AC . Left context WwC
£  Right context AC B  Right context WC

Figure 3.4.2 Grouped value of obtained discrimination according to AC and WC from
left context and right context continua in Experiment IV. CS: C antonese+speech;, MS:
\ Mandarin+speech; FS:French+speech;, CN:Cantonese+nonspeech; FN:
French+nonspeech; **: p<0.001; *: p<0.008; ns. Not significant. Error bar
represented standard error.

The Dyp of WC and AC in SSC;'from three languages were averaged as shown in
Table 3.4.2. and plotted in Figure3.4.2. The mix design of D,; had two within-subject

- .

' T

~
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factors (2 POSITION X2 CATEGORY) and one between-subject factor (3 LANGUAGE:
Cantonese, Mandarin, and French). The LANGUAGE effect reached a significant level
[F(2,22)=10.141, p=0.001]. The post hoc pairwise comparison revealed that performance
by Cantonese subjects was significantly better than that by Mandarin and French subjects,
while no significant difference was obtained between Mandarin and French subjects. The
mix design also showed a two-way interaction effect between CATEGORY and
LANGUAGE, and two main within-subject effects as well [POSITION: F(l,22)=25.451,
p<0.001; CATEGORY: F(1,22)=48.903, p<0.001; CATEGORY X LANGUAGE:
F(2,22)=11.007, p<0.001]. The main CATEGORY effect indicated that the overall
predicted discrimination from AC was better than WC, which suggested the presence of CP.
The main POSITION effect but no POSITION X LANGUAGE effect indicated that

discrimination in RC was better than in LC overall. The observed LANUAGE X

CATEGORY interaction effect suggested that different language background had different
degrees of CP.

Table 3.4.2  Grouping information, grouped mean value, and statistical analysis of
obtained discrimination scores in three conditions (CS, MS and FS) of Experiment [V.
**: p<0.0001; *: p<0.008 (significant level p<0.008 after correction).

CS-RC CS-LC MS-RC MS-LC I'§S-RC FS-1.C

mean pairs [mean pairs |mean pairs |mecan pairs [mean pairs |mean pairs

3-5, 3-5, 3-5 3-5,

4-6, 4-6, 5-7, 3-5, ' . 46,

AC 0.83 6-8 0. 68 57, 0.71 7-9 0.57 810 0.59 ;_g 0. 53 7-9,

7-9 7-9 . 8710

1-3,

WC 0.6] others|0.53 others|0.60 others|[0.5] others|0.57 others{0.50 ::;

: 9-11

ﬁCavisl:OdWC 5(7)=5.631._ t(7}=4,.503, | t(M=2.773 | t(7)=2. 544, _t(7)=0.826. t(7)=1. 048,
‘:-test 20.001%x | p=0. 003% p=0.024 p0.034 p0. 436 p=0. 329
AC RC vs. LC t(7)=2.626, p=0.034 t(7)=2.892, p=0.020 t(7=1.77%, p0.119

WC RC vs. LC t(7)=2.668, p=0.032| t(7)=5.361, p=0.00!* t(7)=1.555, p=0.164
Three post hoc analyses on different language groups (Cantonese, Mandarin and
French) revealed that the CATEGORY effect was presented in both Cantonese and
Mandarin on real word continua [CS: F(1,7)=37.345, p<0.001; MS:F(1,8)=12.131, p=0.008;
FS: F(1,7)=2.305, p=0.173]. Furthermore, six post hbc paired t-tests on position effect

(difference discrimination score or CP between RC and LC) revealed that the position
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effect was only presented in within-category paired ih MS continuum. Another six post hoc
paired (-tests on CP (difference between AC and WC) revealed that only two continua in
CS reached a signiﬁcani level, while the effect in MS continua was marginally significant

and was in FS was not significant (listed in Table 3.4.2).

In summary, CP depends on language experience: the native antonese subjects
showed a strong CP; the subjects with another tone experience showed a marginally CP;
and the subjects without any tone experience did not show a CP. In general, the
discrimination from RC continuum was better than that from LC continuum and the
difference was more prominent when the subjects with tone experiences than when the

subjects without any tone expenences.

Table 3.4.3  Grouping information, grouped mean value, and statistical analysis of
obtained discrimination scores in two conditions (CN and FN) of Experiment [V, **:
p<0.0025; *: p<0.0125 (sigmficant level p<0.0125 after correction).

CN-RC CN-LC FN-RC I'N-LC
meap  pairs mean péirs mcan  pairs mean pairs
3-5, i:g' 3-5. 32
ac | 0.7 4-s, 0. 61 * lo.el 46, |0.47 '
o 7-9, 68 7-9,
8-10 8-10
(-3, 1-3.
2-4, _ L 2-4,
WwC 0.66 others | 0.51 6-8. 0.61 others | 0.53 6-8,
9-11 9-11
W
“Ei:id f t(M=1.886, | v(D=2.91, | t(M=-1.909 | t(7)=0. 104,
P p=0. 101 p=0.023 p0. 098 p=0. 92
test
AC  RC ¥s. LC  t(7)=2.08, p=0.076 t{7)=6. 137, p<b.001**
WC RC vs. LC t(7)=2.03, p=0.039 t(7)=3. 487, p=0.010%

B. PERFOMANCE ON NONSPEECH SET

The D,y of WC and AC in CPT from two languages were averaged as shown in Table
3.4.3 and plotted in Figure3.4.2. There were two within-subject factors (2 POSITION X 2
CATEGORY) and one between-subject factor (2 LANGUAGE: Cantonese, and French) in
the mix design of D, The LANGUAGE effect reached a significant level {F(1,14)=19.498,
p=0.001], which indicated that the performance on the nonspeech set was significantly
better by Cantonese subjects than b;: French subjects. The mix design also showed a three-

way interaction effect, a two-way interaction effect, and a main within-subject effect
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[POSITION: F(1,22)=18.815, p=0.001; CATEGORY X LANGUAGE: F(2,22)=7.302
p=0.017; CATEGORY X POSITION X LANGUAGE: F(2,22)=5.211, p=0.039]. The three-
way interaction effect indicated that the language experience modulated CP in LC and RC
continua differently. The main POSITION effect but no POSITION X LANGUAGE effect
indicated that discrimination in RC was better than in LC on nonspeech continua overall,.
The observed LANUAGEX CATEGORY interaction effect suggested different language
backgrounds had different degrees of CP.

Two post hoc RMANOVAs with two within-subject factors of CATEGORY and
POSITION were conducted on performance from Cantonese and French subjects
repetitively. Cantonese subjects reached a marginal significant CATEGORY and
POSITION main effect [CATEGORY: F(1,7)=6.574, p=0.037, POSITION:F(1,7)=6.648,
p=0.037], while French subjects reached a interaction and a POSITION main effect
[CATEGORY X POSITION: F(1,7)=10.545, p=0.014; POSITION:F(1,7)=29.920,
p=0.001]. Furthermore, four post hoc paired t-tests on position effect (difference between
RC and LC) revealed that the position effect was presented in French subjects. Another four
post hoc paired r-tests on CP (difference between AC and WC) revealed that none of the

comparisons reached a significant level (listed in Table 3.4.3.).

in sunimary, CP depends on language experience: the Cantonese subjects perceive the
nonspeech in a weak categorical mode, while the French subjects did not show any CP.
Similarly to the performance in real word continua, in_general, the discrimination from RC
continuum was better than that from LC continuum in nomspeech condition. However,
contradicting to the real word condition, the difference in nonspeech was more prominent
for subjects without tone experience.

C. PERFOMANCE ON INTERACTION OF SPEECH AND NONSPEECH

The last type of analysis was to check how the language experience influenced the
subjects’ performance on real word and nonspeech sounds. A mix design of D, on both
types of sounds was carried out. The mix design had three within-subject factors (2
POSITION X2 CATEGORY X2 CONTINUUM: SSC and.CPT ) and one between-subject
factor (2 LANGUAGE: Cantonese and French). The LANGUAGE effect reached a
significant level [F(1,14)=55.811, p<0.001]. The mix design showed a LANGUAGE X
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CATEGORY interaction effect [F(1,14)=20.242, p<0.001). This result indicated that

different language experiences induced different degrees of CP.

Break down the data into two language groups and conduct two three-way
RMANOVA (2 POSITION X2 CATEGORY X2 CONTINUUM: SSC and CPT). There

was a marginal significant interaction effect between POSITION and CONTINUUM
[CATEGORY X CONTINUUM: F(1,7)=5.255, p=0.056], and a significant POSITION
main effect [F(1,7)=14.034, p=0.007] from French subjects. The results showed no
significant CP from French subjects. Moreover, the performance from them indicated that
although” the discrimination resolution in RC continuum was higher than that in LC
continuum in general, the trend was stronger in nonspeech continua than that in real speech
continua. The Cantonese subjects showed the same results as in Experiment I1Il. The
detailed statistical results were shown in Appendix 3 and in Experiment III, therefore they
were not replicated here. The performance from Cantonese subjects indicated that CP was
more prominent in real word continua than in nonspeech continua. Moreover, the
discnimination resolution in RC continuum was higher than that in LC continuum in general

and this trend was indepegdent of carrier syllables.

3.4.4. Summary and Discussion

The cross-language study in this section was to investigate how different linguistic
backgrounds influence CP and the position effect. The results from the real word continuum
indicated that CP was present in native listeners. A weaker CP was also present in listeners
with experience of another tone language, the Mandann. However, only one obvious
category boundary (or two close boundaries) was observed in Mandarin listeners, in
contradict to two obvious separated category boundaries were observed in Cantonese
listeners. The two level tone categories may be corresponding to the high level tone and the
low level tone (the tone 3 in continuous speech) (Y. Xu, 1994) in Mandarin speech. This
suggested that Mandarin subjects may extend their experience to an unknown speech to
facilitate the discrimination. Finally, there was no CP observed from subjects without any
tone experience (French subjects). The results on real speech continua from subjects of
three language backgrounds showed that CP was modulated by the language experiences,

with a more corresponding experience inducing a stronger CP.
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Furthermore, the language modulation effect was also present on a comparison of CP
on different types of carrer syllables. The native subjects had a greater CP in speech
continua than in nonspeech continua, while, French subjects did not show different degrees
of CP regarding the carrier syllables. This indicated that native subjects had a greater
sensitivity to the difference between speech and nonspeech, and CP can be used as an
indicator to distinguish speech from nonspeech. The results that the language experience

modulated CP on types of carrter syllables further support the linguistic factor on CP.

The position effect by showing a higher discrimination in RC than in LC continuum
was observed in general. The factor of language experience had little effect on the position
effect. However, the particular greater target effect in nonspeech than in real speech by
French subjects suggested the involvement of an auditory processing for the asymmetric

effect.

The results from CP and position effect further confirmed the influence from two
factors — linguistic experience and auditory processing proposed — in the multistage

mode!.

3.5. Summary of chapter 3

Four experiments on investigation of CP performance on the continuum spanning
across Cantonese three level tones were reported in this chapter. Experiment | was designed
to examine the context effect through the manipulation of target position in a sentence.
Stimuli used in Experiment I were based on natural speech and the targets were presented
in three positions within.a sentence: isolation (without a contextual sentence), LC (left
context, at the end of a sentence), and RC (right. context, at the beginning of a sentence).
The results indicated that the presence of a contextual sentence improved CP of Cantonese
level tones. Moreover, the results also showed that CP was more prominent in RC condition

than in LC condition, which showed an asymmetric position effect of context (APEC) on CP.

To examine whether the observed APEC on CP was due to the artifact of the stimuli,
Experiment Il was carried out on synthetic speech with the similar manipulation of context
position. The results replicated the APEC on CP, which indicated that the effect was not
only due to the artifact of construction of stimuli but some other factors also coritributed to

. the APEC on CP.
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Experiment Il was dt;.signed to examine whether the APEC effect observed in
Experiment II was linguistically relevant or not, especially whether it was relevant to
articulation gestures as proposed in the motor theory. Two types of manipulations were
conducted in Experiment III: (1) on pitch transition between the context and the target; and
(2) on the carrier syllables. The results from Experiment 11I showed that CP of Cantonese
level tones and APEC on CP were affected by both linguistic processing and general
auditory processing, thus the results favored the multistage model more than the motor

theory model.

Experiment IV was designed to further investigate how different linguistic
backgrounds influenced CP and the APEC through a discrimination task by both a cross-
language study and a comparison between speech and nonspeech conditions. Different
language groups performed differently on the tasks in two aspects: the discrimination scores
for the level tones and the CP."(1) Native listeners (Cantonese) had a higher discrimination
score for level tones than non native listeners did (Mandarin and French). (2) CP was found
from two groups of tone language listeners (Mandarin and Cantonese) especially in speech
condition. However, the position of CP boundary was affected by subjects’ tone experience
from their native ianguage. The perception of nonspeech pitches from native subjects was
generalized from the linguistic experience, but had a smaller degree of CP. Non-tone
language listeners (French) did not show CP either from the speech or from the nonspeech
condition. However, non-tone language listeners discriminated between the across-category
pair better than the within-category pair in speech condition, but a reverse pattern was
obtained in the nonspeech condition. There was no language effect on APEC; actually,
APEC effect was present from all language groups and in both speech and nonspeech
conditions, by showing that discrimination from RC was mgher than from LC. Moreover,
no APEC effect was observed on CP in this experiment. The results further confirmed the

influence from two factors—Ilinguistic experience and auditory processing.
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CHAPTER 4 BEHAVIORAL AND ERP EXPERIMENTS ON

MANDARIN AND CANTONESE TONES

4.0. Purposes of the Experimeﬂts

Although experiments in Chapter 3, which were designed to investigate the
perception of Cantonese level tones, have shown that both linguistic experiences and some
aspects from general auditory processing affect CP, there was no information on the
temporal dynamics of these influences on CP. Moreover, although the experiments in
Chapter 3 compared the performance from tone and non-tone language groups (Chinese and
French), and also compared the performance from two tone language groups (Mandarin and
Cantonese} with different tone inventories, the tone contrast investigated in those
experiments was native to only one tone language system (Cantonese) but absent in the
other tone language system (Mandann) and in the non-tone language system (French).
Therefore, the experiments conducted in Chapter 3 were not enough to look into the
influence of different tone inventones on perception as a whole. Whether different
phonemic inventories affect the perception on the same native contrast has never been
investigated yet. The experiments in this chapter were conducted to investigate the above
two questions further—the temporal dynamics of CP and the influence of different tone

inventories on the perception of the same native tone contrast.

CP between the high level and the high rising tones, which exist in both Mandarin
and Cantonese tone systems, was investigated by ERP and behavioral experiments. Similar

to chapter 3, all stimuli used here were synthesized by PSOLA using Praat.

There were three expertments m this chapter to investigate three temporal cognitive
stages: MMN for the preattentive stage, P300 for perceptual stage, and behavioral for
decision stage. In all three expenments, two types of stimuli were used: speech and
nonspeech sounds. The comparison between speech and nonspeech better illustrated the
influence of linguistic experience. In P300 and behavioral experiments, a cross-language

comparison was carried out to further look into the influence from different language

)

backgrounds.
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4.1. Experiment I: MMN

Experiment 1 was an MMN study on speech and nonspeech sounds by native
Mandarin subjects. A post hoc behavioral task was supplemented to verify the category

boundary on the continuum.

4.1.1. Method

4.1.1.1. Subjects

Nineteen right-handed ¢ (Laterality Quotient=75.5+20.8) (Oldfield, 1971) native
Mandarin subjects (11 females, 8 males, aged 23-31 years) participated in both MMN and
behavioral discrimination tasks in two separated days with payment. Ten of them, as well as
another eight subjects, participated in a behavioral identification task to supplement the
procedures after a few months. All of them were students from the Chinese university of
Hong Kong. All of them were from mainland China. None of them can speak Cantonese.
All are with normai hearing. Informed written consent was obtained from each subject.
Ethics approval was obtained from Survey and Behavioral Research Ethics Committee of

The Chinese University of Hong Kong.

4.1.1.2. Stimuli

L

Based on the Mandarin syllable yi' recorded by a male speaker, we synthesized a set
of eleven 500 ms stimuli by varying the pitch contours from level to rising (Fig 4.1.1a). The
pitch contours were bilinear approximations of the level and rising tones as those used in
(Wang, 1976). Although the stimuli are not natural tones, they were labeled almost
perfectly in the behavioral task (ref. Wang, 1976 and section 4.1.3.1). We synthesizcd 11
nonspeech counterparts using pure tones (frequency-modulated sine waves) with the same
pitch contours. To make the loudness of nonspeech comparable to the speech, the speech
was delivered at 65dB and nonspeech at 85dB, according to subjective judgment by two
independent researchers. Intensity envelopes were kept unchanged in each continuum and

closely matched between speech and nonspeech contexts (Figure4.1.1b and c.) According

“ In ERP experiment. since lateralization pattern is one of the testing factots, especiafly when data from different
¢lectrodes should be grouped together, the handedness is formally tesfod. Similarly to what has done in behavioral task
(Chapter 3), the number of subjects enrolled in ERP experiments is dete according to the rule of thumb. A typical
number is 15 te 20. For some small effect compoenent, large number of subjects is preferred.
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to previous results on identification (Wang, 1976), one standard (#8) and two types of
deviants (across-category-deviant, #6; and within-category-deviant, #10) were chosen in
ERP study.

Speech
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0 007 0304 U5
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- Figure 4.1.1  a) Schematic diagram for pitch contours of 11 stimuli. Stimulus #7 was
the category boundary (following Wang, 1976). Stimulus #10, #8 and #6 were used as
within-category-deviant, standard and across-category-deviant, respectively. b) The
amplitude profiles of speech and nonspeech.

4.1.1.3. EEG recording

Before the EEG recording, subjects were instructed to watch a silent movie with
subtitles and to ignore the input auditory sounds. They were instructed that the input
auditory sounds were distractor and their task was to focus on the movie and answer

relevant questions after the experiment. Failure to answer the question will affect their final

payment.

An oddball passive listening paradigm for auditory input (our actual target) was used
in the ERP experiment. The subjects were distracted from input audio stimuli by watching a
silent movie with subtitles. Sound sequences were presented in six blocks (three blocks for
each speech context) via Philip headphones (SHG5000) in a random order. Each block
contained one standard and two deviants to make up 360 trials delivered at a rate of 1Hz. In
other words, the interval between successive trials was 500ms. The standard (#8) occurred
with probability of 7/9 while each of the two deviants (across-category-deviant, #6; and
within-category-deviant, #10) occurred with probability of 1/9 in a block. At least two

W
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standard.. precede a deviant. The standard and the deviants were selected based on earlier

results (Wang, 1976). The presentation paradigm was shown in Figure 4.1.2a.

Raw EEG data were recorded continuously with |28-channel Electrical Geodesics,
Inc. (EGI) system (referenced to the vertex, sampling rate at 250 Hz, amplifier passband at
0.1-100 Hz) (Tucker, 1993). I;npcdances were maintained below 50 kQ. The EEG data
were offline digitally band-pass filtered at 1-30 Hz and then segmented into 1000 ms
epochs (100 ms pre-stimulus). Eye blinks and eye movements were screened by vertical
and horizontal EOG channels. Epochs with voltage changes exceeding 55 uV from EQOG

channels and 100 uV from the other channels were automatically removed from further

analysis.
a b
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Figure 4.1.2 a) Schematic diagram for the oddball paradigm. b) EG!'s 128-channel
Channel layout and the clustered channels that correspond to the international 10/20

system and nine spatial locations for the mean amplitude and statistical analysis of the
ERP and MMN waves. EGI: Electrical Geodesics, Inc.

4.1.1.4. Behavioral task '

A. DISCRIMINATION TASK.

Subjects discniminated from a pair of stimuli in a behavioral same/different test. The

stimulus pairs included both two-step and zero-step pairs (e.g. 6-6, 8-8, 6-8 and 8-6) in both
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conte;cts. Eight repetitions of each pair were presented to‘the subjects in different blocks.
1S1 (inter-stimulus-interval) was set at 500ms and ITI (inter-trial-internal) was 4s. One extra
practice block (data was excluded from the analysis) was conducted to famiharize subjects
with the procedure. The paradigm was similar as that used in Chapter 3 Experiment 11l and
IV and shown in Figure 3.3.2 with different ITl. The discrimination task lasted 15 minutes
after the EEG experiment.

B. IDENTIFICATION TASK.

Subjects labeled the randomly presented speech stimulus #4, #6, #8 and #10, each of
which was repeated 12 times, as either Mandarin syllable yi' or yi*. ITI was set at 4s. Since
the tone categories are defined within linguistic contexts, only speech sounds were tested.

The paradigm is similar as that used in Chapter 3 Experiment II and shown in Figure 3.2.3

with different IT1.

4.1.2. Data Analysis

4.1.2.1. ERP data

RMANOVA was used for statistical analysis, and Greenhouse-Geisser correction was
used for violation of Mauchly's test of sphencity in within-subject effect. When there were

any interaction effects, post hoc paired-samples t-tests were carried out.

A. TO OBTAIN MMN

To make the number of tnals comparable between the deviants and the standard, oniy
the trials followed by at least two trials of standard were used. After artifact detection, the
remaining trials were sorted by stimulus types and averaged to compute the ERPs. On
average, there were 56 (SD=x16) trials for each condition. Averaged ERPs were baseline
corrected. They were re-referenced to the averaged mastoid. The subject-averaged ERPs
were then averaged together to produce a grand-average ERP for each condition. In each
condition, MMN was calculated from a difference wave by subtracting the standard ERP
from the deviant ERP within the 100-350 ms after a stimulus onset. The ERP and

difference waves by electrodes were mapped into 15 clusters based on the 10/20 system.
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The 15 electrode-clusters were further grouped into 3x3 (REGION<HEMISPHERE) spatial
locations (Figure 4.1.2b).

B. TO VERIFY MMN

a) 2u VF ERP wave LRV Difference wave
s ., 500ms
-100 Acrosscategory=-deviant -100 e ., 300ms
3 Withincategory-deviant L Across-calcgory minus Standard
= Standard -IL Within-categony minus Standard

Speech condition Nonspeech condition

Difference wave Difference wave

ERP wave

MMN
7] Time window Time window
s 128-168ms 228268 ms
b) Speech condition Nonpeech condition
Across-category within-category Across-category within-category
Averaged over 128—168 ms Averaged over 128—168 ms

Figure 4.1.3 a) Grand averaged, from 19 subjects, ERP and difference waves for
speech and nonspeech conditions from Fz cluster. Dot-shadowed and slash-shadowed
areas represent two time regions (128-168 ms and 228-268 ms) of MMNs. b) Top view
of a topographic map for two types of difference waves (across-category minus standard;
within-category minus standard) in speech and nonspeech conditions over the two time
windows. * : p<.05 on at least one spatial location (details are shown in text).

MMNs were identified by the negative peaks from grand-average difference waves
over all conditions within the determined time window at Fz (Luck, 2005). There were four

types of MMNs: within- and across-category deviants in speech context, and within- and
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across-category deviants in nonspeech context. Each MMN was further verified by the
comparison of mean ERP voltage (over the window 20 ms with the center at the MMN
peak) between deviants and standard. The selection of time window followed the steps from
previous studies (Luck, 2005; Hao Luo, et al., 2006). Four 2x3x3 three-way within-subject
Analysis-of-Variances (ANOVA) for factors of STIMULUS (deviant and standard),
REGION (flntcrior, middle, and posterior) and HEMISPHERE (left, central, and right) were
carried out on the four types of deviants respectively. The dependent variables were mean

voltages of ERPs.
C. TO ANALYZE MMN

To investigate the difference between across- and within-category deviants, two
2x3x3 three-way within-subject ANOVAs were carried out on spceclh‘ and nonspeech
contexts respectively for factors of CATEGORY (within-category and across-category),
REGION and HEMISPHERE. To investigate the difference between speech and nonspeech,
two 2x3x3 three-way within-subject ANOVAs were carried out on within- and across-
category pairs respectively for factors of CONTEXT (speech and nonspeech), REGION and
HEMISPHERE. The dependent variables in these two types of analyses were mean

voltages from difference waves.
4.1.2.2. Behavioral data

To obtain the score of discrimination of each pair, calculation was done following the
descriptions 1n (Y. S. Xu, Gandour, & Francis, 2006). In order to compare the behavioral
performance with the electrophysiological signature, responses from the across-category
pair (6, 8) and the within-category pair (8, 10) were selected for statistical analysis. A 2x2
within-subject ANOVA for factors of CONTEXT and CATEGORY was carried out with

the obtained discrimination scores as the dependent variables.
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4.1.3. Results

4.1.3.1. ERP results

Two negative peaks (MMN) were identified from grand-averaged difference waves
on Fz location: the first one peaked at 148 ms and the second peaked at 248 ms (Figure
4.1.3a).

’

The high-density EEG recording is good at showing the spatial distribution of ERP.
We plotted topographic maps of difference waves over the scalp surface by EEGLAB
(Delorme & Makeig., 2004) in Figure 4.1.3b. Two time windows were averaged over 128-

168 ms and 228-268 ms respectively for these plots and statistical analyses.

A. FIRST TIME WINDOW (128-168 MS)

(1) Deviant vs. standard.

A significant three-way (STIMULUSxREGIONXHEMISPHERE) interaction effect,
was found in the across-category pair in speech context [F(4, 72)=3.252, p=0.045]. Post
Hoc paired-samples t-tests between the across-category-deviant and the standard in speech
context revealed that the STIMULUS effect reach a significant level in left-anterior and
left-middle locations (Figure 4.1.3b)[Micp-anterior = -1.65 pV, t(18)=-2.58, p=.019; Mqa.
middic=-1.14 pV, t(18)=-3.33, p=.004]. A significant two-way (STIMULUSxHEMISPHERE)
interaction effect was also found in the across-category pair in nonspeech context [F(2,
36)=4.659, p=.037). However, post hoc paired-samples t-tests failed to find a significant
effect at any of the nine spatial locations. There was no significant STIMULUS main or
interaction effects observed in the other two types of deviants. The results showed that only

across-category-deviant in speech context elicited significant MMNSs in this time window.

(2) Across- vs. within-category.

A significant main CATEGORY effect was obtained from speech context but not
from nonspeech context through the three-way (CATEGORY xREGION*HEMISPHERE)
within-subject ANOVA  [speech: F(1,18)=6.08, p=.024, Macross=-0.608pV,
Mwithin=0.318uV; nonspeech: F(1,18)=0.246, p=.626, Macross=-0.041pV,
Mwithin=0.109uV ]. The result verified that CP was observed in speech context only.
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(3) Speech vs. nonspeech context.

A significant three-way (CONTEXTxREGIONXHEMISPHERE) interaction effect
was obtained from across-category stimuli [F(2, 72)=3.766, p=.023]. Post Hoc paired-
samples t-test between speech and nonspeech on different locations revealed a significant
difference at the right-middle location [t(18)=2.19, p =.042]. No significant CONTEXT
main or interaction effect was obtained from within-category stimuli. It showed that speech

and nonspeech differed in across-category only.

B. SECOND TIME WINDOW (228-268 MS)

(1) Deviant vs. standard.

In across-category-deviant of speech context, no significant STIMULUS main effect
or STIMULUS interaction effect was observed. However, a significant two-way
(STIMULUSxREGION) interaction effect was found from within-category-deviant. Post
Hoc paired-samples t-tests between within-category-deviant and standard in speech context
revealed that STIMULUS effect reach a significant level in Fz and left-middle locations
(Mr. = -1.06 pV, t(18)=-2.12, p=.048; Mipmiae=-1.26 pV, t(18)=-235, p=03]. In
nonspeech context, significant STIMULUS main effects were observed in both category
types: within-category F(1,18)=5.46, p=.031; and across-category, F(1,18)=4.922, p=.04.
No significant interaction effect of STIMULUS was obtained in nonspeech context, which
showed that the MMN was a whole head distribution. The results showed that in this time
window, except for across-category-deviant in speech context, all other three types of
deviants elicited significant MMNs. Moreover, MMNs from speech and nonspeech contexts

showed different spatial distributions.

(2) Across- vs. within-category and speech vs. nonspeech.

There was no significant CATEGORY main or interaction effect in the comparison
between across- and within-category stimuli, or any significant CONTEXT main or

interaction effect in the comparison between speech and nonspeech context.
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4.1.3.1. Behavioral results.
A. CATEGORY BOUNDARY

Results of obtained discrimination and identification scores were shown in
Figure.4.1.4. The discrimination peak in the speech context was located at stimulus pair (6,
8) and consistent with previous results (Wang, 1976). In the identificatioy task, stimulus #4
and #6 were correctly labeled as yi2 at 100% (SD = +2%) and 93%\(8;)‘: +10%)
respectively; #8 and #10 were correctly labeled as yil at 91% (SD = £20%) and 100% (SD

= +0%) respectively. Therefore, linguistic category was located between stimulus #6 and #8.

However, the discrimination peak in the nonspeech context was slightly different
from that in the speech context: two pairs of stimulus (4, 6) and (5, 7) got exactly the same
mean scores at the peak. Thus, the category boundary in nonspeech context was less clear

and was different from that in speech context.
B. ACROSS- VS. WITHIN-CATEGORY

A CONTEXTxCATEGORY within-subject ANOVA on obtained discrimination
scores showed no significant SPEECH main effect, but a significant CATEGORY main
effect {F(1,18)=42.509, p<.001], and a two-way interaction effect [F(1,18)=9.108, p=.007].
Post Hoc paired-samples t-tests revealed that discrimination of the across-category pair was
easier than that of the within-category pair in both speech and nonspeech contexts [speech:
t(1,18)=7.97, p<.001, Mys=0.728, M,iin=0.580; nonspeech: t(1,18)=2.713, p=.014,
Macross=0.658, Muwimin=0.593]. The significant difference between across- and within-
category pairs indicated the presence of CP for lexical tones in both speech contexts. The

interaction effect indicated that CP is more salient in speech context.
C. SPEECH VS. NONSPEECH CONTEXT

Two paired-samples s-tests on discrimination scores between speech and nonspeech
contexts were carried out in both across- and within-category pairs. A significant difference
was observed in the across-category pair [#(1,18)=2.476, p=.023], but not in the within-
category pair [¢(1,18)=-0.426, p=.625]. The observation indicated that discrimination

difference between speech and nonspeech is more prominent in across-category stimuli.
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Figure 4.1.4 a) Identification and part of discrimination scores in speech and
nonspeech conditions. b) Discrimination scores along the completed continuum in
speech and nonspeech conditions. Error bars represented standard error.

4.1.4. Discusston

4.1.4.1. Cognitive stages of categorical perception of lexical tones

In the preattentive stage, CP in speech context is exhibited by the difference of MMN
between across- and within-category deviants. The MMN components include both a non-
comparison, sensory stage and a comparison, cognitive stage (Maess, et al., 2007); but our
MMN data cannot tease apart these two components — which is not our aim here in any
case. In contrast, our experiment investigates whether the comparison procedure is only
based on specific acoustical features, or also based on tonal category information. The latter

view is supported from the results.

We obtained two MMNs peaking at different time windows, which were presumably
elicited by two change points of our stimuli (an early 100 ms level portion and a later 400
ms rising portion). The across- and within-category deviants differ from the standard with
an equal physical distance at the level portion. Nonetheless, we observed a difference of
MMNs in speech context between across- and within-category deviants only in the first
time window, which corresponds to the level portion. Thus, the observed MMN difference
cannot be explained by acoustic differences. The difference of tonal category is the more
plausible explanation. The perceptual distance between stimuli across a category is

expanded, because they represent different phonemic categories; while the perceptual
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distance between stimuli within a category is reduced, because they represent the same

phonemic category.

Studies on vowels and consonants demonstrate that MMN reflects both high-order
linguistic process and CP (Kasai, et al., 2001; Kazanina, et al., 2006; Nenonen, Shestakova,
Huotilainen, & Niitdnen, 2005). Cross-language studies on lexical tones aiso show that
processing of lexical tones is influenced by linguistic experience in preattentive stage
(Chandrasekaran, Gandour, & Krishnan, 2007, Chandrasekaran, Krishnan, & Gandour,
2007b). Moreover, the expenience influence is observed not only in cortical level but also at
the earlier brainstem level (Krishnan, Xu, Gandour, & Cariani, 2005). The training may not
be limited to linguistic experience; rather, any relevant experience (e.g. musical training)
also shapes the brain in both subcortical (P. C. M. Wong, Skoe, Russo, Dees, & Kraus,
2007) and cortical levels (Chandrasekaran, Krishnan, & Gandour, 2009).

The rising portion is a representative feature of Mandarin Tone 2. However, no
significant CATEGORY effect was found from the rising portion in the study, which may

be due to the following two reasons.

(1) The level portion of the stimulus fully predicts the rising portion, so that due to the
effect of time window integration (TWI), the MMN of rising portion is reduced if there is a
significant MMN of the level portion. The TWI predicts the reduction of a later MMN if
two events are always paired together and occur within 170 ms (Niitinen et al., 2007). In
our study, the onsets of level and rising portion are separated only by 100 ms, which is
shorter than 170 ms. Therefore, since the change has been automatically detected by the
level portion, the rising portion would elicit a smaller MMN or even would not elicit a new
MMN at all from the across-category-deviant in speech context. However, we do not
exclude the possibility that the rising portion is also involved in a comparison procedure

based on the linguistic influence.

(2) The rising portion itself may not be able to elicit a significant linguistic
representation of tone in the preattentive stage. For example, MMN elicited by linear
approximation of tones (linear ascending ramps) did not show a group difference between
Mandarin and English subjects, while the MMN elicited by curvilinear approximation did
(Chandrasekaran, Krishnan, & Gandour, 2007a). The cross-language study shows that

experience-dependent neural plasticity in the preattentive stage “is sensitive to naturally
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occurring pitch dimensions”. The curvilinear approximation of tones includes an early level
portion in the shape, so the early level portion may form an important component to make
the tones sound more natural. This result is also consistent with the production studies: the
level portion part is consistently present when it is uttered in isolation (Peng, 2006; Y. Xu
& Wang, 2001).

The effect of different shapes of tone approximations was studied in the brainstem
stage by the Frequency Following Response (FFR) (Krishnan, Gandour, Bidelman, &
Swaminathan, 2009). The tracking accuracy of FFR from the curvilinear approximation
showed a group difference based on language experiences. Neither trilinear nor linear
approximation of tones showed a group difference in the study. Their result does not
contradict our hypothesis, because different stages of brain processing and different shapes
of approximation were studied between our study and Krishnan et al.’s (2009). Multiple
features are integrated to activate some abstract rules in the MMN stage (Naiténen, et al.,
2007), while single feature processing is more prominent in the brainstem stage before the
integration. Therefore, while the brainstem at the earlier stage responds more to natural
occwrring pitch shapes, the MMN at the later stage responds to more abstract pitch shapes
as the stimulus becomes more integrated when it travels to higher levels. This is a possible

hypothesis but further studies need to be done before we fully understand it.

Fﬁrthermore, the shapes of approximation may also play important roles in the
brainstem stage. The approximation in Krishnan et ai.’s study emphasizes fitting two ends
of the pitch contours: no matter what kinds of shapes of approximation, the ends ’ﬁt best.
However, our bilinear approximation does not emphasize the ends but the slopes and angles
around the turning points, which may make the sounds in our study more natural than the
trilinear or linear approximation used in Krishnan et al.’s. We hope further study will

clarify this point.
4.1.4.2. Representation of lexical tones in the brain

When the same pitch pattern occurs in different contexts, the perception is different.
The difference is exhibited in both preattentive and postperceptual stages: (1) in
preattentive stage, CP is observed in the speech context but not in the nonspeech context; (2)
in postperceptual stage, CP is more prominent in the speech context than in the nonspeech

context. This difference indicates that the tone perception relies on the base syllable.
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These two types of base syllable, vowel and pure tones, differ in both linguistic roles
and acoustic features. The difference in acoustic features — harmonic richness and spectral
complexity, is not enough to explain the difference of perception. In our stimuli, the across-
and within-category stimuli differ from the standard stimuli with the same physical distance
at the level portion. If the harmonic richness is enough to make a difference between speech
and nonspeech contexts in the across-category stimuli, the same facilitation should also be
observed in the within-category stimuli, which is not true in our data. Although a study
(Tervaniemi, et al., 2000) found that harmonic partials facilitate pitch height discrimination
in the preattentive stage; it did not find an asymmetric effect of the facilitation about the
direction of deviants to the standard. That means the facilitations are the same as long as the
degrees of difference are the same, no matter whether the pitch height of deviants is higher

or lower than the standard.

Moreover, topographic distributions of MMNs from speech and nonspeech contexts
were different in our study: MMNs from speech context had an anterior and middle
distribution, while MMNs from nonspeech context had a whole head distribution. However,
enthancement of harmonic complexity does not change the spatial topographies of MMNs
(Zion-Golumbic, Deouell, Whalen, & Bentin, 2007). Even though there is no one-to-one
mapping between spatial distributions of scalp recording and location of neural sources, and
the function correlated with the difference is unclear, this topographic difference still
indicates that their MMN neural sources are different in some aspects. For example, a
difference in topographic distribution of the MMN was correlated with a particular brain
injury in an aphasia study (Becker & Reinvang, 2007). Because of the limitation of spatial
resolution in EEG studies, the difference of source generators should be further investigated

by techniques with higher spatial resolution such as MEG or fMRI.

In the preattentive stage, the same pitch pattern in nonspeech context does not show a
similar CP as that in speech context. Furthermore, the acoustic complexity is not enough to
explain that dissimilarity. Therefore, we conclude the linguistic roles carried by the base
syllable contribute to tonal representation. In this stage, both base syllable and pitch

patterns are integrated together to trigger neural-networks specific to linguistic experience.

In the postperceptual stage, a similar but less prominent difference between across- vs.

within-category stimuli was obtained in nonspeech context when compared with speech
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context. This finding is consistent with the multistore model proposed by (Y. S. Xu,
Gandour, & Francis, 2006): in the later stage, listeners turn their attention to the
representative features of lexical tones to do the discrimination, and therefore, rely less on

the base syllables.
4.1.4.3. Double MMNs

Double MMNs or MMNs from different time windows in one experiment have been
observed in some early experifnents (Summarized on Table 4.1.1). For example, a study
investigated MMN elicited by complex tones, naturally spoken words, and pseudowords
(Korpilahtt, Krause, Holopainen, & Lang, 2001). Their results showed that tones elicited a
bifurcated MMN, with early MMN (peaking at 150-200 ms}) being more dominant. On the
other hand, words elicited a strong late MMN, peaking at about 400-450 ms after the
stimulus onset, and moreover, it was significantly weaker for pseudowords than for words.
The late MMN wave, especially for word differences, was found to reflect summating
MMN generators and memory trace formation on gestalt bases. Another study compared
the MMN elicited by dyslexia and normal subjects on both tone and speech stimuli. The
tone stimuli yielded two MMN components, but no group differences. Three components
were found for the speech stimuli and significant differences were obtained between
dyslexics and controls in two of the three time windows. The results suggested that
phonological deficit is reflected on the later MMN window +(Schulte-Kéme, Deimel,
Bartling, & Remschmidt, 2001).

Although the above two studies both reported linguistic related information is
reflected at the later time window of MMN, it doesn’'t mean that all language related
information (i.e. linguistic experience) is only reflected at a later time window. A study
showed that language related information is accessed earlier than a genera! auditory
difference (Horev, Most, & Pratt, 2007). In their study, ERPs for Hebrew VOT and
frequency onset time (FOT) were compared. The results showed that VOT elicit different in
N1, P2, but FOT in P2, Moreover, the voicing boundaries corresponded to Hebrew VOT
values of production, suggesting that voicing perception in Hebrew is mediated mainly by
linguistic experience rather than by innate tempbral sensitivity. Therefore, ERP data
differed to VOT versus FOT stimuli as early as N1, indicating that brain processing of the

temporal aspects of speech and nonspeech signals differ from their early stages.
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Horev et al.’s result on the comparison between speech and nonspeech is consistent
with our results on that the speech and nonspeech difference was observed in the early
MMN. Since the semantic and phonological information stands out 1n a later time window,
the early difference between speech and nonspeech observed from our study may

correspond to linguistic experience but not explicit phonological knowledge per se.

Table 4.1.1  Summary of major results in MMN expeniment

Preattentive. Stage Postperceptual
Stage
-1 -2 (Behavioral)
, CP _
Speech a—MMN - Cp
- w—MMN
Nonspeech - a-MMN CP*
- w—MMN

TW-1: First time window {128-168 ms)
TW-2: Second time window (228-268 ms)

CP : Across-category > Within-category, and identification
boundary is also consistent with the discrimination peak

* : The discrimination peak is not at the identification
boundary defined in the speech context

a-MMN: MMN from across category {Across—category<standard)
w-MMN: MMN from within category (Within-category<{standard)

4.1.5. Summary

Previous behavioral experience has shown that I&ng-tcrm lingwistic learning induces
CP of lexical tones. However, these tasks could not separate different stages of processing,
because the responses are the merged product of attention and memory, which these
behavioral tasks considerably demanded. The combination of electrophysiological and
behavioral experiments reported here is the first one, to our knowledge, to reveal how CP of
lexical tones takes place in the time dimension (major results are recapitulated in Table
4.1.1). CP of lexical tones was observed both from MMN waves in the preattentive stage
and from behavioral tasks where subjects paid attention to stimuli and made overt
discrimination. CP from these two stages may be due to different mechanisms. Difference
between across- and within-category stimuli in the preattentive stage reveals that relevant

experience influences the perception of lexical tones. In the same preattentive stage, the
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lack of catepory effect in nonspeech stimuli with the same pitch contour suggests that the
categorical perception is influenced by experience with natural sounding speech. While CP
of lexical tones occurs at the preattentive stage for speech, it occurs later for nonspeech at
the postperceptual stage. This indicates that the pitch pattern for speech, has been factored
away from its base syllable, and has been generalized to the processing of nonspeech
materials. In conclusion, the results reported here lead us to understand that categorical
perception is a complex multi-stage process which relies on both long-term memory fraces

and active verbal labeling.
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4.2. Experiment {I: P300

Experiment 1I was a P300 study on speech and nonspeech sounds by native Mandann
and Cantonese subjects. The oddball paradigm is similar to what used in MMN study.
However, they reflect different cognitive stages. The P300 is used to investigate the
cognitive stage when subjects pay aftention to the stimuli, while MMN is used to
investigate the cognitive stage when subjects’ attention is distracted. Moreover, according
to previous study, P300 is a more reliable phonemic indicator than other ERP components
(Frenck-Mestre, Meunier, Espesser, Daffner, & Holcomb, 2005). Therefore, P300 and

MMN are used to investigate different stages of speech perception.

Since the P300 requires the subjects’ attention, behavioral responses were also
recorded simultaneously. Simultaneous recording ensures the mental state of subjects and
the task are the same in both behavioral and ERP data. Therefore, the difference between
these two types of methods may be contributed by the different timing of the responses and
different sources of the responses (behavioral responses reflect the brain controlled muscle
activities and P300 directly reflects the brain activities) and thus provides more information

about the temporal dynamics within one process of speech perception.

The impact of language or culture background on cognition has been reported in
earlier studies. Specifically, some late ERP components are modulated by culture
differences. For example, a study showed that distinct event-related brain potentials (ERPs)
were elicited from participants with different cultural backgrounds in response to
presentation of affective images (Hot, Saito, Mandai-, Kobayashi, & Sequeira, 2006). In
their study, culture-modulated differences in the ERPs arose from 170 ms after the stimulus
onset, and were most evident for the partetal LPC (late positive component) within the 255-
455 ms time window. In another line of research, the ERPs elicited during music-related
tasks revealed significant culture-modulated differences in the perception of culturally
distinct musical styles (Nan, Kndsche, & Fﬁedérici, 2006; Nan, et al, 2009)" and
instruments (Arikan, et al,, 1999; Zhu, et al., 2008). Zhu et al. (2008) found that music
played to Chinese participants with the gugin, an instrument of Chinese origin, eligited a
stropger amplitude P300 than piano music did. The authors suggested tl;at partici‘panfs'

differential responses to the gugin and piano may be due to the acoustical similarity of the

3
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musical tones pr"odtrced by the gugin and the lexical tones of spoken Chinese (Zhu, et al.,
2008). These studies showed that the familiar feature will elicit a larger P3 response. The
P3 can also be used to index the influence of linguistic experience on speech perception.
For example, Japanese listeners do not distinguish /#/ from /I/, while Epglish listeners do.
Such difference is reflected in P3 and behavioral performance by showing a deficient or
absent discrimination between these two phonemes from Japanese listener than from native

English listener (Buchwald, Guthrie, Schwafel, Erwin, & Vanlancker, 1994).

zln the study of tone perception, although the influence of linguistic experience has
been reported, most of the studies were fc()cdsed on the difference between tone and non-
tone language [Mandarin vs. English (Bent, Bradlow, & Wright, 2006; Klein, Zatorre,
Milner, & Zhao, 2001; Mattock & Burnham, 2006; Wang, 1976; Y. S. Xu, Gandour, &
Francis, 2006); Mandarin vs. French (Halle, et al., 2004); Thai vs. English (Gandour,
Wong, & Hutchins, 1998)]. However, 70% languages are tone languages (Yip, 2002) and
different tone languages have different tone inventories. For example, Mandarin has four
tones and each tone has a, distinct pitch pattern (level, rising, falling rising, and falling);
Cantonese has six tones and some of the tones share the same pitch patterns (three level

tones and two rising tones); Thai has five tones including two level and two falling tones.

Quantity comparison between two tone systems (Mandarnin and Cantonese) was
conducted on acoustic features (Peng, 2006). In that study, large scale of production by
native Mandarin and Cantonese speakers was analyzed in terms of both FO height and FO
slope for pitch contours. The high level tone and high nsing tone are acoustically similar in
Mandarin and Cantonese, their speaker-normalized FO height and slope being almost
identical. The tone system of Cantonese is acoustically denser than that of Mandarin. Peng
found that the four Mandarin tones tend to be produced distinctly from each other, allowing
the Mandarin listener to discriminate them readily. However, he observed significant
overlap in the values of FO height and slope for the Cantonese tones. In particular, Tones 3
and 6 have the same F0 slope and only slightly different FO height. Furthermore, Tones 2
and 5 have similar FO height and only slightly different FO slope. Although Wang (1971)
comments that “a fundamental principle is that the sounds of a language tend to maximize
the phonetic distance from each other”, Peng’s (2006) observations appegr to provide a

counterexample to this principle, and imply that the Cantonese listener might be required to

105



Chapter 4 Behavioral and ERP Experiments on Mandarin and Cantonese Tones

make finer distinctions in perception of both FO height and slope in order to discriminate

certain tones than the Mandarin listener.

Cross-linguistic studies have shown that long-term language experience can influence
how tones are perceived (Hallé et al., 2004; Wang, 1976; Xu et al., 2006). Gandour (1983)
compared the performance of tone perception in five language groups (four tone language
groups: Mandarin, Taiwaness, Thai, and Cantonese; one non-tone language group: English)
by INDSCAL muitidimensional scaling model. He found that not only tone and non-tone
language groups had different weights on the ‘height’ and ‘direction’ dimensions, but also
tone language groups systematically differed in’ the relative weights of these two
dimensions. Moreover, some studies showed that tone language listeners discriminated
between native linguistic tones better than between non native linguistic tones (Y. S. Lee,
Vakoch, & Wurm, 1996, Y.. S. Xu, Gandour, Talavage, et al., 2006). Nonetheless, none of
the studies have investigated the linguistic influence on the perception of the same native
tone contrasts existing in both tone systems (for example, rising and level tones existed n
both Cantonese and Mandarin systems). The question therefore arises as to how the tone
systems of Mandarin and Cantonese influence the perception of FO contours that occur in

both systems.

4.2.1. Method

4.2.1.1. Subjects

Twenty eight right-handed subjects from the Chinese university of Hong Kong, with
normal hearing and no reported history of neurologicﬁl illness, participated in the
experiment with payment. Nineteen of them were native Mandann subjects [7 female and 7
male, mean age = 23.8+ 3.8; Laterality Quotient = 75.9 + 25.7 (Oldfield, 1971)] and 19 of
them were native Hong Kong Cantonese subjects [8 female and 6 male; age = 20.9 £ 1.6,
Laterality Quotient = 69.1 + 32]. Informed written consent was obtained from each subject.
Ethics approval was obtained from Survey and Behavioral Research Ethics Commuittee of
The Ch'inese University of Hong Kong. Additional ten subjects, five for each group, also

partici;iﬁted in the experiment, but their data was excluded from the analysis due to failure

to meet some criteria dedcribed in section 4.2.1.5.
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Complex tone
5000,

Frequency (Hz)

0 Time (s) 05 0 Time (s) 0.5

Figure 4.2.1 The spectrogram information of speech and nonspeech (complex tone) in
Experiment II.

4.2.1.2. Stimuli

The 500 ms speech stimuli were the same as those used in Experiment [ and shown in

Figure 4.1.1. In contradict to the pure tone used in Experiment I, the nonspeech used here
was based on a complex tone (sa;av wave), while the other aspects were the same as those in
Experiment 1. Figure 4.2.1 showed the spectral information for the speech and nonspeech.
To make the loudness of nonspeech comparable to that of speech, the speech was delivered

T at §5dB and the nonspeech at 75dB, according to subjective judgment by two independent

researchers.
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Figure’4.2.2 The location information of 129 channels. Three channels (Poz, Po3 and
Po4) were picked up for P300 analysis.
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4.2.1.3. Procedure during EEG recording

Four [2 sets (rising and level) X2 syllable types (speech and nonspeech)] sets of
stimuli were presented in the oddball paradigm, which was similar to that in Experiment |
and shown in Figure 4.1.2. These four sets of stimuli were presented binaurally to the
subjects through a pair of magnetic shielded headphones in a counterbalance order. Each set
of stimuli contained one standard and two types of deviants [across-category (AC) deviant
and within-category (WC) deviant]. The subjects were asked to press the mouse with two

thumbs, whenever they heard a deviant.

In the rising set, the standard was the stimutus #4, the AC deviant was the stimulus #7,
and the WC deviant was the stimulus #1; while in the level set, the standard was the
stimulus #7, the AC deviant was the stimulus #4, and the WC deviant was the stimulus #10.
The standard and the deviants were selected based on earlier results (Wang, 1976). There
were 400 trials in each set. Seventy-five percent of them were standard and each type of
deviants occupied 12.5% of the stimuli. The trials in a set were presented in a pseudo
random order with at least one standard preceded a deviant. The ISI between two trials was
jittered in the range of 800—1000 ms. In other words, the stimulus onset asynchrony (SOA)
was 1300-1500 ms. Every set of stimuli was presented in three blocks with a 2-minute
break between two adjacent blocks. After each set of presentation, there was a S-minute
break. Before the recording, a demo of three types of stimul: (standard and two deviants)

from the tested set and a practice run were presented to the subjects for the famthar purpose.
r” 4.2.1.4. Procedure during behavioral task

After the EEG recording, the subjects were asked to identify the category of the
stimuli (#1, #4, #7 and #10). Demo of the sound categories for two end points (#1 and #10)
was shown tto the subjects before the task. To make the procedure comparable in speech and
nonspeech stimuli, the category was demoed as “sound I” and “sound 2” without linguistic
labeling in speech set. Speech and nonspeech were presented in separated blocks with 15

repetitions for each stimulus in a random order.
4.2.1.5. EEG recording

Electroencephalograph (EEG) data were recorded using a GES 250 system (Electrical
Geodesics, Inc., Eugene, OR, USA) with 128-channel Ag/AgCl eclectrode arrays.
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Recordings were carried out in NetStation 4.1 (also supplied by Electrical Geodesics, Inc.).
Data were recorded at a rate of 1000 Hz, referenced to the vertex, filtered with an analogue
band-pass filter (0.1 Hz to 400 Hz), and digitized using a 16-bit A/D converter (Tucker,
1993). The EEG signals were low-pass filtered at 30 Hz. Eye movements and blinks were
monitored with electrodes placed on the supra- and infraorbital ridges of each eye (vertical
eye movement), and near the outer canthus of each eye (horizontal eye movement). Epochs
with voltage changes exceeding 55 uV from EOG channels and 100 pV from the other
channels were automatically removed from further analysis. The electrode impedances

were generally kept below 50k€Q, following the recommendation of the manufacturer.

EEG segments were extracted from 100 ms before the stimulus onset to 900 ms after
the stimulus onset. The mean voltage in the 100 ms interval prior to the stimulus onset was
used as the baseline in the subsequent ERP derivﬁion. If more than 40% of the deviant
trials for a particular participant were contaminated by artifacts, which means at least 30
artifact free trials remains for each condition, the entire EEG recording for that participant
was excluded. As a result, the EEG recordings obtained from seven participants (five
Mandarin and two Cantonese) were excluded from further analysis. Another three
participants were also excluded from analysis because they are early bilingual with
Cantonese and Mandarin. After artifact detection, the remaining segments were sorted by
stimulus types and averaged to compute the ERPs. Averaged ERPs were baseline corrected.
They were re-referenced offline against average-mastoid reference. The subject-averaged

ERPs were then averaged together to produce a grand-average ERP for each condition.

4.2.2. Data Analysis

4.2.2.1. ERP data.

RMANOVA and mix designs were used for statistical analysis, and Greenhouse-
Geisser correction was used for violation of Mauchly's test of sphericity in within-subject
effect. To correct the type I error by multiple tests, the threshold value p was corrected by

Bonferroni adjustment in pairwise #test.
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A. TO OBTAIN P300.

In total, there were 24 sets of grand-average of ERPs [2 sets (rising and level) X2

syllable types (speech and nonspeech) X3 stimuli (1 standard, 2 deviants) X2 languages
(Mandarin and Cantonese)]. Since the comparison was conducted between different types
of deviants, difference waves were used for future analysis. Difference wave was obtained
by subtracting the standard ERPs from the deviant ERPs. Since P300 has a central-parietal
topographic distribution and the topographic maps also showed that the channel ‘Poz’ had a
maximum or a near maximum value, the P300 from Poz was chosen for statistical analysis.
The central-parietal distribution and the positive polarity of the difference wave were

further verified by the comparison between the mean value (over the window * 30 ms with

the center at the peak on channel of Poz ) to the “0” value through 24 independent t-tests.
All the data from Poz were significantly larger than “0”. Since we need to calculate peak
latency and to compare it with reaction time, adaptive mean amplitude was used here. This
method was provided by EGI Netstation 4.1, which is also adapted by other researchers
(Blau, Maurer, Tottenham, & McCandliss, 2007; Electrical Geodesics, 2006; Scerif,
Worden, Davidson, Seiger, & Casey, 2006).

B. TO ANALYZE P300.

Analyses of P300 were on the mean value (with 60 ms window centered at individual
peak) and the peak latency of the difference wave (deviant-minus-standard) on channel of
Poz. On each type of independent variable (mean value and peak latency), a main test was a
four-way mix design with three within-subject factors (2 SET: level and rising; 2
CATEGORY: AC and WC; 2 SYLLABLE: speech and nonspeech) and one between-
subject factor (2 LANUGAGE: Mandarin and Cantonese).

The SET effect was significant in the four-way interaction effect [SET x SYLLABLE
x CATEGORY x LANGUAGE: F(1,26)=14.422, p=0.001]. More importantly, the
presence of a two-way interaction effect between SET and CATEGORY [SET x
CATEGORY: F(1,26)= 23.42, p<0.001] indicated that the categories were defined
differently in the rising and level set. Consequently, level and rising sets were analyzed

separately. On each set, a three-way mix design test was carried out. The test had two
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within-subject factors (2 CATEGORY; 2 SYLLABLE) and one between-subject factor (2
LANGUAGUE).

C. TO ANALYZE LATERALITY P300.

Laterality was tested through between the Po3 and Po4 channels (shown in Figure
4.2.2). Similarly, two independent variables were mean value (with 60 ms window centered
at individual peak) and the peak latency of the difference wave. The data were also
analyzed into different sets. On each type of independent variable (mean value and peak
latency), a main test was a four-way mix design with three within-subject factors (2
CATEGORY:: across-category and within-category; 2 SYLLABLE: speech and nonspeech;
2 HEMISPHERE: left and nght) and one between-subject factor (2 LANUGAGE:
Mandarin and Cantonese).

4.2.2.2. Behavioral data.

There were two types of behavioral results. One was the detection responses, which
was recorded during the EEG recording. The analysis of this type of behavioral data was to
supplement the P300 data. Since the subjects were pressing the key simultancously during
tlie recording, the correctness of hitting the key and the reaction time of the response were
recorded. Although the reaction time was also recorded during the experiment, the data was
not analyzed since we did not have a well control on that. Therefore, only the hit rate was

considered in the first type of behavioral results.

When analyzing the data of detection responses, the rate of false alarm was analyzed
first, because the discrimination sensitivity is reflected from both false alarm and hit rate. A
main test for the rate of false alarm was a three-way mix design. The test had two within-
subject factors (2 SET and 2 SYLLABLE) and one between-subject factor (2
LANGUAGE). There was no significant main effect nor any significant interaction effect

observed. Therefore, only the hit rate on deviants was considered in the later analysis.

The main test on hit rate was a four-way mix design with three within-subject factors
(2 SYLLABLE; 2 CATEGORY; 2 SET) and one between-subject factor (2 LANUGAGE).
There was a four-way interaction effect [F(1,24)=5.518, p=0.027] and more important a
significant two-way interaction effect between SET and CATEGORY {[F(1,26)=47.979,
p<0.001]. The strong two-way interaction effect indicated that CP was different in level
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and rising set. Therefore, the level set and rising set were analyzed separately. On each set,
a three-way mix design with two within-subject factors (2 SYLLABLE; 2 CATEGORY)
and one between-subject factor (2 LANUGAGE) was carried out as the main test.

The second type of behavioral data was the identification data, which were used to

check how the subjects categorize the stimuli into two categories.

4.2.3. Results

4.2.3.1. Rising set (#1,#4.and #7)

A. ERP RESULTS ON POZ

(1) Mean value of difference wave

ERP and difference waves on the Poz were presented on Figure 4.2.3. The
topographic maps of difference waves were plotted on Figure 4.2.4. The mean value from
deviant#7 was larger than that from deviant #1 (Showed in Table 4.2.1). The results were
consistent with our expectation and the results from the post hoc labeling task (described in
4.2.3.2). In the later description, across-category {AC) deviant referred to #4, and within-
category (WC) deviant referred to #7 in the rising set.

The three-way mix design revealed a significant three-way interaction effect
[CATEGORY x SYLLABLE x LANGUAGE: F(1,26)=4.431, p=0.045], a significant two-
way interaction effect [CATEGORY x SYLLABLE: F(1,26)=4.953, p=0.035], and a
significant main CATEGORY effect [ F(1,26)=15.292, p=0.001]. The main CATEGORY
effect indicated the presence of CP (difference between AC and WC). The two-way
interaction effect indicated that CPs were different between speech and nonspeech
conditions; and moreover, the three-way interaction effect indicated that different language

experience contributed to the different degree of CP in speech and nonspeech conditions.

To test how the different carriers modulated CP in different language groups further,
two post hoc two-way (2 SYLLALBE x 2 CATEGORY) RMANOVA tests were carried
out for Mandarin and Cantonese groups respectively. There was a significant two-way
interaction effect in Cantonese group but not in Mandarin group [Cantonese: F(1,13)=6.349,
p=0.026; Mandarin: F(1,13)=0.014, p=0.908], although both groups had significant main
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CATEGORY effects [Cantonese: F(1,13)=10.469, p=0.007, Mandarin: F(1,13)=4.932,
p=0.045]. The results indicated that Cantonese subjects had a different CP between speech
and nonspeech conditions, while Mandarin subjects had the similar CP regardless the
carrier syllables. Since there was a two-way (CATEGORY and SYLLABLE) interaction
effect in Cantonese group, two paired t-tests were carried out on Cantonese data. The
results showed a significant CP in speech condition [t(13)=3.488, p=0.004], but not in
nonspeech condition {t(13)=1.875, p=0.083]. Table 4.2.1 listed the mean value of the
difference wave. In overall, the mean value from the AC deviant was higher than that from
the WC deviant.

The second type of post hoc test was carried out to examine the how the language
experience affected the speech and nonspeech continua respectively. Two two-way mix
designs, with CATEGORY as the within-subject factor and LANGUAGE as the between-
subject factor, were carried out. There was a significant two-way interaction effect in
speech condition only [CATEGORY XLANGUAGE : F(1,26)=5.257, p=0.03], but not in
nonspeech condition [CATEGORY X LANGUAGE :F(1,26)=0.198, p=0.660], although
both conditions showed significant main CATEGORY effect [nonspeech: F(1,26)=6.418,
p=0.018; speech: F(1,26)=16.344, p<0.001). This post hoc test showed that the language
experience modulated CP in the speech condition but not in the nonspeech condition,

although CP is present in both conditions.

The last type of post hoc test was carmmied out to examine the how the language
experience affected the speech vs. nonspeech difference in two categories. Two two-way
mixed design with SYLLABLE as the within-category factor and LANGUAGE as the
between-subject factor were carried out on across-category stimulus and within-category
stimulus respectively. There was no significant two-way interaction effect in either
condition, and moreover, the speech vs. nonspeech difference was only observed in across-
category deviant [AC: F(1,26)=6.896, p=0.014; WC: F(1,26)=0.189, p=0.668]). This post
hoc test showed that subjects performed speech and nonspeech differently only in the

across-category stimulus.

In summary, the ERP results showed that CP can be reflected by P300. Moreover,
both factors (Language experience and carrier syllables) affected the degree of CP which
was reflected by P300 (shown in Figure 4.2.5a and 4.2.6a). The factor of language

113



Chapter 4 Behavioral and ERP Experiments on Mandarin and Cantonese Tones

experience was demonstrated by different sensitivities to the CP difference between speech
and nonspeech by different groups. Cantonese subjects had a greater CP in speech condition
than that in nonspeech condition; while, Mandarin subjects had a similar CP in speech and
nonspeech conditions. The factor of the carrier syllable was demonstrated by effect of
language experience was different in speech and nonspeech conditions. Language

expenience affected CP in speech condition more than in nonspeech condition.

(2) Peak latency of difference wave

The three-way mix design on peak latency showed no significant main or interaction

effect. Therefore, no further analysis was done.

Table 4.2.1  Mean value and latency of difference wave (deviant-minus-standard) and
hit rate for deviants in rising set (#1, #4, and #7). *: p<0.0125 (significant level
p<0.0125 after correction).

Mandanin Cantonese
Speech Nonspeech Speech Nonspeech
Mean value (u¥) AC (#7) 4.17 3.69 7.16 4.54
WC (#1) 3.02 2.6] 3.01 3.00
Peak latency  AC (H7) 510. 93 527.29 | 564.64 524. 57
(ms) WC (#1) 481. 86 491. 57 519, 43 495. 86
AC (87) 0. 88 0.86 0. 85 0.85
Hit rate
WC (#1) 0. 46 0. 62 0. 36 0. 55
paired t-test on mean value
AC vs. WC pgired t-test P20, 0587 p-0.109 50, 004x% p=0. 083
AC spe;h vs. nonspeech 50, 392 p0.027
wC speech vs. nonspeech 2. 609 p0, 991
paired t—test on hit rate
AC vs. WC paired t-test 20, 001* p=0.005% | p=0. 001% p0.018
AC speech vs. nonspeech p0. 473 p-0.942
wC speech vs. nonspeech 770, 006% p=0.018
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Figure 4.2.3 The EPR and difference waves from rising sets in Experiment II. The left
two panels were data from Mandarin subjects, and the right two panels were data from
Cantonese subjects. All the data were extracted on channel Poz.

Cantonese

speech across

Mandarin

speech across nonspeech across nonspeech across

511£30 ms 565130 ms

527+30 ms 525+ 30 ms

speech within

nonspeech within speech within nonspeech within

482430 ms 492430 ms 519+30 ms 49630 ms

Figure 4.2.4 The topographic maps of difference waves from rising sets in Experiment

II. The left two panels were data from Mandarin subjects, and the right two panels were

data from Cantonese subjects. The topographic maps were centered at the peak of each
condition.
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Figure 4.2.5 Summary of (a) ERP difference waves and (b) hit rate in rising set for
four conditions (2 syllable types X2 language groups).
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Figure 4.2.6 The value of CP (AC-WC) shown in (a) ERP and (b) hit rate data (see
text for details). All data were from level set.

B. BEHAVIORAL RESULTS: HIT RATE.

The hit rate data was also presented in Table 4.2.1. The main test of three-way mix
design showed a significant two-way interaction effect between CATEGORY and
SYLLABLE, two significant main effect on SYLLABLE and CATEGORY respectively
[SYLLABLE X CATEGORY: F(1,26)=15.318, p=0.001; SYLLABLE: F(1,26)=10.502,
p=0.003; CATEGORY: F(1,26)=30.614, p<0.001). There was no significant interaction or
main effect on LANGUAGE. The results showed that CP was different in these two carrier
types. Moreover, we recoded the data into a hit-rate-difference between AC and WC (AC-
WC), which showed a CP. Then we conducted a paired t-test on this CP between speech
and nonspeech conditions. The results showed that a significant effect on carrier syllable
[t(27)=3.998,p<0.001], which indicated that CP was more prominent in speech condition

than in nonspeech condition (see in Figure 4.2.6).

To further investigate what was CP pattern in speech and nonspeech continua, two

types of post hoc analyses were conducted. The first type of post hoc test was two one-way
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RMANOVA with CATEGORY as the within-subject factor on speech and nogspeech
conditions respectively. The results showed significant main CATEGORY effects An both
conditions [nonspeech: F(1,27)=17.36, p<0.001; speech: F(1,27)=38.885, p<0.001t[

The second type of post hoc test was one-way RMANOVA with the within-subject
factor of SYLLABLE. Two one-way RMANOVA were conducted on across-category and
within-category deviants respectively. The results showed a significant main SYLLABLE
effect in within-category deviant but not in across-category deviant [within-category:

F(1,27)=17.354, p<0.001; across-category: F(1,27)=0.256, p=0.617].

In summary, the data from the hit rate showed that (1) CP was present in all
conditions; (2) CP in speech condition was more prominent than that in nonspeech

condition; (3) CP from two language groups was not significantly different.

L

C. ERP RESULTS IN LEFT AND RIGHT HEMISPHERES

(1) Mean value of difference wave

The mean value of difference wave from the left/right channels in different conditions
was shown in Figure 4.2.7. The four-way mix design, with three within-subject factors (2
CATEGORY; 2 SYLLABLE; 2 HEMISPHERE) and one between-subject factors (2
LANGUAGE), showed a significant two-way effect about laterality [LANGUAGE X
HEMISHPERE: F(1,26)=4.323, p=0.048)]. The results indicated that the lateralization
pattern depended on the language experiences. Since the presence of significant
CATEGORY and SYLLABLE main effects, the data was not grouped together. The results
indicated that regardless the type of carrier syllable and the difference between AC and WC,
the ERP from Cantonese subjects was more left lateralized than that from the Chinese

subjects.

To further investigate how different language experiences affected the lateralization
pattern, two types of post hoc analyses were carried out. First type of post hoc analysis was
two three-way RMANOVA with three within-subject factors (2 SYLLALBE; 2
CATEGORY; 2HEMISHPERE) for Mandarin and Cantonese groups respectively. The
result showed a significant two-way interaction effect and a significant main effect in
Cantonese group [SYLLALBE XHEMISHPERE: F(1,13)=5.369, p=0.037, SYLLABLE:
F(1,13)=5.402, p=0.037]. No main or interaction effect was obtained in Mandarin group.
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Furthermore, since the presence of the interaction effect in Cantonese group, the 1ater;11ity
of Cantonese 'data was further broken down into speech and nonspeech sets. The two-way
RMAONVA with CATEGORY and HEMISPHERE as the within-subject factors on speech
set showed a significant laterality effect [HEMISPHERE: F(1,13)=9.871, p=0.008]. No
significant laterality effect was observed in nonspeech set. The results indicated that in the
speech condition, the left hemisphere had higher ERP amplitude than the right hemisphere

did; while no significant laterality effect was observed in nonspeech condition.

. ‘Another post hoc analysis was to investigate how the effect of language experience
modulated the P300 in different hemispheres. Two three-way mix designs were conducted
with two within-subject factors (2 SYLLALBE; 2 CATEGORY) and one between-subject
factor (2 LANGUAGE) for left and nght hemiépheres respectively. The results showed a
LANAGUAGE, a SYLLABLE and a CATEGORY main effect in left hemisphere
[LANAGUAGE: F(1,26)=7.635, p=0.007, SYLLABLE: F(1,26)=5.558, p=0.026;
CATEGORY: F(1,26)=8.264, p=0.008]. Only a main CATEGORY effect was observed ;n
right hemisphere [CATEGORY: F(1,26)=4.787, p=0.038;], but no main or interaction
effect on LANGUAGE. The results indicated that CP, the language effect, and the syllable
effect were all presented in the left hemisphere, while only CP was presented in the right

hemisphere.

In summary, the laterality analyses on rising set showed that (1) laterality effect was
more prominent in Cantonese group, especially in speech set by showing more left
lateralized of ERP for speech sounds (see Figure 4.2.7); (2) although both hemispheres
showed CP, only left hemisphere showed a language and a syllable effect (see Figure 4.2.8).
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Figure 4.2.7 The value of difference waves on left and right channels in different
conditions. a) Data for Mandarin subjects; b) data for Cantonese subjects. All data were
Jor rising set. AC: across-category deviant; WC: within-category deviant.
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Figure 4.2.8 Summary of hemisphere lateralization pattern contributed by a)language
experiences, b) types of deviants, and c)types of carrier syllables. All data were for
rising set. AC: across-category deviant; WC: within-category deviant.

(2) Peak latency of difference wave

The main test on the peak latency for laterality on Po3 and Po4 was a five-way mix
design with three within-subject factors (2 CATEGORY; 2 SYLLABLE; 2 HEMISPHERE)
and two between-subject factors (2 LANGUAGE). There was no interaction or main effect.

Therefore, no further analysis on peak latency for laterality of rising set was conducted.
4.2.3.2. LevelSet (#4,#7,and #10)

A. ERP RESULTS ON POZ

(1) Mean value of difference wave

ERP and difference waves on the Poz of level set were presented on Figure 4.2.9 and
listed in Table 4.2.2. The topographic fnaps of difference waves were plotted on Figure
4.2.10. We observed a reverse pattern of expected on the definition of across-category and
within-category. Fromlthé pre;vious results (Wang, 1976) and the behavioral identification
results, we expected the deviant #4 was an AC deviant to the standard #7, and the deviant
#10 was a WC deviant to the standard\i}- However, the peak magnitude of #4 was smaller
than that of #10, which indicated aTéverse the category distinction. We would discuss the
reverse effect in the discussion section. To be consistent with the actual response, we still

called the #4 as WC deviant and #10 as AC deviant.

The three-way design main test revealed a significant two-way interaction effect
[CATEGORY xLANGUAGE: F(1,26)=4.77, p=0.038), two significant main effect
[CATEGORY: F(1,26)=14.388, p=0.001; LANUGAGE: F(1,26)=12.88, p=0.001]. The
main CATEGORY effect indjcated the presence of CP (difference between AC and WC).
The interaction effect between CATEGORY and LANGUAGE indicated that the degree of

N » . B
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CP was different in two languages. Since no SYLLABLE main or interaction effect, the

speech data and nonspeech data were pooled together in the later analysis.

To further test what kind of CPs in different language groups, two post hoc one-way
(2 CATEGORY) RMANOVA tests were carried out on Mandarin and Cantonese groups
respectively, with the dependent variable of averaged value of speech and nonspeech. There
was only a significant CATEGORY main effect in Cantonese group [Cantonese:
F(1,13)=14.675, p=0.002]. There was no significant effect in Mandarin group. The results
showed that CP was more prorﬁinent in Cantonese group, while there was no evidence

showing the presence of CP in the Mandarin group.

Table 4.2.2  Mean value and latency of difference wave (deviant-minus-standard) and
hit rate for deviants in level set (#4, #7, and #10) . *: p<0.0125 (significant level
p<0.0125 after correction)

~ Mandarin Cantonese
S\pecch Nonspeech Speech Nonspeech
Mean value WC (84) 2. 41 2.55 3. 30 4. 69
(¥ AC (#10) 2.73 3.67 7.00 6.33
Peak WC (#4) 495. 36 490. 07 546. 71 507. 43
latency
(ms) AC (B10) 525, 93 529.50 542 57 599. 79
it rate WC (#4) 0.63 0.60 0. 44 0. 65
AC (#10) 0.81 0.93 0.91 0.95
paired t-test on mean value
AC vs. WC paired t-test p=0.692 p=0.107 p<0.001=* p0. 186
wC speech vs. nonspecch p=0.847 p=0.273
AC speech vs. nonspeech p0.327 20, 470
paired t-test on hit rate
AC vs, WC paircd t-test p=0.092 p<0_00L* p<0. 001 * p=0. 002%
WC speech vs. nomspeech p=0.62 20, 012#
AC speech vs. nonspeech p<0_00)* p=0.072

The second type of post hoc test was carried out to examine the how the language
eiperience affects the two categories. Two one-way ANOVA, with LANGUAGE as the
between-subject factor and the pooled value of speech and nonspeech, were carried out on
deviant #4 (WC) and deviant #10 (AC) sets respectively. The significant main
LANGUAGUE effect was only observed in deviant #10 by showing the higher peak value
in Cantonese than in Mandarin subjects [F(1,26)=15.948, p<0.001; Cantonese:
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mean=6.663uV, std.err=0.631uV; Mandarin: mean=3.201, stdem=0.631uV ]. No

significant interaction or main effect was observed in the analysis of deviant #4 (WC).

In summary, the results, presented in Figure 4.2.11a and Figure 4.2.12a, indicated that
(1) CP in level set is only observed in Cantonese group, but not in Mandarin group; (2)
Cantonese had a higher P300 response to deviant #10 (AC) than Mandarin did; and (3)
there was no significant differente between speech and nomspeech.
(2) Peak latency of difference wave

\
The three-way mix design showed a significant CATEGORY main effect

[F(1,26)=12.752, p=0.001]. There was no other significant interaction or main effect
observed. The results showed that the. subject responded to the WC deviant #4 (509.2:4:15

ms) faster than to the AC deviant #10 (550.0+ 14 ms).
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Figure 4.2.9 The EPR and difference waves from level set in Experiment II. The left
two panels were data from Mandarin subjects, and the right two panels were data from
Cantonese subjects. All the data were extracted on channel Poz.
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Figure 4.2.10 The topographic maps of difference waves from level set in Experiment 1.
The left two panels were data from Mandarin subjects, and the right two panels were
data from Cantonese subjects. The topographic maps were centered at the peak of each
condition.
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Figure 4.2.11 Summary of (a) ERP difference waves and (b) hit rate in level set for four
conditions (2 syllable types X2 language groups).
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Figure 4.2.12 The value of CP (AC-WC) shown in (a) ERP and (b) hit rate data (see
text for details). All data were from level set.

B. BEHAVIORAL RESULTS: HIT RATE

-

The main test was a three-way mix design showed a significant three-way interaction
effect {F(1,26)=7.208, p=0.012]. The results indicated that both factors of language
experience and types of carrier syllables contributed to CP. Therefore, some post hoc

analyses were carried out.

The first type post hoc was to investigate how CP influenced by the types of carrier
syllables in different language groups. Consequently, two RMAOVA with two within-
subject factors (2 SYLLABLE; 2 CATEGORY) were carried out on Mﬁdan’n and
Cantonese subjects respectively. The results showed no interaction effect in either language
group. However, there was a significant CATEGORY main effect in both language subjects
[Mandarin: F(1,13)=12.72, p=0.005; Cantonese: F(1,13)=33.613, p<0.001}, and a
significant SYLLABLE effect in Cantonese group [F(1,13)=16.122, p=0.001]. The results
indicated that although CP was observed in b guage groups, Cantonese speaker

responded to speech and nonspeech differently. -

The second type of post hoc analysis was to investigate how language experience
inflienced the distinguishing between speech and nonspeech in each category.
Consequently, two two-way mix designs with one within-subject factor (2 SYLLABLE)
and one between-category factor (2 LANGUAGE) were carried out on AC and WC
deviants respectively. Both sets had a significant two-way (LANGUAGEX SYLLABLE)
interaction effect [AC: F(1,26)=6.4, p=0.018; WC: F(1,26)=4.733, p=0.03] and the WC set
also had a significant main SYLLABLE effect [F(1,26)=23.535, p<0.001). Break down the
data further and conduct the paired t-test between speech and nonspeech on each language

group. There were four pairs of t-tests. The results showed that Mandarin group had a
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significant speech vs. nonspeech difference in AC set {t(13)=4.812, p<0.001], while
Cantonese group had a significant speech vs. nonspeech difference in WC set [t(13)=2.9,
p=0.012}.

The last type of post hoc analysis was to investigate how language experience
influenced the degree of CP under each type of carrier syllable. Consequently, two two-way
mix designs, with one within-subject factor (2 CATEGORY) and one between-category
factor (2 LANGUAGE), were carried out on the speech and nonspeech continuum
respectively. Both sets had a significant main CATEGORY effect [nonspeech:
F(1,26)=36.871, p<0.001; speech: F(1,26)=25.802, p<0.001]. The speech set also had a
significant two-way (LANGUAGE X CATEGORY) interaction effects [F(1,26)=5.013,
p=0.034]. Break down the speech data further and conduct the paired t-test between AC
and WC on cach language group. There were two pairs of t-tests. The results showed that
Mandarin group did not have a significant CP but the Cantonese group had a signtficant CP
in speech condition [t(13)=5.013, p<0.001].

In summary, the results indicated that 1) in speech condition, two language groups
had different CPs by showing that Cantonese had a CP but Mandarin group did not; (2) in
nonspeech condition, both language groups had CPs and there was no language difference;
(3) Mandarin responded to within-category deviant differently between speech and
nonspeech conditions, while Cantonese responded to across-category deviant differently

between speech and nonspeech.

C. ERP RESULTS ON LEFT AND RIGHT HEMISPHERES

(1) Mean value of difference wave

The four-way mix design on Po3 and Po4, with three within-subject factors (2
CATEGORY; 2 SYLLABLE; 2 HEMISPHERE) and one between-subject factors (2
LANGUAGE), showed a significant three-way interaction effect on HEMISHPERE
[(SYLLABLE X CATEGORY X HEMISHPERE: F(1,26)=7.389, p=0.012)]). The results
indicated. that across-category and within-category deviants had a different laterality pattern
regarding the syllable type. From Figure 4.2.14, we observed that CP (difference between
AC and WC) in speech and nonspeech conditions was better presented in the left and right
hemisphere respectively. Recode the data into CP (AC-WC) in four conditions (speech+left,
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speech+right, nonspeech+left, and nonspeech+right) and conduct the four paired t-tests.
The results confirmed that CP of speech in the left hemisphere was significantly higher than_
that in the right hemisphere [t(27)=2.782, p=0.01]. However, CP of nonspeech did not
show significant lateralization on either hemisphere [t(27)=1.563, p=0.130].

To further test how the different hemispheres responded to CP in different carrier
syllables, two post hoc two-way (2 SYLLALBE x 2 CATEGORY) RMANOVA tests were
carried out on left and right hemisphere receptivity. There was a significant main
CATEGORY effect in both hemispheres {left: F(1,27)=10.624, p=0.003; right:
F(1,13)=5.752, p=0.024). There was no other interaction or ‘main effect in either
hemisphere. The results indicated that CP was present in both hemispheres as shown in
Figure 4.2.15b.

To further test how the laterality pattern of CP was present in speech and nonspeech
conditions, two post hoc two-way (2 HEMISPHERE x 2 CATEGORY) RMANOVA tests
were carried out on speech and nonspeech respectively. There was no significant main or
interaction effect observed in nonspeech condition. However, there was a significant main
CATEGORY effect and a significant interaction effect in speech condition [CATEGORY:
F(1,27)=8.546, p=0.007; HEMISPHERE x CATEGORY: F(1,13)=7.74, p=0.01]. The
results showed that in speech condition, deviant #10 (AC) had a left lateralization and

deviant #4 (WC) had a right lateralization pattern (See Figure 4.2.14).

In summary, the laterality analyses on the level set showed that CP was presented in
both hemispheres. However, speech and nonspeech had different preferable hemisphere to
present CP. CP of speech was better presented in the left hemisphere, while, CP of

nonspeech was more bilateral. In speech condition, AC was night lateralized and WC was
left lateralized.
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Figure 4.2.13 The value of difference waves on left and right channels in different
conditions. a) Data for Mandarin subjects; b) data for Cantonese subjects. All data were
for level set. AC: across-category deviant; WC': within-category deviant.
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Figure 4.2.14 CP in speech and nonspeech conditions presented in two hemispheres
(the level set)
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Figure 4.2.15 Summary of hemisphere lateralization pattern contributed by a)language
experiences, b) types of deviants, and c)types of carrier syllables. All data were for
rising set. AC: across-category deviant; WC: within-category deviant.

(2) Peak latency of difference wave

The main test on the peak latency for laterality on Po3 and Po4 was a five-way mix
design with three within-subject factors (2 CATEGORY; 2 SYLLABLE; 2 HEMISPHERE)
and two between-subject factors (2 LANGUAGE; 2 SEX). There was no any interaction or
main effect on HEMISPHERE. Therefore, no further analysis on peak latency for laterality

of level set was conducted.
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4.2.3.3. Ildentification results

Proportion of the stimulus labeled as rising tone (tone 1) was analyzed. The data for
each language group was presented in Figure 4.2,16. From the previous data (Wang, 1976),
the stimulus #7 was the category boundary. The position of category boundary was
confirmed by the averaged data shown in Figure 4.2.16, and showed that 50% mid point
was located between stimulus #4 and #7. Since we only cared about the boundary, only the
data from stimulus #4 and #7 was analyzed. The difference between stimulus #4 and #7 was
defined as the boundary slope.

A three-way mix design was carried out with two within-subject factors (2
STIMULUS: #4 and #7; 2 SYLLABLE: speech and nonspeech) and one between-subject
factors (2 LANGUAGE: Cantonese and Mandarin). The result showed no main or
interaction effect relevant to LANGUAGE. Therefore, there was no significant
identification performance difference between two language groups. The results showed a
significant two-way interaction effect, two significant main effect {STIMULUS X
SYLLABLE: F(1,26)=13.328, p=0.001; STIMULUS: F(1,26)=354.4, p<0.001;
SYLLABLE: F(1,26)=25.005, p<0.001]. The two-way interaction effect indicated that the

boundary slopes were different in speech and nonspeech condition.

Two types of post hoc analyses were carried out. The first type of analysis was a
paired t-test on the boundary slope (difference between #4 and #7) between speech and
nonspeech. The results showed that boundary slope in speech was significantly steeper than
that in nonspeech condition [t(27)=3.719, p=0.001]. The second type of analysis was to
investigate which stimulus was labeled differently in speech and nonspeech conditions.
Therefore, two paired t-tests-were carried out between speech and nonspeech on two stimult.
The results showed stimulus #7 was labeled significantly different in two conditions
[t(27)=4.793, p<0.001], while labeling of stimulus #4 reached a marginal significant effect
[t(27)=2.038, p=0.051].

In summary, the identification results confirmed the category boundary was between
stimulus #4 and #7, which was consistent with previous results. Moreover, we found that
the boundary was sharper in speech than that in nonspeech. However, we did not find a

language difference on identification performance.
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Figure 4.2.16 Identification results on stimulus #1,#4,#7, and #10 from Mandarin and
Cantonese subjects. Error bar represented standard error.

4.2.4. Discussion

4.2.4.1. Category boundary

The post hoc labeling results showed that subjects quite reliably located the category
boundary between stimulus #4 and #7, which met our expectation and was consistent with
previous results (Wang, 1976). In other words, #4 was labeled as rising tone and #7 was
labeled as Level Tone. There was no performance difference between Mandarin and

Cantonese subjects.

However, when the stimuli were presented in the oddball paradigm, the category of
stimulus #7 was changed according to its role in the oddball. In the rising set, when the
stimulus #7 was presented as a deviant, comparing to the standard #4, the responses showed
#7 had a different category to the #4. In other words, in the rising set oddball, deviant #7
was labeled as Level Tone. In the level set, when the stimulus #7 was presented as a
standard, comparing to the deviant #4 and #10, the responses showed #7 had the same
category to the #4. In other words, in the level set oddball, the standard #7 was labeled as
Rising Tone. Both hit rate and the P300 value showed the similar pattern.

Such phenomenon of change of boundary depending on which stimulus was used for
standard is not unusual, as stated by Rivera-Gaxiola et al.:

“However, as discussed earlier, in this study the ERP responses to the stimuli varied depending
on both the stimulus used as a standard as well as the characteristics of the stimuli within the acoustic
continuum and its linguistic relevance (closeness to the boundary, apparent flexibility on being
‘dragged’ into a different category and their representativeness...). This is again in agreement with both
ERP and behavioural data from other groups, e.g. with those who have reported that boundaries are
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flexible and depend upon the stimulus with which one adapts the subjects as well as those who have
worked with prototypicality of stimuli and who argue that depending on the goodness of a certain
stimulus, the rest of the stimuli will be attracted 10 one or other category. Asymmetric responses (i.e.
behavioural responses are different depending on been found by many groups, although they are rarely
reported in the literature. " P21 from (Rivera-Gaxiola, Csibra, Johnson, & Karmiloff-Smith, 2000)

In the oddball paradigm, the building up of a phonemic memory depends on the
nature of the standard: if the standard is a prototype of a phoneme, the phonemic memory is
built up stable and updating of an allophone deviant is easy; while, if the standard is an
allophone, the phonemic memory is not stable and updating of a prototype deviant is
difficult (Ikeda, Hayashi, Hashimoto, Otomo, & Kanno, 2001). When the updating
procedure is easier, the amplitude of ERP is higher. In the present experiment, compared
with stimulus #7, stimulus#4 was more like a prototypical rising tone. Therefore, the
phonemic memory for stimulus #7 was not stable. Due to the selective adaptation effect in
speech perception, the category boundary in the level set was changed. In a selective
adaption paradigm (Eimas, et al., 1973), every stimulus from the testing continuum was
followed by a repeated speech stimulus. After that, the locus of category boundary of the
continuum was shifted to the repeated stimulus. This selective adaption experiment was
reported to be evidence of the presence of auditory feature detectors in speech processing
(Roberts & Summerfield, 1981).

In the present experiment, four stimuli #1, #4, #7, and #10 were used. Stimulus #1
and #10 have distinct features to be identified as rising and level tone respectively without
confusion. The most ambiguous stimulus was #7, which had the least consistent category
(See Figure 4.2.15). Lingwistically, in a two alternative-force choice paradigm, #7 was
labeled as level tones, even though it has the rising feature in the pitch contour. Therefore,
#7 has the double association of categories: linguistically level tone and acoustically rising
tone. This double association was confirmed by the resuits from Experiment I in this
chapter and previous study (Wang, 1976). In both studies, stimulus #7 had a different
category than the perfect level tone (stimulus #11) by non-tone language subjects, while it
had a same category as the perfect level tone by native tone language subjects. These
studies confirrned that the distinct acoustic feature of stimuius #7 is rising. However, with
the experience of lexical tone, the linguistic category overrides the psychoacoustic category.
When the stimulus #7 was repeatedly presented in the oddball paradigm as a standard, its

distinct acoustic feature—rising contour—was picked up. Therefore, the stimulus #10,
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which has a much more level pitch contour, was categorized as across-category deviant to
the standard #7.

The phenomenon that stimulus #10 was categorized as AC deviant in the level set
reflected the presence of a psychoacoustic boundary. Another result obtained from the
present experiment favored this hypothesis. In the rising set, Mandarin subjects had a
higher hit rate for WC deviant (#1) in nonspeech condition than in speech condition. Since
this category was consistent with linguistic category, the higher discrimination sensitivity
for WC deviant in nonspeech condition reflected an auditory processing. However, in the
level set, Mandarin subject had a higher hit rate for WC deviant (#4) in the speech
condition than in the nonspeech condition. Since the category was consistent with
psychoacoustic boundary and violated the linguistic boundary, the higher discrimination
sensitivity on WC in speech condition indicated the effect from linguistic training. In the
linguistic training, Stimulus #4 was an AC deviant and should have higher discrimination
sensitivity. Therefore, in the speech condition, even though due to the experimental
paradigm, which favored the psychoacoustic boundary, the linguistic influence still existed
and affected the performance. The results indicated that both auditory and linguistic
experiences affect the speech perception, although they have different weights, which is

depended on the nature of a task.

Some longitudinal studies from infant to adults showed that the perception
reorganization results in an increase of the discriminability for native phonemic contrasts
but a decrease of the discriminability for the non native contrasts (Kuhl, 2004; Werker &
Tees, 2002). This reorgantzation of perceptual space is very important for humans to
communicate, because it causes within-category differences to become less discriminated,
thereby preventing non relevant information from reaching the mental lexicon. However,
such reorganization does not mean that a complete or permanent loss of the discriminability
for non-native phonemic contrasts. Several lines of evidence showed that the
discriminability of within-category contrast is reserved and can be exhibited under certain
conditions. First line of such evidence was from the behavioral studies by manipulation of
the auditory memory (Reviewed in Section 2.1.3). For example, more interference to the
auditory mémory will increase the across-category discrimination but reduce the within-
category disﬁrimiﬂation (Fujisaki & Kawashima, 1969; Lane, 1965; Pisoni, 1973).

Therefore, a less interference to the auditory memory will leave the auditory memory intact,
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and thus better within-category discrimination will be observed. Second line of such
evidence was from the neurophysiologic responses to native and non-native phonemic
contrast. Although non-native phonemic contrast elicited either a smalier or a different
brain response than the native phonemic contrast did, the presence of the brain responses to
the non-native phonemic contrast indicated that such ability was just decreased but not
diminished (Kasai, et al, 2002; Sittiprapapom, Tervaniemi, Chindaduangratn, &
Kotchabhakdi, 2005; Tampas, et al., 2005).

Therefore, we concluded that there are two types of category boundaries were
observed in the experiment. one was the linguistic boundary which was located in the
middle of the continuum and was observed from both language listeners; and the other was
the psychoacoustic boundary which was located at the level end of the continuum and was
especially observed from Mandarin listeners. It is hard to label the class (linguistic or
psychoacoustic) for the category boundary at the level end of the continuum from
Cantonese listeners. In the Cantonese tone system, there is a contrast between slightly rising
(tone 5: low nising) and level (tone 3: mid level), which corresponds to the category
boundary at the level end. Through the comparison of the performance between speech and
nonspeech, which was described in the section 4.2.4.2, we inclined to call it a linguistic
boundary. Nonetheless, we could still conclude from the results that both linguistic and
psychoacoustic boundary is influenced by linguistic experience and general auditory

processing.
4.2.4.2. Difference between speech and nonspeech

The difference between speech and nonspeech was observed in three types of data:
behavioral identification data, P300 data, behavioral hit rate data. However, the pattern
from such difference in three types of data was different. (1) The results from behavioral
identification task showed that category boundary was sharper in speech condition than that
in nonspeech condition, which indicated a greater CP in speech condition than in nonspeech

f condition (See Figure 4.2.15). (2) There was no difference between Cantonese and
Mandarin listeners. In contradict to the identification results, the brain responses from the
oddball paradigm showed that different language groups had different abilities to
distinguish speech from nonspeech. Greater CP reflected by P300 in speech condition than

that in nonspeech condition was only observed in Cantonese listeners but not in Mandarin
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listeners, especially in the rising sets (See Figure 4.2.6a). The P300 from the level set did
not change the general pattern but the difference between speech and nonspeech did not
reach a statistically significant level from both language groups. (3)Although the behavioral
responses were recorded simultaneously during the recording, the hit rate data did not show
a same pattern as P300 did. (a) In the rising set, hit rate data from Cantonese and Mandarin
listeners showed a greater CP in speech than that in nonspeech conditions (See Figure
4.2.6b). (b) In the level set, hit rate data from Cantonese and Mandarin listeners had a
reverse pattern regarding the difference of CP between speech and nonspeech. Mandarin
listeners had a higher CP in nonspeech than that in speech condition; while, Cantonese

listeners had a higher CP in speech than that in nonspeech condition (See Figure 4.2.12b).

The behavioral data consistently showed that the linguistic CP, which presented in
rising set by listeners from both language® and in level set from Cantonese listeners, was
significantly greater in speech condition than that in nonspeech condition. The results
suggested that the linguistic CP was selectively exhibited in speech context. A similar but
weaker CP of the same position in the continuum was also observed in nonspeech condition.
We argued that it was a generalization from the experience in speech condition, which was
benefited from sharing the same critical feature (the pitch contours) as speech. On the other
band, since the psychoacoustic boundary is imrelevant to linguistic training, CP for
psychoacoustic boundary should be greater in nonspeech condition than that in speech
condition. Indeed, such pattern was also observed, which is exhibited by CP on the
boundary at the level end of the continuum from Mandarin listeners. If a contrast is absent
in a language environment, through the procedure of perceptual reorganization,
discriminability to this contrast will be gradually reduced. Many experiments have shown
that such dechnation is more prominent in speech context. For example, Xu et al. (2006)
investigated CP on the continuum spanning from level to rising by English listeners, wl;tose
speech system does not contain this phonemic contrast, in both speech and nonspéch
conditions. The results showed that CP from English listeners was more prominent in
nonspeech condition than that in speech condition. More interesting, 6 months old English
infants are able to discriminate this contrast, while when the same infants grow up into 9
months old, the discriminability to the same contrast was declined but only under the

speech condition (Mattock & Bumham, 2006).

132



Chapter 4 Behavioral and ERP Experiments on Mandarin and Cantonese Tones

The behavioral data was consistent and met our expectation by showing that hnguistic
experiences selectively affected the speech sounds more than the nonspeech sounds. The
P300 data from Cantonese listeners was consistent with the behavioral data. However, the
P300 data from Mandarin listeners showed no difference between speech and nonspeech.
The difference between two groups of listeners would be discussed this in the section
4.2.4.3 and the difference between P300 and behavioral data would be discussed in section
4.2.4.4. Nonetheless, the data from the present study suggested that the linguistic
environment enhances the discriminability for the native phonemic contrast but reduces the

discriminability for non native phonemic contrast.
4.2.4.3. Influence of language experiences on CP

The influence of language experience on CP was exhibited in both P300 data and
behavioral hit rate data. (1) In the rising set, the P300 data showed that CP was more
prominent in speech condition than that in nonspeech condition, and this discrepancy was
only observed from Cantonese listeners but not from Mandarin listeners (See Figure 4.2.6a).
Moreover, the difference between Mandarin and Cantonese was mainly contributed by the
higher P300 to the AC deviant in speech condition. (2) In the level set, Cantonese and
Mandarin listeners showed a different pattern between speech and nonspeech conditions on
CP. Mandarin group had a relatively greater CP in nonspeech than that in speech condition;
while, Caﬁtonese group had a relatively greater CP in speech condition than that in
nonspeech condition. Both hit rate data and P300 data had the same trend but only hit rate
data reached the statistically significant level.

The selectively higher P300 to AC deviant in speech condition by Cantonese listeners
than by Mandarin listeners in the rising set may be due to different tone systems. Although
Mandarin and Cantonese are both tone languages, they have different tone inventories.
Mandarin has four tones while Cantonese has six tones. The tone system of Cantonese is
more compact than that of Mandarin (Peng, 2006). Therefore, such system difference may
contribute to the neurophysiological difference we have observed. The tone inventory
affects the tone perception was aiso reported in Gandour’s work, which investigated tone
perceptions from different language listeners (Gandour, 1983). In his study, differént tones
were organized into “height” and “direction” dimensions. Cantonese listeners can be

separated from Mandarin listeners through their different patterns to put relative weights on
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these two dimensions. Moreover, in this study, the confusion matrix also suggested that
Cantonese listeners made more errors between level tone and falling tone, while Mandarin
listeners made more errors between rising .'tone and level tones. Gandour (1983) suggested
that it was due to different tone sandhi rules in these two tone systems. Therefore, the data
in Gandour (1983) syggested that Cantonese listeners were more sensitive to the difference
between the ievel and the rising tones than Mandarin listeners did, which was consistent
with our data. P300 is sensitive to the difference of phonemic inventories between two
dialects in a same lahguage has been reported (Conrey, Potts, & Niedzielski, 2005).
However, the contrast they studied in the experiment was present in one dialect but merged
in the other. In anotfxer cross-language study, which used passive listening paradigm, also
unexpectedly reported a P300 like component, which they called late positive deflection

since it was elicited without attention, also sensitive to the difference between native and

- non-native contrasts (Rivera-Gaxiola, et al., 2000). In summary, the difference in tone

inventories and tone sandhi rules resulted in the observation in the present study: Cantonese
had a higher CP in AC deviant in speech condition than Mandarin did. It's the first time to
show that different phonemic inventories affect the perception of the same contrast. We

would discuss the difference between ERP and behavioral data in the section 4.2.4.

The hypothesis of difference on tone systems could also explain the second aspect of
the language difference: Mandarin afid Cantonese had a reverse pattern on CP difference
between speech and nonspeech. Cantonese tone inventory includes a linguistic boundary
between the level (tone 3: mid level tone) vs. the slightly rising (tone 5: low nising).
Moreover, many tones in the Cantonese system share the same dynamic pitch pattern but
only differ in pitch height. For example, in Cantonese, there are three level tones, as well as
two rising tones, which differed in the pitch height but not in the dynamic pitch pattern.
Therefore, Cantonese listeners are more relied on adjacent context to make the decision
(See experiments in Chapter 3). In our paradigm on the level set, the boundary was located
between the level vs. the slightly rising, which corresponded to the Cantonese linguistic
boundary regarding on the pitch pattern. Although the pitch height was a bit higher than
natural speech, since Cantonese listeners are very sensitive to context infommtio_n, the
absolute pitch height seems less important for them in the present paradigm. Thereforé, CP
observed in level set was consistent with Cantonese’s linguistic boundary. Linguistic
boundary is formed or enhanced in language environment and thus CP is greater in speech

condition than that in nonspeech condition. However, Mandarin tone system does not have
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the contrast between slightly rising and level. Consequently, the boundary in the level set ihs
a psychoacoustic boundary for Mandarin subjects. Ideally, a psychoacoustic boundary is
irrelevant to language experience, therefore the boundary in nonspeech condition will be
kept but in speech condition will be lost if this contrast is not present in the listeners’
language environment. Indeed, CP of behavioral data reached a statistically significant level
only in nonspeech condition by Mandarin listeners. Although the ERP data showed a
similar pattern, CP obtained from ERP data did not reach a statistically significant level in
either speech or nonspeech condition by Mandarin listeners. We would discuss the

difference between ERP and behavioral data in section 4.2.4.4.

However, the difference of the tone systems cannot explain all the observed results.
On one hand, the complexity of the Cantonese tone inventory and the tone sandhi rule leads
to a greater discriminability to the tone contrast between the level and the rising in speech
condition by Cantonese listeners than by Mandarin listeners. On the other hand, it cannot
explain why Mandarin listeners showed a similar CP in both speech and nonspeech (ERP
data), while Cantonese listeners showed a greater CP in speech than that in nonspeech

condition. Therefore, other mechanisms may be responsible for the results we observed.
4.2.4.4. Brain activities and overt behavioral responses

CpP was'present in both P300 and behavioral hit rate data indicated that the across-
category deviant was easier to be detected from the standard than the within-category one.
In a general trend, brain activities were consistent with behavioral responses. However, in
the rising set, the language difference was only obgerved in P300 data but not in hit rate
data; while in the level set, the language difference was more prominent in hit rate data than
that in ERP data. The behavioral identification data was consistent with hit rate data in the
rising set. At a first glance, the difference between ERP and behavioral data seemed to
suggest that ERP had different sensitivities to a language difference in the two sets: more
sensitive in the rising set and less sensitive in the level set. However, when we examined
the data in details and considered the mechanisms underlying the language effects in
different sets (discussed in section 4.2.3), we found that one mechanism can explain the
difference between P300 and behavioral data in both sets. The difference between P300 and
behavioral data in both sets suggested the same thing: Compared with behavioral data, P300

was more sensitive to long-term linguistic training.
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Previous studies have suggested that P300 responses index the completion of stimulus
evaluation and the size of P300 covaries with the certainty when the same amount of
attention is given (Picton, 1992). The increased memory load, which is associated with a
hard task, will deduce the amplitude of P300. In other words, a higher amplitude P300 is
associated with more confidence of the stimulus (Polich, 2003a, 2007). Moreover, the P300
is elicited by successful updating of memory. Therefore, a conceptually more salient
deviant from an established phonemic memory will elicit a larger amplitude P300 in the

present experiment.

In the nsing set, the language effect was exhibited by the fact that different language
listeners had different degrees of CP regardless of the speech context. Both P300 and
behavioral data exhibited such effect. More importantly, P300 data also showed that
Cantonese listeners had a greater CP in speech condition than that in nonspeech condition,
but Mandarin lis‘'eners did not have such difference between two speech contexts.
Moreover, such difference between two language listeners was primarily due to a higher
P300 to AC deviant in speech condition by Cantonese listeners. Such language effect
relevant to speech context did not exhibit in behavioral hit rate data, which was
simultaneously recorded with EEG recording. As discussed in section 4.2.3, the language
effect relevant to speech context was due to the difference of two tone systems, which
includes tone inventories and tone sandhi rules. Since P300 is associated with more
confidence of the stimulus, the selective higher P300 to AC deviant in speech condition by
Cantonese suggested that Cantonese listeners were more confident with this stimulus. In
other words, the results indicated that Cantonese listeners are particularly good at building
up phonemic memory for speech tones, and so they are easier to update the memory and
increase the arousal when they hear the deviant from the other phonemic categories.
Moreover, the difference between speech and nonspeech from Cantonese data suggested
that the phonemic memory for lexical tones in Cantonese listeners relies on the segmental
information or familiarity of the sounds. On the other hands, the P300 for Mandarn
listeners was similar in speech and nonspeech conditions, which suggested that the building
up of phonemic memory for lexical tones by Mandarin listeners rely on pitch contours.
Therefore, speech and nonspeech are processed similarly in the phonological level. The hit
rate data of the rising set did not show the similar interaction effect between language and
syllable, because the cognitive stage reflected by the overt responses is different from that

by P300. During the overt responses, the subjects can rely on previous presented stimuli to
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do the judgment. Therefore, Mandarin listeners had a higher within-category hit rate than
Cantonese did, especially in the nonspeech condition (See Figure 4.2.5b).

In the level set, CP category from Mandarin listerers was a psychoacoustic boundary
as discussed in section 4.2.4.1 and 4.2.4.2. Therefore, the degree of CP was higher in
nonspeech condition than that in speech condition, which was observed in the hit rate data.
In P300 data, since the phonemic memory was not well established, therefore, the P300 to
both types of deviants in both speech context conditions was very low from the Mandarin
listeners. However, CP category from Cantonese listeners met with their linguistic

boundary; therefore, similar results were obtained as those observed in the rising set.
F

In summary, the difference between P300 and hit rate data further confirmed that
ERP in the study of phonological study provides more information about the speech
processing in different stages. The P300 data suggested that the establishing of phonemic
memory is affected by linguistic environment outside the single phonemic training. Some
other factors including the size of phonemic inventory, tone sandhi rules contribute to the

phonemic awareness.
4.2.4.5. Hemispheric lateralization

A number of studies have concluded that P300 can be used as a marker for
hemispheric asymmetry (Alexander, et al., 1996; Alexander, et al., 1995; Polich & Hoffman,
1998). Asymmetry of P300 amplitude favors the RH for simple visual or auditory
discrimination (Alexander, et al., 1996; Alexander, et al., 1995}, but favors the LH when
verbal stimuli were used (Bentin & Feinsod, 1983; Goodin, Waltz, & Aminoff, 1985,
Itzchak, Babkoff, & Faust, 2007). Asymmetric P300s between left and right hemispheres
were also observed in the present experiment. In the nising set, effects of language
expenences (Mandarin vs. Cantonese) and carrier syllables (speech vs. nonspeech) were
more expressed in the left hemisphere than in the right hemisphere, but there was no
evidence for asymmetric hemispheric lateralization pattern for the effect of category (AC vs.
WC). In the level set, effect of category in speech condition was more expressed in the left
hemisphere than in the rnight hemisphere. There was no evidence for asymmetﬁc
hemispheric lateralization pattern for the effect of category in the nonspeech condition, but
the marginal mean value showed a general trend that the effect of category in nonspeech
condition was more expressed in the right hemisphere.

4
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In the early studies, since Pierte Paul Broca (1824-1880) (Broca, 1861) and Wernicke
(1794-1969) (Wemicke, 1874,1969) reported two cases that patients with different brain
areas damaged in the left hemisphere lost the speech functions of production and
comprehension respectively but left other functions intact, it is generally accepted that the
speech function is left hemispheric lateralized. However, new evidence from brain imaging
studies, behavioral dichotic listening and patients with disorder language functions
suggested that the early notion about language function in the brain is too rough. Depending
on different processing demands and different acoustic properties, the lateralization patterns
of the, speech sounds are different. For example, Friederici suggested that syntactic,
semantic information is primarily processed in the {eft hemisphere, whereas sentence level
prosody is processed in the right hemisphere (Friederici, 2009; Friederici & Alter, 2004).
On the other hand, some researchers suggested that the acoustic properties of a stimulus’
dominate the pattern of hemispheric lateralization. They argued that auditory cortices in the
two hemispheres are relatively specialized, such that temporal resolution is better in left
auditory cortica} areas and spectral resolution is better in right auditory cortical areas
(Tervaniemi & Hugdahl, 2003; Zatorre, Belin, & Penhune, 2002). Since speech is highly
dependent on rapidly changing broadband sounds, it is left lateralized. However, they also
admit that some tob-down information such as the familiarity of speech sound also modifies
the degree in which the left vs. right auditory areas contribute to sound encoding
(Thompson, Schellénberg, & Husain, 2003).

In the present experiment, the stimuli differed in type of category (AC or WC) and
type of carrier syllable (speech or nonspeech), but did not differ in-language function. They
even did not differ too much on the acoustic properties, since both types of carrier syliables
had similar complexity' of spectrum information, intensity profiles and pitch contours.
Therefore, only tlie difference of familiarity between speech and nonspeech can explain
why linguist‘ic tones were more left lateralized in the present study. That the processing of
familiar sounds was more left lateralized was also reported from a passive oddball study.
Evoke of MMNm (magnetic equivalent to the MMN-wave of the electroencephalogram) to
very frequent word deviant significantly earlier in the left hemisphere in comparison with
the right side. In conclusion, processing speed may be an important aspect of the

hemispheric specialization of language (Ackermann, Lutzenberger, & Hertrich, 1999).

138



A
Chapter 4 Behavioral and ERP Experiments on Mandarin and Cantonese Tones

The same reason can also be used to explain why Cantonese listeners activate left
hemisphere more than Mandarin listeners did. From the statistical resuits, we observed that
the difference of hemispheric lateralization pattern regarding on the language expenence
was majorly contributed by the perforthance in speech condition by Cantonese listeners. In
other words, when Cantonese listeners heard speech sounds, the left hemisphere was more
active than the right hemisphere was; whereas, there was no obvious asymmetric
hemisphere activation to other conditions (Mandarint+speech, Mandarin+nonspeech,
Cantonese+nonspeech). Recall the results showing the language difference, Cantonese
listeners particular had a significant higher P300 to AC deviant in speech condition. From
the previous studies, higher amplitude of P300 is associated with a more familiarity of the
stimulus. Therefore, we can conclude that the familianty of speech sounds drove Cantonese

listeners activated the left hemisphere more in the speech condition.

Hemispheric lateralization pattern on AC and WC stimuli has been well studied in the
domain of color perception and visual perception recently (Drivonikou, et al., 2007;
Franklin, Drivonikou, Clifford, et al., 2008; Gilbert, 2007; Regier & Kay, 2009; Siok, et al.,
2009). In these studies, subjects were asked to point out whether an odd color patch, which
was presented against a background with the other color, was at the right or the left side as
quickly as possible. The odd color patch either had the same color name or different color
names with the background color. The results showed that when the odd color patch was
presented to the right visual field (see through from the left hemisphere), the patches with a
different color name than the background color were identified faster than those with the
same color name, even though, the odd color always had the same chromatic separations to
the background color. When the odd color patch was presented to the left visual field (see
through from the right hemisphere), there was not a clear pattern. Although there were
many versions of the paradigm, they followed the same logic. Therefore, the data implied
that categorical perception of color is more expressed in the right visual field (the left
hemisphere). More surprisingly, some follow-up studies compared the performance from
different ages of subjects including infants, children who had acquired the color terms and
who-did not successfully acquire the color terms, and adults (Franklin, Drivonikou, Bevis,
et al., 2008; Franklin, Drivonikou, Clifford, et al., 2008). The results showed that CP of
color was more expressed in the left hemisphere in the population who had acquired the
color terms (adults, children who had acquired the color terms), while CP of color was

more expressed in the right hemisphere in the population who did not successfully acquire
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the color terms (infants, children who did not acquire the color terms). These results
indicated that linguistic CP of color is more expressed in the left hemisphere. Moreover, the
left lateralization pattern is probably due to the facilitation of language labeling (Siok, et al.,
2009). The hemispheric lateralization pattern i1s used to support the view that the linguistic

labeling contribute to the formation of CP in color.

In the domain of tone perception, there were few reports about the interaction of CP
and hemispheric lateralization according to our knowledge, although two conference
abstracts from the same group reported that the AC deviant of lexical tone was more left
hemispheric lateralized (Xi, Zhang, Xu, & Shu, 2009; G. Xu, Xi, Zhang, & Shu, 2009).
Moreover, there is no conclusive conclusion on the lateralization pattern of tones. On one
hand, lexical tones are slow changing signals, so it should be right hemispheric lateralized
(L. Liu, et al., 2006; Zatorre, 1988; Zatorre, et al., 1992). On the other hand, lexical tones
carry linguistic meanings and familiar by native listeners, so it should be left hemispheric
lateralized (Gandour, et al., 2003; Gandour, et al., 1998; Tervaniemi & Hugdahl, 2003).
Recently, there is a new opinion about the lateralization pattern of lexical tones with the
findings from the ERP study, which tries to reconcile the two aspects together: lexical tones
have different lateralization patterns depending on the task and the cognitive stages and
both the acoustic and linguistic aspects contribute to the lateralization pattern of tones
(Shuai, 2009; Zatorre & Gandour, 2008).

Therefore, due to the complex and dynamic lateralization pattern of lexical tones, it is
hard to use lateralization patterns to support or against the linguistic function of CP in
lexical tones. However, since lexical tones are defined within the linguistic domain, we
don’t need to use that to “confirm” or “support” the linguistic aspect of CP in lexical tones.
Rather, we can use the lateralization pattern from CP to provide more information about the
lateralization pattern of lexical tones. In the experiment of CP, discrimination of tones
across a category is facilitated by the linguistic labeling, in which case the linguistic
function is more prominent and the left hemispheric lateralization is predicted. On the other
hand, discrimination of tones from the same category relies on acoustic features, in which
case acoustic features are dominant and the lateralization pattern is depended on the relative
features of the two stimuli. A relative fast changing sound is more left lateralized than slow
changing one (Robertson & Ivry, 2000).
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In the present expertiment, we found that CP of speech tones was more expressed in
the left hemisphere in the level set. In the same level set, the lateralization pattern of CP
was more right hemispheric lateralized, although it did not reach a significant level. The
results from the level set were quite consistent with those from the color CP’s studies,
which showed that the left hemisphere is more invelved in the language processing than the

right one.

Although in the rising set, there is no evidence to support the interaction effect
between category type and lateralization pattern, the marginal mean value showed a similar
trend. In other words, in the rising set, brain responses to CP for both speech tones and
nonspeech pitches were more bilaterally activated, but did not change the general trend
observed from the level set. The lack of significant left hemispheric lateralization pattern
for CP in speech condition of this set might be contributed by a combination effect from
linguistic aspect and acoustic properties. If only a linguistic function was considered, CP
was expected to be more expressed in the left hemisphere. In other words, the discrepancy
between AC and WC was larger in the left hemisphere than in the right hemisphere, as
shown in the level set (see Figure 4.2.14). However, we also observed that the WC deviant
in the rising set had a steeper slope and changed faster than AC deviant did, which should
be left hemispheric lateralized and thus reduced the discrepancy on the left hemisphere.
Therefore, both linguistic function and acoustic properties contributed to the observed

results.

4.2.5. Summary

In this experiment, we conducted an oddball attentive P300 experiment to investigate
CP on the level vs. rising tone continuum with the subject’s attention. Two types of carrier
syllables (speech and nonspeech) were used. Subjects from two different dialect groups
(Mandarin and Cantonese) participated in the study. The brain activities and the overt
subject responses were recorded simultaneously in the experiment and a post hoc
behavioral labeling task was also carried out to check the category boundary in the

continuum.

The results showed that CP was presented in both P300 and overt behavioral

responses. However, there were two types of CPs (discussed in 4.2.4.1): one was consistent
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with linguistic category (the rising set) and the other was consistent with psychoacoustic
category (the level set in Mandarin data). We also observed that experiences from different
tone systems (including the tone inventories and tone sandhi rules) influenced the
performance on lexical tones, even though both systems had the testing tones (discussed in
4.2.4.2). Cantonese subjects had greater CP than Mandarin subjects did. More importantly,
Cantonese subjects responded to speech and nonspeech differently, while there was no
obvious difference was observed from Mandarin subjects. At last, the data showed that
hemisphere laterality was influenced by language backgrounds, types of carner syllables,
and types of deviants (AC vs. WC). All influences were more expressed by the left
hemisphere (discussed in 4.2.4.3), and the hemispheric lateralization pattern was affected

by both linguistic function and acoustic properties of the stimuli.
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4.3. Experiment I1I: Behavioral Test

4.3.1. Method

4.3.1.1. Subjects

Fifty-nine right-handed subjects, with normal hearing and no reported history of
neurological illness, participated in the experiment with payment. Nineteen of them were
native Cantonese subjects [9 female and 10 male, mean age =21.6 * 1.6; Laterality
Quotient = 71.3 £ 22.9 (Oldfield, 1971)]; 20 of them were native Mandarin subjects [10
female and 10 male; age = 23.7 & 2.3; Laterality Quotient = 79.6 + 22.3}; and 20 of them
were native German subjects [10 female and 10 male; age=28.5 + 4.6; Laterality
Quotient = 87.2 £ 11.5]. Informed written consent was obtained from each subject. Ethics

approval was obtained from Survey and Behavioral Research Ethics Committee of The

Chinese University of Hong Kong.
4.3.1.2. Stimuli

The stimuli were the exactly the same as used in Experiment i, which included 11 real
speech stimuli and 11 pure tone stimuli with the same pitch contours. The stimuli were

shown in Figure 4.1.1.
4.3.1.3. Identification task

The 11 stimuli in speech and nonspeech conditions were repeated twice and were
randomly presented to the subjects in a block with 4s ISI. There were 5 such blocks for
each condition. Therefore, each stimulus had 10 repetitions. Presentations of speech and
nonspeech were counterbalanced among the subjects. The subjects were asked to identify

(61‘!

the category of the heard sound by pressing key “1” for category and pressing key “2”
for category “2”. Demo of the sound categories for two end points (#1 and #11) was shown
to the subjects before the task. To make the procedure comparable in speech and nonspeech
conditions, the categories were demoed as “sound 1" and *sound 2” without linguistic

labeling in speech set. At the end of each block, the score for correct responses to two
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endpoints was shown on the screen to attract the subject’s attention. If there was any block

with a score lower than 75%, a supplement block would be presented.

4.3.1.4. Discrimination task

Discrimination task was only conducted on the speech continuum by the same three
groups of subjects. Subjects discriminated between a pair of stimuli in a behavioral
same/different test. The stimulus pairs included both two-step and zero-step pairs (e.g. 6-6,
8-8, 6-8 and 8-6). A block contained 29 such pairs and the stimuli in a block were presented
to the subjects in a random order. There were 7 repetitions for each pair. The ISI was 500
ms between two stimuli in a pair (trial), and ITI was 2500 ms between adjacent trials. One
extra practice block (data was excluded from the analysis) was conducted to familiarize

subjects with the procedure.

4.3.2. Data Analysis

4.3.2.1. Identification data

As mtroduced in the chapter 2, there are several methods to analyze the identification

data. In this experiment, predicted discrimination and the probit approximation were used.
A. PREDICTED DISCRIMINATION.

Follow the equation (2.1), which was rewritten here, to calculate the predicted

discrimination.

Pretdocq, yy = U+ (Py, = P Y 2=(1+(Py, =Py ,)")/2 Q.1

According to the crossover points in identification curves, the predicted
discrimination values were grouped into across- and within- category (AC and WC) results.

Then the comparison was conducted on these across- and within- category pairs.

B. PROBIT APPROXIMATION.

Follow the equation (2.10} -(2.13), which were rewritten here.
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e ? du

P probit— _\é:?r J:s

(2.10)

y=-1—x—-g—+5=b0+b,x

T g
(2.1D)
5— b,
Positien of CP boundary: X, = ——b—-
1
(2.12)
i 1.35
Boundary width or sharpness: w = X015 = Xpeons = b_ (2.13)
|

According to the crossover points in the identification curves (shown in Figure 4.3.1),
the predicted discrimination values were grouped into across- and within- category results.
Then the comparison was on these across- and within- category pairs. Two two-way mix
designs were carried out on the position and width of the boundary with one within-subject
factor (2 SYLLABLE: speech and nonspeech) and one between-subject factor (3
LANGUAGE: Mandann, Cantonese and Germen). The statistical analyses were to

investigate whether the language experience and the syllable types affected the performance.

4.3.2.2. Discrimination data

The score of discniminations for each pair was calculated following descriptions in
(Francis, et al., 2003). Obtained discrimination scores were calculated by equation (2.14),

which was described in chapter 2. The equation (2.14) was repeated here.

D, =P(S'18)e P(S)+ P( D'/ D)e P(D) (2.14)
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4.3.3. Results

4.3.3.1. Identification curves.
A IDENTIFICATION CURVE AND PROBIT APPROXIMATION

Identification responses averaged across listeners according to conditions and
language groups were presented in Figure 4.3.1. The figures showed that all the listeners
exhibited crossovers in their identification function. Two categories were obtained zlong
each continuum. The probit approximation fitted the curve quite nicely with small variance.

The boundary position and the boundary width, as well as the approximation variance, were
shown in Table 4.3.1.

Boundary position. There was no significant interaction or main effect on the
boundary position. All the boundary positions were near stimulus #S5. Therefore, the

position of boundary was not analyzed further.

Boundary width. However, there was a significant two-way interaction effect
between SYLLABLE and LANGUAGE [F(2,56)=3.634, p=0.033] and a main LANGUGE
effect [F(1,56)=8.042, p=0.007] on boundary width. From the average curve shown in
Figure 4.3.2, we could observe that Mandarin and Cantonese subjects had a larger boundary
width in nonspeech condition than that in speech condition, while German speaker had the
reverse pattern. This observation was confirmed by three pairwise t-tests on the boundary
width difference between speech and nonspeech between every two languages. The results
showed that there was a significant language effect on the difference of boundary width
between Mandarin and German subjects (p<0.05), but no difference between Mandarin and
Cantonese (p=1) or between Cantonese and German (p=0.186) (all were after Bonferroni

correction).

However, the difference in speech and nonspeech were not significant by three post
hoc paired t-tests between speech and‘nonspeech after Bonferroni correction. Another post
hoc analysis was carried out on boundary width to investigate the effect of language groups
on each syllable type. The results showed that language expenience made a difference on
speech condition (F(2,56)=10.401, p<0.001}, but not in nonspeech condition
[F(2,56)=0.483, p=0.619]. In the speech condition, pairwise t-test (with Bonferrom
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correction) showed that Mandarin and Cantonese groups had significantly narrower
boundary than German groups did [Mandarin vs. German: p<0.001; Cantonese vs. German:
p=0.004], but Mandarin and Cantonese did not significantly differ from each other.

In summary, the identification curve and probit approximation showed that two tone
language groups (Mandann and Cantonese) had a shaper boundary in speech condition than
non tone language group (German) did. On the other hand, there was no significant
language effect on nonspeech condition. Moreover, tone language subjects had the similar
trend that boundary was sharper in speech condition than that in nonspeech condition, while
German subjects had the reverse pattern. The results indicated that the language experience
was more easily exhibited by the speech sounds even though both sounds shared the same

critical phonetic feature of pitch.

Table 4.3.1 Boundary position and boundary width on speech and nonspeech
continua from three language groups calculated by probit approximation.

Mandarin Cantonese German
speech | nonspeech | speech | nonspeech | speech { nonspeech
position 5.47 5.30 5.14 5.00 5.59 5.38
widlh i.14 1.83 1.43 1.85 2.51 2.15
approximation | o 69¢ | 0006 | 0.006 0.011 0.009 | 0010
variance
Table 4.3.2  Grouping information, grouped mean value, and statistical analysis of

predicted discrimination scores for continuum spanning from level to rising tones in six
conditions (2 SYLLABLE X3 LANGUAGE). * : p<0.004; (sigmificant level p<0.004
after correction)

Mandarin Cantonese German
Cautegories (pairs) Specch | Nenspecch Speech Nonspeech Speech | Nonspeech
moun  AC (4-6, 5-7) 0. 71 0. 64 0. 65 0. 62 0, 56 0. 62
value \ ¥C {(others) 0. 53 0. 53 0. 53 0. 54 0. 54 0. 53
Paired t—tests
AC vs., WC p<0. 001 » p=0, 001* p<0.00i» | p=0.003» | p=0.245 | p<®. 001*
AC specch vs. p=0.018 p=0. 156 p=0. 004#
nonspeech
speech vs.
X X . 05
wC nonspeech p-0. 563 p0. 230 p=0.05]
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Figure 4.3.1 Results of identification of level vs. rising tone continuum (open
circles ) and their corresponding probit approximation (solid line), with the predicted
discrimination results (dotted line) superimposed over the identification curves. Upper
panel represented results from the nonspeech continuum and lower panel represented
results from the speech continuum. From left to right, three panels represented the
performance of Mandarin, Cantonese and German subjects respectively.
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Figure 4.3.2 a)Boundary width of continuum spanning from level to rising tones in six
conditions [2 SYLLABLE (speech and nonspeech) X3 LANGUAGE (Mandarin,
Cantonese, and German}]. A smaller number of boundary width indicted a sharper
category boundary. b) Difference of boundary width (speech-nonspeech) on three
language groups. *: p<0.05, ns. not significant. Error bar represented standard error.

B. PREDICTED DISCRIMINATION.

The predicted discrimination score was grouped into AC and WC according to the
cross-over {or position of boundary). A three-way mix design was carried out with two
within-subject factors [2° CATEGORY: AC and WC; 2 SYLLABLE: speech and
nonspeech ] and one between-subject factor [3 LANGUAGE: Mandarin, Cantonese and
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German]. There was a significant three-way interaction effect [F(2,56)=7.896, p=0.001],
two significant two-way interaction effect [CATEGORY XLANGUAGE : F(2,56)=6.179,
p=0.004; SYLLABLE X LANGUAGE: F(2,56)=7.803, p=0.001], and one main effect
[CATEGORY: F(2,56)=90.6, p<0.001]. This indicated that both types of carrier syllables

(speech and nonspeech) and language experience contributed to the difference of the degree
of CP.

To investigate how the language affected the degree of CP in different carrier
syllables, two two-way mix designs were carried out on speech and nonspeech continua
respectively. The two-way mix design used CATEGORY as the within-subject factor and
LANGUAGE as the between-subject factor. In the nonspeech condition, only the
CATEGORY main effect was significant [F(1,56)=44.647, p<0.001], which showed that
tanguage effect did not exhibit in the nonspeech condition. However, in the speech
condition, two main effects (CATEGORY and LANGUAGE) were significant, and more
importantly, the two-way interaction effect was also significant [F(2,56)=14.523, p<0.001}.
This result showed that language only significantly influence CP in speech condition. Three
paired t-tests between AC and WC in speech condition were carried out for three language
groups respectively. The results showed that in the speech condition, two tone language
groups had significant CPs, but non-tone language group did not (Shown in Table 4.3.2 and
Figure 4.3.3). Two one-way ANOVA on AC and WC in speech condition showed that the
group difference was presented in AC but not in WC [AC: F(2,56)=18.582, p<0.001; WC:
F(2,56)=1.646, p=0.202]). Post hoc pairwise t-test revealed that two tone language groups

significantly differed from the non-tone language group on AC pair in speech condition.

Another type of analysis was to test how types of carrier syllables affected CP in each
language group. In other words, the test was to test the difference of CP between speech
and nonspeech in each language group. Three two-way RMANOVA with two within-
subject factors (2 CATEGORY; 2 SYLLABLE) were done on three language groups
respectively. The significant two-way interaction effect was observed in both Mandann and
German groups [Mandarin: F(1,19)=5.671, p=0.028; German: F(1,19)=10.446, p=0.004].
Paired t-tests between speech and nonspeech on AC and WC in each language group
showed that speech and nonspeech differed in AC [Mandarin: t(19)=2.582, p=0.018,
German: t(19)=-3.266, p=0.004]. However, the direction of the difference was different in

Mandarin and German groups. Mandarin group had a higher AC value in speech condition
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than that in nonspeech, but the German had a reverse direction by showing a higher AC

value in nonspeech than that in speech condition.

The last type of post hoc analysis was to test how the difference of speech and
nonspeech was exhibited in each category pair and how it was modulated by the language
experience. Two two-way mix designs were carried out on AC and WC respectively, with
the within-subject factor of SYLLABLE and the between-subject factor of LANGUAGE.
The WC showed a marginal significant two-way interaction effect [F(2,56)=3.242,
p=0.047}, and AC showed a significant two-way interaction effect [F(2,56)=8.244,
p=0.001]. The results showed that the degree of speech and nonspeech differénce depended

on language experience and the dependence was more exhibited in AC pairs.

In summary, the results from the predicted discrimination scores showed that both
tone language groups had greater CP in speech than that in nonspeech, but non-tone
language group reversed the pattern. Moreover, we also observed that different language
groups had significantly different degrees of CP in speech condition. However, such
difference was not significantly presented in nonspeech condition. The language effect was
most exhibited in AC pairs in speech condition. The results from the predicted

discrimination were consistent with that obtained from the probit approximation.

p (pred.disc) p (pred.disc)
081 a Nonspeech 0.8 | b Speech
[ . 0.7 .
- _ - \
0.5 A . 05 | . 1 . E-
Mandarin Cantonese German Mandarin Cantonese German -
DAC - B W

Figure 4.3.3 Grmf[ed value of predicted discrimination of level to rising continuum
according to AC (dcross-category) and WC(within-category). a) In the nonspeech
continuum, b) ip/fhe speech continuum. *: p<0.004; ns. Non significan. Error bar

represented standard error.

4.3.3.2. Discrimination results

The discrimination was conducted in speech condition only. The curve of

discrimination score for each language was presented in Figure 4.3.4. From the average
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curve, there was one peak (in the middle of the curve) from the Mandarin group; two peaks
{one in the middle and the other at the level end of the curve) from the Cantonese group;
and one peak (at the level end of the curve) from the German subj:ects. One-way ANOVA
with LANGUAGE as a between-subject factor on each of the nine discrimination pairs
showed that some pairs were different in different language groups [p<0.05]. Those pairs
included WC pairs (1-3, 2-4), AC pairs (5-7, 6-8) and the leve! end pair (9-11).

Similar to the description in chapter 3, the discrimination data was grouped into AC
and WC. Moreover, the level end pair was also singled out. Therefore, there were three
categories (WC, AC and Level end) in the analysis. A two-way mix design was carried out
with CATEGORY (3 levels) as within-subject factor-and LANGUAGE (3 levels as the
between-subject factor. There was a significant two-way interaction effect [F(2,54)=14.906,
p<0.001].

To further investigate how language effect was presented in each category, three one-
way ANOVA were carried out. The results showed that all three categories had significant
language effects [WC: F(2,55)=8.579, p=0.001; AC: F(2,55)=5.99, p=0.004; level end:
F(2,55)=9.676, p<0.001). The post hoc pairwise t-tests on each category showed that
language experience had different effects on different pairs. (1) German group had higher
within-category discrimination than Mandarin and Cantonese groups did, while there was
no significant difference between Mandarin and Cantonese groups. (2) Mandarin group had
higher between-category discrimination in the middle of the continuum than German group
did, while Cantonese group's performance was in between. (3) German subjects had higher
level end discrimination than Mandarin group, while Cantonese group’s performance was

in between.

Another type of post hoc analysis was to investigate what was the performance of
different categories in each language group. Three one-way RMANOVA with within-
subject factor of CATEGORY were carried out on each language group. The results
showed that all the language groups had main CATEGORY effects. However, the post hoc
pairwise t-tests showed that different language groups had different types of category effect.
In Mandarin group, the AC had the significantly highest score, while the scores of WC and
the level end were smaller and did not differ from each other. In Cantonese group, the WC

had the significantly lowest score, while there were no differences between AC and the
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level end point. At last, in the German group, the level end point had the significantly
highest score, while no difference between AC and WC was obtained. The mean values and

the statistical results were presented in Table 4.3.3.
In summary, the obtained discrimination score showed that:

(N Mandarin and Cantonese groups had better discrimination on the category

boundary, which was located in the middle of the continuum.

(2) The within-category discrimination in tone language groups (Mandarin and

Cantonese) was lower than that in the non-tone language group (German).

3) Cantonese group also had a peak on the level end, which was presumably
due to the two rising tones and three level tones in Cantonese tone system.
The level end pair may be corresponded to the category boundary between

low rising tone (tone 5) and mid level tone (tone 3).

4 Finally, the German group showed a peak on the level end pair, which may
reflect the psychoacoustic boundary between the level and rising pitches as

that reported previously in English group (Wang, 1976).

0.8
B Levelend 0 ac W wc

0.7

' . . 06
06" l-.‘ -

0.5 Mandarin Cantonese German
Stimuluspair 1-3 24 35 446 57 68 7-9 810 91 Level end: 9-11; AC: 5-7,6-8; WC: 1-3, 2.4

0.5

Figure 4.3.4 Obtained discrimination data of the speecRcontinuum spanning from
level to rising tones by Mandarin, Cantonese and German subjects. a) Discrimination
curves along the speech continuum, b) grouped values of within-category pairs (WC),

across-category pairs (AC), and level end pair.
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‘Table4.3.3  Grouping information, grouped mean value, and statistical analysis of
obtained discrimination scores for continuum spanning from level to rising tones in three

language groups. * : p<0.008; (significant level p<0.008 after correction)

Categories (pairs) .Mandarin Cantonese German
level end {9-11) 0. 57 0. 65 0.7}
mcan -
AC (5-7,6-8) 0.68 0. 66 0. 59
value
WC (1-3, 2-4) 0.53 0.52 0. 59
pairwise t-test (Bonferroni correction)
Mandarin Cantonese German
AC vs. WC £2<0.00]1% o<, 001% p=1.0
AC vs. level p=0. 002+ p=1.0 p<0. 001+
end
W .
C vs. level p=0. 052 p<®. 001% p0. 001#
end
Mandarin vs. Mandarin vs. German Cantonese vs.
Cantonesc ) German
level end p=0. 059 p<0. 001» 20, 201
AC 1 1.0 p=0. 005% p=0. 056
wC p=1.0 p-0. 003% p=0. 002»

4.3 4. Discussion

4.3.4.1. Effect of language experience on category boundary

The identification results, using probit approximation and predicted discrimination,
showed that two tone language groups (Mandarin and Cantonese) had a shaper boundary i;l
speech condition than the non-tone language group (German) did. This sharper boundary in
tone language resulted in the better across-category discrimination than within-category
discrimination (See Figure 4.3.3 and 4.3.4). On the other hand, there was no significant
language effect on nonspeech condition. The results indicated that the language expenence
was more easily exhibited by the speech sounds even though both sounds shared the same
critical phonetic feature of pitch. The results were not surprising and consistent with
previous results on the effect of langhage experience (Hall¢, et al., 2004; Wang, 1976; Y. S.
Xu, Gandour, & Francis, 2006). '

4.3.4.2. Difference between speech and nonspeech

In addition to CP, we also observed the difference between speech and nonspeech.
Tone language subjects had the similar trend that category boundary was sharper in speech

condition than that in nonspeech condition, while the non-tone language subjects (German)
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had the reverse pattern. Similar trend has been reported in another study (Y. S. Xu,
Gandour, & Francis, 2006), which compared the performance between Mandarin and
English subjects on the similar level to rising continuum. According to the multistore model
proposed by Xu et al., the categorical performance by tone language subjects is contributed
by the long-term categm;ical storage. The long-term categorical storage has a template in
the memory, and does not need the online decoding. Therefore, no significant difference on
the stimulus complexity will be observed in the tone language subjects. On the other hand,
CP observed in non-tone language subjects is due to the short-term categorical memory
which relies on online decoding. The more complex s‘ound (speech) makes the perception
of pitch more difficult. Therefore, the multistore model and the difference of complexity
between speech and nonspeech predict that CP in nonspeech is greater than in speech
condition by non-tone subjects. This type of prediction is consistent with our obtained
results. Indeed, a cross-sectional and longitudinal study (Mattock & Burnham, 2006)
compared the performance of tone perception by 6-9 months infants from Mandarin and
English population. The results showed that Mandarin infants performed equally well at 6
and 9 months for both speech and nonspeech tone discrimination; while, English infants
showed a declination between 6 and 9 months for speech tone discrimination, whereas their
nonspeech tone discrimination remained constant. These results supported that the
reorganization of tone perception is a function of the native language environment, and the

reorganization is linguistically based.

However, we also observed a trend that higher CP in speech condition than in
nonspeech condition by tone language listeners, especially by Mandarin listeners.
Moreover, although there was no significant effect observed for the boundary position,
there was a general trend that position of speech was more biased to level end than that of
nonspeech. Both trends cannot be explained by the Xu et al.’s “complexity theory”. We
used pure tone in nonspeech condition, which is even less complex than complex tone used
in Xu et al’s stydy. We hypothesized two reasons behind our observation, which were not
considered by Xu et al. One was the difference of experience. Tone language listeners had
more experiences of speech- sound than nonspeech sound, so the sensitivity to speech was
higher than to the nonspeech sounds. However, such “experience hypothesis” can not
explain Xu et al.’s results. Therefore, there may be another mechanism to explain the
discrepancy. This mechanism still relates to the acoustic information of stimuli. In the

experiment, we use pure tone and all stimuli have level portions at the beginning which
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may the stimuli more nature. The richness of harmonic information facilitates the pitch
discrimination has been reported neurally (Tervaniemi, et al., 2000). Also, a neuromagnetic
study showed that pitch, but not frequency, was tonotopically coded in the auditory cortex
(Pantev, Hoke, Liltkenh ner, & Lehnertz, 1989). Therefore, the higher frequency harmonic
information of a complex tone which miss the fundamental frequency (missing F0)
provides secondary and additional information to identify the pitch in the similar brain
region as the pure tone with the same FO does (Bendor & Wang, 2005). We proposed that
the presence of higher frequency harmonic information enhances pitch perception and

resulted in the observed trend in our experiment.

The interaction effect between the factors of language experience and syllable types
indicated that CP observed in tone language subjects did not result simply from the
presence of an innate sensitivity of pitch direction. Otherwise German subjects would be
expected to show the same CPs in the speech condition as the tone language subjects did in
the nonspeech condition. Therefore, tone language subjects’ nonspeech performance must
derive at least in part from their experience with listening to lexical tone pitch patterns. In
other words, the expertence of lexical tones was éeneralized into the perception of

nonspeech pitches.
4.3.4.3. Linguistic boundary and psychological boundary in discrimination curve

In the obtained discrimination curves, we observed one peak in the middie of the
speech continuum from Mandarin and Cantonese groups. The peak in th-f discrimination
curve indicated a better discrimination on the category boundary. This caté’gory boundary
corresponds to the linguistic boundary between the level and the rising tones. Such
linguistic boundary is not present in non-tone language subjects. A better within-category
discrimination but poorer across-category discrimination in non-tone language subjects than
in tone language subjects suggested the reorganization of pitch perception through the

linguistic training.

Longitudinal studies showed that infants can discriminate non-native speech contrasts
without relevant experience, and that there is a decline in this ability during ontogeny
(Mattock, Molnar, Polka, & Burnham, 2008; Werker & Tees, 2002). Such declination in
foreign-language consonant perception and increment in native-language consonant

perception occurs by around 11 months(Kuhl, 2004), and the reorganization of linguistic
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tones was even earlier at around 9 months (Mattock, et al., 2008). The progressive
development of categorical perception from babyhood to adolescence has probably been
influenced by spoken communication. The increase in CP causes within-category
differences to become less discriminated, thereby preventing non relevant information from
reaching the mental lexicon. This should facilitate word recognition, especially under
difficult listening conditions. CP, which develops as the infant ages, enhances
communication. In addition to the behavioral evidence, neural correlates of this dynamic
language development with ERP measurement further discovered pointed out that
individual developmental differences on CP might have an impact on language
development (Rivera-Gaxiola, Silva-Pereyra, & Kuhl, 2005).

In addition to a discrimination peak in the middle of the continuum, which was
corresponding to the linguistic boundary, Cantonese group also had a peak on the level end.
The peak on the level end in Cantonese speaker was presumably due to the presence of two
rising tones and three level tones in the Cantonese tone system. The level end pair might
correspond to the category boundary between low rising tone (tone 5) and mid level tone
(tone 3).

Different tone inventories will affect the tone perception has been reported in
previous studies. Gandour (1983) investigated the perceptual dimensions of tones and the
effect of linguistic experience on listeners’ perception of tones with five language groups
(Cantonese, Mandarin, Taiwanese, Thai, and English). It was not surprising that tone
language vs. non-tone language listeners can be classified on the basis of their patterns of
dimension weights. More interesting, tone language listeners from different tone systems
can also be classified (for example, That vs. Chinese listener; Cantonese vs. Mandarin and
Taiwanese listener) through this “hierarchical clustering”. Such linguistic experience
affecting the perception was also exhibited by the experimental results that tone listeners
were easier to discriminate native tones. For example, Cantonese listeners were better than
both Mandarin and English listeners at discriminating Cantonese tones, and Mandarin
listeners did better than both Cantonese and English subjects at discriminating Mandann
tones(Y. S. Lee, et al., 1996).

The second peak on the level end observed from Cantonese listeners may also be a

psychoacoustic boundary as that from German listeners. That peak on the level end from
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German group reflects the psychoacoustic boundary between the perfect level and shghtly
rising pitches as that reported previously in English group (Wang, 1976) and French group
(Hallé¢, et al., 2004). In Cantonese, the rich tone inventory helps to keep the psychoacoustic
boundary without declination. Whether the second peak from Cantonese listeners’
discrimination reflected a psychoacoustic boundary or a linguistic boundary remained to be
explored in feature. Nonetheless, both hypotheses do not deny the influence of the rnchness

of inventory in the Cantonese tone system.
4.3.4.4. Comparison between identification and discrimination results

CP shown in identification task and discrimination tasks were quite consistent. The
location of discrimination peak had the trend to be consistent with the identification
boundary. However, we also observed the boundary shift in the discrimination curve
compared with the identification results. In identification results, the category boundary
was near the stimulus #5 in all conditions, which should be corresponded to discnmination
on 4-6 and 5-7 pairs. In contrast, in the obtained discrimination results, the discrimination
peak was located on 6-8 pair, although a smaller peak was also located on 5-7 pair.

Therefore, the location of discrimination peak shifted one pair towards the level part.

The peak shift was not an odd phenomenon. In an earlier experiment (Halle, et al.,,
2004), similar phenomenon was also reported. In that study, a supplementary test on rating
the naturalness of each stimulus was conducted. A lower rate would be given to a more
ambiguous stimulus. The “shifted” discrimination peak was consistent with the change

from the most ambiguous stimulus to confident stimulus.

The discrimination shift towards to level portion may be partly due to the artifact
introduced from the paradigm in our experiment. We conducted the identification task first
and then the discrimination task. The identification task was conducted on both speech and
nonspeech continua. Subjects may be fatigue after the identification task. Therefore, the
phonetic storage (information) was temporally overridden by auditory storage and thus the
boundary was more biased to the psychoacoustic boundary, the level part. We hope future

studies would solve this puzzle.

157



Chapter 4 Behavioral and ERP Experiments on Mandarin and Cantonese Tones

4.3.5. Summary

The behavioral Experiment Investigated the effect of language experience and the
carrier syllables on CP along the continbum spanning from level to rising tones.
Identification results were obtained from three language subjects (Mandarnn, Cantonese,
and German) in two types of carrier syllables (speech and nonspeech). The discrimination
results were obtained from the same three language subjects in speech condition only. It's
generally known that other suprasegmental features, especially intensity profiles, do highly-
correlate with tone perception (Abramson, 1972; Howie, 1976, S. Liu & Samuel, 2004,
Whalen & Xu, 1992), but in this study, we just focused on the primary cue, fundamental
frequency (the physical correlate of pitch), to lexical tone perception, and fixed other

features as constant.

We cbserved CPs from all conditions, although the degrees of CP and the nature of
CP were different regarding the tanguage experience and the type of carrier syllable. Tone
language subjects had a higher degree of CP than non-tone language subjects did, which
was expressed by sharper category boundary and greater across-category vs. within-

category discnmination.

The influence of language experience was not only expressed by degree of CP but
also by the difference between speech and nonspeech. In tone language, the degree of CP
was greater in speech condition than that in nonspeech condition; while, in the non-tone
language, the pattern was reverse. Such difference between speech and nonspeech was
modulated by linguistic experience inferred that linguistic experience is more specific to
speech sounds although it can generalize to nonspeech perception. Such difference, also
suggested that the complexity of spectral information in speech sounds makes the subject

more difficult to track the pitch contours.

In addition to the difference of linguistic background between tone and non-tone
language, we also observed the difference between two tone languages. Probably due to the
difference of the tone leaming system, Mandann subjects have better labeling performance
on speech than Cantonese subjects do. Moreover, due to different tone systems, Cantonese
subjects have an additional category boundary on the level end of discrimination curves,

which probably corresponds to discrimination between low rising and mid level tones.
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In this experiment, we observed not only a linguistic category, but also a
psychoacoustic boundary. The psychoacoustic boundary was located between perfect level
vs. slightly rising tones. The psychoacoustic boundary was observed from German subjects.
The presence of a psychoacoustic boundary indicated CP is not a linguistic specific
phenomenon; rather, it is also existed in general acoustic processing. The presence of
psychoacoustic boundary in German subject but lack in Mandarin subjects indicated that

linguistic training changes the pitch perception.
4.4. Summary of chapter 4

Three experiments were carried out to investigate CP along the continuum spanning
from the level to rising tones. Two aspects were studied in this chapter through the
experiments: (1) the temporal dynamics of CP, and (2) influences of linguistic background
on CP. Although experiments in chapter 3 have investigated the second point (influence of
linguistic background on CP) very well, it did not examine whether speech sounds that are
native in distinct languages are perceived differently by first language listeners of those
languages. In this chapter, we specifically compared Mandarin with Cantonese on CP of the
level and rising tones, present in the tonal inventories of both languages and investigated
the extent to which native Mandarin and Cantonese listeners perceive these tones

differently.

Pervious studies and experiments in chapter 3 have shown lexical tones were
perceived categorically, and there was a perception difference between speech and
nonspeech. However, all the data were from the behavioral data. Experiment I used passive
oddbail listening paradigm to investigate whether CP of lexical tones by native Mandarin
listeners was present in the preattentive stage, as well as whether the difference of sﬂeech
and nonspeech was present in the preattentive stage. The results showed that although
listeners could detect the minor pitch difference between deviants and the standard in all
conditions (reflected by MMN), only acgpss-category deviant in the speech condition
elicited an earlier MMN than others. Even though nonspeech pitches were not perceived
categorically in the preattentive stage, they were in the late cognitive stage with full
attention and in the classical testing paradigm. This was venfied by post hoc behavioral
identification and discrimination tasks. The observation of CP in the preattentive stage

suggested the articulation planning is not a prerequisite for CP, which is not consistent with
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the motor theory, and thus again favored the multistage processing model for speech

perception.

Experiment II used a similar oddball paradigm as that used in Experiment 1 but
subjects were asked to pay attention to the stimuli and respond, whenever they heard a
deviant. Both Mandarin and Cantonese subjects participated in the experiment and both
speech and nonspeech (complex tones) stimuli were used. Although the level and rising
tones are present in both Mandarin and Cantonese tone systems, these two tone systerns
have different inventories, different tone sandhi rules, and different teaching and learning
systems as discussed in section 4.2.4.3. Therefore, although CP was observed in all
conditions, there were some éifferences between these two groups of listeners. Cantonese
listeners relied more on the carrier syllables to build up the phonological (toneme) memory
than Mandarin listeners did, and Cantonese listeners had better discrimination on the
continuum than Mandarin listeners did. Moreover, the results showed that brain activities
were more informative than the behavioral responses which reflected the estabhishment of

phonological memory, as detailed in section 4.2.4.4.

Table 4.4.1  CP effect (Across-category > Within-category) of level vs. rising tones in
different cognitive stages for Mandann listeners.

. Attentive | Behavioral
Preattentive stage response
stage OMN) 1 pangy ) Gt Rate)
Speech CP CP CpP
nonspeech No cp CP
Difference between ,
Yes No Yes
speech and nonspeech

Experiment | and Il were designed to investigate different stages of CP in the same
oddball paradigm. Although in all stages, Mandarin listeners exhibited CP on the
continuum from the level to rising tones, CP performance was different in different stages
(See in Table 4.4.1). In the preattentive stage, CP was only observed in speech conditions
and happened very early after the stimulus onset. [n the attentive stage CP was observed in
both speech and nonspeech conditions and there was no evidence to show the difference of
CP between speech and nonspeech conditions. At the last stage from the behavioral
performance in the same paradigm, CP was again observed in both and nonspeech

conditions; however, the degree of CP was greater in speech condition than that in

[
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nonspeech condition. This temporal dynamic process of CP from Mandarin listeners

suggested that different mechanisms underlie CP in different cognitive stages.

Experiment 1] was a cross-language study to investigate CP on the level and rising
tones by behavioral identification and discrimination tasks. The factor of language
background affected many aspects of the performance. (1) The category boundaries were
sharper for both groups of tone language listeners (Mandarin and Cantonese) than for the
non-tone language (German) listeners. (2) Moreover, Cantonese listeners had two category
boundaries (one in the middle, and the other at the level end) on the discrimination curves
similar to that observed in Experiment 1l, which presumably corresponded to the
boundaries between Cantonese high level and high rising tones and between Cantonese mid
level and low rising tones. German listeners had one psychoacoustic category boundary at
the level end from the discrimination curve. (3) Both groups of tone language listeners had
a sharper category boundary in speech condition than in nonspeech condition, while non-
tone language listecners had a sharper category boundary in nonspeech condition than in

speech condition (See section 4.3.3).

The results from the three experiments reported in this chapter showed that the
linguistic experience influenced CP in many aspects including those irrelevant to the
articulation gesture or their neural commands. Moreover, both linguistic and
psychoacoustic category boundaries (the detailed presentation of these two category
boundaries was shown in Table 4.4.2) were observed in the experiments which suggested
that CP was influenced by both linguistic experience and general auditory processing.
Finally, the temporal dynamic processing of CP in different cognitive stages was revealed,
which indicated different mechanisms underlie different stages of CP. All in all, the
experiments in chapter 4 favored the multistage model in tone perception more than the

motor theory model and obtained a similar conclusion as that from chapter 3.

Table 44.2  Presentation of psychoacoustic and linguistic category boundaries in the
continuum spanning from the lgvel to the rising tone

Linguistic category Psychoacoustlic categary
locat ion Middle (Mandarin, Cantonese) level end {Mandarin,
(lLanguage group) Level end (Cantonese) German)

CP (ACOWC) - Speech > Nonspeech specch < Nonspeech
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CHAPTER 5 GENERAL DISCUSSIONS AND MAJOR

CONTRIBUTIONS

1

Two sets of cxperin‘ments reported in the present thesis investigated the categorical
perception of lexical tones on two continua, spanning among Cantonese three level tones and
spanning from the level to the nsing tones in both Cantonese and Mandarin tone systems,
respectively. Two major points were investigated through these experiments: the factors
influencing Categorical perception (CP) of lexical tones, and thc temporal dynamics of CP

of lexical tones.

5.1. General discussions

5.1.1. Factors influencing CP

CP 15 extremely important, because we can cfficiently and effectively organize the
world through it. In contradict to CP, there is a concept of continuous perception. It has been
gencrally accepted that the consonant perception is good evidence for CP, while vowel
perception ts more like continuous perception {Repp, 1984). As for tones, there is no strict
dichotomy between CP and continuous perception. Many factors have been studied in
previous studies to investigate how they influence the degrees of CP of lexical tones.
However, thosc factors are reported by different groups of researchers and in different
studies. Those reported factors covary with some other factors irrelevant to our research
interests (e.g., different instructions given to the subjects, different presentation paradigms,
and different stimuli synthetic methods used in different studies). Therefore, it is hard to
obtain a complete and clear picture on the influence from factors of our interests. The
present thesis systematically investigated different types of factors influencing CP of lexical

tones. They were:

(1) the intrinsic acoustic properties of tones (contrast between level tones and contrast
between level and contour tones), between which the difference emphasizes the
general auditory processing;
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(2) different positions of target syllables [isolation (without a contextual sentence), LC
(Left Context, at the end of a contextual sentence), and RC (Right Context, at the
beginning of a contextual sentence)], between which the difference emphasizes the
general auditory processing;

(3) different language backgrounds (native tone language listeners from different tone
systems, non native tone language listeners with expericnce of other tone systems,
and non-tone language listeners), between which the difference emphasizes the
language specific processing,;

(4) different types of carrier syllables (real word speech, non-word speech, and
nonspeech), between which the difference emphasized the language specific
processing.

5.1.1.1. Intrinsic acoustic properties

Level tones, which are present in the Cantonese tone system, were perceived by native
listeners less categorically when they werc presented in isolation than in a contextual
sentence (Refer to Experiment 1 in chapter 3). When level tones were presented in isolation,
the identification curves were messy with large variations along the curves. However,
similarly presented in isolation, continuum spanning from the level to the rising tones was
perceived categorically by native listeners (Refer to threc experiments in chapter 4). The
observation that level tones were perceived non-categorically while contour toncs were
perceived categorically in the isolation form is consistent with earlier findings [level tones:
(Francis, et al., 2003; Francis, Ciocca, Wong, Leung, & Chu, 2006), and contours tones:

(Francis, et al., 2003; Wang, 1976; Y. S. Xu, Gandour, & Francis, 2006)].

Speech perception relies on both intrinsic and extrinsic references (Y. S. Xu, Gandour,
& Francis, 2006). The intrinsic references are computed locally, which refer to the relative
relationship between two or more acoustic features within a syllable (e.g., temporal order of
acoustic cues for voicing relative to the release of stop consonants), or relative relationship
of one acoustic feature across time in a syllable (e.g., direction of pitch movement or
formant transition). Categorization of intrinsic features is less demanding on working
memory, because computation can be carried out within each stimulus. For example,
judgments of pitch direction (the contour tones herein) rely on the intrinsic reference. In
contrast, steady-state features such as the pitch contrast of level tones lack intrinsic

references. Categorical encoding of these acoustic features is dependent on extrinsic
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references. Extrinsic references are computed globally, which are based on either a
normalized acoustic level derived from other stimuli in the context, or the best matched
exemplar in memory. This explains why steady-sate level tones were not perceived

categorically when they were presented in isolation.

#

-~
According to-the intrinsic acoustic properties of level tones and contour tones, the

e T

pcrceptioh of level tones relies on extrinsic references, while the perception of contour tones
relies on intrinsic references. Since the computation of intrinsic or extrinsic references is not
restricted to speech sounds but rather a general auditory processing, the observation of
different degrees of CP on level tones and contour toncs supports the function of general

auditory processing in CP.

5.1.1.2. Position of target syllables relative to context

As discussed in the section 5.1.1.1, perception of steady-state ievel tones relies on
extrinsic reference. Indeed, improvements on both identiﬁcétion consistency and the degree
of CP were obtained after the targets (leve! tones) were presented in a contextual sentence.
We also manipulated the positions of the contextual sentence to be before the target (LC, left
context) or to be after the target (RC, right context). The results showed that the position of
the contextual sentence affected both the degree of CP and the discrimination score, in that
both were higher for the across-category pair when the target level tones were presented in
RC than in LC sentence. This asymmetric effect of context position (AECP) on speech
perception has been reported in earlier studies (Francis, et al., 2006, Mann & Repp, 1981;
Ohde & Shatf, 1977; van Son & Pols, 1999).

Several mechanisms may be responsible for this observed AECP. First possible reason
is the influence from coarticulation. Previous studies have shown that the coarticulation
affects the acoustic properties on the transition between the context and the target (Magen,
1997). Moreover, in lexical tones, carry-over effect (LC herein) is greater than the
antictpatory effect (RC herein) (Y. W. Wong, 2006; Y. Xu, 1994, 1997). The coarticulation
effect results in a smaller pitch distance between the context and the target in LC than in RC
sentence. Therefore, a stronger coarticulation effect leads to a weaker discriminability and a

smaller CP effect in LC than in RC condition. Such prediction was consistent with the
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findings from four experiments in chapter 3, especially Experiment III. The results from
Experiment II} showed that when the transition was more natural {coarticulation effect was
more obvious, and the distance between the target and the context was smaller, especially in
LC), the AECP was more prominent. When the target syllables were nonspeech, a similar
AECP effect on the discrimination score was also observed from Experiment Iil in the
present thesis. Moreover, a series of experiments showed that nonspeech with similar
acoustic features also has a similar effect on perception of the target (Holt, 2005, 2006). The
studies from nonspeech indicated that speech categonzation is sensitive to statistical

distributions of acoustic information, even if the distributions are composed of noglinguistic

elements.

The observation that a more natural transition resulted in a more obvious AECP from
Experiment 11 of chapter 3 contradicts the predictions of the motor theory. The motor theory
proposed that invariance of articulatory gesture is the main reason for CP, therefore, natural
coarticulation does not affect speech perception. In other words, motor theory predicts that
no AECP will be observed when the transition is as natural as it was produced and that
different degrees of distortion in 1.C and RC from the natural sounds will induce an AECP.
In Experiment 111 of chapter 3, two sets of continua were compared: INT continuum had a
more natural transition by interpolating pitch contours from the natural speech sounds, and
SSC continuum had a “distorted” transition by simply shifting the context (See section 3.3
for details). The result showed that AECP was more prominent for INT continuum than for
SSC, which was contradicted to the prediction from the motor theory. Consequently, the

motor theory cannot explain the observed results.

If the asymmetric coarticulation effect is the only reason to the observed AECP, a
symmetric CP and discrimination will be predicted if the transitions are the same in the LC
and RC conditions. Experiment Il of chapter 3 was designed to test this hypothesis. In this
experiment, stimuli were synthetic speech sounds. Therefore, same transition was present in
both LC and RC conditions. Nonetheless, similar AECP on CP was observed. This result
was consistent with a previous study on the perceptual order and influence of the vocalic
sound on the fricative consonant (Mann & Soli, 1991). Their study showed that perception
of the fricative was affected by a following vocalic sound (FV) more than by a preceding

one (VF). Moreover, this asymmetric effect was still present when the stimuli were
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presented in reverse, where the acoustic properties were asymmetric in a reverse direction if
any. Therefore, the asymmetric acoustic properties due to coarticulation cannot explain the
observations either from our Experiment Il or from the experiment by Mann and Soli (1991).
In addition to the asymmetric acoustic properties of transition due to coarticulation effect,

other mechanisms should be responsible for the AECP too.

The second possible reason for AECP was the timing of reference in relation to the
target. In both LC and RC conditions, tonal categories of the context are well identified by
the semantic meaning, even though actual pitch contours of the context vary along the
continuum. However, the identification of tonal categories of the target totally relies on the
context because pitch contours of the target are kept unchanged. In LC condition, the
reference 1s established before the target is presented, therefore, auditory memory does not
decay when subjects make a judgment on the target. However, in RC condition, the
reference 1s presented after the target has been heard, therefore, auditory memory may decay
when the reference is identified. Decay of auditory memory enhances the CP has been

. evident in several studies discussed in section 2.1.3. Since building up of phonemic memory
relies on linguistic experience, a stronger perceptual order effect will be predicted with more
experience. This prediction is consistent with a cross-sectional study on populations with
different ages (Nittrouer, Miller, Crowther, & Manhart, 2000). The study showed that such
asymmetric effect regarding on the context order was developed with experience: no AECP
was observed by 5-year-old children, a weaker AECP was observed by 7-year-old children,
and a stronger AECP was observed by adults.

Both possible reasons (coarticulation and timing of reference) to explain the observed
AECP reflect the role of general auditory processing even though it is affected by the
linguistic experience. Therefore the obtained AECP favors the multistage model of speech

perception, which includes both general processing and linguistic experience.

3.1.1.3. Language backgrounds

Cross-language comparisons on CP of lexical tones were conducted. In addition to
contrasting the responses from the tone and non-tone language listeners, we also compared

responses from two groups of tone language listeners with different tone systems. Two sets
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of tones were tested: one set of tones are only present in one tone system, the other set of
tones are present in both tone systems. The aims of these comparisons were to test (1)
whether listeners without a tone experience perceived tone categorically; (2) whether
experience from other tone systems affected the perception of non-native tones; (3) whether
experience from different tone systems affected the perception of the same tones present in

both systems.

Results showed that tone language listeners perceived native tone contrasts
categorioally. Tone language listeners also perceived non-native tone contrasts categorically,
but the degree of CP was less than that from native listeners and the position of the category
boundary was affected by their tone inventories. For non-tone language listeners, they did
not perceive level tones categorically; while they had a psychoacoustic boundary on the
continuum spanning from the level to the rising tone. This difference between tone and non-
tone language groups demonstrated that listeners’ native language expertence with tone
categories affected the perception non-native suprasegmental categories. This finding is also
consistent with a study on traiming Mandann and English subjects to learn Cantonese tones
and showing the perception and acquisition of Cantonese tones is affected by the learners’

linguistic experience (Francis, Valter, & Lian, 2004).

It is also interesting to find that the AECP of discrimination score (higher
discrimination for RC than for LC condition) and the CP effect (better discrimination for
across-category than for within-category pairs and sharp category boundary) were more
prominent in speech condition than in nonspeech condition for tone language listeners, but
were more prominent in nonspeech condition than in speech condition for non-tone language
listeners. The tone and non-tone language listeners had different patterns on the difference of
performance between speech and nonspeech indicates that AECP and CP effect can be
stemmed from the general auditory processing and be shaped by linguistic experience. Some
longitudinal and cross-sectional studies on speech perception showed that infants can
discriminate against non native phonemic contrast in early infancy, but such ability declines
as a function of age and linguistic experience (Kuhl, et al., 2006; Werker & Tees, 1992,
2002). However, this reorganization of perceptual space is limited to the speech condition.
For example, tone contrast between the level vs. the rising is not present in English system,

but 6 months old English infants are able to discriminate this contrast. However, when the
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same infants grow up into 9 months old, they fail to discriminate against the same contrast
but only under the speech condition (Mattock & Burnham, 2006). Another study is
consistent with the developmental chah_ge by showing that adult English listeners have a
higher discrimination on the contrast in nonspeech condition than in speech condition (Y. S.
Xu, Gandour, & Francis, 2006).

Different tone systems affect the perception not only on native tone contrast bﬁ_t also
on native tone contrast. Level and rising tones are present in both Mandarin and Cantonese
tone systems. However, our results showed that due to different tone inventories, tone
sandhi® rules (for detailed discussion, please refer to section 4.2.4.3), Cantonese listeners are
better to discriminate the level and rising tone contrast than Mandarin listeners did,
especially in speech condition. Moreover, Cantonese listener had a second discrimination
peak on the level end for the continbum spanning from the level to the rising tone. The
second discrimination peak presumably corresponds to discrimination for the contrast

between Cantonese mid-level tone and low-rising tone.

5.1.1.4. Carrier syllables

Three types of carrier syllables (real word, non-word, and nonspeech) were used in
chapter 3 to sfudy the CP of Cantonese level tones; two types of carmier syllables (speech and
nonspeech) were used in chapter 4 to study the CP of level vs. rising tones. For native tone
listeners, there was no difference on AECP or CP effect between real word and non-word
but higher CP effeect for speech stimuli than for nonspeech stimuli. For non-tone listeners, a
reverse pattern was observed: higher AECP and CP effect for nonspeech than for speech

stimuli. Summary of the pattern were shown in table 5.1.1.

Table 5.1.1  Summary of the effect of carrier syllables on discrimination performance

Subjects Pattern Effect on carrier syllables
Native tone language Discrimination real word = non word>nonspeech
listener RCOLC, ACOWC (or, Speech > nonspeech)
Non-tone language Discrimination

listener RCOLC, ACOWC nonspeech > speech

¥ Gandour's (198'3) nonstandard use term,
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No significant difference between real word and non-word, but a significant
difference between speech and nonspeech for native listeners, suggests that the CP
processing is a phonologics;l (or tonological) processing regardless whether the speech had
semantic meanings. We used complex tones as the camer for nonspeech; therefore, the
spectrum complexity between speech and nonspeech is comparable. Nonetheless, we
observed a significant difference between speech and nonspeech. Moreover, the difference
was modulated by linguistic experience. Therefore, the difference between speech and
nonspeech indicated that linguistic experience reflected by behavioral responses was more

confined to speech stimuli but may be generalized to nonspeech stimuli.

'i‘he observation that language experience modulated speech vs. nonspeech difference
may be partly explained by the multistorage model proposc'd by Y.S. Xu et al. (2006). Y S.
Xu et al. proposed that complex tones have simpler spectra than real speech. Therefore, pitch
contours are easier to be extracted on-line from the complex tones than spectrally more
complex speech stimuli, and thus results in higher CP in nonspeech than in speech by non-
tone listeners. This prediction from the multistorage model is consistent with our results.
However, their model also suggested that CP of lexical tones primarily relies on pitch
contours. For native listeners, the long-term memory for phonological information of pitch
contours is built up and therefore no significant difference between speech and nonspeech,
which is consistent with their results but not with ours. Our results showed that CP in speech

is higher than in nonspeech condition.

We proposed that the building up of phonological information of lexical tones not only
relies on the pitch contours themselves, but also on the segmental information. Speech
sounds are more familiar to native listeners, and the linguistic experience helps to build up a
long-term memory. Therefore, no explicit on-line analysis on pitch contours is required. This
automatic arousal of phonological information about lexical tones results in native listeners
perceiving speech sounds more categorically than nonspeech sounds. N¢& significant
difference between real word and non-word" suggested that the phonemic information
contributed to tonal identification to some extent, even though the degree of integration may

also be affected by different tone systems and different degrees of phonological awareness.

* The non-word stimuli used in the experiment may be also meaningful with tone | and tone 3 to some of-the native
listeners. However, according to the post hoc self reports by the listeners, none of them reported they recognize the sounds.
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This hypothesis is consistent with some previous behavioral studies which suggested that
perception of tone and segmental information influence cach other (L. Lee & Nusbaum,
1993; Tong, Francis, & Gandour, 2008). Brain-imaging data from perception study also
suggests that distinct brain regions are involved when pitch contours are superimposed on
linguistic (pseudoword) or nonlinguistic (hum) contexts (Gandour, et al., 2002). The brain-
imaging finding suggests the representation of tones in the brain depends on speech context

even when none of the carrier bases carry semantic meaning.

5.1.2. Temporal dynamics of CP

In addition to different factors influencing CP, we also investigated the temporal
dynamics of CP on different cognitive stages using ERP measure. Three stages —
preattentive stage, attentive stage, and overt response stage — were studied in a similar odd-
bail paradigm (Shown in Table 4.4.1). Stimuli used in this set of experiments were speech
and nonspeech continua spanning from the level to the rising tone. Difference between
nonspeech and speech reflects the difference between general auditory processing and

language specific processing.

In preattentive stage, even though the subjects did not pay attention to the stimuli, they
could detect all the deviants from the standard by eliciting significant MMNs. However, the
early MMN was only elicited from the across-category speech deviants, while the late MMN
was elicited from the other deviants. Moreover, the CP effect was present only in speech,
with a higher MMN eliciing from across-category than from within-category. in the
discussion (in section 4.1.4), we attribute the observed CP in speech condition to the stored
phonemic memory on tones, which reflects the language processing. The fact that a late
MMN was elicited from two types of deviants in the nonspeech condition as well as from
within-category deviants in the speech condition indicated that the auditory processing was

also present in the preattentive stage.

The observation of CP of lexical tones in preattentive stage suggests the automatic
phonemic awareness without subjects’ consciousness. This early automatic detection of

phonemic change for speech stimuli can be considered as a reorganization of neural network
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through training. A new study showed that the interconnection between the trained area and
the attention related neural network was increased even in the resting state (without any
tasks), while the interconnection between the untrained areas and the attention related neural
network was decreased. This result suggested the top-down reorganization of neural network
through leamming (Lewis, Baldassarre, Committeri, Romani, & Corbetta, 2009; Welberg,
2009). The result is quite consistent with the finding that MMN neural generators normally
involve the frontal lobe (Néitdnen, et al., 2007). The neural generator from the frontal lobe
corresponds to the involuntary shift of attention to a memory change when a deviant is heard.
Therefore, in the case of speech perception, the training enhances the neural connection
between the auditory cortex and the attention related neural network, and thus increases the

neural activities (MMN herein) of these areas when the trained sounds are heard.

This preattentive phonemic awareness is an indicator of language processing. It was
observed from many other types of phonemic contrasts [i.e., consonant-vowel syllables
{Kazanina, et al., 2006), vowels (Jacobsen, Schriger, & Alter, 2004; Niitinen, et al., 1997),
and phoneme combinations (Bonte, Poelmans, & Blomert, 2007)]. Moreover, the successful
preattentive phonemic awareness predicts a good mastery of phonemic contrasts in the
second language learning (Diaz, Baus, Escera, Costa, & Sebastian-Gallés, 2008), while the
unsuccessful preattentive phonemic awareness is associated with dysfunction in language

processing (Bonte & Blomert, 2004; Kasai, et al., 2002).

Simitar to the preattentive stage, in attentive stage, when the subjects paid attention to
the stimuli, all deviants were detected from the standard; moreover, CP was present in both
speech and nonspeech conditions, with across-category deviants eliciting a larger P300 than
within-category deviants. Both lingwistic and psychoacoustic boundanes were obtained from
the present experiment (Refer to table 4.4.2 for detailed presentation of these two category
boundaries). The presence of a linguistic category boundary indicates the presence of
language processing tn this attentive stage. The language processing is also exhtbited by the
presence of different performances from Cantonese and Mandarin listeners, which indicates
influences from different tone systems. On the other hands, the presence of a psychoacoustic
category boundary indicates the presence of general auditory processing in this attentive

stage (See details in section 4.2.3 and section 4.2.4). The presence of general auditory
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processing is also exhibited by the fact that within-category deviants in both speech and

nonspeech conditions elicited a P300.

The P300 component reflects the ease with which subjects update mental schema in
response to deviant stimuli (Polich, 2007). Therefore, the observed CP effect, with across-
category deviants eliciting a higher P300 than within-category deviants, indrcates that
across-category deviants are more salient to the mental schema (standard) than within-
category deviants. Since these two types of deviants have the same acoustic differences as
the standard, the larger difference of across-category deviants is coming from the different
categories between this type of deviants and the standards. The observed linguistic CP in
both speech and nonspeech conditions indicates that subjects have inmifivc or exp!ici‘t
phonological (or tonological) knowledge to extract pitch contours from the speech stimuli
and this ability is also generalized to nonspeech condition. Some researchers suggested that
exposure to a particular language produces a neural commitment to the acoustic pfoperties of
that language (Zhang, Kuhi, Imada, Kotani, & Tohkura, 2005). In the present expenment, a
subtle difference of the perception performance was obtained by listeners from two different
tone systems: no difference of CP from speech and nonspeech conditions by Mandarin
listeners; a higher degree of CP from the speech condition than from the nonspeech
condition by Cantonese listeners. This subtle difference further indicated that the degree of
neural commitment to the acoustic properties depends on linguistic experiences. Mandarin
listeners have a good and explicit phonological knowledge to extract pitch contours from
both speech and nonspeech conditions, and thus they have a high degree of neural
commitment to the acoustic properties (pitch contours) (Details were discussed in section
4.2.4). However, Cantonese listeners only have intuitive phonological knowledge about
tones, which is attributed to lack of the phonemic training during early school. Consequently,

the degree of neural commitment to pitch contours is lower by Cantonese listeners.

Finally, in the decision stage, when thq subjects were asked to do the overt responses
in the oddball paradigm, CP was present in both speech and nonspeech conditions as in the
attentive stage, with a higher hit rate from acrass-category deviants than from within-
category deviants. Moreover, similar to the P300 data, both linguistic and psychoacoustic
category boundaries were obtained from the hit rate data (Refer to table 4.4.2 for detailed

presentation of these two category boundaries). The presence of a linguistic category
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boundary indicates the presence of language processing in this overt response stage. On the
linguistic category boundary, speech and nonspeech condition differed in within-category
deviants with a higher hit rate in the nonspeech condition than in the speech condition. This
difference between speech and nonspeech conditions indicates that even though the
phonological knowledge and linguistic experience reduce the sensitivity to the within-
category (acoustic) difference, the discniminability for the acoustic difference was preserved,
especially in the nonspeech condition. On the other hands, the presence of a psychoacoustic

boundary indicates the presence of general auditory processing.

Different patterns of speech perception were observed in three stages from the present
thesis. Firstly, the within-category deviants of linguistic category in the nonspeech condition
elicited a similar size of MMN as across-category deviants did in the preattentive stage, but
elicited a smaller size of P300 in the attentive stage. Such loss of sensitivity for non native
phonemic contrasts attentively or behaviorally was also observed in other studies. For
example, a study examined ERP from subjects during a passive oddball task when they are
presented with different types of syllabic contrasts: native phonemic contrast, non-native
phonemic contrast, and within-category contrasts. The analyses showed that subjects pre-
attentively perceived the differences in all experimental conditions, but the difference in the
non-native and within-category conditions did not perceive behaviorally. These results
support the notion that there is no permanent loss of the initial perceptual abilities that
humans have as infants, but that there is an important neural reorganization which allows the
system to overcome the differences detected and only be aware of contrasts that are relevant
in the language which will become the subjects native tongue (Rivera-Gaxiola, et al., 2000).
In their experiment, different types of contrasts do not share the same contrasts; therefore,
nonnative contrasts are not detectable behaviorally due to the neural reorganization. Our
results and Rivera-Gaxiola et al.’s results are consistent with another study, which reported
that only explicit knowledge of deviants can be detected in the attentive stage but all types of
difference can be automatically detected preattentively (van Zuijen, et al., 2006). Secondly,
the degree of linguistic CP reflected by P300 was similar in speech and nonspeech
conditions by Mandarin listeners, but was more prominent in speech condition than in
nonspeech condition reflected by the hit rate data. This result indicates different strategies

used in different stages, which was discussed in section 4.2.4.4,
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Table 5.1.2  Presentation of general auditory processing and language specific
processing in three stages tested in the oddball paradigm.

-

Stage Measures Gcn-rnl.luditnrr Lunlulif apeaific
processing processing

l. Late MMN from the WC
deviant in the speech

1. Early MMN from the AC
deviant in the speech

preattentive MMN condition: dition:
stage 2. Late MMN from both AC goncé ;zn;h h
. . . e speec
and WC deviants in the o P
condition:

nonspeech condition

1. P300 from all types

of deviants in both
Attentive P300 speech and nonspeech
stage conditions;

2. presence of a

. Presence of a linguistic
category:

2. Difference between two
language groups (Can.onese

, and Mandarin)
psychoacoustic category

1. Presence of a linguistic
category;

2.Difference between
speech and nonspeech
conditions

1. Detection of all

Behavioral . types of deviants;
Hit Rate
stage 2. Presence of a

psychoacoustic boundary

The same oddball paradigms were used in different stages to investigate CP of tones.
Both the general auditory processing and linguistic specific processing are exhibited by
different types of presentation, which are summarized in table 5.1.2. These different
patterns of two types of processing indicated that different mechanisms underlying the CP in
different stages. That CP was observed in the preattentive stage suggested that no
articulatory planning or corresponding neural command is needed for CP. This result is
inconsistent with the motor theory, which occurs with subjects’ attention. The observed CP
of speech stimuli in preattentive stage may be due to long-term phonemic storage and thus
the multistage mode! is more reasonable. In the attentive stage, the phonolog.cal arousal is
the major reason for the observed linguistic CP. Finally, the fact that a better discrimination
on the within-category difference in the nonspeech condition from the overt responses for
linguistic category suggested that although the discriminability for a nonnative tone contrast
is reduced through linguistic experiences, the ability is not lost permanently. The facts that
different mechanisms are responsible for CP in different stages further confirm that CP
processing is a multistage processing, which involves both processing from general auditory
processing and language processing in different stages. Therefore, the single mechanism

proposed in the motor theory is not sufficient to explain CP.
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5.1.3. Multistage model for tone perceptién
. ‘R |
The results in the present thesis suggest that speech perception is a combination
process of auditory proces,s.ing and language specific processing. The contribution of
auditory processing on CP was mostly exhibited by the presence of psychoacoustic
boundaries, influence from ih;ﬁnsic acoustic properties, and genqra! better discnmination in
RC than in LC context. The contribution of language specific processing was mostly
exhibited by the presence of phonological boundaries which are consistent with native tone

systems and different degrees of context effect which are influenced by linguistic experience.

e 9
S Input
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{hher mental ,Q] W (‘hher mental 1 Qi \M"
resOurCes resOUTCES Chber menta »
PESOUTES
On and before MMN P300 ... Behavioral
NT100 -

= Figure 5.1.1 Conceptual diagram of multistage processing model

The combination of two types of prqeessing is not only exhibited in several ways on

the final cognitive stage (behavioral responses), these two types of processing, as well as-

some other mental resources such as attention arousal, also have different weights in various
cognitive stages. Therefore, the output of each stage is based on the weighting from different

types of sources (shown in Figure 5.1.1). In the model, the represe.ntation at different stages
» L .

jis determined by the weighting from different types of resources. For example, in the

preattentive stage, awareness of tone categories was evoked automatically without attention.
-However; sach process relies on some spectral information, which is necessary to separate
speech from nonspeech. In other words, the attention arousal from the pathway of the mental
resource is lest weighted in the preattentive stage. However, when the attention arousal plays
an important role in the processing with a higher weight, the phonological arousal becomes
¢learer such as in the attentive stage (P300) or behavioral stage. ln‘ the attentive stage,

building up of the mental schema (the phonological arousal) of lexical tones relies on the

TN
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representation features — the pitch contours. At the final stage, with the overt response,
since listeners can also rely on immediate adjacent stimuli to make part of the decision, the

within-category difference is also aware, especially in nonspeech condition.

All 1 all, no matter different types of exhibition or different weights of exhibition, all
the evidence suggested that the articulatory gestures or their corresponding neural command
is not the only reason for CP. Although there is some indirect evidence to show that motor
system 1s recruited for perceiving speech [See review (Galantucci, et al., 2006)], it doesn’t
provide the direct evidence that the motor system is necessary for pcrception.lln a review,
Scott et al. suggested that the function of the motor system in the perception is modulation
but not central (Scott, et al., 2009). Speech perception is a complex process, which has

multiple stages and involves many resources.

Brain imaging studies showed that different brain regions are involved when subjects
perceive speech sounds. Moreover different brain regions have different timing to be
involved in speech perception The importance of temporal-parietal regions on speech
perception has been widely accepted, since Wemicke reported the case study (Wernicke,
1874,1969). The regions are also iinportant for categorical‘perception (Ravizza, 2003). In
addition to the temporal region, the prefrontal cortex and basal ganglia are also reported to
be important for category learning (Ashby & Ell, 2001). Recently, motor areas are also
found to play some important roles in speech perception, but the involvement of the motor
areas in speech perception is later than the involvement of the temporal regions

(Pulvermiiller & Shtyrov, 2006; Pulvermiiller, et al., 2005).

In conclusion, we proposed a multistage model, which integrated the virtues from
multistore model and muitilevel model, to explain the CP data observed in the present study
and early studies. The‘ multistage model emphasized that both linguistic specific processing
and general auditory processing have different weights in different conditions and in
different stages along the time axis. Many kinds of neural resources act together when the
subjects perceive a speech sounds. This activated neural network is shaped by linguistic
experience and affected by the level attentional arousal. Moréover, many factors, such as
stimulus complexity, familiarity, and context etc. all contribute to finely attune the activation

of the neural network. Although Xu et al. (2006) proposed a multistage model, which
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included different types of memory. systems, to explain CP. However, no temporal
information is available for the function of each memory system in their model. Phillip
(2003) suggested a serial or near-parallel multilevel model to explain that the speech
perception is from the general auditory processing to phonetic processing'and to phonemic
processing. However, this model overlooks the linguistic effect during the early responses
and ignores the complexity of the conditions where speech is perceived. Our proposed
muitistage model introduces the concept of different weights for 'two types of processing and

thus encourages reconsidering the model of speech perception.

- 5.2. Major contributions of this work

In the present thesis, different factors influencing CP of lexical tones and temporal
dynamics of CP were systematically investigated by behavioral and ERP experiments. Two
types of comparisons were carried out: syllable carriers (speech and nonspeech sounds) and
linguistic backgrounds of the listeners (from native tone language system, non-native tone
language system and non-tone language systemis). The results suggest that linguistic

-

experience and general auditory processing both contribute to CP.

We reported that experience of one tone system influences the perception on non-
native toﬁe contrasts. More importantly, for the first time in the literature, we reported that
even though a tone contrast (i.e., level vs. rising) is present in both tone systems, the same
contrast is perceived differently by the two groups of subjects by virtue of their different

language experience.

The temporal dynamics of CP of lexical tones from preattentive stage through the
attentive stage.to the overt response stage was also revealed in the present thesis. This
complete procedure ofg CP under the same oddball paradigm is new to the literature.
Different patterns of CP were observed in different stages. This suggests that the general

auditory processing and language processing have different weights in different stages.
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5.3. Future work

Although ERP technology is good for investigating the process of CP along the time
domain, it is not an appropriate method to study where the CP happens in the brain due to its
poor spatial resolution. Processing of native phonemic contrast activates the left hemisphere
more than the right hemisphere even in preattentive stage has been reported (Néitinen, et al,,
1997). Impairment of language function is associated with increased involvement of the
right hemisphere. For example, aphasia patients showed increased right hemisphere

activities to the consonant-vowel syllables in the preattentive stage (Becker & Reinvang,
2007).

However, the ERP study in the present thesis did not show a clear asymmetric
activation of two hemispheres comparing across-category and within-category stimuli even
in the attentive stage. It seems that the brain regions involved in the tone processing are not
clear yet, althodgh Zatorre and Gandour proposed that the activation of hemispheres for tone
processing is different in different stages (Zatorre & Gandour, 2008). A PhD thesis reported
the experimental results through ERP studies, which is consistent with their proposal (Shuai,
' 2009). However, due to the low spatial resolution of ERP techn‘iques, her results did not
show the source localization of the neural generators. We hope using brain imaging method
like fMRI, “-fhich has a better spatial resolution than ERP, will identify which brain regions
respond to tone CP better.

On the other hands, the different performance on the same native tone contrast from
subjects of different tone systems was only investigated in the attentive stage in the present
study. We would like to investigaf&an_earlier sfage such as those measured from MMN and
FFR (frequency following response) t‘oh invéstigate how early such a subtle difference in

experience witl affect the brain activities.
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APPENDIX 1| ABBREVIATIONS

Abbreviation "Full name

AC across-category

ANOVA analysis of variance

APEC asymmetric position effect of context
CP categorical perception

CPT complex tone continuum

EEG electroencephalography

ERP event-related-potential

FO Sfundamental frequency

Fl first formant

F2 second formant

fMRI Junctional magnetic resonance imaging
INT interpolation continuum

1S1 inter-stimulus-interval

ITI inter-trial-interval

LC left context sentence

MEG magnetoencephalography

MEP motor evoked potential

MMN mismatch negativity

NWS no word continuum

PET positron emission tomography
POA place of articulatory

RC right context sentence

RM repeated measures

RMANOVA repeated measures analysis of variance
SOA stimulus onset asynchrony

SSC simply shifted continuum

TMS transcranial magnetic stimulation
TOT tone-onset-lime

TS target syllable

TWI time window integration

VOT voice-onset-time

wC within-category
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APPENDIX 2 SAMPLE SHEETS OF QUESTIONNAIRE (I): CHAPTER 3

EXPERIMENT I

Name: Se
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APPENDIX 2 SAMPLE SHEETS OF QUESTIONNAIRE (II) : CHAPTER 3
EXPERIMENT 1I
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"APPENDIX 3 STATISTICAL ANALYSIS ON CHAPTER 3 EXPERIMENT

II1

Appendix Table 3.1. Statistical analysis on predicted discrimination scores on simpie shifted
(SSC) and interpolation (INT) continua

F(1,7)

CATEGORY (AC vs. WC) 22252 |  0.002*
CONTINUUM (SSC vs. INT) 1.827 0.219
POSITION (LC vs. RC) 11915 | o0.011*
Three-way CATEGORY * CONTINUUM 0.875 0.381
RMANOVA CATEGORY x POSITION 7305 |  0.031*
POSITION x CONTINUUM 3.157 0.119

CATEGORY x CONTINUUM x
P OSITION 2.098 0.191

*: significant level p<0.05
¢ CATEGORY (AC vs. WC) 16.805 | 0.005*
mm%v AonINT | POSITION (LC vs. RC) 17955 | 0.004*
CATEGORY x POSITION 26773 | 0.001*
wo-way CATEGORY (AC vs. WC) 24231  0.002*
RMANOVA o ssC | POSITION (LC vs. RC) 1 901 0.210
CATEGORY x POSITION 0.597 0.465
*: significant level p<0.05
(7)

SSC-LC-AC vs. SSC-RC-AC _1.016 0.344
INT-LC-AC vs. INT-RC-AC -5.105 | . 0.001*
SSC-LC-WC vs. SSC-RC-WC 0.269 0.796
‘ INT-LC-WC vs. INT-RC-WC 2.966 0.021
paired t-test SSC-LC-AC vs. SSC-LC-WC 2551  0.038
SSC-RC-AC vs. SSC-RC-WC 5050 | 0.001*
INT-LC-AC vs. INT-LC-WC 2.455 0.044
INT-RC-AC vs. INT-RC-WC 4784 |  0.002*

*: significant level p<0.0125,
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Appendix Table 3.2. Statistical analysis on obtained discrimination scores on simple shifted

(SSC) and interpolation (INT) continua

Appendix

F(L7)
CATEGORY (AC vs. WC) 64009 | 0.000°
CONTINUUM (SSC vs. INT) 0.020 0.891
POSITION (LC vs. RC) 30389 | 0.001*
Three-way CATEGORY x CONTINUUM 4.933 0.062
RMANOVA
CATEGORY x POSITION 16699 |  0.005*
POSITION x CONTINUUM 0.055 0.821
CATEGORY x CONTINUUM x POSITION 1.24] 0.302
significant level p<0.05

CATEGORY (AC vs. WC) 89.558

m“;"c‘)‘;f POSITION (LC vs. RC) 39.899

CATEGORY x POSITION 16.701

CATEGORY (AC vs. WC) 37345

mt‘;%‘;f POSITION (LC vs. RC) 8.104

CATEGORY x POSITION 2.640

significant level p<0.05
t(7)

SSC-LC-AC vs. SSC-RC-AC 2626 0.034
INT-LC-AC vs. INT-RC-AC 7388 |  0.000*
SSC-LC-WC vs. SSC-RC-WC 2,668 0.032
sived ttes INT-LC-WC vs. INT-RC-WC 11,665 0.140
SSC-LC-AC vs. SSC-LC-WC 4503 | 0.003*
SSC-RC-AC vs. SSC-RC-WC 5631 |  0.001%
INT-LC-AC vs. INT-LC-WC 3654 |  0.008*
INT-RC-AC vs. INT-RC-WC 8335 |  0.000*

significant level p<0.0125
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Appendix Table 3.3. Statistical analysis on obtained discrimination scores on simple shifted

. (SSC), nonword sounds (NWS), and complex tones (CPT) continua
F
CATEGORY (AC vs. WC) F(1,7) 52.296 0.000°
CONTINUUM (8SC, NWS, and CPT) F(2,14) 2.104 0.159
POSITION (LC vs. RC) F(1,7) 26.004 0.001*
Three-way | CATEGORY x CONTINUUM F(2,14) 4.322 0.035*
RMANOVA | CATEGORY x POSITION F(1,7) 1.160 0317
POSITION x CONTINUUM F(2,14) 0.441 0.652
gg;%eggy X CONTINUUM x F(2,14) [ 208 0.328
significant level p<0.05
SSC two-way CATEGORY (AC vs. WC) F(,7) 37345 | 0.000*
RMANOVA | POSITION (LC vs. RC) F(1,7) 8.104 {  0.025*
CATEGORY x POSITION F(1,7) 2.640 0.148
NWS two-way CATEGORY (AC vs. WC) F(1,7) 103.431 0.000*
RMANOVA. | POSITION (LC vs. RC) F(1,7) 21614 | 0.002*
CATEGORY x POSITION F(1,7) 0.033 0.86)
CATEGORY (AC vs. WC) F(1,7) 6.574 0.037
o Ana-way | POSITION (LC vs. RC) F(1,7) 6648 | 00370
CATEGORY x POSITION F(1,7) 0.519 0.495
significant level p<0.05
t(7) p

8SC-LC-AC vs. SSC-RC-AC -2.626 0.034

SSC-LC-WC vs. SSC-RC-WC -2.668 0.032

NWS-LC-AC vs. NWS-RC-AC 4.167 0.004°

# | NWS-LC-WC vs. NWS-RC-WC 4.124 0.004*

CPT-LC-AC vs. CPT-RC-AC -2.077 0.076

. CPT-LC-WC vs. CPT-RC-WC -2.910 0.023

paired Ltest | GSC-LC-AC vs. SSC-LC-WC 4503 |  0.003*

SSC-RC-AC vs. SSC-RC-WC 5.631 0.001*

NWS-LC-AC vs. NWS-LC-WC 9.690 0.000*

NWS-RC-AC vs. NWS-RC-WC 5.530 0.001*

CPT-LC-AC vs. CPT-LC-WC 2.757 0.028

CPT-RC-AC vs. CPT-RC-WC 1.886 0.101

significant level p<0.008
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APPENDIX 4 STATISTICAL ANALYSIS ON CHAPTER 3 EXPERIMENT

vV

Appendix Table 4.1. Statistical analysis on obtained discrimination scores on language effect

on real word continua

P

CATEGORY (AC vs. WC) F(1,22) | 48903 | 0.000**

CATEGORY x LANGUAGE
(Cantonese and French) F(2,22) | 11.007 | 0.000**
Mix design | POSITION (LC vs. RC) F(1,22) | 25451} 0.000%*
POSITION x LANGUAGE F(2,22) 0.856 | 0439
CATEGORY * POSITION F(1,22) 2342  0.140

POSITION x CATEGORY x
L ANGUAGE F(2,22) 0.692| 0511

significant level p<0.05
CS two-way CATEGORY (AC vs. WC) F(1,7) 37.345 | 0.000**
EMANGYA | POSITION (LC vs. RC) F(1,7) 8.104 | 0.025%
CATEGORY x POSITION F(1,7) 2640 | 0.148
CATEGORY (AC vs. WC) F(1,8) 12.131 | 0.008*
mgm’ POSITION (LC vs. RC) F(1,8) 15201 0.005*
CATEGORY x POSITION F(1,8) 1335 | 0281
CATEGORY (AC vs. WC) F(1,7) 2305| 0.173
mﬁgﬁ POSITION (LC vs. RC) F(1,7) 4.198 | 0.080
. CATEGORY x POSITION F(1,7) 0.004 0.954
significant level p<0.05
p
CS-LC-AC vs. CS-RC-AC (7 2626 | 0.034
CS-LC-WC vs. CS-RC-WC «7) 2668 | 0.032
MS-LC-AC vs. MS-RC-AC «(8) 2892 | 0.020
MS-LC-WC vs. MS-RC-WC 8) 5361 | 0.001*
, FS-LC-AC vs. FS-RC-AC (7) 1775 ] 0119
paired | FS-LC-WC vs. FS-RC-WC (7 1555 | 0.164
CS-LC-AC vs. CS-LC-WC «7) 4.503 | 0.003*
CS-RC-AC vs. C8-RC-WC t(7) 5.631 | 0.001*
MS-LC-AC vs. MS-LC-WC t8) 2.544 | 0034
MS-RC-AC vs. MS-RC-WC 4(8) 2773] 0.024
FS-LC-ACvs. FS-LC-WC t(7) 1.048 | 0.329
FS-RC-AC vs. FS-RC-WC t(7) 0.826 | 0.436
signiﬁcant level p<0.008
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Appendix Table 4.2. Statistical analysis on obtained discrimination scores on language effect

on nonspeech continua

F(1,14) | p
CATEGORY (AC vs. WC) 1721 | 0211
CATEGORY x LANGUAGE ,
(Cantonese, French) 73021 o7
Mix design | FOSITION (LC vs. RO) 18.815 | 0.001*
POSITION x LANGUAGE 0.240 | 0.632
CATEGORY x POSITION 1.094 | 0313
P g VTEOORY 52111 0.039*
significant:level p<0.05
CATEGORY (AC vs. WC) 6.574 | 0.037*
m“ﬁa’fj‘z POSITION (LC vs. RC) 6.648 | 0.037*
CATEGORY x POSITION 0519 | 0.495
N twouway | CATEGORY (AC vs. WC) 1248 | 0301
M2 | POSITION (LC vs. RC) 29.920 | 0.001*
CATEGORY x POSITION 10.545 | 0.014*
significant level p<0.05
) p
CN-LC-AC vs. CN-RC-AC 2.077| 0076
CN-LC-WC vs. CN-RC-WC 2910 | 0.023
FN-LC-AC vs. FN-RC-AC -6.173 | 0.000*
saied ttost | FA-LC-WC vs. FN-RC-WC -3.487 | 0.010*
CN-LC-AC vs. CN-LC-WC 2757 | 0.028
CN-RC-AC vs. CN-RC-WC 1.886 | 0.101
FN-LC-AC vs. FN-LC-WC 1909 | 0.098
FN-RC-AC vs. FN-RC-WC 0.104 | 0920

significant level p<0.0125
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Appendix Table 4.3. Statistical analysis on obtained discrimination scores on interaction of
real word and nonspeech continua by Cantonese and French subjects

F(1,14)
CONTINUUM (SSC vs. CPT) 0.656 0.432
CONTINUUM x LANGUAGE (Cantonese | 868 0.193
and French)
CATEGORY (AC vs. WC) 18.670 0.001*
CATEGORY x LANGUAGE 20.242 0.000*
POSITION (LC vs. RC) 38.005 0.000*
POSITION x LANGUAGE 1.334 0.267
CATEGORY x CONTINUUM 9.464 0.008*
Mix design CATEGORY x CONTINUUM x .
L ANGUAGE 0.660 0.430
POSITION x CONTINUUM 0.891 0.361
POSITION x CONTINUUM x LANGUAGE 0.076 0.787
CATEGORY x POSITION , 4.994 0.042*
CATEGORY x POSITION x LANGUAGE 0.254 0.622
CONTINUUM x POSITION x CATEGORY 0.055 0.819
CONTINUUM x POSITION x CATEGORY 3186 0.096
x LANGUAGE
significant level p<0.05
F(1,7)
CATEGORY (AC vs. WC) 23312 0.002*
CONTINUUM (SSC vs. CPT) 2.535 0.155
POSITION (LC vs. RC) 24226 0.002*
5 2ad (R oY | CATEGORY * CONTINUUM 9.096 |  0.019%
- CATEGORY x POSITION 1.602 0.246
POSITION x CONTINUUM 0.120 0.739
CATEGORY x CONTINUUM x POSITION 1.775 0.225
significant level p<0.05
F(1,7)
CATEGORY (AC vs. WC) 0.048 0.833
CONTINUUM (SSC vs. CPT) 0.145 0.714
POSITION (LC vs. RC) 14.034 0.007*
FS,{‘&‘L‘:‘(')?{;:&Y CATEGORY x CONTINUUM 2193 | 0182
CATEGORY x POSITION 3.520 0.103
POSITION x CONTINUUM 5.255 0.056
CATEGORY x CONTINUUM x POSITION 1.413 0.273
significant level p<0.025
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