A Cross-Language Investigation of Phonetic and

Phonological Processing of Lexical Tone

by
Xianghua Wu

M.A. (Linguistics), University of Victoria, 2006
B.A., Beijing Language and Culture University, 1995

Dissertation Submitted in Partial Fulfillment
of the Requirements for the Degree of

Doctor of Philosophy

in the
Department of Linguistics

Faculty of Arts and Social Sciences

© Xianghua Wu 2012
SIMON FRASER UNIVERSITY
Summer 2012

All rights reserved.
However, in accordance with the Copyright Act of Canada, this work may
be reproduced, without authorization, under the conditions for
“Fair Dealing.” Therefore, limited reproduction of this work for the
purposes of private study, research, criticism, review and news reporting
is likely to be in accordance with the law, particularly if cited appropriately.



Approval
Name:

Degree:
Title of Thesis:

Examining Committee:
Chair:

Date Defended/Approved:

Xianghua Wu
Doctor of Philosophy

A cross-language investigation of phonetic and
phonological processing of lexical tone

Dr. Chung-hye Han, Associate Professor

Dr. Murray Munro
Senior Supervisor
Professor

Dr. Yue Wang
Supervisor
Associate Professor

Dr. Christian Guilbault
Internal Examiner
Assistant Professor
Department or French

Dr. Valter Ciocca

External Examiner

Professor, School of Audiology and Speech Sciences
The University of British Columbia

May 24, 2012




Partial Copyright Licence S F U

The author, whose copyright is declared on the title page of this work, has granted to
Simon Fraser University the right to lend this thesis, project or extended essay to users
of the Simon Fraser University Library, and to make partial or single copies only for such
users or in response to a request from the library of any other university, or other
educational institution, on its own behalf or for one of its users.

The author has further granted permission to Simon Fraser University to keep or make a
digital copy for use in its circulating collection (currently available to the public at the
“Institutional Repository” link of the SFU Library website (www.lib.sfu.ca) at
http://summit/sfu.ca and, without changing the content, to translate the thesis/project or
extended essays, if technically possible, to any medium or format for the purpose of
preservation of the digital work.

The author has further agreed that permission for multiple copying of this work for
scholarly purposes may be granted by either the author or the Dean of Graduate
Studies.

It is understood that copying or publication of this work for financial gain shall not be
allowed without the author’s written permission.

Permission for public performance, or limited permission for private scholarly use, of any
multimedia materials forming part of this work, may have been granted by the author.
This information may be found on the separately catalogued multimedia material and in
the signed Partial Copyright Licence.

While licensing SFU to permit the above uses, the author retains copyright in the thesis,
project or extended essays, including the right to change the work for subsequent
purposes, including editing and publishing the work in whole or in part, and licensing
other parties, as the author may desire.

The original Partial Copyright Licence attesting to these terms, and signed by this
author, may be found in the original bound copy of this work, retained in the Simon
Fraser University Archive.

Simon Fraser University Library
Burnaby, British Columbia, Canada

revised Fall 2011



SIMON FRASER UNIVERSITY
THINKING OF THE WORLD

STATEMENT OF
ETHICS APPROVAL

The author, whose name appears on the title page of this work, has
obtained, for the research described in this work, either:

(a) Human research ethics approval from the Simon Fraser University
Office of Research Ethics,

or

(b) Advance approval of the animal care protocol from the University
Animal Care Committee of Simon Fraser University;

or has conducted the research

(c) as a co-investigator, collaborator or research assistant in a
research project approved in advance,

or

(d) as a member of a course approved in advance for minimal rlsk
human research, by the Office of Research Ethics.

A copy of the approval letter has been filed at the Theses Office of the
University Library at the time of submission of this thesis or project.

The original application for approval and letter of approval are filed with
the relevant offices. Inquiries may be directed to those authorities.

Simon Fraser University Library
Simon Fraser University
Burnaby, BC, Canada

Last update: Spring 2010



Abstract

In an investigation of how lexical tone is perceived and processed at the phonetic
and phonological levels, listeners from diverse language backgrounds participated in
three perceptual studies. In the first, native Mandarin and Thai listeners assimilated non-
native tones to their native tone categories. Results indicated that occurrence of a lower-
level phonetic and a higher-level phonological assimilation process was related to
listeners’ tone experience, as inexperienced listeners recognized only the phonetic
distinctions, whereas experienced listeners were sensitive to both the phonetic and
phonological distinctions between native and non-native tone categories.

In the second study, native Mandarin, Thai and English listeners participated in a
forced-choice tone perception test in which they identified the four Mandarin tone
categories. Identification accuracy and confusion patterns revealed that previous tone
experience predicted tone perception at the phonetic and phonological levels. Better
performance was demonstrated for native than non-native, and experienced than
inexperienced listeners. Experienced Thai listeners aiso showed more native-like
performance than experienced English listeners. Tone 2 and Tone 3 were the most
confusable tone pair for all but the inexperienced English listeners. Lexical information
from the carrier words was also found to help Mandarin and English listeners recognize
difficult tones.

In the third study, participants from the second one completed a dichotic listening
test assessing tone lateralization in the brain. The results demonstrated a strong
influence of acoustic properties, as tones with dynamic FO contours were lateralized to
the left hemisphere while those with flatter FO contours were lateralized to the right
hemisphere. Meanwhile, native and non-native tone experience was associated with a
larger degree of left hemisphere activation for Mandarin and experienced Thai listeners
relative to those in the remaining groups.

In summary, these three studies indicate tone perception and processing at both
the phonetic and phonological levels. In relation to tone experience, inexperienced
listeners may attach more importance to phonetic variation while experienced listeners
are sensitive to both the phonetic and phonological differences. In terms of theoretical
contributions, tone perception results extend the current models of speech perception to
the suprasegmental level while tone lateralization results provide evidence supporting
the acoustic and functional hypotheses.

Keywords: speech perception; assimilation; dichotic listening; tone; Mandarin; Thai
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1. Introduction

Humans are capable of perceiving a wide array of speech sounds. Among these
sounds, some are more perceivable as they contrast in one’s native phonological
system, whereas others are more difficult to recognize because they are unfamiliar in
one’s first language. These speech sounds can be incorporated into segmental or
suprasegmental inventories. Among the suprasegmentals, tone (or lexical tone) has
been widely studied, given its importance at both the phonetic and phonological levels
(Abramson, 1978; Bent, Bradlow, & Wright, 2006; Burnham, Francis, Webster,
Luksaneeyanawin, Attapaiboon, Lacerda, & Kelle, 1996; Gandour, 1978, 1983; Huang,
2001, 2004; Shen & Lin, 1991; Wang, Jongman, & Sereno, 2003). At the phyonetic level,
tone is realized as fundamental frequency (F0), with FO height and contour being the
primary acoustic correlates. At the phonological level, tone is imposed on monosyllables
to contrast word meanings in tone languages, such as Mandarin (or Mandarin Chinese),
Thai and Cantonese. The phonetic properties and phonological functions of tone have
attracted considerable interest from researchers. For instance, neurolinguists have
examined the extent to which tone processing is driven by the left versus the right
hemisphere, in order to establish the phonetic and phonological nature of tone
(Gandour, 2006). Child language researchers have also proposed that tones are
acquired at the phonetic and phonological levels in the very early period of life (Li &
Thompson, 1977). Second language researchers have also evaluated the effects of
perceptual training on tone acquisition by learners (Wang, Spence, Jongman, & Sereno,
1999).

1.1 The goals of this dissertation

This dissertation investigates tone perception at the phonetic and phonological
levels by native and non-native listeners to address three main goals. The first goal is to

determine the similarities and differences between tone perception and segmental



perception. Perception of segmental inventories, i.e., consonants and vowels, has been
studied extensively at the phonetic and phonological levels. Recent models of cross-
language speech perception, such as the Perceptual Assimilation Model (Best, 1995;
Best, McRoberts, & Goodell, 2001; Best, McRoberts, & Sithole, 1988, Best & Tyler,
2007) and the Speech Learning Model (Flege, 1995, 2007) have been developed to
account for the effects of phonetic similarity and phonological correspondence between
native (L1) and non-native (L2) categories on the perception of segmental inventories.
Thus, recent tone perception research often seeks evidence to evaluate and expand
these models of cross-language speech perception (Bent, 2005; Hallé, Chang, & Best,
2004; So & Best, 2010). The second goal of this study is to investigate the effects of
phonetic properties and phonological functions on the cerebral hemispheric processing
of tone. Some researchers have considered whether tone is processed in the same
manner as other speech prosodic phenomena, such as intonation, because the acoustic
cues by which it is conveyed are similar. However, tone differs from other prosodic
patterns in its linguistic use. In the linguistic domain, intonation is used to express
pragmatic differences or syntactical modes (e.g., statement vs. question). Tone,
however, is used to mark semantic contrasts at the lexical level. Thus, tone processing
may be affected by its acoustic properties and phonological status (Gandour, Dzemidzic
et al., 2003). Further investigation of this issue can also provide data to support the two
prevailing theoretical hypotheses on the hemispheric processing of pitch patterns: the
acoustic hypothesis which states that pitch processing is dependent on acoustic cues
and the functional hypothesis which proposes that pitch processing is determined by
linguistic functional load. The third purpose is to examine the influence of L1and L2
experience on tone processing at the phonetic and phonological levels. Examination of
tone perception by listeners from different language backgrounds can reveal the nature
of their sensitivity to the acoustic correlates and phonological function of tone categories
(Gandour, 1983; Guion & Pederson, 2007; Huang, 2001; Lee, Vakoch, & Wurm, 1996;
Lueng, 2008). Four levels of language experience are of particular interest to the current
project: (1) L1 is the target tone language; (2) L2 is the target tone language; (3)L1isa
non-target tone language; (4) L1 is a non-tone language. As tone functions at the
phonological level only in tone languages, it is likely that L1 tone experience is
transferable to the perception of L2 tones, while in non-tone languages, tone patterns

may be associated with phonetically similar L1 intonational patterns (Francis, Ciocca,




Ma, & Fenn, 2008). On the other hand, L2 experience may improve listeners’ perception
of tone and lead to native-like phonological perception (Guion & Pederson, 2007; Guion
& Wayland, 2004; Wang, Spence, Jongman, & Sereno, 2003).

In the following sections, current models of cross-language speech perception
are introduced. Then, the tone systems in Mandarin and Thai and the phonetic
correspondence between Mandarin tones and English intonational patterns, are

described. Lastly, an overview of this project is provided.

1.2 Models of cross-language speech perception

In this section, the Perceptual Assimilation Model (PAM) and the Speech
Learning Model (SLM) will be reviewed. The PAM was developed in two stages: the first
stage focused on segmental perception by non-native listeners with no knowledge of L2
(inexperienced listeners) while later stage focused on L2 learners (experienced
listeners). Consequently, the PAM has two versions: the PAM (Best, 1995, Best et al.,
1988, 2001) and the PAM-L2 (Best & Tyler, 2007). In the following sections, the PAM is
reviewed first, followed by the SLM and the PAM-L2. The PAM provides a theoretical
account of how inexperienced listeners perceive non-native phonetic categories based
on L1 and L2 phonetic correspondence. The SLM attempts to represent the segmental
perception and production of L2 learners with varying L2 experience at different time
intervals. Finally, the PAM-L2 predicts segmental discrimination at the phonological level

by experienced listeners.

1.2.1 Perceptual Assimilation Model

The Perceptual Assimilation Model (PAM) was developed by Best and
colleagues (Best, 1995; Best et al., 1988, 2001) with a focus on the discrimination of
non-native phonetic contrasts by inexperienced listeners or naive listeners with no
exposure to a non-native language. As the PAM is built on the Direct Realist Theory
(Goldstein & Fowler, 2003; Fowler, 1996), phonetic features in the model represent
articulatory gestures. Many researchers have adopted PAM to account for the

relationship between perceptual performance and phonetic-acoustic similarity between
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L1 and L2 categories (Cebrian, 2006; Hallé et al., 2004; Levy, 2009; Nishi, Strange,
Akahane-Yamada, Kubo, & Trent-Brown, 2008; Strange, Bohn, Nishi, & Trent, 2005);
thus, the concept of phonetic realization has been extended to refer to a series of

acoustic phonetic details.

The PAM posits that inexperienced listeners assimilate non-native sounds to the
most articulatorily similar sound in their native system. In other words, inexperienced
listeners’ performance can be predicted by phonetic relationships between L1 and L2
sounds, such that phonetically similar sounds tend to be perceived as the same sounds
and phonetically dissimilar sounds tend to be perceived as different ones. Moreover, in
cases where phonetic distinctions also mark L2 phonological differences, the PAM
proposes that phonetic-phonological assimilation occurs solely for experienced listeners,
as inexperienced listeners are unaware of L2 phonological categories. In other words,

inexperienced listeners recognize phonological distinctions only in their native language.

According to this model, perceptual assimilation falls along a continuum in which
listeners can assimilate an L2 phone to L1 phonetic categories as a categorized or
uncategorized speech sound; and in which some L2 sounds may be “nonassimilable,”
thus considered as non-speech sounds. One well-known example of a “nonassimilable”
pattern is English listeners’ perception of Zulu click consonants as non-speech sounds
(Best et al., 1988; c.f., Best & Avery, 1999). Based on this continuum, the PAM posits
the following six assimilation patterns and the degrees of predicted difficulty in

discriminating pair-wise L2 categories for each of these patterns.

1) Two Category (TC). If two L2 phones are assimilated to two different L1
categories, discrimination of the two phones will be very good to excellent;

2) Single Category (SC). If two L2 phones are judged as equally “good” instances
of a single native category, they will be difficult to differentiate;

3) Category Goodness (CG). If two L2 phones differ in their goodness as instances
of a single L1 category, intermediate levels of perceptual difficulty will be
observed,

4) Nonassimilable (NA). When two L2 phones are perceived as non-speech

sounds, discrimination should be good to very good;



5) Both Uncategorizable (UU). A non-native phone which is not assigned to any L1
category may be considered an “uncategorizable” speech sound. When paired
with another “uncategorizable” phone (UU), discrimination of the UU phones will
range from very poor to moderate.

6) Uncategorized versus Categorized (UC). When an “uncategorizable” sound and
a “categorizable” phone (i.e., a phone that is sufficiently phonetically similar to be
categorized as an instance of a native category) are presented in a pair,

discrimination will be relatively easy.

1.2.2 Speech Learning Model (SLM)

The Speech Learning Model (SLM), developed by Flege and his colleagues
(Flege, 1987, 1995, 2007; Flege, Schirru, & Mackay, 2003) provides a theoretical
account of category assimilation for listeners with varying degrees of L2 experience. The
SLM postulates that the formation of L2 phonological categories is similar to that of L1
phonological categories; thus, phonological category formation remains possible over
the life span. Perceptual assimilation of L2 categories to L1 categories can be observed
before the L2 phonological system is fully established. In other words, the fact that
perceptual assimilation occurs implies that an L2 phonological category is associated
with an L1 category due to their phonetic relationship. In general, phonetically dissimilar
categories are less likely to be assimilated than phonetically similar categories.
Moreover, the theory implies that the phonetic distance between L1 and L2 categories is
determined by perceptual processes rather than physical realizations. One hypothesis of
the SLM is that the mechanism of equivalence classification may lead to the assimilation
of L2 categories to L1 categories, even when phonetic differences between L1 and L2
categories can be perceived. According to the SLM, L2 phones may be assimilated to L1
categories as “identical’, “similar” or “new” (Flege, 1987). Phonetic similarity varies
among the three types. “ldentical assimilation” occurs when two phones share the same
phonetic properties, such as the vowel /1/ in American English and German (Strange,
Bohn, Nishi, & Trent, 2004). A “similar’ L2 phone may be assimilated to its phonetic
counterpart in the L1, but the differences between the two phones may be detectable,
such as the vowel /u/ in American English and French (the English /u/ is characterized

by a higher and more variable second formant frequency (F2) than its French



counterpart) (Hillenbrand, Clark, & Nearey, 2001). In contrast, a “new” L2 phone has no
phonetic counterpart in the L1 system, but is nevertheless consistently assimilated to an
L1 phone, in particular by less experienced listeners. For example, naive American
English listeners may categorize the French front rounded vowel /y/ as the American
English back rounded vowel /u/, despite the considerable phonetic difference between
the two sounds (Levy, 2009).

1.2.3 Perceptual Assimilation Model for learners (PAM-L2)

The PAM-L2, an extended version of the PAM, predicts discrimination patterns
for listeners who are experienced in an L2, in particular for listeners with extensive
experience in the L2 environment (Best & Tyler, 2007). Unlike the SLM, the PAM-L2
proposes both a higher-level phonological and a lower-level phonetic assimilation
process for experienced listeners. In other words, experienced listeners can become
sensitive to both phonetic and phonological distinctions between L1 and L2 categories.
Unlike phonetic assimilation, phonological assimilation refers to a process in which L2
phonological categories are related to L1 phonological categories due to equivalent
lexical functions. The PAM-L2 also posits that lexical function plays a more important
role in phonological processing. Thus, listeners may assimilate L2 categories to L1

phonological categories despite perceptible phonetic distinctions.

The PAM-L2 proposes the following four phonological assimilation cases, along
with the predicted degree of difficulty in discriminating L2 phonological categories for
each case. The model also predicts the phonetic relationship between L1 and L2

categories for some cases of assimilation.

1) One L2 phonological category is assimilated to one L1 phonological category.
Discrimination of the assimilated L2 category from other L2 categories will be
easy. At the phonetic level, L1 and L2 categories can be perceived as very
similar or very dissimilar. For example, the French vowels /i, €, a, u/ are
consistently assimilated to their phonetic counterparts /i, €, a, u/in English by
American English listeners who have intensive experience with French (Levy,
2009; Strange, Bohn, Trent, & Nishi, 2004).



2)

3)

4)

Two L2 phonological categories are assimilated to one L1 phonological category,
but with unequal perceptual distances. Similar to the TC assimilation pattern
predicted by the PAM, the difference between the two L2 categories is easily
detected. Phonological assimilation is expected to happen between the better L2
exemplar and the L1 category. As suggested, the better L2 exemplar also serves
as the phonetic equivalent to the L1 category relative to the deviant one. For
example, the American English vowels /i:/ and /1/ are both assimilated to the
Japanese vowel /i/ by experienced Japanese listeners of English, but Japanese
listeners distinguish between the English /i:/ and the Japanese /i/ more easily
than they do between the English /1/ and the Japanese /i/ (Nishi, Strange,
Akahane-Yamada, Kubo, &Trent-Brown, 2008).

Two L2 phonological categories are equally assimilated to one L1 phonological
category as poor or good instances of the category. Discrimination between the
L2 categories is difficult because phones have been assimilated to a single
category. The phonetic relationship between L1 and L2 categories is not
explicated, but it is likely the L1 and L2 categories share phonetic properties to
some extent. For example, the Australian English vowel /o:/ and /ed/ are both
assimilated to the Japanese vowel /ou/ by advanced Japanese learners of
English, while the perception of /eu/ as /ou/ is comparable to that of /o:/ as /ou/
(Bundgaard-Nielsen, Best, & Tyler, 2011).

An L2 phonological category is not assimilated to any L1 category, and is thus
“uncategorized” in PAM terms. Due to a lack of phonological correspondence
with L1, phonetic similarity tends to play an important role in the formation of L2
categories in this case. For example, if L2 phones are perceived to be more
similar to different sets of L1 phonological categories, the functional difference
between the L2 phones may eventually be recognized. Also in Bundgaard-
Nielsen et al. (2011), five Australian English vowels (/o:, g, &9, o, 3:/) are
defined as “uncategorized” in relation to the Japanese vowel inventory.
Nevertheless, more experienced Japanese listeners reveal high consistency in
associating these “uncategorized” vowels with native vowel categories relative to

less experienced Japanese listeners.



1.3 Lexical tones in Mandarin and Thai

Lexical tones are realized on monosyllables to signal word meanings in Mandarin
and Thai (Chao, 1948; Zsiga, 2007). There are four tones in Mandarin and five in Thai,
which are imposed on monosyllables to signal word meanings (see Table 1.1). For
example, the syllable /lau/ with the four Mandarin tones superimposed stands for fo
dredge (lau’, %), jail (lau?, 22), old (lau®, ), and flood (lau®, ¥); with the five Thai tones
superimposed on it, the same syllable means roughly (i), group (ma), to tell (w#), stable

(%) and to sharpen (ma), respectively. The most important acoustic correlates of lexical

tones are FO height and contour (Abramson, 1975; Lin, 1988), though duration, intensity,
vowel quality and voice quality can all affect tone perception to some extent (Belotel-
Grenie & Grenie, 1997; Howie, 1976; Lin & Repp, 1989; Vance, 1976). Tones
accompany every word in Mandarin and Thai. Thus like consonants and vowels, tones

perform a phonemic function in these languages.

Mandarin and Thai tones are shown in Table 1.1, along with their acoustic
descriptions. For the sake of convenience, in the current project, the four Mandarin tones
are labelled as MT1 (Mandarin Tone 1), MT2, MT3 and MT4, referring to the high level,
rising, falling rising and falling tones, respectively (Chao, 1948). The five Thai tones are
similarly labelled as TT1, TT2, TT3, TT4 and TT5, to represent mid falling, low falling,
high falling, high rising and low falling rising tones, respectively (Ladefoged, 2001). Ona
5-point scale with 1 corresponding to the lowest pitch and 5 the highest, the Mandarin
tones have been numerically represented as 55 (MT1), 35 (MT2), 214 (MT3), and 51
(MT4) to show changes in FO height and contour (Chao, 1948). Likewise, the Thai tones
are 32 (TT1), 21 (TT2), 51 (TT3), 45 (TT4) and 214 (TT5). The FO properties of each
tone, however, may vary among individual speakers (Gandour, Potisuk, Ponglorpisit, &
Dechongkit, 1991; Zsiga, 2007). A typical example showing varied phonetic realizations
of tone is that of the rising MT2, which is often produced as a falling rising tone that is
similar to MT3, indicating a more complex contour shape (Blitcher, Diehl, & Cohen,
1990; Shen & Lin, 1991).



Table 1.1. Comparison of Mandarin and Thai tones

Language | Number Name Label FO 5-point scale
description
Mandarin | 4 Tone 1 MT1  high level 55
Tone 2 MT2  rising 35
Tone 3 MT3  falling rising 214
Tone 4 MT4  falling 51
Thai 5 Samandtone TT1  mid falling 32
Aek tone TT2  low falling 21
To tone TT3  high falling 51
Tree tone TT4  highrising 45
Jattawatone TT5  low falling rising 214

As pointed out earlier, Mandarin employs tone sandhi, a phonological
phenomenon where one tone category is realized as another tone category at the word
level (Duanmu, 2007). Tone sandhi exists in some tone languages, such as Mandarin
and Cantonese (Chen, 2000; Yu, 2007), but not in others, such as Thai (Gandour,
1983), where tones are stable and unaffected by tonal phonotactics. In Mandarin, MT3 is
associated with two tone sandhi rules; thus, the phenomenon is also sometimes referred
to as T3 sandhi (Duanmu, 2007). First, MT3 (214) is realized as MT2 (35) in a two-tone
sequence where MT3 precedes another MT3. Second, MT3 (214) is realized as a partial
MT3 (21), i.e., a low falling tone, in cases where it precedes the other three Mandarin
tones, MT1, MT2 and MT4 (Lin, 1996). As shown in Table 1.1 above, the most
phonetically similar tones in Thai and Mandarin are MT4 and TT3, and MT3 and TT5;
and the low falling tone produced in some instances of Mandarin tone sandhi

corresponds to TT2.

1.4 English intonational patterns and correspondence to
Mandarin tones

Unlike Mandarin and Thai tones, which are associated with a single syllable,
lexical prosodic features are realized contrastively on two-syllable sequences in English,
with one syllable being stressed and the other unstressed. The stressed syllable is
primarily characterized as having a higher pitch than the unstressed syllable. However,
due to the difference in prosodic domain, it is unlikely that English word stress would be

assimilated to Mandarin or Thai tones in the same way that Thai tones would be



assimilated to Mandarin tones (or vice versa). As a result, tone researchers focus on the
correspondence between English intonational patterns and tones (e.g., Bent, 2005;
Francis et al., 2008).

English has a large number of intonational patterns. Pierrehumbert & Hirschberg
(1990) enumerated 22 English intonational patterns that are produced from
combinations of six pitch accents, two phrase accents, and two boundary tones. These
intonational patterns can be found not only in North American English, but also in British
English (Francis et al., 2008; Ladd, 2008). Some patterns are used in short utterances,
including monosyllabic words, to indicate grammatical contrasts or pragmatic meanings.
Among these patterns, the rising and falling contours are categorically distinctive, as the
former indicates standard yes-no questions and the latter indicates affirmative/negative
statements. These two classes can be further divided according to the pitch value in the
initial or final position (Grabe, Rosner, Garcia-Albea, & Zhou, 2003; Wells, 2006). For
example, Wells (2006) further classified falling contours into high fall and low fall, which
differ in terms of the pitch value at the beginning of a given contour. High fall and low fall
are pragmatically categorized based on degree of emotional involvement. For example,
a high fall is associated with greater interest, while a low fall connotes lack of interest (p.
218). A falling rising contour also exists in English, carrying various pragmatic
implications, such as partial correction or negation (Halliday & Greaves, 2008;
Pierrehumbert & Steele, 1989; Wells, 2006). The English level tone is not as high as the
Mandarin high level tone, and carries a mid level contour that is used in some types of
interjection (Wells, 2006).

Therefore, all four Mandarin tone categories have phonetic counterparts in
English (see Table 1.2 below), despite the fact that the English intonational patterns are
used at the grammatical or pragmatic levels, while the Mandarin tones function as

phonemes.
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Table 1.2. Grammatical/pragmatic functions of English intonational patterns
and comparison to Mandarin tones

English intonation .
- - — Mandarin tone
Function Phonetic description

interjection mid level MT1 (high level)
yes-no question rising MT2 (high rising)
partial correction or . N
negation falling rising MT3 (falling rising)
declarative statement falling MT4 (high falling)

1.5 Overview

This dissertation comprises three experimental studies on tone
perception/processing which are linked by the research goals. The first (Chapter 2) is a
tone assimilation study, aiming to discover how tone categories in one language are
perceptually associated with tone categories in another language, and whether listeners
rely on phonetic or phonological cues in tone assimilation. Native listeners of two tone
languages, Mandarin and Thai, participated in this study. These listeners also differed in
their L2 tone experience. The second study (Chapter 3) consists of a tone identification
experiment in which listeners identified the four Mandarin tones. This study was
conducted to determine the extent to which listeners employ their previous knowledge of
the linguistic usage of pitch patterns when identifying native or non-native tone
categories. Native listeners of Mandarin, Thai and English participated in this study; the
non-Mandarin listeners also differed in their L2 experience with Mandarin. The third
study (Chapter 4) is a dichotic tone perception study investigating phonetic and
phonological effects of tone on the hemispheric processing of the four Mandarin tones.
Listeners identified the tones presented simultaneously to the left and right ears. The
difference in the performance of the two ears reflects which hemisphere is more
activated. Participants in the third study were the same as those who participated in the

tone identification study.
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2. Tone assimilation by native listeners of
Mandarin and Thai

2.1. Introduction

Cross-language perceptual assimilation has been widely examined in previous
studies at the segmental level, stimulating discussion on what factors assimilate L2
phonetic/phonological categories to their L1 phonetic/phonological counterparts (Levy,
2009; Nishi, Strange, Akahane-Yamada, Kubo, &, Trent-Brown, 2008; Schmidt, 1996;
Strange, 1999; Strange, Bohn, Trent, & Nishi, 2004). However, few studies have focused
on perceptual assimilation at the suprasegmental level. This study, therefore,
investigates the extent to which L2 tone categories are assimilated to L1 tone
categories. Tone, like segments, functions as a phoneme; thus it is expected that the
findings from segmental assimilation studies can be extended to tone assimilation.
However, tone assimilation may be a very different process from segmental assimilation
in that the primary acoustic correlate of tone is FO (Lin & Repp, 1989; Tong, Francis, &
Gandour, 2007; Tseng, 1981) whereas the perception of segments is based primarily on
spectral and temporal cues in speech (Lieberman & Blumstein, 1988). Therefore, the
aim of the current study is to explore the similarities and differences between segmental
assimilation and tone assimilation within the framework of recent models of cross-

language speech perception.

2.2. Issues related to perceptual assimilation

Three central issues in recent models of cross-language perceptual assimilation
are of particular interest to the current study. One is the existence of two levels of
assimilation: phonetic assimilation and phonological assimilation. These two levels are
related to a major difference between the Perceptual Assimilation Model (PAM, Best,
1095: Best et al., 1988, 2001; Best & Tyler, 2007) and the Speech Learning Model

12



(SLM, Flege, 1995, 2007). The PAM proposes the existence of both levels of
assimilation while the SLM characterizes category assimilation only at the phonetic level.
The second issue is the effect of language experience on perceptual assimilation. The
PAM predicts phonetic assimilation only for listeners without L2 experience
(inexperienced listeners) and both phonetic and phonological assimilation for those with
L2 experience (experienced listeners). In relation to the first issue, the SLM postulates
phonetic assimilation for listeners with varying L2 experience. The third issue concerns
the relationship between phonetic similarity and perceptual assimilation. According to the
PAM, phonetic similarity between L1 and L2 phones is predictive of phonetic assimilation
but not phonological assimilation. The SLM posits that despite the importance of
phonetic similarity, assimilation of phonetic categories can occur not only between

phonetically similar phones in L1 and L2, but also between dissimilar ones.

2.2.1. Phonetic assimilation

Phonetic assimilation refers to a process in which listeners attend to the phonetic
similarities between incoming L2 speech sounds and L1 phonetic categories (Best et al.,
1988). As suggested by recent models of cross-language perception, both inexperienced
and experienced listeners can be expected to demonstrate perceptual assimilation at the
phonetic level. Some studies have revealed that L2 phonetic categories are assimilated
to their phonetic equivalents in L1 relating to vowels (e.g., Nishi et al., 2008; Levy, 2009),
consonants (e.g., Best, McRoberts & Goodell, 2001), and pitch patterns (e.g., Bent et al.,
2006; Leung, 2008; So & Best, 2010). For example, in the perception of German/French
vowels both inexperienced and experienced American English (AmE) listeners
assimilated German/ French vowel categories /i, €, a, u/ to the AmE vowels /i, ¢, a, u/
(Levy, 2009; Strange et al., 2004. At the suprasegmental level, assimilation of Mandarin
tones to Cantonese tones was investigated for Cantonese speakers with Mandarin
experience in Leung (2008) and those without Mandarin experience in So & Best (2010).
Results of the two studies indicate that Mandarin tones were identified as their phonetic
equivalents in Cantonese, such as the high level tones and the rising tones, indicating

effects of phonetic similarity on tone perception.

Additionally, segmental and suprasegmental studies have also found that the

assimilated phonetic categories differ in the degree of phonetic similarity. For example,
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Strange et al. (2004) noted that the German vowel /1/ was assimilated to the American
English /1/ by native American English speakers, despite the fact that the phonetic
dissimilarities are greater between these vowels than those between /i, €, a, u/ in L1 and
L2. Results of the above two tone studies also showed that Cantonese listeners
identified Mandarin falling rising tones as Cantonese rising tones, suggesting that
phonetic assimilation may be induced by partial common features, such as a rising

contour.

Lastly, previous studies have revealed that phonetic assimilation may occur
between dissimilar phonetic categories (lverson, Kuhl, Yamada, Diesch, Tohkura,
Ketterman, & Siebert, 2003; Levy, 2009; Strange et al., 2004). It has been suggested
that listeners’ misuse of phonetic cues may cause L2 phonetic categories to be
misperceived as L1 categories. A well-known example is the confusion between the
English consonants /i/ and /I/ for Japanese listeners (e.g., Iverson et al., 2003). A well-
accepted explanation is that the English liquids /1/ and /I/ differ primarily in F3, a phonetic
feature not attended to by Japanese listeners. The confusion occurs when Japanese
listeners attempt to use a familiar phonetic cue, F2, to distinguish these two English
consonants. The misuse of perceptual cues has also been found to cause poor
discrimination between phonetically distinctive tone categories, especially for listeners
without tone experience. In a multidimensional scaling (MDS) study, Gandour (1983)
used FO height and contour as the acoustic cues to examine the perceptual distance
between 19 synthesized pitch contrasts created from a naturally produced tone imposed
on the monosyllable /wa/. The listeners were monolinguals of four tone languages
(Cantonese, Mandarin, Taiwanese and Thai) and English. Language-specific
discrimination was detected as the listeners attached greater importance to either FO
height or FO contour. The tone language listeners were more sensitive to FO contour
than the non-tone language listeners and the Thai listeners were more sensitive to FO
contour than the Mandarin listeners. These findings have also been supported by some
more recent studies (e.g. Francis et al., 2008; Guion & Pederson, 2007; Huang &
Johnson, 2011).
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2.2.2. Phonological assimilation

In contrast, phonological assimilation refers to a perceptual process in which
listeners assimilate L2 phonological categories to L1 phonological categories that share
the same lexical functions. In previous studies, phonological assimilation has been
observed in three main ways. In the first pattern, L1 phonological categories are
replaced by L2 categories without changing L1 word meanings (Best & Tyler, 2007).‘The
second pattern revealed in previous research is poor discrimination between allophonic
variations that serve as the same phoneme (e.g., Boomershine, Hall, Hume, & Johnson,
2008; Huang, 2001). In the third pattern, more experienced listeners relate
“unassimilable” L2 phonological categories to L1 phonological categories (e.g.,
Bundgaard-Nielsen, Best, & Tyler, 2011).

The phenomenon of limited discriminability of allophones demonstrates speech
assimilation at the phonological level, as two functionally equivalent phonetic categories
tend to be more difficult to discriminate. At the segmental level, for example,
Boomershine et al. (2008) found that allophonic contrasts (e.g., /d/ and /r/) were less
distinguishable than phonemic contrasts (e.g., /d/ and /&/) for native English speakers;
and that response time was longer in the discrimination of the allophonic contrasts than
the phonemic contrasts. At the suprasegmental level, Huang (2001) noted a significantly
smaller perceptual distance between two Mandarin allophonic tones, the rising Tone 2
and falling rising Tone 3, than between other tone pairings. In her study, the Mandarin
listeners made judgements on pairwise native tone contrasts in a discrimination task.
The response time was significantly longer when the listeners discriminated between
Tone 2 and Tone 3. This result was accounted for by Tone 3 sandhi rules in Mandarin,
i.e., Tone 3 is realized as Tone 2 when it is followed by another Tone 3 at the word level
(Duanmu, 2007).

Cross-language tone assimilation was examined by Leung (2008) and So & Best
(2010). Like Huang (2001), these two studies also observed tone assimilation due to
tone sandhi rules. In Cantonese, the high level and high falling tones are allophonic
variations (Yu, 2007). In So & Best (2010), Cantonese listeners without Mandarin
experience assimilated Mandarin high level and high falling tones to the Cantonese high
level tone. The same result was also observed by Leung (2008) for Cantonese listeners
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with Mandarin experience. These findings thus revealed phonological tone assimilation
for both inexperienced and experienced listeners, contrary to the predictions of the PAM.
Cantonese listeners’ high sensitivity to phonological tone changes may be accounted for
by their rich L1 tone system (Lee, 1999). A recent study indicated that Cantonese
listeners exhibit greater sensitivity to the acoustic distinctions and engage in
phonological processing more strongly than their Mandarin counterparts, especially in
the “speech” condition (Zheng, Minett, Peng, & Wang, 2010). It was suggested a
“denser” L1 tone system in Cantonese may reinforce L2 tone perception at both the

phonetic and phonological levels (c.f., Bohn & Best, 2012).

2.2.3. Summary

In summary, previous studies have revealed a cue-based process of phonetic
assimilation and a function-based process of phonological assimilation. Phonetic
assimilation can be predicted by phonetic similarities between L1 and L2 phones,
although some are more phonetically similar than others. Moreover, the use of
perceptual cues may affect phonetic assimilation. At the functional level, phonetic
similarity is no longer the primary factor that directs assimilation process to a higher
phonological level. Instead, lexical function associates an L2 phonological category with
its counterparts in L1. Language experience is related to assimilation processes at the
phonetic and phonological levels. In terms of phonological assimilation, some previous
findings are not consistent with predictions of the PAM, suggesting that inexperienced
listeners are also sensitive to the phonological correspondence between L1 and L2

phonological categories.

2.3. The current study

The current study investigates tone assimilation at the phonetic and phonological
levels by native speakers of Mandarin and Thai. These listeners differed not only in L1
but also in L2 tone experience. Compared to inexperienced listeners who had no
Mandarin experience, experienced listeners had 0.5-2 years of experience with
Mandarin (for the experienced Thai listeners) or Thai (for the experienced Mandarin

listeners).
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The experiments employed a cross-language perceptual assimilation task, also
known as category mapping task, which has been used widely for segmental
assimilation (Levy, 2009; Nishi et al., 2008; Schmidt, 1996; Strange, 2007; Strange et
al., 2004). The assimilation task consists of a mapping portion and a rating portion,
which are performed sequentially for each token. In the mapping portion, listeners
choose a native phonological category which sounds most similar to the incoming non-
native sound: then, in the rating portion, they rate the similarity between the native and
non-native sounds for the degree of goodness-of-fit on a Likert scale. Three research

questions are addressed and predictions are made.

1) Does tone assimilation occur at the phonetic and phonological levels?
Based on previous findings (e.g., Huang, 2001; Lueng, 2008; So & Best, 2010), it
is expected that tone assimilation occurs at both phonetic and phonological
levels. In particular, phonological tone assimilation will be demonstrated through
Mandarin tone sandhi rules which lead a falling rising tone to be assimilated to a
rising tone or a low falling tone and vice versa. The phonetic and phonological
assimilation patterns are assumed to fit into “categorizable” or “assimilable” types
given the similarities between Mandarin and Thai tone systems.

2) Does language experience affect phonetic and phonological tone
assimilation?

It is expected that both experienced and inexperienced listeners will assimilate
L2 tones to L1 tone categories at the phonetic level and Thai listeners may attach
more importance to FO contour than Mandarin listeners (Gandour, 1983). Since
neither Mandarin nor Thai has an especially dense tone system (c.f.,

Cantonese), it is expected that only experienced listeners will assimilate L2 tones
to L1 tone categories at the phonological level. Inexperienced listeners are
expected to assimilate L2 tones to L1 tone categories at the phonetic level. For
inexperienced Mandarin listeners, it is likely that Mandarin tones may be
assimilated to Thai tone categories based on Mandarin tone sandhi.

3) Is phonetic similarity predictive of phonetic/phonological assimilation?
According to previous studies (e.g., So & Best, 2010), it is expected that phonetic
similarity is predictive of phonetic assimilation but not phonological assimilation.

Both Mandarin and Thai listeners are expected to assimilate L2 tones to L1 tone
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categories with similar FO height and contour at the phonetic level (Gandour,
1983). At the phonological level, only tones related to Tone 3 sandhi are
expected to be assimilated to dissimilar L1 tone categories. For the rest of tones,

phonetic similarity between L1 and L2 tones still predicts assimilation patterns.

2.4. Acoustic analysis

The main purpose of the acoustic analysis was to discover the actual acoustic
properties of the Mandarin and Thai tones, in particular those related to FO height and
contour. A set of acoustic parameters were measured, including FO at five points (0%,
25%, 50%, 75% and 100%) on tone contours, maximum FO, minimum FO, average FO,
location of the turning point (i.e. where the pitch movement changed from falling to

rising), and pitch range of falling and rising contours.

2.4.1. Method
2.4.1.1. Talkers

The stimuli were produced by two native speakers each of Mandarin and Thai.
The Mandarin speakers, one male and one female, were born and raised in Beijing, and
were aged 20 and 22, respectively. At the time of recording, the male speaker had 1.5
years of residence in English-speaking countries and the female speaker, 2.5 years. The
Thai speakers, also one male and one female, were born and raised in Bangkok, were
aged 23 and 20, respectively. The male Thai speaker had 4 years of residence and the
female speaker 2 years of residence in Canada or the United States. The four speakers
reported no experience with other tone languages and all reported normal speaking and
hearing ability. They were all undergraduate students of Simon Fraser University in

Canada.

2.4.1.2. Stimuli

A variety of syllables (see Table 2.2) and a hummed /m/ were produced with the
four Mandarin and the five Thai tones to create a total of 99 citation tokens (44 Mandarin
and 55 Thai). These tokens covered all the stimulus words selected for the three

perceptual tasks of the current project, i.e., the tone assimilation task, the tone
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identification task, and the dichotic tone listening task. Of the 12 syllables, eight (/paa,
pju, tuo, fej, kjen, kaa, lau, siau/) were produced with both Mandarin and Thai tones. Of
the remaining four, two were produced with Mandarin tones only (/pi, fan/), and the other
two were produced with Thai tones only (/fan, maal/). The stimulus words carried varying
syllable structures, including CV(V), CVC, CCV(V), and CCVC. The CV(V) syllables
were produced consistently with a long vowel (VV) with the Thai tones, but not with the

Mandarin tones, as vowel duration is phonemic in Thai, but not in Mandarin.

The familiarity of the real words (see Table 2.1) was rated on a five-point Likert
scale by five native speakers each of Mandarin and Thai, all of whom were
undergraduate students:1 stood for “least familiar” and 5 for “most familiar”. All items and
instructions were printed in Mandarin characters or Thai letters, and the raters circled
one of the five numbers according to their familiarity with these words. The mean ratings
showed a consistent high-level familiarity with the native words: M = 4.4 for the Thai
words (SD = 0.9); M = 4.8 for the Mandarin words (SD = 0.3). Moreover, none of the
Mandarin or Thai speakers rated /pju/ and /kjen/ as legal syllables in their respective

native languages.

Table 2.1. Syllables produced with Mandarin or Thai tones for acoustic

analysis
Syllable Real word Real word Real word Realword Nonsense
structure {Mandarin & (Mandarin & {Mandarin) (Thai) word
Thai) English)
CV(Vv) flau, pa(a), ma(a)/  /pi/ | fej, tuo/ /khaa/
CvC ffan/ ffon/
CCV(Y) Isjau/ Ipjul
CCVC fkjen/

2.4.1.3. Procedure

The recording was conducted in a sound-absorbent room at the Language and
Brain Lab of Simon Fraser University, using the Presonus Digital Audio 24 B27/96K
Firewire Recording Interface and a Shure KSM 109 microphone, with a sampling rate of
44.1 kHz, 16 bit. To ensure that each tone was fully produced in a natural utterance,
tones in Mandarin and Thai were produced in the final position of a carrier sentence

(Duanmu, 2007). The Mandarin words were read within the carrier sentence “Fit—1
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"(lread a ), with the target word appearing in the final underscored position.

Similarly, the Thai words were produced within the frame “wussnueni " by the
male speaker and in the frame “fuesnuenn " by the female speaker. Both
sentences mean “| want to read ." The only difference between the

sentences is the first person pronoun (‘") in the subject position corresponding to the

different genders (uu for male and #u for female). Each sentence was recorded six times

(3 repetitions x 2 speakers). Before the formal recording, the speakers practiced all the
stimulus words in the carrier sentence several times to ensure a natural, fluent

production.

The target words were then excised from the digitized speech files and mean-
energy intensity was normalized to 70 dB in Praat (Version 5.1.05, Boersma & Weenink,
2009) for each stimulus word. These words were then played via AKG headsets at a
comfortable level to native raters, two each of Mandarin and Thai, who evaluated the
goodness of the tone and syllable production. From among the most highly-rated words,
one exemplar of each target tone was selected for the acoustic analysis and the

perception experiments.

2.41.4. Measurements

In total, 88 Mandarin items (11 syllables x 4 Mandarin tone x 2 speakers) and
110 Thai items (11 syllables x 5 Thai tones x 2 speakers) were further modified for
acoustic analysis. Three acoustic modifications were performed, including duration

normalization, pitch normalization, and creaky voice normalization.

2.4.1.4.1. Duration normalization

The duration of each tone was normalized using Praat (Version 5.1.05, Boersma
& Weenink, 2009) to adjust for differences in length caused by speaking rates and
syllable structures. In order to maintain all FO information from the signal, the longest
pitch contour of each tone category was first selected (Wang, Jongman, & Sereno,
2003). Of the four Mandarin tones, the selected MT1 was 420 ms; MT2 460 ms; MT3
580 ms: and MT4 360 ms. Of the five Thai tones, the selected tones were: TT1600 ms;
TT2 540 ms; TT3 530 ms; TT4 580 ms; and TT5 600 ms. Compared to the Mandarin
tones, the Thai tones had a longer average duration (Mandarin 455 ms vs. Thai 570 ms).
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Lengthening of tonal duration was achieved using the enhance-pitch-
synchronous overlap-and-add (PSOLA) function in Praat, which manipulates the
duration of a sound signal without altering the pitch of a speech component (see also
Bent, 2005). Once the duration was lengthened, new pitch tracks were extracted
automatically by means of the autocorrelation method in Praat. Each tracked pitch point
was measured at a 10 ms interval to generate, for example, 51 pitch points for a 500 ms-

tone or 55 pitch points for a 540 ms-tone, and so on.

2.4.1.4.2. Pitch measurement & normalization

The FO values of each tone were measured and normalized in Praat to
accommodate the difference in pitch range among the talkers, especially between the
males and the females. Pitch settings were adjusted for the male and female speakers
because naturally, the average pitch of the female speakers was higher than that of the
male speakers (Boersma & Weenink, 2009). As a result, in the normalization of pitch
values, the pitch range was set to 70-400 Hz for the female speakers and to 50-300 Hz

for the male speakers.

FO values in Hertz (Hz) were collected for each pitch point at 10 ms intervals
from the automatically generated pitch track in Praat. Each FO value was then converted
from Hz to T value by means of the following formula (Ladd, Silverman, Tolkmitt,
Bergmann, & Scherer, 1985; Peabody & Seneff, 2009; Rose, 1987, Wang et al., 2003):

logX logL
(MT = (logH -logL)
where X is the pitch (in Hz) at any given point, L is the lowest pitch and H the highest
pitch (in Hz) produced by a given talker. T value ranged from 0 to 5, corresponding to
the 5-point scale proposed by Chao (1948) to account for the Mandarin tones. According
to this formula, 0 refers to the lowest pitch (when log X = log L) and 5 the highest pitch

(when log X = log H) in the production of a given talker.

2.4.1.4.3. Creaky voice normalization

Some pitch tracks on a tone contour were absent due to the occurrence of
glottalized phonation (or creaky voice) (Gerratt & Kreiman, 2001). Two types of creaky

voice appeared in the tone productions, both in Mandarin and Thai. The first type

21



appeared with cycles alternating in amplitude and/or frequency. Pitch values were
recovered for this type of creaks by measuring the cycles manually (see Figure 2.1).
Another type of creaky voice, vocal fry creaks, co-occurred with extremely low
frequency, showing an aperiodic waveform (or irregular phonation) from which it is not
possible to obtain a pitch value for the period of each cycle (Ishi, Sakakibara, Ishiguro, &
Hagita, 2008). The FO value was replaced with a zero for the occurrence of vocal fry
creaks (c.f., Bent, 2005). Creaky voice has been found on some Mandarin tones in
naturally produced speech (Keating & Kuo, 2010), but its appearance is not mandatory
(c.f. Wang et al., 2003). Despite the fact that creaky voice is associated with low
frequency, such as MT3 (Davison, 1991), it occurs with some higher frequency tones,
such as MT2 (Belotel-Grenié & Grenié, 1997; also Yu, 2010). Furthermore, the portion of
creaky voice varies from tone to tone. For instance, MT3, consist of creaky voice 68% of
the time, while MT2 consists of creaky voice only 8%, on average (Yu, 2010). In the
current research, creaky voice was found in the Mandarin tones MT3 and MT4, as well
as in the three Thai tones, TT2, TT3 and TT5.

 oit5maionoeres p 12000

02052
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Figure 2.1.  Top: Waveform of MT3 with the syllable /lau/ produced by a female
native speaker. The pink area shows that the pitch value can be
recovered by measuring the length of a single period (T) and calculating
through the formula f0 = 1/T (about 148 Hz in this case). Bottom: The
blue line indicates the pitch track, which is missing with the occurrence
of creaky voice.

To quantify the similarity of FO height and contour between tone categories in

Mandarin and Thai, the following seven parameters (c.f., Bent, 2005; Gandour, Potisuk,
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Dechongkit, & Suvit, 1992; Khouw & Ciocca, 2007; Wang et al., 2003) were extracted for
each tone exemplar: (1) FO values at five evenly separated points on a tone contour, i.e.,
0% (start F0), 25%, 50%, 75% and 100% (end FO0); (2) maximum FO; (3) minimum FO;
(4) average FO; (5) amount of falling range (in T value); (6) amount of rising range (in T
value); and (7) location (in %) of the turning point for the falling rising tones. These
measures were selected because it has been suggested that they determine the primary
acoustic characters of tone (e.g., Gandour, 1983; Keating & Kuo, 2010) and thus affect
tone perception from different perspectives, such as assimilation or hemispheric

processing.

2.4.2. Results

Figure 2.2 shows the FO trajectory of each tone in Mandarin and Thai, based on
T values distributed at a 10% interval along each tone contour. Based on the parameters
described above, the four Mandarin and five Thai tones were classified into the following
four types: (1) level tone: MT1 and TT1; (2) falling tone: MT4, TT2 and TT3; (3) rising
tone: MT2 and TT4; and (4) falling rising tone: MT3 and TT5. Table 2.2 provides the

mean acoustic measurements of the seven parameters for the nine tones in each tone

type.

Mandarin tones Thai tones
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Figure 2.2. Mandarin and Thai tones produced by native speakers. Pitch height
is shown in T value.

MT1 and TT1 have a level pattern due to a negligible pitch range (MT1: 0.2 and
TT1: 0.4). Nevertheless, MT1 and TT1 differ in FO values. As shown in Table 2.2, the
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mean FO values at the five designated points on tone contour, the maximum FO, the
minimum FO, and the average FO are all higher for MT1 relative to TT1. For this reason,
MT1 is realized as a high level tone, while TT1 is a mid level tone (given that the

average FOs of MT1 and TT1 are 3.8 and 3.2 out of 5, respectively).

There are three falling tones, MT4, TT2 and TT3. The pitch values of MT4 and
TT3 are closer and higher relative to TT2, including the FO values at the five points,
maximum FO, minimum FO and average FO. The falling range is more similar between
MT4 and TT3, demonstrating a steeper falling slope (MT4: 2.7; TT2: 2.6; TT3: 2.2). Due
to the difference in FO height, in particular the starting FO, TT2 can be subcategorized as

a low falling tone.

MT3 and TT5 carry a complex falling rising (dipping) contour. A falling rising tone
is characterized by a falling slope followed by a rising one. The falling and rising ranges
are distinctive, with relatively high T values for both tones (MT3: falling, 2; rising, 2.4,
and TT5: falling, 2; rising, 2.8). MT3 and TT5 are also very close in terms of the location
of the turning point, despite TT5 showing a higher average FO.

The rising tones MT2 and TT4 both start with a short and slightly falling slope
before moving upwards. Compared to the falling rising tones, the amounts of the falling
range are nearly negligible, while those of the rising ranges are also fairly indistinct
(MT2: falling 0.3; rising: 1 and TT4: falling 0.2; rising, 0.6).

Table 2.2. Mean acoustic measurements for Mandarin and Thai tones. The
pitch value is shown in terms of T.

Tone type Pitch values Max. Min. Avg. Turning Falling Rising
Tone 0% 25% 50% 75% 100% 1] FO FO point range range
Level MTt 38 38 38 38 3.8 39 37 3.8
m 34 32 31 341 3.1 3.4 3 3.2
Falling MT4 42 41 36 26 1.9 43 1.6 3.3 2.7
T7T3 36 37 36 23 1.6 3.8 1.6 3 22
T2 32 26 17 17 1.2 35 0.9 21 2.6
Falingrising M73 26 13 07 23 2.6 31 05 1.9 46% 2 24
775 28 16 12 29 3.7 3.8 1 24 46% 2 2.8
Rising MT2 3 28 3 33 35 3.7 2.7 3.1 22% 0.3 1
T4 34 32 33 35 3.7 3.8 3 34 23% 0.2 0.6
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In summary, the results of the acoustic analysis indicate the acoustic
correspondence between the Mandarin and Thai tones. According to the measures
relating to FO height and contour, these tones were grouped into four tone types, i.e.,
level tones, MT1 and TT1; falling tones, MT4, TT3, and TT2; rising tones, MT2 and TT4;
and falling rising tones, MT3 and TT5. The results are consistent with the numerical
descriptions by Ladefoged (2001), except for TT1. The acoustic analysis results were
used as an index to interpret the results from the assimilation experiments in the current

study.

2.5. Perceptual assimilation

2.5.1. Method

2.5.1.1. Listeners

In total, 72 listeners participated in the assimilation experiment.