
Inter-Talker Variability and Perception
of Phonetically Similar Tones

Item Type text; Electronic Dissertation

Authors Chen, Yan

Publisher The University of Arizona.

Rights Copyright © is held by the author. Digital access to this material
is made possible by the University Libraries, University of Arizona.
Further transmission, reproduction or presentation (such as
public display or performance) of protected items is prohibited
except with permission of the author.

Download date 24/05/2023 20:34:55

Link to Item http://hdl.handle.net/10150/627741

http://hdl.handle.net/10150/627741


INTER-TALKER VARIABILITY AND PERCEPTION OF
PHONETICALLY SIMILAR TONES

by

Yan Chen

A Dissertation Submitted to the Faculty of the

DEPARTMENT OF LINGUISTICS

In Partial Fulfillment of the Requirements
For the Degree of

DOCTOR OF PHILOSOPHY

In the Graduate College

THE UNIVERSITY OF ARIZONA

2018

Copyright © Yan Chen 2018





3

STATEMENT BY AUTHOR

This dissertation has been submitted in partial fulfillment of requirements for an
advanced degree at the University of Arizona and is deposited in the University
Library to be made available to borrowers under rules of the Library.

Brief quotations from this dissertation are allowable without special permission,
provided that accurate acknowledgment of source is made. Requests for permission
for extended quotation from or reproduction of this manuscript in whole or in part
may be granted by the head of the major department or the Dean of the Graduate
College when in his or her judgment the proposed use of the material is in the
interests of scholarship. In all other instances, however, permission must be obtained
from the author.

SIGNED: Yan Chen



4

ACKNOWLEDGEMENTS

This dissertation would not have been possible without the guidance, support, and
help of many people. My first thanks go to my wonderful committee members:
Natasha Warner, Michael Hammond, Miquel Simonet, and Feng-Hsi Liu. I am
greatly indebted to all of them for their guidance and for all the critiques they
had on my work. Their advice strengthened this work and influenced my thinking
tremendously. I especially would like to thank Natasha for being a wonderful advi-
sor: a big “Thank You” from the bottom of my heart for your dedication to your
students as well as your enthusiasm in the work we do. Natasha is my role model;
she inspires and motivates me to grow as a researcher and a teacher.

I would not have been able to conduct and complete any of the studies in this
dissertation without the following funding: The U.S. National Science Foundation
Doctoral Dissertation Improvement Grant (BCS-1524488; PI: NatashaWarner), The
University of Arizona College of Social and Behavioral Sciences 2017 Summer Dis-
sertation Fellowship, The University of Arizona Graduate and Professional Student
Council Research and Project Grant (RSRCH-104FY’16), and The University of
Arizona Social and Behavioral Sciences Research Institute Doctoral Dissertation
Grant (SBSRI-14DRF0341).

I would like to thank my amazing friends who volunteered to be my “talkers” for
my studies: J. Fan, M. Ling, M. Huang, C. Lin, K. Chau, P. Su, V. Yim, B. Ieong,
S. Zhou, Y. P. Sze, J. Wu, K. Huang, S. Su, O. Li, Y. Huang, J. Chen, Z. Zhang, P.
Chan, P. Li, R. Choeng, C. Yuen, and A. Ho. Thank you all very much for allowing
me to record you and using your beautiful voices in my research.

The fieldwork in Hong Kong would not have been possible without the support
of Diana Archangeli. Not only did she let me use the lab space and the equipment
in the linguistics department at the University of Hong Kong, she also opened her
home and hosted me while I was in Hong Kong. I would also like to thank her for her
guidance when I started my graduate studies at the University of Arizona. It was
her class on phonology that first got me interested in sounds! Many thanks to Ms.
Tina Wing Yan Cheong at the University of Hong Kong for efficiently recruiting
Cantonese speakers for me and for distributing the online screening test before I
arrived in Hong Kong.

No words can express how grateful I am to my jie-jie (“sister” in Mandarin)
in Thailand, Rungpat “Pat” Roengpitya, whom I did not meet in person until I
arrived in Bangkok for fieldwork on February 11, 2016. (We had a lot of emails
regarding collaboration before that.) She made every effort to make sure I had a
wonderful time in Thailand. Thank you so much for your kindness and all you did
for me. I would like to thank the Faculty of Liberal Arts at Mahidol University and



5

the National Research Council of Thailand for allowing me to conduct research in
Thailand. Thanks as well to Jantakarn “Kaem” Narweephab. Her super efficient
subject recruitment saved me a lot of hassle. Without Pat and Kaem, I would not
have been able to complete the training study with 38 Thai students within a month!

I would like to give a big shout-out to my friends and colleagues here in Tuc-
son. You have contributed tremendously to my well-being as a graduate student.
I would like to mention a few in particular. Thank you Shiho Yamamoto, Sichon
“Nat” Koowuttayakorn, Chen-Chun E, and Catherine Hui-Yu Huang for your friend-
ship and support, and I treasure the good times we had together. Thank you Angela
Owyang and Shan Han for all the game nights and paint nights. Thank you Samuel
Johnston, Daniel Brenner, Jessamyn Schertz, and Lionel Mathieu for the discus-
sions on ultrasound, programming, phonetics, and the effect of orthography on the
acquisition of L2 sounds!

Needless to say, a huge thank you goes to my parents — Jianhong Zhang and
Yanping Chen — and to Mingyui Kevin Chau, for their unwavering love and support
throughout my graduate studies in the United States. It is your faith in me that
helps me get this far.



6

TABLE OF CONTENTS

LIST OF FIGURES . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 9

LIST OF TABLES . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 13

ABSTRACT . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 16

CHAPTER 1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . 18

CHAPTER 2 The effect of inter-talker variability on the perception and pro-
duction of tones . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 23
2.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 23

2.1.1 Speaker normalization for tones and contextual f0 . . . . . . . 24
2.1.2 Inter-talker variability and perception of tones in isolation . . 25
2.1.3 Talker variability, adaptation in perception, & accommoda-

tion in production . . . . . . . . . . . . . . . . . . . . . . . . 26
2.1.4 Current Study . . . . . . . . . . . . . . . . . . . . . . . . . . 27

2.2 Experiment 0 - Screening task: Tone identification with precursor
phrases . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 30
2.2.1 Methods . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 31
2.2.2 Analysis & results . . . . . . . . . . . . . . . . . . . . . . . . 32
2.2.3 Discussion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 37

2.3 Experiment 1: Tone discrimination in a mixed-talker AXB task . . . 38
2.3.1 Methods . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 38
2.3.2 Data analysis & results . . . . . . . . . . . . . . . . . . . . . 40
2.3.3 Discussion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 50

2.4 Experiment 2: Tone production in a mixed-talker delayed shadowing
task . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 51
2.4.1 Methods . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 52
2.4.2 Data analysis & results . . . . . . . . . . . . . . . . . . . . . 53
2.4.3 Discussion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 61

2.5 General Discussion . . . . . . . . . . . . . . . . . . . . . . . . . . . . 61
2.5.1 Summary of results . . . . . . . . . . . . . . . . . . . . . . . . 61
2.5.2 Inter-talker variability and the perception of various tonal

contrasts . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 62
2.5.3 Adaptation to talker-specific f0 . . . . . . . . . . . . . . . . . 65
2.5.4 F0 accommodation in shadowing tasks . . . . . . . . . . . . . 67



TABLE OF CONTENTS – Continued

7

2.6 Conclusion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 68

CHAPTER 3 Non-native perception of isolated phonetically similar tones in
the presence of inter-talker variability . . . . . . . . . . . . . . . . . . . . . 70
3.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 70

3.1.1 Context effect on tone perception . . . . . . . . . . . . . . . . 70
3.1.2 Inter-talker variability and tones . . . . . . . . . . . . . . . . 71
3.1.3 Language background & non-native tone perception . . . . . . 72
3.1.4 The current study . . . . . . . . . . . . . . . . . . . . . . . . 76

3.2 Experiment: Mixed-talker AXB . . . . . . . . . . . . . . . . . . . . . 81
3.2.1 Methods . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 81
3.2.2 Data analysis & results . . . . . . . . . . . . . . . . . . . . . 84
3.2.3 Discussion: mixed-talker AXB task . . . . . . . . . . . . . . . 90

3.3 Experiment: delayed mixed-talker shadowing task . . . . . . . . . . . 92
3.3.1 Methods . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 92
3.3.2 Data analysis & results . . . . . . . . . . . . . . . . . . . . . 96
3.3.3 Discussion: mixed-talker delayed shadowing task . . . . . . . 98

3.4 General Discussion . . . . . . . . . . . . . . . . . . . . . . . . . . . . 98
3.4.1 Summary of results . . . . . . . . . . . . . . . . . . . . . . . . 98
3.4.2 Inter-talker variability and the perception of tones . . . . . . 100
3.4.3 L1-dependent perceptual patterns in non-native tone perception103

3.5 Conclusion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 105

CHAPTER 4 Perceptual learning with orthographic representations for tones 107
4.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 107

4.1.1 Orthography and the learning of L2 phonological contrasts . . 108
4.1.2 Nonnative speech perception and lexical tones . . . . . . . . . 110
4.1.3 Prosodic categories in Cantonese, Mandarin, Bangkok Thai,

and English . . . . . . . . . . . . . . . . . . . . . . . . . . . . 113
4.1.4 The current study . . . . . . . . . . . . . . . . . . . . . . . . 115

4.2 Experiment . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 118
4.2.1 Methods . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 118
4.2.2 Data analysis & results . . . . . . . . . . . . . . . . . . . . . 122
4.2.3 Discussion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 131

4.3 Conclusion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 137

CHAPTER 5 Discussion and Conclusion . . . . . . . . . . . . . . . . . . . . 139
5.1 Summary of results . . . . . . . . . . . . . . . . . . . . . . . . . . . . 139
5.2 Implications and future research . . . . . . . . . . . . . . . . . . . . . 141

5.2.1 Inter-talker variability and second language tone learning . . . 141



TABLE OF CONTENTS – Continued

8

5.2.2 Orthography for tones and second language teaching and
learning . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 142

5.2.3 Cantonese T3-T6 merger and variability of Cantonese T6 . . . 144
5.3 Conclusion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 144

APPENDIX A Appendix . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 145

REFERENCES . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 146



9

LIST OF FIGURES

1.1 Cantonese tones on the rime [i:] in [ji:] produced by a female native
speaker (single production). T1 = High Level [55]). T2 = High-
Rising [25]. T3 = Mid-Level [33]. T4 = Low-Falling [21]. T5 =
Low-Rising [23]. T6 = Low-Level [22]. . . . . . . . . . . . . . . . . . 20

1.2 Five Chao Tone Letters corresponding to Cantonese High-Rising,
Mid-Level, Low-Falling, Low-Rising, and Low-Level. . . . . . . . . . 22

2.1 Cantonese tones on the rime [i:] in [ji:] produced by a female native
speaker (single production) . . . . . . . . . . . . . . . . . . . . . . . 29

2.2 Cantonese tones produced by two native speakers, averaged across
six target syllables. T1 = High-Level, T2 = High-Rising, T3 = Mid-
Level, T4 = Low-Falling, T5 = Low-Rising, T6 = Low-Level. . . . . . 32

2.3 Mean percent error in the 6AFC tone-word identification task. Error
bars indicate standard error. T1 = High-Level, T2 = High-Rising,
T3 = Mid-Level, T4 = Low-Falling, T5 = Low-Rising, and T6 =
Low-Level. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 33

2.4 Total Lexical frequency from the three corpora and identification er-
rors. Group 1: T3-words have higher frequency. Group 2: T6-words
have higher frequency. Numbers in parentheses represent lexical fre-
quency. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 36

2.5 Average f0 in semitone (re 1Hz) of the words and identification errors
by tones (T3 = Mid-Level, T6 = Low-Level) and talkers. . . . . . . . 37

2.6 Mean percent correct by tone pairs and trial patterns. Error bars
indicate standard error. T2-T5: 25-23; T3-T6: 33-22; T4-T5: 21-23;
T4-T6: 21-22; T5-T6: 23-22. . . . . . . . . . . . . . . . . . . . . . . . 41

2.7 Analysis of sample item [si:] (T2) ‘history’ in Praat with the
ProsodyPro script, showing the onset and the offset of a rime. Upper
panel shows the waveform and the spectrogram. Lower panel shows
the point process, where manual correction could be made. . . . . . . 45

2.8 Accuracy on the level-tone trials in AXB by stimulus distance and
trial patterns (primacy: X = A; recency: X = B). AX < BX: the
acoustic distance between the first two stimuli was smaller. AX >
BX: the acoustic distance between the last two stimuli was smaller.
Error bars indicate standard error. . . . . . . . . . . . . . . . . . . . 46



LIST OF FIGURES – Continued

10

2.9 Difference-in-distance measure in semitones in the two “congru-
ent” conditions: Primacy trials with AX-distance smaller than BX-
distance and Recency trials with BX-distance smaller than AX-
distance. Error bars indicate standard error. . . . . . . . . . . . . . . 48

2.10 Effect of familiarization in the level-tone trials: predicted probabil-
ities of response (y-axis) as a function of trial (x-axis; 8 trials per
listener per condition), with 95% confidence interval. . . . . . . . . . 50

2.11 Pitch contours of the Cantonese High-Rising (T2), Mid-Level (T3),
Low-Rising (T5), and Low-Level (T6) produced by the talkers (left),
the female shadowers (middle), and the male shadowers (right). Y-
axis represents mean f0 (semitones re 1 Hz). X-axis represents the ten
equidistant points at which f0 measurements were extracted. Error
bars indicate standard error. . . . . . . . . . . . . . . . . . . . . . . . 53

2.12 Shadowers’ mean average f0 (semitones re 1 Hz) of the Mid-Level
tone (T3) and the Low-Level tone (T6) by the talkers they heard.
“Shadowers_f” represents female shadowers; “Shadowers_m” repre-
sents male shadowers. . . . . . . . . . . . . . . . . . . . . . . . . . . 54

2.13 Shadowers’ mean f0 change over the second half of rime (∆f0) in the
High-Rising tone (T2) and the Low-Rising tone (T5) by the talkers
they heard. “Shadowers_f” represents female shadowers. “Shadow-
ers_m” represents male shadowers. . . . . . . . . . . . . . . . . . . 56

2.14 Average f0 of the level tones produced by the shadowers (y-axis) and
the talkers (x-axis). T3 = Mid-Level, T6 = Low-Level. . . . . . . . . 59

2.15 F0 change over the second half of the rime of the rising tones produced
by the shadowers (y-axis) and the talkers (x-axis). T2 = High-Rising,
T5 = Low-Rising. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 60

3.1 Cantonese tones on the rime [i:] in [ji:] produced by a female native
speaker (single production). T1 = High Level. T2 = High-Rising. T3
= Mid-Level. T4 = Low-Falling. T5 = Low-Rising. T6 = Low-Level. 77

3.2 (a) Mandarin tones on the rime [a] produced by a female native
speaker. (b) Bangkok Thai tones on the rime [a] produced by a female
native speaker. The tonal contours are from a single production of a
single word for each tone. . . . . . . . . . . . . . . . . . . . . . . . . 78



LIST OF FIGURES – Continued

11

3.3 Mean percent correct on five tone pairs by four groups of listeners:
Cantonese (natives), English, Mandarin, and Bangkok Thai. Error
bars indicate standard error. T2-T5 = High-Rising vs. Low-Rising,
T3-T6 = Mid-Level vs. Low-Level, T4-T5 = Low-Falling vs. Low-
Rising, T4-T6 = Low-Falling vs. Low-Level, T5-T6 = Low-Rising
vs. Low-Level. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 84

3.4 Effect of trials (x-axis; 16 trials per listener) on each language group’s
predicted probabilities of response (y-axis) on the level-tone trials
with 95% confidence interval. . . . . . . . . . . . . . . . . . . . . . . 90

3.5 Analysis of sample item [si:] (T2) ‘history’ in Praat with the
ProsodyPro script, showing the onset and the offset of a rime. Upper
panel shows the waveform and the spectrogram. Lower panel shows
the point process, where manual correction could be made. . . . . . . 94

3.6 Shadowers’ tokens in the shadowing task (split by L1 and gender) av-
eraged across syllables and talkers. Y-axis represents mean f0 (semi-
tones re 1 Hz). X-axis represents the ten equidistant points at which
f0 measurements were extracted. Error bars indicate standard error.
T2: High-Rising; T3: Mid-Level; T5: Low-Rising; T6: Low-Level. . . 95

3.7 Contrast in average f0 (semitone) between Mid-Level (T3) and Low-
Level (T6) produced by the shadowers. Error bars indicate standard
error. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 96

3.8 Contrast in magnitude of rise (semitone) between High-Rising (T2)
and Low-Rising (T5) produced by the shadowers. Error bars indicate
standard error. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 97

4.1 (a) Cantonese tones on the rime [i:] in [ji:] produced by a female
native speaker. (b) Mandarin tones on the rime [a] produced by
a female native speaker. (c) Bangkok Thai tones on the rime [a]
produced by a female native speaker. All the tonal contours were
from a single production of a single word for each tone. . . . . . . . . 114

4.2 Cantonese tones on the rime [i:] in [ji:] produced by a female native
speaker (single production) . . . . . . . . . . . . . . . . . . . . . . . 116

4.3 Five Chao Tone Letters corresponding to Cantonese High-Rising,
Mid-Level, Low-Falling, Low-Rising, and Low-Level. . . . . . . . . . 117

4.4 Feedback provided in training. Correct answers were displayed for
Auditory-Only learners (a), whereas correct answers and tone letters
were given to Auditory-Visual learners (b). . . . . . . . . . . . . . . 122



LIST OF FIGURES – Continued

12

4.5 Mean correct response in the AXB tests by tests (pre-test, post-
test), tone pairs (T2-T5, T3-T6, T4-T5, T4-T6, T5-T6), L1s (En-
glish, Mandarin, Bangkok Thai), and training groups (Auditory-
Only, Auditory-Visual). Error bars indicate standard errors. . . . . . 123

4.6 Mean correct response in the AXB tests by tests (pre-test, post-
test), tone pairs (T2-T5, T3-T6, T4-T5, T4-T6, T5-T6), L1s (En-
glish, Mandarin, Bangkok Thai). Error bars indicate standard errors. 124

4.7 Mean d-prime in training by training sessions (1, 3), tonal contrasts
(T2/T5, T3/T6, T4/T5, T4/T6, T5/T6), L1s (English, Mandarin,
Bangkok Thai), and training groups (Auditory-Only, Auditory-
Visual). Error bars indicate standard errors. . . . . . . . . . . . . . . 128



13

LIST OF TABLES

1.1 Cantonese tones: 9-tone system. . . . . . . . . . . . . . . . . . . . . 20

2.1 GLME results for responses. T1 = High-Level, T2 = High-Rising,
T3 = Mid-Level, T4 = Low-Falling, T5 = Low-Rising, and T6 =
Low-Level. ***: p < .001; **: p < .01; *: p < .05. . . . . . . . . . . . 33

2.2 Results of the post-hoc analysis (Tukey-adjusted). T1 = High-Level,
T2 = High-Rising, T3 = Mid-Level, T4 = Low-Falling, T5 = Low-
Rising, and T6 = Low-Level. ***: p < .001; **: p < .01; *: p <
.05. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 34

2.3 Tonal confusion matrix for the Cantonese participants. Raw counts
are presented. T1 = High-Level, T2 = High-Rising, T3 = Mid-Level,
T4 = Low-Falling, T5 = Low-Rising, and T6 = Low-Level. . . . . . . 34

2.4 Lexical frequency (raw counts) of the T3-words and T6-words used
in the identification task and identification errors (counts). “HK-
Cancorp” = The Hong Kong Cantonese Corpus. “PolyU” = PolyU
Corpus of Spoken Chinese - Cantonese data. “HKCAC” = The Hong
Kong Cantonese Adult Language Corpus. . . . . . . . . . . . . . . . 35

2.5 Mean percent correct for each tone pair in the AXB task and results of
one-sample t-tests against a chance score of 50% (degrees of freedom
= 34). T2-T5 = High-Rising vs. Low-Rising, T3-T6 = Mid-Level
vs. Low-Level, T4-T5 = Low-Falling vs. Low-Rising, T4-T6 = Low-
Falling vs. Low-Level, T5-T6 = Low-Rising vs. Low-Level. ***: p
< .001; **: p < .01. . . . . . . . . . . . . . . . . . . . . . . . . . . . 41

2.6 GLME results of the Tone Pair (5 levels) x Trial Pattern (2 levels)
model for the response data. Reference level is [T2-T5, Primacy
trials]. T2-T5 = High-Rising vs. Low-Rising, T3-T6 = Mid-Level
vs. Low-Level, T4-T5 = Low-Falling vs. Low-Rising, T4-T6 = Low-
Falling vs. Low-Level, T5-T6 = Low-Rising vs. Low-Level. ***: p
< .001. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 42

2.7 Results of the post-hoc analysis (Tukey-adjusted). T2T5 = High-
Rising vs. Low-Rising, T3T6 = Mid-Level vs. Low-Level, T4T5 =
Low-Falling vs. Low-Rising, T4T6 = Low-Falling vs. Low-Level,
T5T6 = Low-Rising vs. Low-Level. ***: p < .001; **: p < .01; *: p
< .05. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 43

2.8 Average f0 (semitones ref 1 Hz) of Mid-Level (T3) and Low-Level
(T6) used in the AXB task by talkers and syllables. . . . . . . . . . . 45



LIST OF TABLES – Continued

14

2.9 GLME results of the Trial Pattern (2 levels) x Distance Type (2
levels) model (Estimate, Standard Error, z value) for the response
data. Reference level is [Primacy trials, AX < BX]. ***: p < .001. . 47

2.10 LME results of the Tone (2 levels) + Talker (4 levels) + Gender (2
levels) model for mean average f0 in the level-tone tokens. Reference
level is [T3, Female shadowers, Talker 1]. T3 = Mid-Level, T6 =
Low-Level. ***: p < .001. . . . . . . . . . . . . . . . . . . . . . . . . 55

2.11 Results of the post-hoc analysis (Tukey-adjusted) for the level-tone
tokens. ***: p < .001. . . . . . . . . . . . . . . . . . . . . . . . . . . 56

2.12 LME results of the Tone (2 levels) x Talker (4 levels) model for mag-
nitude of f0 rise in the rising-tone tokens. Reference level is [T2,
Talker 1]. T2 = High-Rising, T5 = Low-Rising. ***: p < .001; *: p
< .05. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 57

2.13 Results of the post-hoc analysis (Tukey-adjusted) for the rising-tone
tokens. T2 = High-Rising, T5 = Low-Rising. ***: p < .001; **: p
< .01. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 58

2.14 LME results of the Tone (2 levels) x Stimulus F0 + Gender (2 levels)
model for the average f0 in the shadowed level-tone tokens. ***: p <
.001; **: p < .01; *: p < .05. . . . . . . . . . . . . . . . . . . . . . . 59

2.15 LME results of the Tone (2 levels) + Stimulus F0 model (Estimate,
Standard Error, t value). ***: p < .001; **: p < .01; *: p < .05. . . 61

3.1 Mean percent correct for each tone pair and each L1 in the AXB task
and results of one-sample t-tests against a chance score of 50%. C
= Cantonese (native), E = English, M = Mandarin, T = Bangkok
Thai. T2-T5 = High-Rising vs. Low-Rising, T3-T6 = Mid-Level
vs. Low-Level, T4-T5 = Low-Falling vs. Low-Rising, T4-T6 = Low-
Falling vs. Low-Level, T5-T6 = Low-Rising vs. Low-Level. ***: <
.001. **: < .01. * < .05. . . . . . . . . . . . . . . . . . . . . . . . . . 85

3.2 GLME results of the overall Tone Pair (5 levels) x L1 (4 levels) design
(Estimate, Standard Error, t value) for responses. Reference level is
[T2-T5, Cantonese]. T2-T5 = High-Rising vs. Low-Rising, T3-T6
= Mid-Level vs. Low-Level, T4-T5 = Low-Falling vs. Low-Rising,
T4-T6 = Low-Falling vs. Low-Level, T5-T6 = Low-Rising vs. Low-
Level. ***: p < .001; **: p < .01; *: p < .05. . . . . . . . . . . . . . 86



LIST OF TABLES – Continued

15

3.3 Results from post-hoc analysis (Tukey-adjusted); showing the effect
of tone at each L1. T2T5 = High-Rising vs. Low-Rising, T3T6 =
Mid-Level vs. Low-Level, T4T5 = Low-Falling vs. Low-Rising, T4T6
= Low-Falling vs. Low-Level, T5T6 = Low-Rising vs. Low-Level.
***: p < .001; **: p < .01; *: p < .05. . . . . . . . . . . . . . . . . . 87

3.4 Results from post-hoc analysis (Tukey-adjusted); showing the effect
of L1 at each tone pair. C = Cantonese, E = English, M = Mandarin,
T = Bangkok Thai. T2-T5 = High-Rising vs. Low-Rising, T3-T6
= Mid-Level vs. Low-Level, T4-T5 = Low-Falling vs. Low-Rising,
T4-T6 = Low-Falling vs. Low-Level, T5-T6 = Low-Rising vs. Low-
Level. ***: p < .001; **: p < .01; *: p < .05. . . . . . . . . . . . . . 89

4.1 GLME results of the overall Tone Pair (5 levels) x L1 (4 levels) x
Test (pre-test, post-test) design for responses. Reference level is [T2-
T5, English, pre-test]. T2T5 = High-Rising vs. Low-Rising, T3T6
= Mid-Level vs. Low-Level, T4T5 = Low-Falling vs. Low-Rising,
T4T6 = Low-Falling vs. Low-Level, T5T6 = Low-Rising vs. Low-
Level. ***: p < .001; **: p < .01; *: p < .05. . . . . . . . . . . . . . 125

4.2 Results from post-hoc analysis (Tukey-adjusted); showing the effect
of test at each level of L1 and tone pair. T2T5 = High-Rising vs.
Low-Rising, T3T6 = Mid-Level vs. Low-Level, T4T5 = Low-Falling
vs. Low-Rising, T4T6 = Low-Falling vs. Low-Level, T5T6 = Low-
Rising vs. Low-Level. ***: p < .001; **: p < .01; *: p < .05.
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 126

4.3 LME results of the overall Tone Contrast (5 levels) x L1 (3 levels) x
Session (1, 3) x Training Method (Auditory-Only, Auditory-Visual)
design for d-prime. Reference level is [T2T5, English, session 1,
Auditory-Only]. T2T5 = High-Rising vs. Low-Rising, T3T6 = Mid-
Level vs. Low-Level, T4T5 = Low-Falling vs. Low-Rising, T4T6 =
Low-Falling vs. Low-Level, T5T6 = Low-Rising vs. Low-Level. ***:
p < .001; **: p < .01; *: p < .05. . . . . . . . . . . . . . . . . . . . 129

4.4 Results from post-hoc analysis (Tukey-adjusted); showing the effect
of session at each level of L1s, tone pairs, and training groups. T2/T5
= High-Rising vs. Low-Rising, T3/T6 = Mid-Level vs. Low-Level,
T4/T5 = Low-Falling vs. Low-Rising, T4/T6 = Low-Falling vs. Low-
Level, T5/T6 = Low-Rising vs. Low-Level. ***: p < .001; **: p <
.01; *: p < .05. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 130

A.1 Stimuli used in the 6AFC identification task in Chapter 2 . . . . . . 145
A.2 Stimuli used in the AXB task in Chapters 2, 3, and 4 . . . . . . . . . 145



16

ABSTRACT

This dissertation probes the processing of phonetically similar tones under high-
variability conditions (i.e., with inter-talker variability), as well as whether ortho-
graphic cues for tones affect the perception of non-native tonal contrasts. This cur-
rent work consists of three studies. Throughout these studies, five Cantonese tone
pairs were examined: 1) Mid-Level vs. Low-Level, 2) High-Rising vs. Mid-Rising,
3) Low-Falling vs. Low-Rising, 4) Low-Falling vs. Low-Level, and 5) Low-Rising
vs. Low-Level. The phonetic contrast in the first pair is f0 height. The contrast in
the second pair is the magnitude of f0 rise. The contrast in the last three pairs is
overall f0 contour.

Chapter 2 reports on native perception and production of the above-mentioned
tones. Through a high-variability mixed-talker AXB task and a mixed-talker delayed
shadowing task, I found that the f0-height difference in the two rising tones was easier
to perceive than that in the two level tones. In addition, f0-contour differences
were easier to perceive than f0-height differences. I also found that participants
accommodated the model talkers when shadowing words from them: participants
adjusted the average f0 height for the level tones and the magnitude of f0 rise for
the rising tones according to the talkers.

Chapter 3 reports on non-native perception of lexical tones at first exposure.
Three groups of non-Cantonese speakers (English, Mandarin, and Bangkok Thai)
completed a mixed-talker AXB task that tested discrimination performance and
a mixed-talker delayed shadowing task that tested identification and production.
Results showed that, for all non-Cantonese speakers, the perception of the f0-height
difference in the two rising tones and that in the two level tones was equally difficult,
and that f0-contour differences were easier to perceive than f0-height differences. In
addition, L1-dependent patterns were found. In general, tonal-language speakers
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perceived f0-contour differences better than English speakers. English and Mandarin
speakers outperformed Thai speakers in perceiving two rising tones that have similar
contour shapes but different f0 heights. Unlike native listeners, non-native listeners
were less successful in using syllable-extrinsic information for perceiving f0-height
contrasts.

Chapter 4 reports on the effect of orthographic cues for tones on non-native
perception of tonal contrasts. The non-Cantonese speakers (reported in Chapter 3)
who were in an Auditory-Visual training group saw iconic tone letters as immediate
feedback in a mixed-talker AX training task, whereas those in the Auditory-Only
group did not. Results from the training tasks revealed that the training with
tone letters was more beneficial, as there was a facilitation effect on a larger scale,
affecting more learners and the learning of more tonal contrasts: the tone letters
facilitated the learning of the f0-height contrast between two level tones for all three
groups of learners, as well as the learning of f0-contour contrasts for English speakers.

In sum, this dissertation provides evidence that 1) the perception of tones con-
trasting in various phonetic dimensions is affected differently by inter-talker variabil-
ity; 2) the perception of non-native tones is affected by native language background;
and 3) the effect of iconic orthography varies as function of the L1 background of
the learners and the specific L2 contrasts tested.
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CHAPTER 1

Introduction

This work aims to contribute to our understanding of the perception of lexical tones,
especially those with a high degree of phonetic similarity when presented in isolation,
in the presence of inter-talker variability. There are three studies in this dissertation,
examining: 1) how inter-talker variability affects native processing of lexical tones,
2) how inter-talker variability affects initial perception of non-native tones, and 3)
the effect of orthographic representations for tones on the learning of lexical tones
in the presence of inter-talker variability.

Lexical tones are pitch variations that distinguish word meanings. It is estimated
that 60% - 70% of the world’s languages are tonal (Yip, 2002). Take words in
Mandarin — a relatively well-studied tonal language — as an example, the syllable
ma produced with a high-level pitch means ‘mother,’ whereas the ma produced
with a falling pitch means ‘to scold.’ There are at least six acoustic cues for tone
perception. For example, Gandour and Harshman (1978) identified the following
five dimensions: average f0, contour shape (i.e., level, rising, or falling), duration, f0
offset, and f0 slope (i.e., level or contour). More recent studies incorporate phonation
type and find that phonation type plays an important role in tone perception as well
(e.g., Kuang (2013) for Black Miao; Yu and Lam (2011) for Cantonese; Brunelle
(2009) for Vietnamese; Garellek et al. (2013) for White Hmong). This current
study focuses on tones with phonetic similarities in the f0 height dimension and the
f0 contour dimension.

Yet, the perception of tones is not only dependent on the above-mentioned acous-
tic cues. While these intrinsic f0 cues are crucial, the f0 cues around a syllable also
contribute to the perception of the tone on that particular syllable. In fact, several
studies have shown that contextual f0 shifts perception. For instance, whether a
tone is perceived as low or high depends on whether the contextual f0 is high or low
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(e.g., Francis et al., 2006; Moore and Jongman, 1997; Wong and Diehl, 2003).
There is a potential perceptual challenge when listeners need to perceive tones

that are produced by different speakers in isolation without contextual f0 from the
same speaker. As shown by several studies, speech signals are highly variable (e.g.,
Fant, 1973; Monsen and Engebretson, 1977; Peterson and Barney, 1952). Successful
perception of a tone may require the perceiver to simultaneously attend to the
intrinsic characteristics of the tone as well as the voice features of the talker. This
may be more so for tones contrasting in the f0 height dimension than for tones
contrasting in the f0 contour dimension, because differentiating tones contrasting
in f0 height entails locating the f0 height of the tones, which is a relative concept
requiring a “reference point” such as the talker’s f0 range (Wong, 1998) or average
f0 (Francis et al., 2006), which are unknown if stimuli are presented in isolation
mixed across talkers. That being said, it may be easier to differentiate the f0-height
contrast in two contour tones with similar contours than to discriminate two level
tones contrasting in f0 height. The dynamic change of f0 — rising or falling — in
the contour tones may reveal more f0 characteristics of the talkers. On the other
hand, discrimination of tones with different overall f0 contours, especially those with
opposite directions of f0 change, should be context-independent, as a “reference
point” is not needed.

This interaction of inter-talker variability and perception of tones in isolation is
a theme present throughout the three studies (discussed below) in this dissertation.
In order to test the effect of the types of f0 contrasts mentioned above in naturally
occurring languages, I chose five tone pairs from Cantonese as the targets.

Cantonese is a variety in the Yue Chinese family mainly spoken in Canton
(Guangzhou), Hong Kong, and Macao, and it is widely spoken in overseas Chi-
nese communities. Traditionally, Cantonese is described as a tonal language with
nine tones (e.g., Cheung, 2007). There are six tones on sonorant-final syllables and
three on stop-final syllables, as shown below in Table 1.1. T7 [High-Stopped], T8
[Mid-Stopped], and T9 [Low-Stopped] are shorter versions of (and have similar con-
tours to) T1 [High-Level], T3 [Mid-Level], and T6 [Low-Level], respectively. Most
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contemporary linguists treat T7, T8, and T9 as allotones of T1 [55], T3 [33], and
T6 [22], respectively (Bauer and Benedict, 1997; Matthews and Yip, 2011). This
study only focuses on the tones on sonorant-final syllables to reduce the variability
caused by syllable type and duration.

Syllable Type Tone Category Example
Sonorant-final High-Level (T1) si1 詩‘poem’

High-Rising (T2) si2 史‘history’
Mid-Level (T3) si3 試‘to try’
Low-Falling (T4) si4 時‘time’
Low-Rising (T5) si5 市‘city’
Low-Level (T6) si6 事‘matter’

Stop-final High-Stopped (T7) sik7 式 ‘style’
(“checked tone”) Mid-Stopped (T8) sek8 錫 ‘tin’

Low-Stopped (T9) sik9 食 ‘to eat’

Table 1.1: Cantonese tones: 9-tone system.

Figure 1.1: Cantonese tones on the rime [i:] in [ji:] produced by a female native
speaker (single production). T1 = High Level [55]). T2 = High-Rising [25]. T3 =
Mid-Level [33]. T4 = Low-Falling [21]. T5 = Low-Rising [23]. T6 = Low-Level [22].

The five tone pairs selected are: 1) Mid-Level vs. Low-Level, 2) High-Rising
vs. Mid-Rising, 3) Low-Falling vs. Low-Rising, 4) Low-Falling vs. Low-Level,
and 5) Low-Rising vs. Low-Level. Several perceptual studies have shown that
f0 is the primary cue for Cantonese tone distinctions (Fok-Chan, 1974; Gandour,
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1981; Khouw and Ciocca, 2007; Vance, 1977). The first tone pair exhibits an f0-
height difference in two level tones (Khouw and Ciocca, 2007), while the second pair
exhibits a difference in the magnitude of f0 rise in two contour tones (Khouw and
Ciocca, 2006). The contrast in the last three pairs is overall f0 contour. The third
pair exhibits a difference in the direction of f0 change (falling vs. rising). Both the
fourth and the fifth pairs contain a contour tone and a level tone.

Turning to each individual study, Chapter 2 investigates how native speakers
process the above-mentioned tonal contrasts. Using a mixed-talker AXB task and a
mixed-talker delayed shadowing task, this study examines response accuracy from
the perception task, as well as the f0 of the rime portion of the production data,
and shows how native speakers perceive and produce the tones with various phonetic
contrasts when there is inter-talker variability.

Chapter 3 investigates how non-Cantonese speakers perceive the five tone pairs
at first exposure. Three groups of non-Cantonese speakers are recruited: American
English, Mandarin, and Bangkok Thai. While English is not a tonal language, Man-
darin and Bangkok Thai are. Bangkok Thai has two phonetically rising tones and
two level tones. In other words, Bangkok Thai is more like Cantonese in the sense
that there are tones with similar contour shapes. This is different from Mandarin,
whose tones all have different contour shapes. This study examines whether lan-
guage background affects the perception of non-native tones contrasting in various
phonetic dimensions under high-variability conditions. Through the participation
of three groups of non-native speakers, it makes possible the comparison between
speakers of tonal and non-tonal languages, and between speakers of different tonal
languages.

Chapter 4 tests whether orthographic representations for tones facilitate non-
native perception. Three groups of non-Cantonese speakers (mentioned in Chapter
3) undergo three sessions of “categorial” AX training (Flege, 1995b) with immediate
feedback. Half of the learners are presented with orthography for tones as immediate
feedback, while the other half are presented with auditory stimuli only (control). The
orthographic representations used for the tones are the following tone letters (Chao,
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1930):

Figure 1.2: Five Chao Tone Letters corresponding to Cantonese High-Rising, Mid-
Level, Low-Falling, Low-Rising, and Low-Level.

After training, learners take a post-test AXB (same as the one reported in Chap-
ter 3). Analyses are conducted on the responses in the AXB tests as well as those
in the AX training sessions. Examination of the training performance allows us
to track the learning progress. I test whether the tone letters are facilitatory and
whether the effect varies as a function of language background and L2 contrasts.

In sum, this dissertation presents an examination of how inter-talker variability,
phonetic contrast, and visual cues affect tone processing. The use of various tone
pairs and visual cues allows for an examination of whether the effect of inter-talker
variability and the effect of visual cues are consistent across various tonal contrasts.
Data from native speakers of Cantonese and three non-Cantonese populations offer
an opportunity to investigate the effect of native language background on tone
processing.
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CHAPTER 2

The effect of inter-talker variability on the perception and production of tones

2.1 Introduction

The purpose of this study is to examine the effect of inter-talker variability on
the perception and production of phonetically similar tones. While most studies
investigating tone normalization focus on how perception varies as a function of the
change in contextual f0 of the surrounding environment (e.g., Francis et al., 2006;
Moore and Jongman, 1997; Wong and Diehl, 2003), only a few look into the effect of
inter-talker variability on the perception of tones in isolation. Within these studies,
the focus has been mainly on level tones (e.g., Chang et al., 2017; Wong and Diehl,
2003; Zhang et al., 2012) or on the perception of synthesized stimuli (e.g., Peng
et al., 2012). It remains unclear how people perceive contrasts in isolated, naturally
produced multi-talker tones without contextual f0 and whether the effect of inter-
talker variability is the same on the perception of various phonetic contrasts. In
addition, while several speech production studies have shown that listeners encode
talker-specific information and use it in the production of consonants and vowels
(e.g., Babel, 2010; Babel and Bulatov, 2011; Dufour and Nguyen, 2013), to the best
of my knowledge, there have been no studies examining how the variability between
talkers influences tone production.

To address these gaps, the current study aims to probe the effect of inter-talker
variability on the perception and production of multi-talker lexical tones contrasting
in various phonetic dimensions, and more importantly, whether or not there is a
common process by which variability is processed when listeners simply listen to
the contrasts between multi-talker tones and when listeners have to listen to and
repeat those tones. A mixed-talker AXB task and a mixed-talker delayed shadowing
task were conducted to test perception and production, respectively.
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2.1.1 Speaker normalization for tones and contextual f0

Several studies have shown that contextual f0 is important for tone perception (Fran-
cis et al., 2006; Huang and Holt, 2009; Leather, 1983; Lin and Wang, 1985; Moore
and Jongman, 1997; Wong, 1998; Wong and Diehl, 2003). For example, Lin and
Wang (1985) presented Mandarin speakers with pairs of stimuli and had them label
the first one, which was constant, representing the High-Level tone (at 115 Hz).
The second stimulus represented the High-Falling tone, with an onset f0 varying
from 110 to 140 Hz in 10 Hz steps and with an f0 fall of 40 Hz. They found that
identification of the first stimulus as a rising tone increased as the onset f0 of the
second stimulus increased. In other words, a higher f0 onset of the second stimulus
cued a wider pitch range and a lower average f0 height of the preceding stimulus.
Moore and Jongman (1997) appended tone continua varying in f0 to two natural
precursor phrases produced by two different Mandarin speakers. Identical stimuli
were identified by native speakers as low tones when the precursor phrase was high
in f0, and as high tones when the f0 in the precursor phrase was low. Wong and
Diehl (2003) found that identification of a Cantonese level tone was strongly depen-
dent on the f0 of the precursor phrase, especially the portion immediately preceding
the target. Wong (1998) showed that this effect held when the precursor phrase was
in English, although the effect was smaller than when the precursor phrase was in
Cantonese. Francis et al. (2006) additionally found that f0 of the phrase following
the target also affected tone perception, and the effect of the following context was
stronger than the preceding context. In all these studies, it was found that identical
tones were perceived differently as a function of the f0 height of the speech contexts.
Zhang et al. (2012) showed that while change in f0 in speech contexts significantly
shifted tone perception, there was no obvious effect of non-speech contexts (gener-
ated from a triangle wave) in shifting perception. More recently, Zhang and Chen
(2016) found that identification of Cantonese level tones was above chance when
there were speech contexts that contained cues to a talker’s acoustic-phonological
space.
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2.1.2 Inter-talker variability and perception of tones in isolation

Since contextual f0 influences how a tone is perceived, the perception of tones in iso-
lation should be challenging especially when they are produced by different talkers.
As speakers vary in many different ways, including sizes of vocal tract and larynx,
the same sound produced by different talkers may sound different or different sounds
may sound the same (e.g, Peterson and Barney, 1952). This is true for tones. Lee
(2009) showed that a high tone produced by male speakers overlapped with a low
tone produced by female talkers.

In Wong and Diehl (2003), it was found that identification of level tones in
isolation was much better when stimuli were blocked by talkers than mixed across
talkers. This suggests that a blocked-by-talker presentation provided more reliable
f0 cues of a talker so that listeners could gauge their perception better. The listeners
in Wong and Diehl (2003) heard the stimuli 12 times, so they probably learned the
f0 characteristics of the talkers through repetition (Palmeri et al., 1993; Nygaard
and Pisoni, 1998). To avoid the talker-familiarization effect, Lee (2009) used stimuli
produced by 32 talkers and listeners heard each talker only four times throughout
the experiment. The stimuli were Mandarin tones with f0 contour cues removed by
keeping only the onset consonant and the first six glottal periods. Lee (2009) found
that accuracy in a four-alternative-forced-choice identification task exceeded chance
even though listeners had no prior exposure to the talkers’ voices.

In Peng et al. (2012), native identification of Cantonese tones was examined in a
blocked-talker design using pitch stimuli manipulated from four voice ranges. They
found that inter-talker variability affected the perceptual height of the Mid-Level
tone, the Low-Level tone, and the Low-Rising tone: the perceptual height of these
tones exhibited a systematic shift such that the tones produced by a higher voice
(i.e., the female high voice and the male average voice in their experiment) were
perceived to be lower than those produced by a lower voice (the female average
voice and the male low voice in the experiment). On the contrary, the perceptual
slope of the tones did not show any shifts related to talkers.
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More recently, Chang et al. (2017) investigated the identification of Cantonese
level tones in a mixed-talker design. Native identification of the Mid-Level and Low-
Level tones was above chance for both the male stimuli and the female stimuli. This
finding was different from Wong and Diehl (2003), in which identification accuracy
was only 48.6%. This may be because the stimuli produced by some talkers were
more ambiguous than the stimuli produced by other talkers. Zhang et al. (2012)
showed that listeners were more likely to correctly recognize words produced by
a talker with speaking f0 closer to the average of a speech community without
contextual cues. Zhang et al. (2012) and Zhang and Chen (2016) suggested that a
listener can use prior knowledge of an average f0 in a speech community to perceive
unfamiliar talkers.

2.1.3 Talker variability, adaptation in perception, & accommodation in
production

Inter-talker variability is a nontrivial matter. Traditionally, in an abstractionist
approach to speech perception, it is assumed that there is a normalization process
that removes talker-variability from the speech signal so that the listener can arrive
at abstract category prototypes (e.g., Halle, 1985; Joos, 1948; Ladefoged and Broad-
bent, 1957; Miller, 1989). At the opposite end of the spectrum, an exemplar-based
model posits that talker-variability is encoded and stored in memory together with
linguistic information and that the two processes are not independent (e.g., Allen
and Miller, 2004; Mullennix et al., 1989; Nygaard et al., 1994; Nygaard and Pisoni,
1998; Palmeri et al., 1993). For example, Nygaard and Pisoni (1998) trained listen-
ers to learn talkers’ voices and found that, at test, listeners who listened to words
produced by familiar talkers had better identification performance than those who
listened to words produced by unfamiliar talkers. Allen and Miller (2004) trained
listeners on the voices of two talkers associated with either long- or short-VOTs.
At test, when listeners were presented with a long- vs. short-VOT variant of a
given talker’s speech, listeners could select the variant consistent with what they
experienced in training. In other words, listeners were sensitive to talker-specific



27

acoustic-phonetic properties. Adaptation to non-native accented speech is another
piece of evidence. For instance, Clarke and Garrett (2004) showed that native En-
glish speakers’ adaptation to accented English occurred within as few as two to four
sentence-length utterances.

Several production studies also show that listeners are sensitive to talker-specific
information. It has been found that talkers accommodate toward each other in
spontaneous conversational interactions (e.g., Gregory et al., 1993; Pardo, 2006) as
well as in non-interactive shadowing tasks (e.g., Babel, 2010; Babel and Bulatov,
2011; Dufour and Nguyen, 2013). Here, the term “shadowing” is used because the
participants merely listened to and repeated isolated words. This is different from
an “imitation task”, in which listeners are explicitly instructed to imitate what
they hear. For example, Dufour and Nguyen (2013) showed that Southern French
speakers (no /E, e/ distinction) produced the [E - e] distinction after exposure to
Standard French pronunciation. This result was found in an imitation task as well as
in a shadowing task. Shockley et al. (2004) found that words elicited in an shadowing
task were judged to be better imitations of the target words with extended VOTs
than words from an baseline task. F0 is also a feature that can be accommodated.
For instance, Goldinger (1997) found that participants’ average pitch in a shadowing
task was closer to the average pitch of the model talker. In Babel and Bulatov (2011),
the shadowed tokens produced by the participants who were exposed to stimuli
with intact f0 information were more similar to the model talker’s productions than
were the tokens from the participants who heard filtered tokens with f0 eliminated.
However, it is still unclear whether accommodation occurs in tone production, when
f0 signals both talker identity and tone identity.

2.1.4 Current Study

In the current study, I examine the effect of inter-talker variability on the perception
and production of phonetically similar tones.
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2.1.4.1 Perception task & predictions

For perception, I test what kind of tonal contrasts are more susceptible to the vari-
ability between talkers and whether increased exposure to talkers affects perception.
Unlike Peng et al. (2012) who used synthesized stimuli and a blocked-talker identi-
fication task, the current study uses natural stimuli and a mixed-talker AXB design
that 1) limits talker normalization within trials and 2) directly tests the perception
of contrasts. With an inter-stimulus interval (ISI) set at 1500ms, the task encourages
phonological processing with the reliance on native categories instead of short-term
acoustic memory (Werker and Tees, 1984).

Five tonal contrasts in Cantonese are selected and shown in Figure 2.1: a) Mid-
level vs. Low-level [T3-T6; 33-221], b) High-Rising vs. Low-Rising [T2-T5; 25-23],
c) Low-Rising vs. Low-Level [T5-T6; 23-22], d) Low-Falling vs. Low-Level [T4-T6;
21-22], and e) Low-Falling vs. Low-Rising [T4-T5; 21-23]. The tones in the first
pair are level tones with a contrast in f0 height. The rising tones in the second pair
have similar contours but different magnitude of f0 rise. The last three pairs exhibit
contrasts in the f0-contour dimension.

It is expected that, the perception of multi-talker f0-height contrasts would be
more challenging than the perception of multi-talker f0-contour contrasts. Since
the identification of a contour is not influenced by syllable-extrinsic cues (Peng
et al., 2012), the perception of a contrast in contour should also not be affected by
extrinsic cues. On the other hand, the identification of f0 height needs some sort
of syllable-extrinsic information, be it a specific talker’s f0 range (Wong, 1998) or
mean f0 (Francis et al., 2006), or stored templates representing population pitch
range (Zhang and Chen, 2016).

Among the tone pairs with completely different f0 contours, the falling-rising
contrast may be the easiest contrast, as f0 changes in opposite directions. In sum,
the hypothesized difficulty ranking (≫: more difficult than) was: Mid-level vs. Low-

1These are tone numerals, used to phonetically denote the tones. “5” represents the highest
pitch and “1” represents the lowest pitch. Therefore, “33” means a mid level tone with starting
pitch at 3 and ending pitch at 3.
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Figure 2.1: Cantonese tones on the rime [i:] in [ji:] produced by a female native
speaker (single production)

level [33-22] ≫ High-Rising vs. Low-Rising [25-23] ≫ Low-Falling vs. Low-Level
[21-22], Low-Rising vs. Low-Level [23-22] ≫ Low-Falling vs. Low-Rising [21-23].

It is also predicted that the perception of f0-height contrasts will be facilitated
by increased exposure to talkers. As listeners are more familiar with a talker’s f0
information, the perception of f0 height may improve as listeners can gauge an f0 in
a talker’s range. However, since the perception of f0-contour contrasts is expected
to be dependent on syllable-intrinsic cues mainly, familiarization with voices may
not significantly affect performance.

2.1.4.2 Production task & predictions

A mixed-talker delayed shadowing task is used to test how inter-talker variability
affects the production of level tones and contour tones so that we can see how
the production of average f0 as well as f0 change is affected. A delay of 1.5s is
used to prevent imitation from short-term acoustic memory. If, across talkers, a
shadower adjusts his/her f0 in response to different talkers, then this is a case
of talker accommodation. It shows that talker-specific idiosyncrasy is perceived
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and that the shadower makes his/her speech similar to the talker. If, however,
a shadower produces a level tone with a consistent average f0 or a contour tone
with consistent magnitude of f0 change across talkers, then the results suggest that
there is normalization in both perception and production such that talker-specific
information is used in calibrating average f0 height or magnitude of f0 change in a
speech sample and the shadower’s disinclination to accommodate.

2.2 Experiment 0 - Screening task: Tone identification with precursor
phrases

Since the experiment was conducted in Hong Kong with speakers of Hong Kong
Cantonese, the issue of tone merger must not be ignored. Several studies suggest
that there is tone merger in Hong Kong Cantonese. Three of the five tone pairs
identified above have been reported to have undergone merger: T2-T5 (Bauer et al.,
2003; Yiu, 2009), T3-T6 (Fok-Chan, 1974; Kei et al., 2002; Mok and Wong, 2010a,b;
Mok et al., 2013), and T4-T6 (Fung et al., 2012)2. It is imperative that speakers who
merge tones be excluded from the subject pool. If a speaker does not distinguish
between, for example, T3 [33] and T6 [22] in a task where contextual f0 is provided,
his/her performance in a mixed-talker task where tones are presented in isolation
would naturally suffer. The inclusion of such speakers may obscure the results.

2In fact, whether there is true merger is debatable. In almost all the studies on Cantonese tone
merger, only a small subset of participants had perceptual errors and/or non-canonical tone pro-
duction on certain lexical items only (Bauer et al., 2003; Kei et al., 2002; Mok and Wong, 2010a,b;
Mok et al., 2013; Yiu, 2009). In the most recent study by Mok et al. (2013), through impressionis-
tic judgements from two judges, native speakers were identified as “merging” participants if they
had non-canonical production of any of the six tones. Acoustic analysis of the production data
showed that the “merging” participants still had six tone categories. Their accuracy rate in a one-
talker AX discrimination task did not significantly differ from the “control” group (“non-merging”
participants). The result that “merging” participants were slower than “control” participants was
taken as evidence that the “merging” participants were focusing on subtle acoustic cues that they
normally would not notice in a naturalistic environment. However, “merging” participants were
slower than “control” participants on all tonal contrasts, including those involving the High-Level
tone, the tone that is well separated from the other tones in the tonal space.
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Therefore, before the AXB and delayed shadowing task, an identification task with
precursor phrases was administered to exclude individuals who merge tones.

2.2.1 Methods

2.2.1.1 Participants

Thirty-five native speakers of Cantonese (24 females and 11 males) were recruited
from the University of Hong Kong community as listeners. Most of the participants
were undergraduate students, and two of them had postgraduate degrees. None of
them indicated hearing problems by self-report. Their first and dominant language
is Cantonese. Some of the participants speak (not fluently) other languages in the
Chinese language family such as Hakka, Mandarin, and Southern Min.

Two native speakers of Cantonese (one female and one male) who clearly dis-
tinguish all six tones were recruited as talkers. They were graduate students from
Hong Kong studying at the University of Arizona at the time of recording.

2.2.1.2 Stimuli

Six target syllables [j5n, j5u, ji:, jy:n, s8y, w5i] each carrying each of the six Can-
tonese tones were selected. All stimuli are real words (See Appendix). The target
words were placed at the end of a carrier phrase: 依個字係 � [ji:55 kO:33 �tsi:22 h5i22]

‘This character is ’, resulting in 36 sentences (6 syllables x 6 tones). The
two talkers each produced the 36 sentences (a total of 72 sentences) three times and
were recorded. The recording took place in a sound-attenuated booth at the Uni-
versity of Arizona, and a head-mounted microphone was used. The utterances were
recorded using an Alesis CD recorder at a sampling rate of 44,100Hz. The sentences
were normalized for peak amplitude using Praat (Boersma, 2001). For each talker,
the last rendition of each sentence was used. Figure 2.2 plots the tones (averaged
across the six syllables) produced by the two talkers. All stimuli were screened by
two native speakers of Cantonese and were judged as correct and natural produc-
tions.
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Figure 2.2: Cantonese tones produced by two native speakers, averaged across six
target syllables. T1 = High-Level, T2 = High-Rising, T3 = Mid-Level, T4 = Low-
Falling, T5 = Low-Rising, T6 = Low-Level.

2.2.1.3 Procedure

The perception experiment was an identification task in the form of six-alternative
forced choice (6AFC). Since most of the Cantonese speakers were not familiar with
tone labels (e.g., “T1” is the High-Level tone), the task was essentially a word
identification task where participants were presented with characters representing
tone categories (e.g., 醫 ‘doctor’ for T1 on the syllable [ji:]).

The experiment was conducted online using Qualtrics so that data could be
collected remotely. The 72 trials were randomized, and on each trial, participants
heard a sentence and identified what the last word of the sentence was by selecting
one of the six characters provided. Participants heard each sentence only once. In
order to familiarize the listeners with the task, three practice trials with feedback
were conducted before the experimental trials. The practice sentences were produced
by a talker who was not used in the experimental trials.

2.2.2 Analysis & results

Responses were coded as “correct”�� (= 1) or “incorrect” (= 0). Figure 2.3 presents
the error rates in the 6AFC task. T1 [55], T2 [25], T4 [21], and T5 [23] received less
than 5% error rates. In contrast, T3 [33] received less than 10% error rates, and T6
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[22] received almost 30% error rates.
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Figure 2.3: Mean percent error in the 6AFC tone-word identification t ask. Error 
bars indicate standard error. T1 = High-Level, T2 = High-Rising, T3 = Mid-Level, 
T4 = Low-Falling, T5 = Low-Rising, and T6 = Low-Level.

In order to compare the performance on different t ones, t he b inomial d ata as 
the dependent variable were analyzed with a generalized linear mixed-effect model 
(GLME) using the function glmer in the lme4 package in R with Tone (six levels: 
T1, T2, T3, T4, T5, T6) as the fixed factor. Random intercepts for subjects were 

included, as well as random slopes for Tone for subjects. The effect of Tone 

was significant (results in Table 2.1). Post-hoc analysis (Tukey-adjusted) was 
conducted by using the lsmeans package in R. Results (Table 2.2) revealed that 
participants had significantly more errors in identifying the Low-Level tone (T6) 
than any other tone.

Estimate Std. Error z value
(Intercept) 6.688 1.791 3.734 ***

T2 -1.369 1.996 -0.686
T3 -3.567 1.770 -2.015 *
T4 -1.264 2.277 -0.555
T5 0.712 3.010 0.236
T6 -5.717 1.789 -3.196 ***

Table 2.1: GLME results for responses. T1 = High-Level, T2 = High-Rising, T3 =
Mid-Level, T4 = Low-Falling, T5 = Low-Rising, and T6 = Low-Level. ***: p <
.001; **: p < .01; *: p < .05.

A tonal confusion matrix was derived from the response data (Table 2.3 below).
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Contrast Estimate Std. Error z value
T1 - T2 1.369 1.996 0.685
T1 - T3 3.567 1.770 2.015
T1 - T4 1.264 2.277 0.555
T1 - T5 -0.712 3.010 -0.236
T1 - T6 5.717 1.789 3.196 *

T2 - T3 2.198 0.995 2.209
T2 - T4 -0.104 1.663 -0.063
T2 - T5 -2.081 2.619 -0.794
T2 - T6 4.348 0.929 4.679 ***

T3 - T4 2.303 1.457 -1.580
T3 - T5 -4.279 2.480 -1.725
T3 - T6 2.150 0.424 5.069 ***

T4 - T5 -1.976 2.740 -0.721
T4 - T6 4.452 1.391 3.202 *

T5 - T6 6.429 2.441 3.633 *

Table 2.2: Results of the post-hoc analysis (Tukey-adjusted). T1 = High-Level, T2
= High-Rising, T3 = Mid-Level, T4 = Low-Falling, T5 = Low-Rising, and T6 =
Low-Level. ***: p < .001; **: p < .01; *: p < .05.

For each tone, raw counts are presented as well as the identification rates calculated
from a total of 420 tokens (6 syllables x 2 talkers x 35 participants). When there
was a misidentification, T6 [22] was consistently treated as T3 [33] (29%). On the
other hand, the most common misperception for T3 [33] was T6 [22] (5.95%), with a
few T1 [55] responses (1.90%). This result showed a response bias toward T3 when
perceiving T6. For the easier tones, misidentification was extremely rare.

Identified as
Stimulus T1 T2 T3 T4 T5 T6 Total

T1 417 (99%) 0 3 (0.07%) 0 0.000% 0 0 420
T2 0 416 (99%) 0 0 4 (0.95%) 0 420
T3 8 (1.90%) 0 387 (92%) 0 0 25 (5.95%) 420
T4 0 0 0 416 (99%) 0 4 (0.95%) 420
T5 0 8 (1.90%) 0 0 411 (98%) 1 (0.23%) 420
T6 0 0 122 (29%) 0 0 298 (71%) 420

Table 2.3: Tonal confusion matrix for the Cantonese participants. Raw counts are
presented. T1 = High-Level, T2 = High-Rising, T3 = Mid-Level, T4 = Low-Falling,
T5 = Low-Rising, and T6 = Low-Level.
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2.2.2.1 Post-hoc test: lexical frequency of Mid-Level words and Low-Level words

Since the experiment was a word identification task, one possibility for the response
bias toward T3 [33] is that the words used for the T3-tokens are more frequent and
more recognizable than those used for the T6 [22]-tokens. To test this possibility, a
frequency count was conducted using three adult spoken Cantonese corpora avail-
able online: the Hong Kong Cantonese Corpus (HKCanCorp; Luke andWong, 2015),
PolyU Corpus of Spoken Chinese (Department of English, Hong Kong Polytechnic
University), and the Hong Kong Cantonese Adult Language Corpus (HKCAC; Le-
ung and Law, 2001). The results are shown in Table 2.4 below.

As can be seen from the table, in the top three pairs of words, the T6-words
are less frequent than the T3-words, and there were more errors on T6-words in the
identification task. On the contrary, in the last three pairs of words, the T6-words
are more frequent but there were still more errors on the T6-words. Figure 2.4
presents these findings graphically. In sum, a consistent effect of lexical frequency
does not seem to exist.

Lexical Frequency
Syl. Tone Word HKCancorp PolyU HKCAC Total Ident. Errors
j5n T3 印 ‘print’ 22 26 22 70 1

T6 孕 ‘pregnant’ 0 3 0 3 30
ji: T3 意 ‘meaning’ 325 206 328 859 1

T6 二 ‘two’ 199 160 207 566 14
s8y T3 歲� ‘year old’ 47 18 48 113 8

T6 瑞 ‘auspicious’ 6 0 6 12 19
j5u T3 幼 ‘young’ 4 7 4 15 2

T6 又 ‘again; also’ 964 285 978 2227 5
jy:n T3 怨 ‘resentment’ 0 1 0 1 4

T6 願 ‘wish’ 25 7 11 43 41
w5i T3 餵 ‘to feed’ 4 1 5 10 6

T6 胃 ‘stomach’ 7 0 7 14 13

Table 2.4: Lexical frequency (raw counts) of the T3-words and T6-words used in
the identification task and identification errors (counts). “HKCancorp” = The Hong
Kong Cantonese Corpus. “PolyU” = PolyU Corpus of Spoken Chinese - Cantonese
data. “HKCAC” = The Hong Kong Cantonese Adult Language Corpus.
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Figure 2.4: Total Lexical frequency from the three corpora and identification er-
rors. Group 1: T3-words have higher frequency. Group 2: T6-words have higher
frequency. Numbers in parentheses represent lexical frequency.

2.2.2.2 Post-hoc test: average f0 of the T3-words and T6-words

Another possibility for the T3 [33]-bias may lie in the average f0 of the stimuli.
Average f0 values of the T3 [33]-words and T6 [22]-words were obtained through
Praat. Figure 2.5 presents the amount of identification errors and the average f0 of
each target word. [j5n, jy:n] with T6 [22] incurred more identification errors than
did the other T6 items. Both the male talker and the female talker produced the
[j5n]-T6 and [jy:n]-T6 with slightly higher f0 than their other T6-words. A linear
regression analysis found that for the female talker’s stimuli, identification errors
were positively correlated with the average height of f0 of a T6-word [β = 9.83,
SE = 2.24, p = .012]. In other words, the higher average f0 of a T6 word, the
more identification error the word induced. For the male talker’s stimuli, although
a similar tendency was spotted, the correlation was not significant [β = 7.06, SE =
2.92, p > .05].

As for the T3 [33]-words, the correlation between the average f0 of a word and
the amount of identification errors on the word was not significant for either the
female talker’s stimuli [β = 0.005, SE = 0.001, p > .05] or the male talker’s stimuli
[β = -3.11, SE = 1.67, p > .05].
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Figure 2.5: Average f0 in semitone (re 1Hz) of the words and identification errors
by tones (T3 = Mid-Level, T6 = Low-Level) and talkers.

2.2.3 Discussion

Experiment 0 was a 6AFC tone-word identification task for screening purpose. The
presence of a precursor phrase provided a base for estimating of a talker’s f0 range,
with words with the High-Level tone and the Low-Level tone. Identification perfor-
mance was almost at ceiling for T1 [55], T2 [25], T4 [21], and T5 [23]. Given the
extremely low error rates on T2-T5 [25-23] and T4-T6 [21-22], it is concluded that
the participants did not merge T2 and T5, or T4 and T6.

Identification was good for T3 [33] with less than 10% error rates. T6 [22], on
the contrary, was more challenging (almost 30% error rates) even with contextual
f0. The confusion pattern indicated a bias toward T3 [33]. Lexical frequency may
have contributed to the identification confusion but the effect was not consistent.
It was found that there were more identification errors for T6-words with higher
average f0, especially the nasal-ending ones: [jy:n]-T6 and [j5n]-T6. Since the target
words were embedded at the end of a sentence, and since Cantonese speakers expect
downdrift, that is, tones at the end of a sentence having lower f0 than those at the
beginning (Wong, 1999), it may be the case that tones on the nasal-ending words
were not low enough to be perceived as low tones in the sentence-final context. Yet,
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it is not the case that the nasal-ending words confused all listeners systematically.
In fact, there were listeners that did not have any misidentification errors on the
nasal-ending syllables. The reason why [jy:n]-T6 and [j5n]-T6 were produced with
higher average f0 is not clear, and it is out of the scope of this study.

Besides individual differences found on [jy:n]-T6 and [j5n]-T6, individual differ-
ences were also observed elsewhere. For example, while some participants misidenti-
fied [s8y]-T6, some participants never did so. While some participants misidentified
the male talker’s stimuli more, some participants had more errors on the female
talker’s stimuli. In sum, there was not even one participant who totally merged
the level tones. As a result, these participants were invited to participate in the
mixed-talker tasks.

2.3 Experiment 1: Tone discrimination in a mixed-talker AXB task

2.3.1 Methods

2.3.1.1 Participants

The same 35 Cantonese listeners in Experiment 0 participated in Experiment 1.
Four female native speakers of Cantonese were recruited as talkers. They were
Hong Kong students studying at the University of Arizona at the time of recording.

2.3.1.2 Stimuli

The target tone pairs in this experiment were: Mid-level vs. Low-level [T3-T6],
High-Rising vs. Low-Rising [T2-T5], Low-Falling vs. Low-Rising [T4-T5], Low-
Falling vs. Low-Level [T4-T6], and Low-Rising vs. Low-Level [T5-T6]. Syllables
[f5n, si] (not tested in Experiment 0) each carrying each of these tones were used as
stimuli. All targets were real words in Cantonese (see Appendix).

The targets were placed at the end of a carrier phrase: 下一个字係 � [ha:22
j5t5 kO:33 �tsi:22 h5i22] ‘Next character is ’. Four talkers produced the
sentences and were recorded. The recording took place in a sound-attenuated booth
at the University of Arizona. The utterances were recorded through a head-mounted
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microphone and an Alesis CD recorder at a sampling rate of 44,100Hz. Each talker
produced each sentence three times, and the last rendition of a sentence was used.
The target syllables were excised and normalized for peak amplitude using Praat.
All stimuli were screened by two native speakers of Cantonese. The stimuli were
judged as natural and correct productions.

2.3.1.3 Procedure

A high-variability AXB discrimination task was conducted. Within each trial, the
first (A) and the last stimulus (B) were always different words (same segments
but different tones), and the middle stimulus (X) was a token of a word which
was the same as either A or B. For example, a trial testing the contrast of tone
A and tone B consisted of the following: [si:]-toneA[Talker1] - [si:]-toneA[Talker2] -
[si:]-toneB[Talker3].

Besides the five target tone pairs, participants were presented with distractors:
T2-T3 [High-Rising vs. Mid-Level], T2-T4 [High-Rising vs. Low-Falling], T2-T6
[High-Rising vs. Low-Level], T3-T4 [Mid-Level vs. Low-Falling], and T3-T5 [Mid-
Level vs. Low Rising] 3.

All four orders of AB were presented: AAB, ABB, BBA, and BAA. There were
two sets of AAB, ABB, BBA, and BAA trials per tone pair and per syllable, and
so there were eight trials per tone pair and per syllable. Each of the eight trials
was paired with one talker combination. In total, there were 160 trials (2 syllables
x 10 tone pairs x 8 talker combinations). The inter-stimulus interval (ISI) was set
at 1500ms.

Listeners were tested individually in a quiet office at the University of Hong
Kong. They received written instructions in Chinese on a computer screen. Oral
instructions in Cantonese from the author were provided. They were not informed
how many talkers there were in the experiment.

3 Based on a pilot study by the author, these pairs were easy pairs for native speakers of
Cantonese, with over 90% accuracy in both low-variability and high-variability AX and AXB
tasks.



40

The 160 trials were randomly presented over headphones at a comfortable lis-
tening level using E-PRIME 2.0 with a desktop computer. Participants were asked
to identify the words and push the button on a Serial Response Box marked with
“1st” if the second stimulus and the first stimulus were tokens of the same word, or
“3rd” if the second stimulus and the last stimulus were tokens of the same word.
Feedback was not given. Responses (“1st” and “3rd”) were collected.

A short practice session with feedback was conducted before the experimental
trials to familiarize the listeners with the discrimination task. The practice session
contained 10 trials with the syllable [ji:] produced by four female native speakers of
Cantonese who were not used in the experimental trials.

2.3.2 Data analysis & results

2.3.2.1 Discriminability of tones

Responses were coded as “correct” (= 1) or “incorrect”� (= 0). Figure 2.6 below
plots the accuracy by tone pairs and trial patterns. Primacy trials were AAB or BBA
trials. Recent trials were ABB or BAA trials. To see whether the performance on
each tone pair and trial pattern was above chance or not, a one-sample t-test against
a chance score of 50% was conducted on accuracy. The results are summarized in
Table 2.5 below. For the level-tone pair, performance in the primacy trials was
significantly below chance [p < .001], whereas performance in the recency trials was
significantly above chance [p < .001]. For the rest of the tone pairs, performance in
both the primacy trials and the recency trials was significantly above chance [ps <
.001].

To test the effect of tone pair and trial pattern on discrimination accuracy, the
binomial response data as the dependent variable were analyzed with generalized
linear mixed-effect models in R using the function glmer. The analysis started with
an intercept-only model, and the factors Tone Pair, Trial Pattern, and factor
interaction were added one by one. The model with Tone Pair as the sole predictor
was better than the intercept-only model [χ2(18) = 544.91, p < .001]. The model
with Tone Pair + Trial Pattern had a better fit [χ2(7) = 14.25, p < .05]. The
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Primacy trials Recency trials
Pair % Correct t % Correct t

T2-T5 79.29 15.88 *** 78.93 12.10 ***
T3-T6 36.07 -5.16 *** 60.00 4.63 ***
T4-T5 97.50 42.31 *** 96.43 29.29 ***
T4-T6 88.57 15.91 *** 90.00 20.29 ***
T5-T6 92.50 27.34 *** 91.43 24.63 ***

Table 2.5: Mean percent correct for each tone pair in the AXB task and results of
one-sample t-tests against a chance score of 50% (degrees of freedom = 34). T2-T5
= High-Rising vs. Low-Rising, T3-T6 = Mid-Level vs. Low-Level, T4-T5 = Low-
Falling vs. Low-Rising, T4-T6 = Low-Falling vs. Low-Level, T5-T6 = Low-Rising
vs. Low-Level. ***: p < .001; **: p < .01.
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model with an interaction between Tone Pair and Trial Pattern led to an even
better fit [χ2(11) = 34.93, p < .001]. (Random intercepts for subjects, and random
slopes for the factors for subjects were included.) The results (reference level =
T2-T5, Primacy trials) are shown in Table 2.6 below.

Estimate Std. Error z value
(Intercept) 1.363 0.157 8.692 ***

trial(recency) -0.005 0.215 -0.022
pair(T3-T6) -1.936 0.198 -9.785 ***
pair(T4-T5) 3.041 0.665 4.573 ***
pair(T4-T6) 0.976 0.322 3.027 **
pair(T5-T6) 1.314 0.308 4.269 ***

trial(recency):pair(T3-T6) 0.989 0.275 3.595 ***
trial(recency):pair(T4-T5) -0.378 0.578 -0.654
trial(recency):pair(T4-T6) 0.074 0.366 0.203
trial(recency):pair(T5-T6) -0.126 0.388 -0.325

Table 2.6: GLME results of the Tone Pair (5 levels) x Trial Pattern (2 levels) model
for the response data. Reference level is [T2-T5, Primacy trials]. T2-T5 = High-
Rising vs. Low-Rising, T3-T6 = Mid-Level vs. Low-Level, T4-T5 = Low-Falling
vs. Low-Rising, T4-T6 = Low-Falling vs. Low-Level, T5-T6 = Low-Rising vs.
Low-Level. ***: p < .001.

Post-hoc analysis with Tukey adjustment was then conducted using lsmeans,
and the results are summarized in Table 2.7 below. It can be seen that the effect
of tone pair was consistent across primacy trials (X = A) and recency trials (X =
B). The difficulty ranking was (≫: more difficult): Mid-level vs. Low-level [33-
22] ≫ High-Rising vs. Low-Rising [25-23] ≫ Low-Falling vs. Low-Level [21-22],
Low-Rising vs. Low-Level [23-22], Low-Falling vs. Low-Rising [21-23].

In addition to the difficulty ranking, a recency effect was found on the level-tone
trials only: listeners performed significantly better when the last two stimuli were
tokens of the same word than when the first two stimuli were tokens of the same
word. However, a recency effect was not observed on the other tone pairs. In other
words, although a recency effect could be attributed to the fact that the stimulus B
is always more recent in memory, such an effect was present only on the level-tone
pair, which was also the most challenging pair in the experiment.
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Contrast Estimate Std. Error z value
Primacy vs. Recency T2T5,Primacy - T2T5,Recency 0.005 0.215 0.022

T3T6,Primacy - T3T6,Recency -0.984 0.179 -5.500 ***
T4T5,Primacy - T4T5,Recency 0.383 0.542 0.706
T4T6,Primacy - T4T6,Recency -0.070 0.298 -0.233
T5T6,Primacy - T5T6,Recency 0.131 0.333 0.392

Tonal contrasts in primacy trials T2T5 - T3T6 1.936 0.198 9.785 ***
T2T5 - T4T5 -3.041 0.665 -4.573 ***
T2T5 - T4T6 -0.976 0.322 -3.027 *
T2T5 - T5T6 -1.314 0.308 -4.269 ***
T3T6 - T4T5 -4.977 0.664 -7.498 ***
T3T6 - T4T6 -2.912 0.306 -9.509 ***
T3T6 - T5T6 -3.249 0.306 -10.632 ***
T4T5 - T4T6 2.065 0.737 2.802
T4T5 - T5T6 1.728 0.715 2.416
T4T6 - T5T6 -0.338 0.383 -0.881

Tonal contrasts in recency trials T2T5 - T3T6 0.947 0.197 4.796 ***
T2T5 - T4T5 -2.663 0.613 -4.343 ***
T2T5 - T4T6 -1.050 0.327 -3.217 *
T2T5 - T5T6 -1.188 0.297 -4.004 **
T3T6 - T4T5 -3.610 0.612 -5.900 ***
T3T6 - T4T6 -1.997 0.308 -6.484 ***
T3T6 - T5T6 -2.134 0.292 -7.312 ***
T4T5 - T4T6 1.613 0.692 2.332
T4T5 - T5T6 1.476 0.659 2.240
T4T6 - T5T6 -0.137 0.377 -0.365

Table 2.7: Results of the post-hoc analysis (Tukey-adjusted). T2T5 = High-Rising
vs. Low-Rising, T3T6 = Mid-Level vs. Low-Level, T4T5 = Low-Falling vs. Low-
Rising, T4T6 = Low-Falling vs. Low-Level, T5T6 = Low-Rising vs. Low-Level.
***: p < .001; **: p < .01; *: p < .05.
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2.3.2.2 Perception of level tones and acoustic distance of the stimuli

While it is possible that the recency effect can be due to memory issue, as the first
tone may decay rapidly in memory, it is suspected that the acoustic distance be-
tween the multi-talker level tones may also affect listeners’ decisions. For example,
in a primacy trial such as T3[TalkerX]-T3[TalkerY]-T6[TalkerZ], if the acoustic distance
between T3[TalkerX]-T3[TalkerY] is larger than that between T3[TalkerY]-T6[TalkerZ],
listeners might treat the trial as T3[TalkerX]-T6[TalkerY]-T6[TalkerZ] instead (a re-
sponse error in the primacy trial). Here we see a case in which there is misalign-
ment between the acoustic signals and the tonal categories. It is, therefore, possible
that the stimulus sets in the recency trials were less challenging than those in the
primacy trials.

To investigate this possibility, acoustic analysis was performed on the level tones
in Praat using ProsodyPro (Xu, 2013), a script that allows for manual corrections
for incorrect vocal pulse markings. Each token produced by each of the four talkers
was manually segmented into consonant and rime. In order to avoid f0 fluctuations
due to the initial voiceless fricatives, the onset of a rime was marked at the beginning
of the fourth cycle of the vowel (i.e. the fourth pulse after the onset of periodicity.)
The offset of a rime was marked at the end of the fourth cycle from the end of
periodicity. Figure 2.7 below gives an example of the rime [i:] from the syllable [si:].
Incorrect markings (missing pulses or double markings) were corrected manually.
For each token, f0 measurement was extracted at ten equidistant points between
the onset and the offset of a rime. Table 2.8 below shows the average f0 of each
Mid-Level and Low-Level token.

For each AXB trial, the acoustic distance between the first two stimuli and
that between the last two stimuli was calculated. For example, for a T3[talker 1]-
T3[talker 2]-T6[talker 3] trial, the distance between the first two stimuli is the absolute
difference in average f0 between the T3 produced by talker 1 and the T3 produced
by talker 2. Similarly, the distance between the last two stimuli is the absolute
difference in average f0 between the T3 produced by talker 2 and the T6 produced
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Figure 2.7: Analysis of sample item [si:] (T2) ‘history’ in Praat with the ProsodyPro
script, showing the onset and the offset of a rime. Upper panel shows the waveform
and the spectrogram. Lower panel shows the point process, where manual correction
could be made.

f5n si
Talker T3 T6 T3 T6

1 90.44 89.37 92.66 91.39
2 91.24 89.87 92.01 90.47
3 91.74 89.55 91.65 93.83
4 94.00 92.25 93.83 92.56

Table 2.8: Average f0 (semitones ref 1 Hz) of Mid-Level (T3) and Low-Level (T6)
used in the AXB task by talkers and syllables.
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by talker 3. The two measurements were then compared to see which two stimuli
had a smaller acoustic distance.

Figure 2.8 below plots the accuracy on the level-tone trials by stimulus distance
and trial patterns. “AX < BX” means the first two stimuli had a smaller distance,
whereas “AX > BX” means the last two stimuli had a smaller distance. Primacy
AX < BX and Recency AX > BX are the “congruent” conditions, because the
tokens in the same tone category had smaller acoustic distance than did the tokens
in different tone categories. On the contrary, Primacy AX > BX and Recency AX
< BX are the “incongruent” conditions, as the tokens in different tone categories
had smaller acoustic distance than did the tokens in the same tone category. In
other words, there was misalignment between the tone categories and the acoustics.
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Figure 2.8: Accuracy on the level-tone trials in AXB by stimulus distance and trial
patterns (primacy: X = A; recency: X = B). AX < BX: the acoustic distance
between the first two stimuli was smaller. AX > BX: the acoustic distance between
the last two stimuli was smaller. Error bars indicate standard error.

An analysis using generalized linear mixed-effect models was conducted on the
binomial response data. The model with Trial Pattern (primacy vs. recency trials)
as the sole predictor was better than the intercept-only model [χ2(3) = 32.43, p
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< .001]. Adding the factor Distance Type (AX < BX vs. AX > BX) further
improved model fit [χ2(4) = 10.73, p < .03]. The best-fitting model (see Table 2.9
below) was the one with Trial Pattern by Distance Type interaction: χ2(1) =
93.64, p < .001. (By-subject random intercept as well as random slope for the fixed
factors were included.)

Estimate Std. Error z value
(Intercept) -0.057 0.170 -0.337

trial(Recency) -1.004 0.281 -3.576 ***
distance_type(AX > BX) -1.149 0.274 -4.188 ***

trial(Recency):distance_type(AX > BX) 3.650 0.408 8.941 ***

Table 2.9: GLME results of the Trial Pattern (2 levels) x Distance Type (2 levels) 
model (Estimate, Standard Error, z value) for the response data. Reference level is 
[Primacy trials, AX < BX]. ***: p < .001.

Post-hoc analysis (Tukey-adjusted) revealed that, when the first t wo stimuli 
were more similar in terms of average f0 (AX < BX), performance was better at 
the primacy trials than at the recency trials [β = 1.00, SE = 0.28, p < .003]. In 

other words, the listeners were more likely to respond X = A and incurred more errors 
in the recency trials. An opposite pattern was found on the AX > BX trials: 
performance was better at the recency trials than at the primacy trials [β = 2.65, SE 

= 0.30, p < .001]. That is, when the last two stimuli were more similar in average f0, 
listeners were more likely to respond X = B, resulting in more errors in the primacy 

trials.
Post-hoc analysis did not show a significant difference between the two “incon-

gruent” conditions: Primacy AX > BX and Recency AX < BX [β = 0.15, SE = 

0.31, p = 0.967]. However, a significant d ifference wa s fo und on  th e “congruent” 

conditions: Primacy AX < BX and Recency AX > BX. Performance was signifi-
cantly better in the Recency AX > BX trials than in the Primacy AX < BX trials 
[β = 1.50, SE = 0.26, p < .001]. This is unexpected. As a result, a further analysis 
was conducted on the “congruent” conditions.

Focusing on the “congruent” conditions, a difference-in-distance m easure was 
calculated by taking the absolute difference b etween t he d istance o f t he fi rst two
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stimuli and that between the last two stimuli. A smaller difference-in-distance mea-
sure means that the three stimuli are more similar to each other, and thus it is more
challenging to disambiguate the stimuli (i.e., fewer correct responses). A recency
effect is borne out if the sets of stimuli in the Recency AX > BX trials had larger
difference-in-distance measure than those in the Primacy AX < BX trials. Fig-
ure 2.9 below plots the difference-in-distance measure for each of the “congruent”
conditions.
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Figure 2.9: Difference-in-distance measure in semitones in the two “congruent” con-
ditions: Primacy trials with AX-distance smaller than BX-distance and Recency
trials with BX-distance smaller than AX-distance. Error bars indicate standard
error.

A linear mixed-effect analysis (using the lmerTest package in R) with the
difference-in-distance measure as the dependent variable and Trial Type as the
fixed factor (by-subject random intercept and slope for the fixed factor included)
showed that the difference-in-distance measure in the Recency AX > BX trials was
larger than that in the Primacy AX < BX trials [approaching significance; β =
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0.20, SE = 0.11, p = 0.055]. Again, we see that stimulus distance can predict dis-
crimination performance: accuracy was higher when the stimuli were less similar to
each other in terms of average f0.

2.3.2.3 Talker adaptation in the perception of tones

As shown in the first analysis presented above, the perception of the level-tone pair
and the rising-tone pair was more susceptible to inter-talker variability than the
rising-falling pair and the contour-level pairs. As various tone pairs were presented
randomly, listeners might be able to establish a talker’s f0 range through the High-
Rising tone, which hits the upper bound of an f0 range and the Low-Falling tone,
which reaches the lower bound of the range. In other words, as the listeners went
through more trials, they might be able to pick up more talker-specific f0 informa-
tion and perform better on the pairs with f0-height contrasts. On the other hand,
increased exposure to talkers may not significantly affect the perception of the tones
with f0-contour contrasts.

Therefore, the effect of familiarization for each tone pair was investigated. For
the level-tone pair, as the second analysis presented earlier showed that perfor-
mance in the incongruent trials and that in the congruent trials differed, I examined
whether the effect of familiarization differed in each condition (if there was any).
The response data were analyzed with a generalized linear mixed-effect model with
Trials and Condition (congruent vs. incongruent) as the fixed factors. Results
showed that, for the incongruent condition, the probabilities of having a correct
response increased as the number of trials increased [β = 0.33, SE = 0.08, p <

.001]. However, for the congruent condition, the effect of trial was not significant [β
= -0.07, SE = 0.05, p = 0.153]. Figure 2.10 visualizes the results. In other words,
familiarization with talkers improved the performance when there was misalignment
between the acoustics and the tone categories, but not when there was no such a
misalignment.

For the other four tone pairs, the response data were analyzed with models with
Trial as the fixed factor. There was no significant effect of familiarization for these
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Figure 2.10: Effect of familiarization in the level-tone trials: predicted probabilities
of response (y-axis) as a function of trial (x-axis; 8 trials per listener per condition),
with 95% confidence interval.

tone pairs: the rising-tone pair [β = -0.02, SE = 0.03, p > .05], the falling-rising
pair [β = -0.04, SE = 0.06, p > .05], the falling-level pair [β = -0.07, SE = 0.06, p
> .05], the rising-level pair [β = -0.05, SE = 0.06, p > .05].

2.3.3 Discussion

The contrast between the Mid-Level tone and the Low-Level tone was the most
challenging to perceive in the presence of inter-talker variability. We saw that dis-
crimination performance was affected by the acoustic distance between the stimuli.
When the acoustic distance between two between-category tokens was smaller than
that between two within-category tokens (the “incongruent” condition), listeners
were more likely to mistreat the between-category tokens as within-category tokens.
Performance in the “congruent” condition, in which the acoustic distance between
two within-category tokens was smaller than that between two between-category to-
kens, was significantly better than the performance in the “incongruent” condition.
However, increased exposure to talkers facilitated the performance in the “incon-
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gruent” condition but not the “congruent” condition. In other words, talker famil-
iarization alleviated the perceptual difficulty caused by the misalignment between
the acoustics and the tone categories. It is likely that talker-specific f0 range was
established through the High-Rising tokens and the Low-Falling tokens across trials,
which hit the upper bound and the lower bound of a talker’s f0 range, respectively.

The contrast between the High-Rising tone and the Low-Rising tone was less
challenging to perceive than the level-tone contrast. Increased exposure to talkers
did not improve or lower performance. This suggests that the perception of the
rising-tone contrast was not affected by syllable-extrinsic cues even though the main
contrast is f0 height, with one tone having a larger magnitude of rise. This is
presumably because the dynamic nature of f0 change in the rising tones provided
more reliable talker-specific information, as the High-Rising tone spans across a wide
pitch range.

F0-contour contrasts were much easier to perceive (showing a ceiling effect). This
suggests that the intrinsic f0 patterns were sufficient for contour discrimination even
with talker variability. Among the tones with f0-contour contrasts, the rising-falling
pair and the contour-level pairs were equally easy to discriminate, regardless of
whether the contour tone in the contour-level pair is rising (T5) or falling (T4).

In the next experiment, participants took part in a mixed-talker delayed shadow-
ing task to shadow two level tones and two contour tones that are phonetically very
similar: the High-Rising tone and the Mid-Rising tone. How inter-talker variability
affects the production of these tones will be examined.

2.4 Experiment 2: Tone production in a mixed-talker delayed shadowing
task

In this experiment, participants were asked to shadow two level tones and two rising
tones with differing magnitude of f0 rise that were presented mixed across talkers.
If participants adjust their f0 in response to different talkers, then we see a case
of talker accommodation. If they use the same average f0 to produce a level tone
across talkers, or produce a rising tone with the same magnitude of rise regardless
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of which talkers they hear, it is evidence that the listeners can normalize for talkers
for average f0 or f0 change, and the results show disinclination to accommodate f0
when producing tones.

2.4.1 Methods

2.4.1.1 Participants & stimuli

The same 35 Cantonese listeners from Experiment 1 participated in Experiment 2
as shadowers. The stimuli in Experiment 2 were the High-Rising [25], Low-Rising
[23], Mid-Level [33], and Low-Level [22] tokens from Experiment 1.

2.4.1.2 Procedure

Thirty-two trials (2 syllables x 4 tones x 4 talkers) were randomly presented via
headphones at a comfortable listening level using E-PRIME 2.0 with a desktop
computer. Participants were given written instructions on a computer screen in
Chinese, as well as oral instructions in Cantonese.

On each trial, the prompt 複述 ‘repeat’ appeared on the screen 1500ms after
the offset of a stimulus, and participants repeated the word they just heard. A
short practice session was conducted before the experimental trials to familiarize the
participants with the task. The practice trials contained the syllable [ji:] produced
by four female native speakers of Cantonese who were not used in the experimental
trials.

Participants were recorded individually in a quiet office at the University of Hong
Kong. A head-mounted microphone was used. The utterances were recorded using
a Zoom H4n portable recorder with sampling rate at 44,100Hz.

2.4.1.3 Acoustic analysis

The data from two female shadowers were excluded as there were noises in the
background such as humming noise from air conditioning. (The room was usually,
but not always, very quiet.) Acoustic analysis was performed on both the shadowers’
production and the stimuli following the same procedure reported in Section 2.3.2.2
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on Page 44. Figure 2.11 below plots the mean f0 at ten positions on each of the four
tones produced by the talkers (left), the
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Figure 2.11: Pitch contours of the Cantonese High-Rising (T2), Mid-Level (T3),
Low-Rising (T5), and Low-Level (T6) produced by the talkers (left), the female
shadowers (middle), and the male shadowers (right). Y-axis represents mean f0
(semitones re 1 Hz). X-axis represents the ten equidistant points at which f0 mea-
surements were extracted. Error bars indicate standard error.

For each level-tone token, the average f0 across the rime portion was obtained,
as Khouw and Ciocca (2007) showed that average f0 height was the main contrast
in the production of Cantonese level tones. For each rising-tone token, magnitude of
f0 change over the second half of the rime (∆f0) was obtained (Khouw and Ciocca,
2006), which was the difference in f0 between position 6 and position 10 on the
contour.

2.4.2 Data analysis & results

2.4.2.1 Categories of tones

In the first analysis, I examined whether or not shadowers produced two distinct
level tones and two rising tones across talkers. Figure 2.12 below plots the mean
average f0 of shadowers’ tokens and the stimuli (talkers’ tokens).

An analysis using linear mixed-effect models was conducted with the mean aver-
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Figure 2.12: Shadowers’ mean average f0 (semitones re 1 Hz) of the Mid-Level
tone (T3) and the Low-Level tone (T6) by the talkers they heard. “Shadowers_f”
represents female shadowers; “Shadowers_m” represents male shadowers.
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age f0 as the dependent variable. The model with Tone (Mid-Level vs. Low-Level)
as the only predictor was better than the intercept-only model [χ2(3) = 113.51, p
< .001]. Adding Talker as a second factor led to a better fit [χ2(15) = 235.18, p
< .001]. The model with Gender created an even better fit [χ2(1) = 84.204, p <

.001]. The models with any sorts of interaction (i.e., between all three factors, or
between any two of the three factors) did not significantly improve fit [ps > .05].
The results of the best-fitting model are shown in Table 2.10 below.

Estimate Std. Error t value
(Intercept) 91.930 0.319 288.53 ***
Tone(T6) -1.044 0.102 -10.25 ***
Talker(2) -0.095 0.100 -0.96
Talker(3) -0.036 0.111 -0.32
Talker(4) 1.342 0.121 11.08 ***

Gender(M) -9.795 0.492 -19.89 ***

Table 2.10: LME results of the Tone (2 levels) + Talker (4 levels) + Gender (2
levels) model for mean average f0 in the level-tone tokens. Reference level is [T3,
Female shadowers, Talker 1]. T3 = Mid-Level, T6 = Low-Level. ***: p < .001.

The effect of Tone was significant because the Low-Level (T6) tokens were sig-
nificantly lower in pitch than the Mid-Level (T3) tokens. The effect of Gender
was significant because male production was significantly lower in f0 than female
production. For the effect of Talker, post-hoc analysis (Tukey-adjusted) was con-
ducted, and the results are summarized in Table 2.11 below. Both female and male
shadowers used significantly higher pitch when shadowing Talker 4 [ps < .001], and
there was no significant difference in pitch when they shadowed the other three
talkers [ps > .05].

Let us turn to the rising tones. Figure 2.13 below plots the mean magnitude of
f0 rise (∆f0) of shadowers’ tokens and the stimuli.

Using linear mixed-effect models, the model with Tone (High-Rising vs. Low-
Rising) as the sole predictor was better than the intercept-only model [χ2(3) =
285.76, p < .001]. The model with an additional factor Talker improved the fit
[χ2(15) = 83.23, p < .001]. Adding the factor Gender did not result in a signifi-
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Contrast Estimate Std. Error t value
Talker 1 - Talker 2 0.095 0.100 0.955
Talker 1 - Talker 3 0.036 0.111 0.323
Talker 1 - Talker 4 -1.342 0.121 -11.126 ***
Talker 2 - Talker 3 -0.060 0.114 -0.522
Talker 2 - Talker 4 -1.437 0.119 -12.078 ***
Talker 3 - Talker 4 -1.377 0.142 -9.718 ***

Table 2.11: Results of the post-hoc analysis (Tukey-adjusted) for the level-tone
tokens. ***: p < .001.
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Figure 2.13: Shadowers’ mean f0 change over the second half of rime (∆f0) in
the High-Rising tone (T2) and the Low-Rising tone (T5) by the talkers they heard.
“Shadowers_f” represents female shadowers. “Shadowers_m” represents male shad-
owers.
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cant better fit [χ2(1) = 2.66, p = .10]. However, the model with Tone by Talker
interaction was significantly better than the model without this interaction [χ2(3)
= 46.48, p < .001]. The results of the best-fitting model are shown in Table 2.12
below.

Estimate Std. Error t value
(Intercept) 4.676 0.209 22.360 ***

Tone(5) -2.659 0.243 -10.956 ***
Talker(2) -1.858 0.199 -9.351 ***
Talker(3) -0.009 0.229 -0.038
Talker(4) -0.465 0.195 -2.379 *

Tone(5):Talker(2) 1.656 0.272 6.086 ***
Tone(5):Talker(3) 0.055 0.272 0.202
Tone(5):Talker(4) 0.382 0.272 1.403

Table 2.12: LME results of the Tone (2 levels) x Talker (4 levels) model for mag-
nitude of f0 rise in the rising-tone tokens. Reference level is [T2, Talker 1]. T2 =
High-Rising, T5 = Low-Rising. ***: p < .001; *: p < .05.

Post-hoc analysis (Tukey-adjusted) was then performed. As can be seen from
the results summarized in Table 2.13 below, shadowers produced distinct rising
tones when shadowing all four talkers: the High-Rising (T2) tokens had a larger
magnitude of f0 rise than the Low-Rising (T5) tokens [ps < .01]. On the other
hand, the magnitude of f0 rise in the High-Rising tokens shadowed from Talker 2
was significantly smaller than that shadowed from the other talkers [ps < .001]. This
pattern was not found in the Low-Rising tokens: shadowers produced comparable
magnitude of f0 rise across talkers [ps > .05].

2.4.2.2 Talker accommodation

The results presented in the previous section showed that although shadowers pro-
duced two distinct level tones and two distinct rising tones when shadowing all four
talkers, the average f0 for the level-tone tokens and the magnitude of f0 change
for the rising-tone tokens varied across talkers. Therefore, it seems that there was
talker accommodation. In the second analysis, talker accommodation was examined
directly by exploring the relationship between the shadowed tokens and the stimuli.
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Contrast Estimate Std. Error z value
Tonal contrast T2,Talker 1 - T5,Talker 1 2.659 0.243 10.956 ***

T2,Talker 2 - T5,Talker 2 1.003 0.243 4.132 **
T2,Talker 3 - T5,Talker 3 2.604 0.242 10.730 ***
T2,Talker 4 - T5,Talker 4 2.277 0.243 108.71 ***

∆f0 in T2 when shadowing Talker 1 - Talker 2 1.858 0.199 9.351 ***
Talker 1 - Talker 3 0.009 0.229 0.038
Talker 1 - Talker 4 0.465 0.195 2.379
Talker 2 - Talker 3 -1.850 0.233 -7.944 ***
Talker 2 - Talker 4 -1.394 0.193 -7.211 ***
Talker 3 - Talker 4 0.456 0.233 1.956

∆f0 in T5 when shadowing Talker 1 - Talker 2 0.202 0.199 204.14
Talker 1 - Talker 3 -0.046 0.229 -0.202
Talker 1 - Talker 4 0.083 0.195 0.425
Talker 2 - Talker 3 -0.248 0.233 -1.066
Talker 2 - Talker 4 -0.119 0.193 -0.616
Talker 3 - Talker 4 0.129 0.233 0.554

Table 2.13: Results of the post-hoc analysis (Tukey-adjusted) for the rising-tone
tokens. T2 = High-Rising, T5 = Low-Rising. ***: p < .001; **: p < .01.

Again, let us focus on the level tones first. The measurement examined was
average f0 across the rime portion of a token. Figure 2.14 below plots the shadowers’
average f0 from the Mid-Level tokens and the Low-Level tokens (on the y-axis)
against the average f0 from the stimuli (on the x-axis). Circles represent the data
from the female shadowers, whereas triangles represent the data from the male
shadowers.

A linear mixed-effect analysis started with an intercept-only model and added
the factors Tone, Stimulus f0, and Gender one-by-one. The best-fitting model
(see Table 2.14 below) included Tone [χ2(3) = 113.51, p < .001], Stimulus f0 [χ2(4)
= 288.42, p < .001], Gender [χ2(1) = 86.01, p < .001], and the interaction Tone
x Stimulus f0 [χ2(1) = 5.64, p < .02]. The model with a three-way interaction
did not significantly improve model fit [p > .05]. The regression lines from the
LME analysis are also plotted in Figure 2.14. The effect of Gender was significant
because male production was significantly lower in f0 than female production. For
both the Mid-Level and the Low-Level tokens, shadowers’ average f0 increased as
the average f0 of the stimuli increased.

For the rising tones, the measurement examined was f0 change over the second
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Figure 2.14: Average f0 of the level tones produced by the shadowers (y-axis) and
the talkers (x-axis). T3 = Mid-Level, T6 = Low-Level.

T3 T6
Estimate Std. Error t value Estimate Std. Error t value

(Intercept) 35.448 5.021 7.060 *** (Intercept) 47.389 4.877 9.717 ***
Tone(6) 11.941 5.121 2.332 * Tone(3) -11.941 5.121 -2.332 *

StimulusF0 0.616 0.054 11.367 *** StimulusF0 0.483 0.053 9.125 ***
Gender(m) -9.789 0.488 -20.043 *** Gender(m) -9.789 0.488 -20.043 ***

Tone(6): StimulusF0 -0.133 0.056 -2.367 * Tone(3): StimulusF0 0.133 0.056 2.367 *

Table 2.14: LME results of the Tone (2 levels) x Stimulus F0 + Gender (2 levels)
model for the average f0 in the shadowed level-tone tokens. ***: p < .001; **: p <
.01; *: p < .05.
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half of the rime (∆f0). Figure 2.15 below shows the shadowers’ ∆f0 from the High-
Rising tokens and the Low-Rising tokens (on the y-axis) against the ∆f0 from the
stimuli (on the x-axis). A linear mixed-effect analysis started with an intercept-only
model, and the factors Tone, Stimulus f0, and Gender were added one-by-one.
The best-fitting model (see Table 2.15 below) included Tone [χ2(3) = 385.26, p <

.001] and Stimulus f0 [χ2(4) = 106.32, p < .001]. Adding the factor Gender did
not significantly improve model fit [χ2(1) = 1.815, p = .178]. The model with Tone
x Stimulus f0 interaction also did not improve model fit [χ2(1) = 0.037, p = .847].
The regression lines are plotted in Figure 2.15. For both the High-Rising tokens
and the Low-Rising tokens, magnitude of f0 rise from the shadowers increased as
the magnitude of f0 rise in the stimuli increased.

T2 T5

1 2 3 4 5 6 1 2 3 4 5 6
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Figure 2.15: F0 change over the second half of the rime of the rising tones produced
by the shadowers (y-axis) and the talkers (x-axis). T2 = High-Rising, T5 = Low-
Rising.
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T2 T5
Estimate Std. Error t value Estimate Std. Error t value

(Intercept) 1.657 0.255 6.500 *** (Intercept) 0.938 0.108 8.681 ***
Tone(5) -0.719 0.180 -3.991 *** Tone(2) 0.719 0.180 3.991 ***

StimulusF0 0.565 0.054 10.504 *** StimulusF0 0.565 0.054 10.504 ***

Table 2.15: LME results of the Tone (2 levels) + Stimulus F0 model (Estimate,
Standard Error, t value). ***: p < .001; **: p < .01; *: p < .05.

2.4.3 Discussion

Experiment 2 was a shadowing task in which participants heard one word per trial
and repeated the word naturally with their own voices. Since participants needed
to wait for 1500ms before they could start shadowing, shadowing was supposed
to not be based on short-term acoustic memory. The tones tested were two level
tones and two rising tones with different magnitude of f0 change, and all tokens
were randomly presented, mixed-across talkers. Participants produced two different
level tones, with a significant difference in average f0. This result seems to suggest
that listeners heard two distinct level tones per talker, meaning that they could have
located an average f0 of a token within a talker’s range. However, shadowers’ average
f0 was significantly positively correlated with the average f0 in the stimuli, which
suggests that shadowers could be relying on the acoustics. For the rising tones, a
similar pattern was found. Although shadowers produced two distinct rising tones,
the magnitude of rise in the rising-tone tokens was significantly positively correlated
with the magnitude of rise in the stimuli.

2.5 General Discussion

2.5.1 Summary of results

In this study, I examined the effect of inter-talker variability on the perception
and production of tonal contrasts and reported on results from a mixed-talker AXB
experiment and a mixed-talker delayed shadowing experiment. Results from the per-
ception experiment were consistent with the hypotheses laid out previously: 1) in-
creased exposure to talkers facilitated the performance on the Mid-Level/Low-Level
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contrast, which was also the most difficult contrast tested in the experiment; and 2)
familiarization with talkers did not affect the perception of the High-Rising/Low-
Rising contrast, or the tones with overall f0 contour contrasts: Low-Falling/Low-
Rising, Low-Falling/Low-Level, and Low-Rising/Low-Level. Although the contrast
between the rising tones was significantly more difficult to perceive than that be-
tween the tones with different overall f0 contour (which exhibited at-ceiling perfor-
mance), the fact that perception of the rising tones did not rely on syllable-extrinsic
information suggests that the intrinsic, dynamic f0 change in the tones provided
information needed for above-chance performance. The results from the production
experiment showed that while participants produced two distinct level tones and
two distinct rising tones (the two most challenging contrasts tested in the AXB
experiment), participants adjusted f0 according to the f0 in the stimuli: 1) the av-
erage f0 in the shadowed level-tone tokens was positively correlated with that in
the stimuli; and 2) the magnitude of f0 rise in the shadowed rising-tone tokens was
also positively correlated with that in the stimuli. As a result, while we see talker
adaptation whereby listeners adapted to a talker’s f0 range in the perception exper-
iment, we see talker accommodation whereby listeners accommodated toward the
talkers in absolute f0 in the production experiment. Below, I discuss the findings
with regard to previous research on the effect of inter-talker variability on speech
perception and production.

2.5.2 Inter-talker variability and the perception of various tonal con-
trasts

Using a mixed-talker AXB that directly tested the perception of tonal contrasts
with limited acoustic cues for talker normalization within trials, Experiment 1 of this
study provided evidence that the perception of f0-height contrasts is more susceptible
to inter-talker variability than is the perception of f0-contour contrasts. In addition,
the perception of the f0-height contrast in the level tones was more challenging
than the perception of the f0-height contrast in the rising tones. Moreover, the
rising-falling contrast and the contour-level contrast were equally easy for listeners
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to perceive even in the presence of inter-talker variability.
Previous studies have shown that the perception of f0 height is easily affected by

syllable extrinsic cues. A contrastive context effect has been shown in several studies
(e.g. Moore and Jongman, 1997; Wong, 1998; Francis et al., 2006). For example,
both Moore and Jongman (1997) and Wong and Diehl (2003) found that shifting the
f0 height of the precursor phrase changed the perception of a target tone such that
a high precursor cued a low tone while a low precursor cued a high tone. Francis
et al. (2006) found that the following context had a stronger effect on the f0-height
perception of a target tone than did the preceding context.

Since a mixed-talker design limits the presence of contextual f0 within trials, the
perception of the f0-height contrast becomes more challenging. Also in the Wong
and Diehl (2003) study, it was found that the lack of context and reliable talker-
specific f0 cues negatively impacted the identification of level tones. In their study,
identification of level tones in isolation was much better when stimuli were blocked
by talkers than mixed across talkers, as the blocked-presentation provided more
reliable f0 cues of a talker with which the listeners could gauge their perception
better. In the current study, the overall accuracy of the level-tone trials was only
48.04% (36.07% in the primacy trials and 60% in the recency trials). This accuracy
was considerably low considering the listeners were all native speakers.

This low accuracy contrasts with the above-chance performance reported in
Chang et al. (2017). In their study, native speakers of Cantonese reliably iden-
tified all three level tones in Cantonese produced by different talkers (one male and
one female). It should be noted that their design was also a mixed-talker design that
limited talker normalization. The discrepancy in findings may be due to task dif-
ference. In the current study, the listeners were exposed to three stimuli separated
by an ISI of 1500ms. In addition to inter-talker variability, both between-tone-
category tokens and within-tone-category tokens were presented. As I have shown
previously, there was misalignment between the acoustics and the tone categories:
some between-category tokens had more similar absolute average f0 than did some
within-category tokens. This may have rendered this present task more cognitively
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challenging than a mixed-talker identification task.
The finding that inter-talker variability has a larger impact on the perception of

f0-height contrast is consistent with (Peng et al., 2012). Using synthetic f0 contours
superimposed on naturally produced syllables in an identification task with a block-
talker design, Peng et al. (2012) found that inter-talker variability had a significant
effect on Cantonese speakers’ perceptual height of the Mid-Level, Low-Level, and
Low-Rising tones, but not the High-Level, High-Rising, or Low-Falling tones. The
effect of inter-talker variability was not significant on the perceptual slope of any
of the tones. Even though a block-talker design was supposed to facilitate talker
normalization, listeners’ perceptual height of the Mid-Level, Low-Level, and Low-
Rising tones still shifted according to talkers’ voices.

Peng et al’s (2012) finding that inter-talker variability affected the perceptual
height of Low-Rising tone but not the perceptual height or slope of the High-Rising
tone may be the reason why discrimination accuracy on the High-Rising/Low-Rising
tones was relatively high in the current study (79.11%; averaged across the primacy
and the recency trials) compared to the accuracy on the Mid-Level/Low-Level tones.
Since the High-Rising tone is less susceptible to inter-talker variability, its appear-
ance in an AXB trial may facilitate listeners’ discrimination of the tones when the
perception of the Low-Rising tone is not as stable. Another possibility is that the
intrinsic dynamic f0 cues of the rising tones provided the listeners with more talker-
specific information for better tone perception, especially since the High-Rising tone
spans across a large f0 range.

As for the tones with f0-contour contrasts, inter-talker variability has a very
limited effect. As shown in the results, the performance on the rising-level, falling-
level, and rising-falling trials in a mixed-talker AXB task was at ceiling. Peng et al.
(2012) showed that there was no significant effect of inter-talker variability on the
perceptual slope of each Cantonese tone. Since the identification of an f0 contour
is stable across talkers, it is reasonable the perception of a contour contrast is not
affected by inter-talker variability.
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2.5.3 Adaptation to talker-specific f0

The current study provides further evidence that talker-specific cues are nontrivial
and that listeners use them in perception (Goldinger, 1997). Although the mixed-
talker AXB task did not permit normalization for talkers within a trial, adaption
to talkers for the Mid-Level/Low-Level contrast did happen. It was found that
performance accuracy in the “incongruent” trials improved as listeners were exposed
to more stimuli. In the “incongruent” condition, the between-tone-category tokens
actually had an acoustic distance smaller than did the within-tone-category tokens,
and so listeners were generally more likely to mistreat between-tone-category tokens
as within-tone category tokens.

That listeners are influenced by the absolute f0 was found in Bishop and Keat-
ing (2012). The researchers had listeners judge isolated f0 within an unfamiliar
talker’s range. They replicated the findings in Honorof and Whalen (2005), that
there was a correlation between listeners’ judgements of f0-location-in-range and
the actual location of that f0 in that talker’s range. However, Bishop and Keating
(2012) additionally found that f0-location-in-range judgements were correlated more
strongly with absolute f0 of the tokens than with actual location-in-range. In other
words, absolute f0, rather than actual f0-location-in-range of a talker, was the most
important determinant of listeners’ judgements.

Nevertheless, with more exposure to talkers, the perceptual difficulty caused by
the misalignment between the acoustics and the tone categories was alleviated. I
suspect that there are two reasons for this behavior. First, since the AXB task
was cognitively challenging, requiring attention to and memory of three stimuli that
exhibit phonological differences and inter-talker variability, listeners might resort
to absolute f0 for discrimination. Second, as the task progressed and more stimuli
from each talker appeared, listeners could then extract talker-specific information
for perception.

The nature of the “talker-specific information” is unclear, however. Wong (1998)
suggested that listeners’ tonal judgements were based on the maximum or minimum
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pitch experienced. In the present study, the Low-Falling tokens reached the lower
bound of a talker’s tonal space while the High-Rising tokens reached the higher
bound of the tonal space. In fact, previous studies have suggested that speech con-
text covering extremes of a phonological space is preferable for listeners to accurately
estimate a talker’s phonological space (Joos, 1948; Sjerps et al., 2012; Zhang et al.,
2012).

However, Francis et al. (2006) suggested that average f0 was the base for tonal-
space estimation, as they found that the context effect was smaller with natural
precursors than with monotone precursors whose average f0 was the same as the
natural precursors. In other words, average f0 was more efficient than f0 range in
tonal-space estimation. Turning back to the current study, since the listeners were
exposed to extreme tokens (the High-Rising and Low-Falling tokens) throughout
the experiment, it is not clear whether tonal-space estimation was based on the
extremes or average f0 solely.

The findings from the current study provide evidence that the perception system
is adaptive (e.g., Goldinger, 1998; Kraljic and Samuel, 2007; Magnuson and Nus-
baum, 2007; Dahan et al., 2008; Trude and Brown-Schmidt, 2012) and is sensitive to
talker familiarity (e.g. Nygaard and Pisoni, 1998; Allen and Miller, 2004; Zhang and
Chen, 2016). For example, Kraljic and Samuel (2007) demonstrated that listeners
can maintain multiple different talker-specific phonemic representations simultane-
ously. In the current study, the listeners were exposed to four talkers and had to
make judgements based on multi-talker stimuli. The improvement in discrimination
performance in the “incongruent” condition suggested that talker-specific perception
was present.

More recently, Zhang and Chen (2016) showed that native listeners’ identifica-
tion of the Cantonese Mid-Level tone was above chance when there were speech con-
texts (both meaningful and meaningless) that contained cues to a talker’s acoustic-
phonological space. Zhang and Chen further proposed a model for talker normal-
ization that integrates stored templates of previously encountered talkers, talker
familiarity, and talker typicality. When a talker is unfamiliar but typical, that is,
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when the speech sounds of the talker match the mental templates, words produced by
the talker would be recognized accurately. When a talker is unfamiliar and atypical,
his/her speech sounds would be recognized inaccurately but could be reevaluated
and corrected if there is more talker-specific information. In the current study, since
there is no evidence for the typicality of talker voices in this study, it is not certain
how each talker’s stimuli were processed regarding the model proposed by Zhang
and Chen (2016). Nevertheless, one thing is clear, that is, the increased availability
of talker-specific information facilitated perception performance. Although stim-
uli in each trial were presented in isolation without context, the presence of two
extreme tones randomly presented throughout the experiment could be construed
as a slightly different speech context from which talker-specific information was
extracted.

2.5.4 F0 accommodation in shadowing tasks

While the results from the AXB task suggested that the perception of f0 height was
influenced by absolute f0 but that there was talker-specific perception with increased
exposure to talkers such that listeners perceived the height of an f0 according to a
talker-specific f0 information, the production results seemed to show that partici-
pants were mainly influenced by the absolute f0. When participants were shadowing
the level-tone tokens, their average f0 increased as the average f0 in the stimuli in-
creased. For the rising-tone tokens, the magnitude of rise in the shadowed tokens
increased when the magnitude of rise in the stimuli increased.

One might argue that listeners must have heard two different level tones and
two different rising tones through talker-specific perception in order to produce two
distinct level tones and two distinct rising tones in the shadowing task. While this
is possible, it does not preclude that listeners imitated the absolute f0 of the stim-
uli as closely as possible even though they were instructed not to. A previously
study by Dufour and Nguyen (2013) showed that there was phonetic imitation ef-
fect in shadowing tasks, in which listeners were instructed to merely listen to and
repeat isolated words. Research by Goldinger (1997), Babel and Bulatov (2011),
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and Gregory et al. (2001) showed that f0 is a feature that can be accommodated in
production. Goldinger (1997), for example, had both female and male participants
shadow words from female and male talkers. It was found that participantsâ�� av-
erage pitch in the shadowing blocks was closer to that of the model talker��s than
it had been in the baseline block. In Babel and Bulatov (2011), shadowed tokens
produced by the participants who were exposed to unfiltered stimuli with intact
f0 were judged to be more similar to the model talker’s productions than were the
tokens from the participants who heard tokens with f0 eliminated.

I suspect that there was also f0 imitation even though shadowing started 1500ms
after the offset of a stimulus. First, shadowers used significantly higher pitch when
shadowing Talker 4, whose tokens were indeed higher in f0. Also, shadowers pro-
duced smaller magnitude of f0 rise for the High-Rising tone when shadowing Talker
2, whose High-Rising token did have a smaller magnitude of f0 rise. In other words,
idiosyncrasy in the stimuli was mirrored. Second, a positive correlation was found
between shadowers’ average f0 and that in the stimuli for the level-tone tokens, as
well as between f0 change in the shadowed tokens and that in the stimuli for the
rising-tone tokens. If there were no phonetic imitation, we would expect to see, for
instance, participants use consistent average f0 in producing the same word when
shadowing different talkers. As such, we see that phonetic accommodation in f0 also
occurred in the production of tones, for which f0 is phonological contrastive. That
shadowers accommodated toward talkers in f0 suggests that the acoustic details of a
word were perceived in order to influence the production. Even though the shadow-
ing task was not interactive, and listeners had no obvious motive to accommodate
(for example, for social purposes), the result that there was f0 accommodation sug-
gests that phonetic accommodation is an automatic, cognitive reflex (e.g., Namy
et al., 2002).

2.6 Conclusion

This study investigated how inter-talker variability affects the perception and the
production of tonal contrasts. Results from a mixed-talker AXB experiment showed
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that while the perception of a level-tone contrast was affected by the acoustic dis-
tance between stimuli, there was talker-specific perception such that listeners could
perceive level tones according to talker-specific f0 information. The level-tone con-
trast was also the most challenging tonal contrast tested in the experiment, whereas
the perception of f0-contour contrasts and a rising-tone contrast (with differing
magnitude of f0 rise) was less affected by inter-talker variability. The production
experiment showed that participants accommodated toward talkers in average f0
and f0 change. The results suggested that it was likely that listeners imitated talk-
ers’ absolute f0 in production. Both the perception and the production experiments
suggest that detailed acoustics of the stimuli were perceived so that they could affect
perception and production.
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CHAPTER 3

Non-native perception of isolated phonetically similar tones in the presence of
inter-talker variability

3.1 Introduction

This study examines the effect of inter-talker variability on non-native perception of
tones in isolation. Specifically, this work focuses on non-native perception of the fol-
lowing contrasts at first exposure: level tones contrasting in f0 height, contour tones
with similar contours but different magnitude of f0 change, and tones contrasting
in overall f0 contour.

There has been a growing body of research studying the processing of lexi-
cal tones, with the majority on the perception and production of Mandarin tones
(Chang, 2011; Ding et al., 2011; Hao, 2012; Huang and Johnson, 2010; Klein et al.,
2001; Lee, 2013; Lee et al., 2010; Li, 2016; So and Best, 2010; Wang, 2013; Wang
et al., 1999, 2003; Yang, 2015; Yang and Chan, 2010). While each Mandarin tone
has a distinct f0 contour, little is known about non-native perception of tones with
a higher degree of phonetic similarity, contrasting in different phonetic dimensions.
In addition, Only a few studies examined how inter-talker variability affects the
processing of non-native tones presented in isolation (Chang et al., 2017; Lee et al.,
2009, 2013). Investigating perception of non-native tones in isolation allows us to see
how well listeners can perceive tones before they know the speaker’s full pitch range.
In addition, whether such perception is affected by native language background will
be determined.

3.1.1 Context effect on tone perception

Tones, as suprasegmentals, are perceived relative to other tones and context f0,
and several studies have shown a context effect for tones (Leather, 1983; Lin and
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Wang, 1985; Moore and Jongman, 1997; Wong and Diehl, 2003). For example,
Lin and Wang (1985) presented Mandarin speakers with pairs of stimuli and had
them label the first one, which was constant, representing the High-Level tone (at
115 Hz). The second stimulus represented High-Falling, with an onset f0 varying
from 110 to 140 Hz in 10 Hz steps and with an f0 fall of 40 Hz. They found
that identification of the first stimulus as a rising tone increased as the onset f0
of the second stimulus increased. In other words, a higher f0 onset of the second
stimulus cued a wider pitch range and a lower average f0 height of the preceding
stimulus. Moore and Jongman (1997) appended tone continua varying in f0 to two
natural precursor phrases produced by two different Mandarin speakers. Identical
stimuli were identified by native speakers as low tones when the precursor phrase
was high in f0, and as high tones when the f0 in the precursor phrase was low.
This shift was not found in stimuli varying in turning points, suggesting that tone
identification was influenced by changes in f0 range. Wong and Diehl (2003) found
that identification of level tones in Cantonese was strongly dependent on the f0 of
the context, especially the portion immediately preceding the target. Francis et al.
(2006) found that the perception of a mid level tone changed as a function of the f0
of both the preceding and following context, and that the following context affected
perception more than did the preceding context. Zhang et al. (2012) showed that
change in f0 in speech contexts significantly shifted tone perception. There was no
obvious effect of non-speech contexts (generated from a triangle wave) in shifting
perception. Most recently, Zhang and Chen (2016) found that speech contexts
that contained cues to a talker’s acoustic-phonological space were beneficial to the
perception of level tones. Identification of Cantonese level tones was above chance.
In sum these studies show that tone perception is calibrated according to the f0 of
the speech contexts.

3.1.2 Inter-talker variability and tones

Due to speaker variations, the same speech sound may have different acoustic char-
acteristics; or different sounds may be acoustically very similar. For example, Peter-
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son and Barney (1952) is one classic study that found that there was considerable
overlap between American English vowels /I/ and /E/ and between /u/ and /U/
produced by adult males, adult females, and children.

At the suprasegmental level, tone categories may overlap in f0 space. For in-
stance, the high tone of a male speaker may have an f0 value similar to that of the
low tone of a female talker (Lee, 2009). Presentation of tones in isolation mixed
across talkers creates a perceptual challenge, because of the lack of context f0 which
perceptual calibration is based on. For example, Wong and Diehl (2003) found that
native speakers of Cantonese identified level tones in isolation much better (80.3%)
when stimuli were blocked by talkers than mixed across talkers (48.6%). This sug-
gests that blocked-presentation provided more reliable f0 cues of a talker, with which
the listeners could gauge their perception better.

In another study, in Lee (2009), Mandarin speakers were presented with Man-
darin tones produced by 32 talkers in isolation with f0 contour removed, and they
only heard each talker four times throughout the experiment. Accuracy in an identi-
fication task was above chance even though listeners had no exposure to the talkers’
voices previously. This finding was consistent with Honorof and Whalen (2005),
who found that listeners could locate an f0 without context or prior experience with
the talker’s voice.

Peng et al. (2012) examined native identification of Cantonese tones through
a blocked-talker design using synthesized stimuli. They found that the perceptual
height, but not the perceptual slope, of tones was affected by inter-talker variability.

3.1.3 Language background & non-native tone perception

It has been shown that there are at least six perceptual cues for tones. Gandour
and Harshman (1978) identified the following: average f0, contour shape (i.e., level,
rising, or falling), duration, f0 offset, and f0 slope (i.e., level or contour). Recent
studies have found phonation type crucial for tone perception in several languages,
such as Black Miao (Kuang, 2013), Vietnamese(Brunelle, 2009), and White Hmong
(Garellek et al., 2013).
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Gandour (1983) showed that perceptual cues for tones were weighted differently
by speakers from different native language (L1) backgrounds. For example, he found
that English speakers attached more importance to f0 height than did tonal speakers,
whereas tonal speakers weighted f0 contour more heavily than did English speakers.
Among the tonal speakers, Cantonese speakers gave more weight to f0 height than
did Mandarin speakers, who in turn weighed f0 height more than did Thai speak-
ers. On the other hand, Thai speakers gave more weight to f0 contour than did
the Chinese speakers. Consistent with Gandour’s finding, Qin and Mok (2011) and
Qin and Jongman (2016) found that, when distinguishing Cantonese contour-level
and contour-contour tone pairs, Mandarin listeners outperformed English listen-
ers. However, English listeners outperformed Mandarin listeners in distinguishing
Cantonese level-level tone pairs.

Tonal-language speakers also have stronger categorical perception of tones than
non-tonal language speakers. For instance, Hallé et al. (2004) found that while Man-
darin speakers had quasi-categorical perception of tones, French speakers showed
a psychophysical boundary. In other words, while Mandarin listeners showed in-
creased sensitivity near a category boundary, French listeners did not show this
degree of sensitivity at a category boundary. Similarly, Xu et al. (2006) revealed
that Mandarin speakers had strong categorical perception when perceiving a level
vs. rising continuum but English speakers did not, although both groups had the
same boundary position. Peng et al. (2010) showed that both Cantonese and Man-
darin speakers had boundary widths that were narrower than German speakers. In
addition, there was a difference between the tonal speakers. Cantonese speakers’
discrimination peak differed from Mandarin speakers’ for the falling continuum but
not for the rising continuum.

Several studies on cross-linguistic tone perception suggest that tonal speakers
have an advantage in perceiving non-native tones. For example, Wayland and Guion
(2004) showed that, at first exposure, Mandarin speakers outperformed English
speakers in a 500ms-ISI oddity task with Thai Mid and Low tones. After training,
Mandarin speakers outperformed English speakers in both 500ms-ISI and 1500ms-
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ISI oddity tasks.
This tonal-L1 advantage was found in an earlier study by Lee et al. (1996) as well,

where Cantonese speakers outperformed English speakers in both 0-ISI and 5000ms-
ISI AX discrimination tasks with Mandarin tones. This effect of L1 was observed
in both word tasks and pseudo-word tasks. In the same study, it was also reported
that Mandarin speakers outperformed English speakers only when discriminating
Cantonese tones in the 0-ISI word condition. The researchers concluded that this
asymmetry between the tonal speakers was due to Cantonese tones being more
difficult than Mandarin tones. However, how exactly Cantonese tones are “more
difficult” was left unexplained.

Chang et al. (2017) suggested that tonal experience facilitates normalization for
non-native tones. They tested Mandarin speakers’ and English speakers’ identi-
fication of three Cantonese level tones in the presence of inter-talker variability.
They found that Mandarin speakers outperformed English speakers almost across
the board.

On the other hand, research on perceptual assimilation suggests that the per-
ception of non-native tones is influenced by how similar or dissimilar the native
prosodic category is to the non-native one (e.g., So and Best, 2010, 2014). This is
in line with studies on segments within frameworks such as the Speech Learning
Model (SLM; Flege, 1995a), the Perceptual Assimilation Model (PAM; Best, 1995)
and the Second Language Linguistic Perception model (L2LP; Escudero, 2005).

With the assumption that tone categories are assimilable since pitch contours are
used in both tonal and non-tonal languages (see Hallé et al., 2004), the Perceptual
Assimilation Model has been extended to suprasegmentals to account for patterns
in non-native perception of tones (PAM-S; So and Best, 2014). This new model
posits that when two non-native prosodic categories are mapped to two different
native categories (Two Category assimilation), discrimination would be excellent.
When the two non-native prosodic categories are mapped to one native category
and both of them are equally good or poor tokens of the native category (Single
Category assimilation), discrimination would be poor. When the two non-native
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prosodic categories that are mapped to one native category differ in goodness of
fit (Category Goodness), discrimination would be moderate to good. If one of the
two non-native prosodic categories is uncategorized while the other is categorized
(Uncategorized-Categorized), discrimination would be good if there is little to no
category overlap between the prosodic categories that were split across the uncat-
egorized assimilation and the categorized prosodic categories; discrimination would
be poor if there is much category overlap. If neither of the non-native prosodic
categories is categorized (Uncategorized-Uncategorized), discrimination would be
poor for the pairs that involve categorizations to the same set (UU-s); good for the
pairs without overlap (UU-no); and intermediate for the pairs with partial overlap
(UU-o).

With this theoretical construct (and its predecessor PAM and PAM-L2), several
studies have looked into L1-dependent perceptual assimilation patterns. So and Best
(2010) found that Cantonese speakers misidentified Mandarin High-Falling as High-
Level, and Mid-rising as Low-Dipping more than did Japanese speakers and English
speakers. This was explained by Cantonese speakers assimilating the contrastive
Mandarin tones into one native category. Francis et al. (2008) reported that Man-
darin listeners were good at identifying Cantonese High-Level [551] and High-Rising
[25], presumably because the two tones were assimilated to Mandarin High-Level
[55] and Mid-Rising [35], respectively. However, Mandarin speakers misidentified
Cantonese Low-Rising [23] as Cantonese High-Rising [25], suggesting that Low-
Rising [23] was not mapped to Mandarin Low-Dipping [214] category; otherwise,
Cantonese T2-T5 [25-23] would have been a Two-Category pair, with excellent dis-
crimination. Wu et al. (2014) revealed that Thai speakers (both experienced and
inexperienced with Mandarin) assimilated Mandarin High-Level [55] to Thai Mid
[33], and Mandarin High-Falling [51] to Thai Falling [451]. Mandarin speakers (both
experienced and inexperienced with Thai) assimilated Thai Mid [33] to Mandarin

1 Tone numerals are used to phonetically denote the tones. “5” represents the highest pitch and
“1” represents the lowest pitch. “55” means a level tone with a starting pitch at 5 and an ending
pitch at 5.



76

High-Level [55], Thai Falling [451] to Mandarin High-Falling [51], and Thai Rising
[214] to Mandarin Mid-Rising [35]. So and Best (2014) showed that English listeners
assimilated the Mandarin tones into their sentence-modality intonation categories.
For example, they assimilated the Mandarin High-Falling tone [51] to the Statement
category (a declarative sentence, with a falling contour) mainly.

3.1.4 The current study

Although numerous studies have focused on non-native perception of lexical tones,
the issue of inter-talker variability received little attention. In most studies, inter-
talker variability was reduced by using 1) a single talker’s stimuli (e.g., Hao, 2012;
Lee et al., 1996; Wang, 2013; Wu et al., 2015), 2) stimuli in sentences showing
contextual f0 (e.g., Francis et al., 2008; So and Best, 2014), or 3) stimuli blocked
by talkers (e.g., So and Best, 2010). Only a few studies used a mixed-talker design
(Chang et al., 2017; Lee et al., 2009, 2013; Wayland and Guion, 2004; Wayland and
Li, 2008).

Unlike previous studies, the current work examines the perception of contrasts
between phonetically similar tones contrasting in various phonetic dimensions in
the presence of inter-talker variability: level tones contrasting in f0 height, contour
tones with very similar contours but different magnitude of f0 change, and tones
contrasting in overall f0 contour shapes. A mixed-talker AXB such as the one used
in Wayland and Guion (2004) and Wayland and Li (2008) was used, with an inter-
stimulus interval (ISI) set at 1500ms to encourage phonological processing (Werker
and Tees, 1984).

Cantonese is chosen as the target language, because this language contains all the
tonal contrasts of interest of this study: 1) Mid-Level vs. Low-Level, 2) High-Rising
vs. Low-Rising, 3) Low-Falling vs. Low-Rising, 4) Low-Rising vs. Low-Level, 5)
Low-Falling vs. Low-Level. Figure 3.1 below plots all six Cantonese tones produced
by a female native speaker. The first tone pair mentioned above shows f0 height
difference in two level tones, while the second pair shows f0 height difference in two
contour (i.e., rising) tones with similar contours. The last three pairs each contains
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tones contrasting in f0 contour. Specifically, tones in the third pair have opposite
directions of f0 change (i.e., falling vs. falling), whereas the fourth pair contains a
level tone and contour tone. The fifth pair also has a level tone and a contour tone,
but the falling contour of the Low-Falling tone is not very pronounced. Without
creaky voice, this tone is perceptually similar to the Low-Level tone.

Figure 3.1: Cantonese tones on the rime [i:] in [ji:] produced by a female native
speaker (single production). T1 = High Level. T2 = High-Rising. T3 = Mid-Level.
T4 = Low-Falling. T5 = Low-Rising. T6 = Low-Level.

To test the effect of language background, three groups of non-Cantonese speak-
ers are recruited: American English, Mandarin, and Bangkok Thai. Both Man-
darin and Bangkok Thai are tonal languages. Mandarin has four lexical tones:
High-Level [T1, 55], Mid-Rising [T2, 35], Low-Dipping [T3, 214], and High Falling
[T4, 51] (Figure 3.2a below). Mandarin Mid-Rising [35] is phonetically similar to
Cantonese High-Rising [25] (Bauer and Benedict, 1997; Duanmu, 2000). Mandarin
Low-Dipping has two allotones in tone sandhi: Low-Falling [21] and Low-Rising [23],
which are phonetically similar to Cantonese Low-Falling [21] and Low-Rising [23],
respectively (Chen, 2002). Mandarin Low-Dipping is often produced with creaky
voice (Davison, 1991).

Bangkok Thai has five lexical tones. As can be seen from Figure 3.2b 2, Thai
2Figure 3.2b shows the five Thai tones produced by a young female speaker. It should be
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(a) Mandarin tone system (b) Bangkok Thai tone system

Figure 3.2: (a) Mandarin tones on the rime [a] produced by a female native speaker.
(b) Bangkok Thai tones on the rime [a] produced by a female native speaker. The
tonal contours are from a single production of a single word for each tone.

is more akin to Cantonese in the sense that there are tones with similar contours.
The Thai tones are traditionally labeled as Mid, Low, Falling, High, and Rising
(Abramson, 1962). The Rising tone is called “Falling-Rising” in some studies (e.g.,
Roengpitya, 2007; Wu et al., 2014) as it has an initial fall. The Falling tone is
sometimes called “Rising-Falling” (e.g., Roengpitya, 2007; Wu et al., 2014) as it has
an initial rise followed by a fall. Although the High tone was considered a static
tone in older literature, recent research has shown that it is becoming increasingly
contoured (Morén and Zsiga, 2006; Roengpitya, 2007; Teeranon, 2007), and so it
is called “High-Rising” in some studies (e.g., Wu et al., 2014). As such, there are
two tones with a rising contour in Bangkok Thai, and one of them (Rising [214]) is
similar to Cantonese rising tones. The Mid tone and Low tone are two static tones in
mid-low pitch range, which is similar to what we see in Cantonese. Recent research
also shows that the Low tone has a sharper falling contour for younger speakers
(e.g., Thepboriruk, 2009; Wu et al., 2014), and it is sometimes called “Low-Falling”
(e.g., Wu et al., 2014). In this study, for the sake of clarity, I use the traditional
labels for the Thai tones because they are probably more well-known than the recent

noted that her tones differ from what Abramson (1962) provided, but are more similar to those in
Thepboriruk (2009) and Wu et al. (2014).
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ones, and I add tone numerals to denote the phonetic characteristics: Mid [33], Low
[21], Falling [451], High [45], and Rising [214].

English is not a tonal language, but pitch is used at the word level as a cue
for stress, as well as at the sentential level for pragmatic meanings. At the word
level, a stressed syllable has a higher pitch, whereas an unstressed syllable has a
lower pitch (e.g, Beckman, 1986). But stress is usually associated with other cues
such as intensity, duration, and spectral balance (e.g., Campbell and Beckman,
1997; Plag et al., 2011; Sluijter and van Heuven, 1996), and stress in English is
usually accompanied by change in vowel quality (e.g., CONtest vs. conTEST). At
the sentential level, pitch indicates pragmatic meanings such as “question” (rising
contour) and “statement” (falling contour). The intonation system of American
English has been analyzed in the Autosegmental-Metrical theory, in which intonation
contours are considered to be derived from sequences of low (L) and high (H) tones
(Beckman and Pierrehumbert, 1986; Hirschberg and Ward, 1995; Pierrehumbert,
1980; Pierrehumbert and Hirschberg, 1990). It is generally accepted that there are
five kinds of contours that convey distinctive meanings in American English: H*LL%
(as in Tone and Break Indices convention; falling), H*LH% (fall-rise), H*HH% (high-
rise), L*HH% (wide low-rise), L*LH% (narrow low-rise). Levis (2002) found that
American English speakers consistently distinguished three types of contours in a
perception task: falling (H*LL%), contours that rise to a mid pitch (H*LH% and
L*LH%), and contours that rise to a relatively high pitch (H*HH% and L*HH%).

3.1.4.1 Hypotheses

It is expected that, for all language groups, the perception of level tones contrasting
f0 height would be more difficult than the perception of the rising tones that rise
to different pitch heights, because the dynamic syllable-intrinsic f0 pattern of the
contour tones would provide talker-specific f0 information which tonal space extrap-
olation is based on (Francis et al., 2006). The perception of tones contrasting in
f0 contour would be easier. Identification of a contour shape is independent of a
talker’s f0 range or average f0, and so the perception of a contrast in contour should
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also be talker-independent. The perception of tones with opposite directions of f0
change may be the easiest, as f0 rising vs. f0 falling may be more salient than a
contour-level contrast.

It is expected that there will be L1-dependent perceptual patterns:

• Mid-Level [33] vs. Low-Level [22] contrast: Thai speakers will outperform
Mandarin speakers, who in turn will outperform English speakers. Although
English speakers are more sensitive to f0 height than the tonal-language speak-
ers (Gandour, 1983), Mandarin speakers and Thai speakers may outperform
English speakers in perceiving the Cantonese Mid-Level [33] vs. Low-Level
[22] contrast, because the tonal-language speakers have experience in normal-
izing for pitch at the syllable level (Chang et al., 2017). As for the comparison
between Mandarin speakers and Thai speakers, Thai speakers may have an
advantage because there are two static tones in the mid-low pitch range in
Bangkok Thai. Thai speakers may be able to assimilate Cantonese Mid-Level
[33] to their Mid tone [33] and Cantonese Low-Level [22] to their Low tone
[22/21]. For Mandarin speakers, both members of this non-native tone pair
may be uncategorized.

• High-Rising [25] vs. Low-Rising [23] contrast: Mandarin speakers and English
speakers will outperform Thai speakers. It is expected that Mandarin speakers
will perceive this contrast better than Thai speakers because one member of
this Cantonese tone pair may be assimilated to a Mandarin category as a
good exemplar. Previously, Wu et al. (2015) found that Mandarin speakers
categorized Cantonese High-Rising [25] tone into Mandarin Mid-Rising [35]
tone most of the time, meaning that Cantonese High-Rising [25] tone was
treated as a good exemplar for the Mid-Rising tone. However, Cantonese
Low-Rising [23] tone was categorized into Mandarin Mid-Rising [35] tone and
Low-Dipping [214] tone with almost equal frequency, meaning that Cantonese
Low-Rising [23] was not a good exemplar for either the Mid-Rising or Low-
Dipping tones. For the Thai speakers, both members of the Cantonese pair



81

may be assimilated to Thai Rising [214] given their similar f0 heights and
f0 contour shapes, but neither member of the pair seems a good exemplar
for the native Rising tone [214]. Assuming tone categories are assimilable
to intonation categories (Hallé et al., 2004), English speakers may assimilate
the Cantonese High-Rising tone [25] to an intonation contour that rises to a
relatively high pitch (L*HH% ) and Low-Rising [23] to an intonation contour
that rises to a mid pitch (L*LH%). If this is the case, English speakers would
also outperform Thai speakers.

• Tone with overall f0 contour shapes: Mandarin and Thai speakers will out-
perform English speakers. For tones contrasting in f0 contour overall (T4-T5
[21-23], T4-T6 [21-22], and T5-T6 [23-22]), both Mandarin and Thai speak-
ers are expected to outperform English speakers, as tonal-language speakers
attach more weight to f0 contour than do English speakers (Gandour, 1983).

In sum, it is expected that 1) inter-talker variability affects the perception of
f0-height and f0-contour contrasts differently, 2) tonal-language speakers will nor-
malize for f0 height better than English speakers, and 3) there are L1-dependent
performance patterns.

3.2 Experiment: Mixed-talker AXB

3.2.1 Methods

3.2.1.1 Participants

Twenty-nine native speakers of American English (f = 18, m = 11), 30 native speak-
ers of Mandarin (f = 18, m = 12) and 38 native speakers of Bangkok Thai (f = 36, m
= 2) were recruited as the listeners for this experiment. None of them had exposure
to Cantonese at the time of testing; nor did they have any musical training in the
past six years at the time of testing (both by self-report). English and Mandarin
speakers were undergraduate students at the University of Arizona. Bangkok Thai
speakers were undergraduate students at Mahidol University (Salaya campus) in the
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Bangkok metropolitan area.
Thirty-five native speakers of Cantonese (f = 24, m = 11) were recruited from

the University of Hong Kong, to serve as a native group for comparison. Their first
and dominant language is Cantonese. Some of them speak other languages in the
Chinese language family (by self-report)3. In total, there were 132 listeners in this
experiment. None of the listeners reported having hearing problems.

Four female native speakers of Cantonese who clearly distinguish all six tones
were recruited as talkers. They were Hong Kong students studying at the University
of Arizona at the time of recording.

3.2.1.2 Stimuli

Two target syllables ([f5n, si]) each carrying each of the five Cantonese tones (T2 [25],
T3 [33], T4 [21], T5 [23], T6 [22]) were selected. The targets were placed at the end of
a carrier phrase: 下一個字係 [ha:22 j5t5 kO:33 �tsi:22 h5i22] ‘The next character
is ’. Four talkers produced the sentences and were recorded. The recording
took place in a sound-attenuated booth, and a head-mounted microphone was used.
The utterances were recorded using an Alesis CD recorder at a sampling rate of
44,100Hz. The target syllables were excised and normalized for peak amplitude
using Praat (Boersma, 2001). All stimuli are real words in Cantonese. They were
screened for accuracy and naturalness by two native speakers of Cantonese.

3 A perception screening test was conducted to see whether or not the participants merged
T2-T5 [25-23], T3-T6 [33-22], T4-T5 [21-23], T4-T6 [21-22], and T5-T6 [23-22]. The test was a
six-alternative-forced-choice (6AFC) task, where participants identified the target word that was
embedded at the end of a carrier phrase produced by the same talker. Six syllables were tested
([j5n, j5u, ji:, jy:n, s8y, w5i]), and there were two talkers (one female and one male). All tones but
T6 [22] received a mean accuracy score above 90% (standard deviation in parentheses): T1 [25]:
99.29% (2.11%); T2 [25]: 99.05% (2.69%); T3 [33]: 92.14% (11.42%); T4 [21]: 99.04% (2.69%); T5
[23]: 97.86% (5.84%); T6 [22]: 70.95% (17.89%). When there was misidentification of T6, it was
consistently misidentified as T3. However, none of the listeners completely merged T3 with T6.
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3.2.1.3 Procedure

The experiment was a high-variability AXB task with a mixed-talker design. The
stimuli were presented in triads. Each trial had the same syllable. The first (A)
and the last stimulus (B) always had different tones, and the middle stimulus (X)
had the same tone as either A or B. All three stimuli in a triad were from different
talkers. Five tone pairs were the targets: T2-T5 [25-23], T3-T6 [33-22], T4-T5 [21-
23], T4-T6 [21-22], and T5-T6 [23-22]. For example, a trial testing the contrast of
T2 and T5 consisted of the following: [si:]T2[Talker1] - [si:]T2[Talker2] - [si:]T5[Talker3].
Another five pairs were distractors: T2-T3, T2-T4, T2-T6, T3-T4, and T3-T5. They
are easy pairs for non-native speakers according to previous research (e.g., Mok and
Wong, 2010a) and a pilot study by the author.

All four orders — AAB, AAB, BBA, and BAA — were used. There were two
sets of AAB, ABB, BBA, and BAA trials per tone pair and per syllable, and so
there were eight trials per tone pair and per syllable. Each of the eight trials had
one set of talker combination. In total, there were 160 trials (2 syllables x 10 tone
pairs x 8 order-talker combinations). The inter-stimulus interval (ISI) was set at
1500ms, requiring listeners to rely on native categories instead of short-term acoustic
memory (Werker and Tees, 1984).

Listeners were tested individually in a sound-attenuated booth (in the U.S.) or
in a quiet office (in Hong Kong and Thailand). Throughout the experiment they
followed written instructions on a computer screen in their native languages. A brief
oral instructions from the author were provided. Since the author does not speak
Thai, Thai speakers were given English instructions. The other participants were
given oral instructions in their native languages. They were not informed how many
talkers there were in the experiment.

The 160 trials were randomly presented over headphones at a comfortable listen-
ing level using E-PRIME 2.0 with a desktop computer (in the U.S. and Hong Kong)
or a laptop (in Thailand). A Serial Response Box was used. Listeners were asked
to focus on the tones or pitch patterns of the stimuli, and on each trial they needed
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to push the button marked with “1st” if the second stimulus had the same tone as
the first one, or “3rd” if the tone of the second stimulus was the same as that of the
last one. No feedback was given. Responses (“1st” and “3rd”) were collected.

In order to familiarize the listeners with the AXB task, a short practice session
was conducted before the experimental trials. The practice session contained 10
trials with the syllable [ji:] produced by four female native speakers of Cantonese
who were not used in the experimental trials.

3.2.2 Data analysis & results

3.2.2.1 Discriminability of tones

Figure 3.3 below shows response accuracy by tone pairs and L1s. Table 3.1 below
reports the results from one-sample t-tests against a chance score of 50% for all tone
pairs and language groups.
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Figure 3.3: Mean percent correct on five tone pairs by four groups of listeners:
Cantonese (natives), English, Mandarin, and Bangkok Thai. Error bars indicate
standard error. T2-T5 = High-Rising vs. Low-Rising, T3-T6 = Mid-Level vs. Low-
Level, T4-T5 = Low-Falling vs. Low-Rising, T4-T6 = Low-Falling vs. Low-Level,
T5-T6 = Low-Rising vs. Low-Level.

English speakers and Mandarin speakers performed significantly above chance
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for all tone pairs. Thai speakers performed above chance on all pairs but the High-
Rising vs. Low-Rising pair. Native speakers performed above chance on all pairs
but the Mid-Level vs. Low-Level pair.

L1 Pair % Correct t Pair % Correct t
E T2-T5 60.34 3.93 *** T3-T6 56.73 2.34 *

T4-T5 88.46 19.85 *** T4-T6 75.72 10.88 ***
T5-T6 74.04 9.46 ***

M T2-T5 57.11 3.37 ** T3-T6 60.56 4.17 ***
T4-T5 96.77 55.32 *** T4-T6 90.30 24.75 ***
T5-T6 91.16 24.04 ***

T T2-T5 55.30 1.94 T3-T6 57.95 3.34 **
T4-T5 94.13 39.40 *** T4-T6 83.52 18.28 ***
T5-T6 91.29 35.12 ***

C T2-T5 79.11 19.42 *** T3-T6 48.04 -0.88
T4-T5 96.96 48.60 *** T4-T6 89.29 25.29 ***
T5-T6 91.96 36.86 ***

Table 3.1: Mean percent correct for each tone pair and each L1 in the AXB task
and results of one-sample t-tests against a chance score of 50%. C = Cantonese
(native), E = English, M = Mandarin, T = Bangkok Thai. T2-T5 = High-Rising
vs. Low-Rising, T3-T6 = Mid-Level vs. Low-Level, T4-T5 = Low-Falling vs. Low-
Rising, T4-T6 = Low-Falling vs. Low-Level, T5-T6 = Low-Rising vs. Low-Level.
***: < .001. **: < .01. * < .05.

The response data (correct vs. incorrect) as the dependent variable were ana-
lyzed with generalized linear mixed-effects models using the function glmer in the
lme4 package in R. The analysis started with an intercept-only model. The model
with Tone Pair as the sole fixed effect improved the fit [χ2(18) = 1437.7, p <

.001]. The model with Tone Pair + L1 produced a better fit [χ2(3) = 13.69, p
< .004]. The model with an interaction of those two fixed factors led to an even
better fit [χ2(12) = 134.06, p < .001]. In all the models, random intercepts and
random slopes for Tone Pair for subjects were included. The results (reference
level = T3-T6, Cantonese speakers) are shown in Table 3.2 below.

Post-hoc analysis (Tukey-adjusted) was conducted using the function lsmeans

in R. Since both fixed factors are multi-leveled, I summarize the results by focusing
on 1) the effect of Tone Pair at each level of L1 and 2) the effect of L1 at each
level of Tone Pair.
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Estimate Std. Error z value
(Intercept) 1.341 0.109 12.311 ***

pair(T3-T6) -1.420 0.137 -10.383 ***
pair(T4-T5) 2.476 0.340 7.291 ***
pair(T4-T6) 0.866 0.190 4.561 ***
pair(T5-T6) 1.257 0.212 5.924 ***

lang(English) -0.918 0.153 -6.016 ***
lang(Mandarin) -1.052 0.148 -7.108 ***

lang(Thai) -1.126 0.143 -7.851 ***
pair(T3-T6):lang(English) 1.269 0.199 6.386 ***
pair(T4-T5):lang(English) -0.544 0.407 -1.336
pair(T4-T6):lang(English) -0.089 0.255 -0.350
pair(T5-T6):lang(English) -0.533 0.275 -1.941

pair(T3-T6):lang(Mandarin) 1.562 0.193 8.078 ***
pair(T4-T5):lang(Mandarin) 1.036 0.461 2.250 *
pair(T4-T6):lang(Mandarin) 1.190 0.274 4.346 ***
pair(T5-T6):lang(Mandarin) 0.999 0.299 3.343 ***

pair(T3-T6):lang(Thai) 1.528 0.187 8.183 ***
pair(T4-T5):lang(Thai) 0.406 0.408 0.996
pair(T4-T6):lang(Thai) 0.606 0.248 2.443 *
pair(T5-T6):lang(Thai) 1.012 0.287 3.529 ***

Table 3.2: GLME results of the overall Tone Pair (5 levels) x L1 (4 levels) design
(Estimate, Standard Error, t value) for responses. Reference level is [T2-T5, Can-
tonese]. T2-T5 = High-Rising vs. Low-Rising, T3-T6 = Mid-Level vs. Low-Level,
T4-T5 = Low-Falling vs. Low-Rising, T4-T6 = Low-Falling vs. Low-Level, T5-T6
= Low-Rising vs. Low-Level. ***: p < .001; **: p < .01; *: p < .05.
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Let us focus on the effect of tone pair first. Table 3.3 below summarizes the
results. For the native speakers, the level-tone pair [T3-T6; 33-22] was more difficult
(i.e., lower accuracy) than the rising-tone pair [T2-T5; 25-23], which in turn was
more difficult than the tones with overall f0-contour contrasts. In addition, the
falling-level pair [T4-T6; 21-22] was significantly more difficult than the falling-rising
pair [T4-T5; 21-23]. There was no significant difference between the falling-rising
pair [T4-T5; 21-23] and the rising-level pair [T5-T6; 23-22], or between the falling-
level pair [T4-T6; 21-22] and the rising-level pair [T5-T6; 23-22]. The difficulty
ranking for the tone pairs is (≫: more difficult than): Mid-Level vs. Low-Level
[33-22] ≫ High-Rising vs. Low-Rising [25-23] ≫ Low-Falling vs. Low-Level [21-22],
Low-Rising vs. Low-Level [23-22], Low-Falling vs. Low-Rising [21-23].

Native English Mandarin Thai
Contrast Estimate Std. Error z value Estimate Std. Error z value Estimate Std. Error z value Estimate Std. Error z value
T2T5 - T3T6 1.420 0.137 10.383 *** 0.151 0.144 1.046 -0.142 0.137 -1.040 -0.108 0.127 -0.849
T2T5 - T4T5 -2.476 0.340 -7.290 *** -1.932 0.272 -7.108 *** -3.512 0.356 -9.873 *** -2.882 0.284 -10.154 ***
T2T5 - T4T6 -0.866 0.190 -4.562 *** -0.776 0.174 -4.453 ** -2.056 0.205 -10.025 *** -1.472 0.165 -8.912 ***
T2T5 - T5T6 -1.257 0.212 -5.924 *** -0.724 0.181 -4.000 ** -2.256 0.223 -10.103 *** -2.269 0.202 -11.214 ***

T3T6 - T4T5 -3.896 0.331 -11.778 *** -2.083 0.265 -7.847 *** -3.370 0.352 -9.575 *** -2.774 0.279 -9.923 ***
T3T6 - T4T6 -2.285 0.180 -12.678 *** -0.927 0.174 -5.326 *** -1.914 -0.206 -9.291 *** -1.364 0.166 -8.217 ***
T3T6 - T5T6 -2.677 0.212 -12.654 *** -0.875 0.192 -4.556 *** -2.114 0.232 -9.094 *** -2.161 0.211 -10.245 ***

T4T5 - T4T6 1.610 0.350 4.599 *** 1.155 0.274 4.210 ** 1.456 0.377 3.858 * 1.410 0.292 4.826 ***
T4T5 - T5T6 1.219 0.363 3.354 1.208 0.279 4.322 ** 1.256 0.388 3.237 0.613 0.315 1.946

T4T6 - T5T6 -0.391 0.234 -1.674 0.053 0.192 0.275 -0.200 0.261 -0.765 -0.797 0.219 -3.643 *

Table 3.3: Results from post-hoc analysis (Tukey-adjusted); showing the effect of
tone at each L1. T2T5 = High-Rising vs. Low-Rising, T3T6 = Mid-Level vs. Low-
Level, T4T5 = Low-Falling vs. Low-Rising, T4T6 = Low-Falling vs. Low-Level,
T5T6 = Low-Rising vs. Low-Level. ***: p < .001; **: p < .01; *: p < .05.

For the non-native listeners, the level-tone pair [T3-T6; 33-22] and the rising-tone
pair [T2-T5; 25-23] were equally difficult. This contrasts with the native speakers.
Both the level-tone pair and the rising-tone pair were more challenging than those
with f0-contour contrasts, and this same pattern was found in the native data.

There are L1-dependent patterns regarding the difficulty ranking among the pairs
with f0-contour contrasts. For Mandarin speakers, the difficulty ranking among
these three tone pairs was the same as that for the native listeners: the falling-level
pair [T4-T6; 21-22] was significantly more difficult than the falling-rising pair [T4-
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T5; 21-23]. For Thai speakers, the falling-level pair [T4-T6; 21-22] was significantly
more difficult than the rising-level pair [T5-T6; 23-22] and the falling-rising pair
[T4-T5; 21-23]. For English speakers, both the rising-level pair [T5-T6; 23-22] and
the falling-level pair [T4-T6; 21-22] were more difficult than the falling-rising pair
[T4-T5; 21-23].

In general, across the language groups, f0-height contrasts were more difficult to
perceive than f0-contour contrasts, with opposite direction of f0 change being the
easiest contour-contrast to perceive, followed by the rising-level contrast, then the
falling-level contrast.

Let us turn to the effect of L1. The results are summarized in Table 3.4 below.
The effect of L1 was significant for all tone pairs. For the rising-tone pair (T2-T5;
23-25), all three groups of non-native listeners were outperformed by the natives, and
there was no significant difference among the non-native groups. For the level-tone
pair (T3-T6; 33-22), which was the most difficult pair for all four groups of listeners,
there was no significant difference found between any two language groups. For the
falling-rising pair (T4-T5; 21-23), which was the easiest pair for all listeners, English
speakers were outperformed by native speakers, and that was the only significant
difference found. For the falling-level pair (T4-T6; 21-22), English speakers were
outperformed by both native speakers and Mandarin speakers, but not Thai speak-
ers. For the rising-level pair (T5-T6, 23-22), English speakers were outperformed
by all three groups of tonal language speakers. For all the tone pairs with overall
f0-contour contrasts, there was no significant difference among the tonal-language
speakers.

In general, tonal-language speakers were better at perceiving f0-contour contrasts
than English speakers. The level-tone contrast was equally challenging for both
native and non-native listeners, whereas the rising-tone contrast was easier for native
speakers.
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Response
T2-T5 T3-T6 T4-T5 T4-T6 T5-T6

Contrast Estimate Std. Error z value Estimate Std. Error z value Estimate Std. Error z value Estimate Std. Error z value Estimate Std. Error z value
C - E 0.918 0.153 6.016 *** -0.351 0.136 -2.591 1.461 0.393 3.715 * 1.007 0.221 4.546 *** 1.451 0.261 5.564 ***
C - M 1.052 0.148 7.109 *** -0.510 0.132 -3.351 0.015 0.449 0.034 -0.139 0.245 -0.565 0.053 0.287 0.184
C - T 1.126 0.143 7.851 *** -0.401 0.127 -3.154 0.720 0.396 1.819 -0.890 0.323 -2.753 0.114 0.275 0.415

E - M 0.134 0.147 0.916 -0.159 0.143 -1.111 -1.446 0.414 -3.492 -1.145 0.239 -4.786 *** -1.398 0.274 -5.093 ***
E - T 0.209 0.142 1.471 -0.050 0.138 -0.362 -0.741 0.356 -2.079 -0.486 0.210 -2.316 -1.337 0.260 -5.137 ***

M - T 0.075 0.137 0.544 0.109 0.135 0.806 0.705 0.419 1.682 0.659 0.236 2.790 0.061 0.287 0.214

Table 3.4: Results from post-hoc analysis (Tukey-adjusted); showing the effect of
L1 at each tone pair. C = Cantonese, E = English, M = Mandarin, T = Bangkok
Thai. T2-T5 = High-Rising vs. Low-Rising, T3-T6 = Mid-Level vs. Low-Level,
T4-T5 = Low-Falling vs. Low-Rising, T4-T6 = Low-Falling vs. Low-Level, T5-T6
= Low-Rising vs. Low-Level. ***: p < .001; **: p < .01; *: p < .05.

3.2.2.2 Effect of increased exposure to talkers

We see from the first analysis that the rising-tone pair and the level-tone pair were
equally difficult for each group of non-native listeners. The tones in each pair exhibit
f0-height contrasts: for the level tones, the average f0 height of the tones is different;
for the rising tones, the f0 height at the tonal offset is different. Since the perception
of f0-height may be influenced by syllable-extrinsic information such as a talker’s
pitch range, an additional analysis was conducted to examine whether increased
exposure to talkers improves the perception of the f0-height contrasts. For each
L1 group, two linear mixed-effects analyses —one for the level tones and the other
for the rising tones—with trials as the fixed factor and response as the dependent
variable were conducted. The same analyses were conducted on the native data as
well so that we can compare native versus non-native performance.

For the rising tones, results showed that there was no familiarization effect for
each language group at all [English: β = -0.017, SE = 0.02, p > .05; Mandarin: β
= -0.001, SE = 0.02, p > .05; Thai: β = -0.015, SE = 0.02, p > .05; Cantonese:
β = -0.015, SE = 0.03, p > .05]. On the other hand, for the level tones, only the
non-native groups lacked a familiarization effect [English: β = 0.007, SE = 0.02,
p > .05; Mandarin: β = 0.015, SE = 0.02, p > .05; Thai: β = 0.029, SE = 0.02,
p > .05]. The native listeners’ perception was facilitated by increased exposure to
talkers [β = 0.14, SE = 0.02, p <.001]. Figure 3.4 below visualizes the contrast
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between the native group and the non-native groups for the level tones.
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Figure 3.4: Effect of trials (x-axis; 16 trials per listener) on each language group’s
predicted probabilities of response (y-axis) on the level-tone trials with 95% confi-
dence interval.

3.2.3 Discussion: mixed-talker AXB task

For both non-native and native listeners, High-Rising vs. Low-Rising and Mid-Level
vs. Low-Level were the two most difficult tone pairs. For all three groups of non-
native listeners, there was no significant difference between these two pairs in terms
of accuracy, suggesting that the f0-height contrast between the rising tones and the
f0 height contrast between the level tones were equally challenging. Data from the
native listeners, however, showed that the rising-tone pair was significantly easier
than the level-tone pair for them.

Both native and non-native data revealed that tones contrasting in f0 contour
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are easier to discriminate than those contrasting in f0 height mainly. This shows
that the perception of f0-contour contrasts is less context-dependent and less suscep-
tible to inter-talker variability. Results revealed a tonal-L1 advantage in perceiving
f0-contour contrasts in the presence of inter-talker variability in general. This is
consistent with the finding that speakers of tonal languages are more sensitive to f0
contour than are speakers of non-tonal languages (Gandour, 1983).

It was hypothesized that English speakers and Mandarin speakers could perceive
the rising-tone contrast better than Thai speakers, because 1) neither member of
this tone pair is a good exemplar for a Thai rising tone and 2) Thai speakers are
not as sensitive to f0 height as English and Mandarin speakers. This is only partly
confirmed by the results. While both English speakers and Mandarin speakers
performed significantly above chance on this tone pair, Thai speakers performed at
chance. However, there was no significant difference between these language groups
in terms of accuracy.

It was also hypothesized that Thai speakers can perceive the level-tone contrast
better than Mandarin speakers, who will be better than English speakers, because
Bangkok Thai has two non-high static tones and tonal language speakers have expe-
rience in tone normalization (Chang et al., 2017). Indeed, English speakers did not
outperform speakers of tonal languages on the level-tone pair, even though English
speakers are said to be more sensitive to f0 height than tonal-language speakers
(Gandour, 1983). However, results did not show a clear advantage of Thai speakers
and Mandarin speakers. A significant effect of L1 was lacking.

With attention and memory required for multi-talker stimuli with both between-
tone-category and within-tone-category differences, the AXB task may have imposed
an overwhelming cognitive load that constrains listeners’ performance on the tones
with f0-height contrasts. In fact, native listeners did not outperform the non-native
listeners in perceiving the level tones. This is probably because there are different
processes involved: while non-native listeners only need to pay attention to pitch
patterns, native listeners need to retrieve lexical information as all the stimuli are
real words in the language.
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However, despite the task being cognitively challenging and requiring lexical
retrieval for the native speakers, their performance on the level-tone pair was fa-
cilitated by increased exposure to the talkers. The non-native listeners were not
affected by this syllable-extrinsic information. The native advantage in f0-height
discrimination is seen more clearly on the rising tones: native performance was
significantly better than non-native performance. The fact that performance was
stable across trials (i.e., no familiarization effect) suggests that perception of the
rising-tone contrast is not affected by syllable-extrinsic cues, presumably because of
two possible reasons. First, identification of the High-Rising tokens is stable even
through they were produced by different talkers. Using an identification task, Peng
et al. (2012) found that inter-talker variability did not affect the perceptual height
or slope of the High-Rising tone. However, variability between talkers did affect
the perceptual height of the Low-Rising tone. Therefore, in an AXB trial with at
least one instance of a rising tone of which the percept is stable, syllable-intrinsic
cues alone allow for a correct perception of the contrast between a stably-perceived
tone and a non-stably-perceived tone. Second, the dynamic change of f0 within the
syllables can cue talker-specific information, especially because the High-Rising tone
reaches both the lower bound and the upper bound of a talker’s pitch range.

As the null effect of L1 found on non-native perception of f0-height contrasts
was probably due to task complexity, I ran an experiment in which listeners only
need to attend to one stimulus per trial: a mixed-talker shadowing task. Through
production, we can examine the percepts of the tones of the non-native listeners
who encounter the target language for the first time.

3.3 Experiment: delayed mixed-talker shadowing task

3.3.1 Methods

3.3.1.1 Participants & stimuli

The same 97 non-native listeners in the AXB task participated in the shadowing task
as shadowers. The same native listeners in the AXB task also participated in the
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shadowing task to form a native group for comparison. The stimuli in the shadowing
task were the High-Rising [25], Low-Rising [23], Mid-Level [33], and Low-Level [22]
tokens used in the AXB task.

3.3.1.2 Procedure

Experiment 2 started ten minutes after Experiment 1. There were 36 trials (2 sylla-
bles x 4 tones x 4 talkers), and they were randomly presented via headphones at a
comfortable listening level using E-PRIME 2.0 with a desktop computer (in the U.S.
and Hong Kong) or a laptop (in Thailand). Participants followed written instruc-
tions on a computer screen in their native languages throughout the experiment.
All participants except Thai speakers received brief oral instructions in their native
languages before the start of the experiment. Thai speakers received oral instruc-
tions in English since the author does not speaker Thai. They were instructed to
pronounce the stimuli in their own voices using their own natural pitch ranges, not
by imitating the exact pitch of the talkers.

On each trial, participants first heard a stimulus via headphones. The word
repeat (or its equivalent in Chinese and Thai) then appeared on the screen 1500ms
after the offset of the stimulus, and participants repeated what they just heard.
This 1500ms-delay was to avoid imitation from short-term acoustic memory and
to encourage phonological processing. In order to familiarize the participants with
the production task, a short practice session was conducted before the experimental
trials. There were four trials with the syllable [ji:] produced by four female native
speakers of Cantonese who were not used in the experimental trials.

Participants were recorded individually in a sound-attenuated booth (in the U.S.)
or in a quiet office (in Hong Kong and Thailand). Head-mounted microphones were
used. The utterances were recorded using an Alesis CD recorder (in the U.S.) or
a Zoom H4n portable recorder (in Hong Kong and Thailand). Sampling rate was
44,100Hz.
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3.3.1.3 Acoustic analysis

The data from two native female shadowers were excluded because there was sub-
stantial noise in their recordings, as reported in the study in Chapter 2. Same as
the study reported in Chapter 2, acoustic analysis was performed in Praat using
ProsodyPro (Xu, 2013). This script allows for manual correction of vocal pulse
markings and it returns time-normalized f0 measurement. In each token, only the
rime portion was used to extract f0 measurement from. In order to avoid f0 fluctu-
ations due to the initial voiceless fricatives, the onset of a rime was marked at the
beginning of the fourth cycle of the vowel (i.e. the fourth pulse after the onset of
periodicity). The offset of a rime was marked at the end of the fourth cycle from
the end of periodicity. Figure 3.5 below gives an example of the rime [i:] from the
syllable [si:].

Figure 3.5: Analysis of sample item [si:] (T2) ‘history’ in Praat with the ProsodyPro
script, showing the onset and the offset of a rime. Upper panel shows the waveform
and the spectrogram. Lower panel shows the point process, where manual correction
could be made.

Using ProsodyPro, incorrect vocal pulse markings (e.g., missing pulses or double
markings) were corrected manually. For each token, f0 measurements were extracted
at ten equidistant points between the onset and the offset of a rime. Each partici-
pant’s highest f0 and lowest f0 were obtained automatically through ProsodyPro as
well. Figure 3.6 below presents shadowers’ production of the rising-tone tokens and
the level-tone tokens.
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Figure 3.6: Shadowers’ tokens in the shadowing task (split by L1 and gender) av-
eraged across syllables and talkers. Y-axis represents mean f0 (semitones re 1 Hz).
X-axis represents the ten equidistant points at which f0 measurements were ex-
tracted. Error bars indicate standard error. T2: High-Rising; T3: Mid-Level; T5:
Low-Rising; T6: Low-Level.
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3.3.2 Data analysis & results

The analysis presented in this section focuses on the amount of contrast produced
between the level-tone tokens, and that between the rising-tone tokens. Let us
focus on the level-tone tokens first. Since the contours of these two tones are almost
identical except for the average f0 height, the measurement focused here is the
average f0 height across the rime portion. Figure 3.7 below shows how much contrast
the shadowers produced for the level-tone tokens. The native shadowers produced
an average of 1.04 semitones difference between the level tones. English shadowers
produced an average of 1.30 semitones difference. Mandarin shadowers and Thai
shadowers produced a similar contrast: 1.10 semitones difference and 1.11 semitones
difference, respectively.

A linear mixed-effects analysis was conducted by first constructing an intercept-
only model. Then the model with L1 as the fixed factor was computed and compared
with the intercept-only model, and the new model did not significantly improve fit
(χ2(3) = 2.34, p = .504). In other words, the effect of L1 was not significant.
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Figure 3.7: Contrast in average f0 (semitone) between Mid-Level (T3) and Low-
Level (T6) produced by the shadowers. Error bars indicate standard error.
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For the rising tones, as they start with similar pitch, drop down to a similar
pitch level, but rise to different pitch heights, magnitude of rise (f0 max - f0 min)
was examined. Figure 3.8 below shows the amount of contrast produced between
the rising tones by L1. The native shadowers produced an average of 2.17 semi-
tones difference between the rising tones. Both English and Mandarin shadowers
produced an average of over two semitones difference: 2.03 and 2.11, respectively.
Thai shadowers produced an average of 1.39 semitones difference.
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Figure 3.8: Contrast in magnitude of rise (semitone) between High-Rising (T2) and
Low-Rising (T5) produced by the shadowers. Error bars indicate standard error.

A linear mixed-effects model with the factor L1 was compared with an intercept-
only model, and adding the factor significantly improved model fit (χ2(3) = 9.45, p
< .03). This means that the effect of L1 was significant. Post-hoc analysis (Tukey-
adjusted) revealed that there was no significant difference between the native shad-
owers and the English shadowers [β = 0.14, SE = 0.30, p = 0.97] or between the
native shadowers and the Mandarin shadowers [β = 0.07, SE = 0.29, p = 0.99]. Thai
shadowers produced a significantly smaller contrast than the natives [β = -0.79, SE
= 0.29, p < .03], English shadowers [β = -0.65, SE = 0.31, p < .05], and Mandarin
shadowers [β = -0.73, SE = 0.30, p < .04]. There was no significant difference
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between English shadowers and Mandarin shadowers [β = 0.07, SE = 0.31, p =
0.99].

3.3.3 Discussion: mixed-talker delayed shadowing task

In the delayed shadowing task, four groups of participants (natives, English, Man-
darin, and Bangkok Thai) repeated Cantonese words 1.5 seconds after hearing them.
The analysis probed the effect of L1 on the amount of contrast produced for the
level tones and for the rising tones. There was no significant effect of L1 for the level
tones, but for the rising tones, both English shadowers and Mandarin shadowers pro-
duced a significantly larger contrast than did Thai shadowers. The rising-contrast
produced by the English and the Mandarin shadowers was similar to that produced
by the native shadowers. In sum, English speakers and Mandarin speakers were bet-
ter than Thai speakers in producing the rising-tone contrast, which in turn suggests
that the contrast was more prominent for English speakers and Mandarin speakers.

3.4 General Discussion

3.4.1 Summary of results

In this study, I examined the effect of inter-talker variability and native language
background on the perception of non-native tonal contrasts. Three groups of non-
Cantonese speakers (American English, Mandarin, and Bangkok Thai) and one
group of native speakers of Cantonese participated in two experiments in the current
study.

The first experiment was a mixed-talker AXB task examining non-native per-
ception of five Cantonese tonal contrasts: High-Rising vs. Low-Rising [25-23], Mid-
Level vs. Low-Level [33-22], Low-Falling vs. Low-Rising [21-23], Low-Falling vs.
Low-Level [21-22], and Low-Rising vs. Low-Level [23-22]. The first two pairs exhibit
contrasts in f0 height mainly, and the last three pairs exhibit contrasts in overall f0
contour shape. Results revealed that 1) the perception of f0-height contrasts is more
susceptible to inter-talker variability than the perception of f0-contour contrasts for
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all language groups; 2) the perception of the level-tone pair in the presence of inter-
talker variability was equally challenging for native and non-native listeners; 3) the
rising-tone pair and the level-tone pair were equally challenging for non-native lis-
teners, whereas the rising-tone pair was significantly easier than the level-tone pair
for the native listeners; 4) native performance on f0-height perception was facilitated
by increased exposure to talkers while non-native performance was not affected; and
5) tonal-language speakers outperformed English speakers in perceiving f0-contour
contrasts in general.

The second experiment was a mixed-talker delayed shadowing task, examining
how participants shadowed the level tones and the rising tones. These two pairs
were found equally challenging for the non-native groups in the AXB task (55%-61%
correct). Results revealed that all L1 groups produced the same amount of contrast
between the level tones. However, English shadowers and Mandarin shadowers, just
like Cantonese shadowers, produced a significantly larger contrast between the rising
tones than did Thai shadowers.

There are discrepancies between what was found in the AXB task and in the
shadowing task. While results from the AXB task indicate considerable confu-
sion between Mid-Level [33] and Low-Level [22] and between High-Rising [25] and
Low-Rising [23], the results from the shadowing task suggest that participants can
produce a contrast between the tones. Although the results of the AXB task did
not reveal a significant L1 effect on the perception of the rising-tone contrast, the
shadowing task showed that this contrast was more salient for English speakers and
Mandarin speakers than for Thai speakers. This is probably because the AXB task is
more cognitively demanding (three stimuli per trial). Listeners were presented with
between-tone-category differences, within-tone-category differences, and inter-talker
variability at the same time.

The results are largely consistent with the hypotheses laid out in the Introduction
section, except that there was no significant L1 effect found on the perception of
level tones. Although English speakers lack experience in tone normalization than
tonal language speakers (Chang et al., 2017), Mandarin and Thai speakers did not
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outperform English speakers in perceiving the level-tone contrast. Below, I discuss
these results in detail, relating the current study to those on the effect of inter-talker
variability and L1-dependent perception.

3.4.2 Inter-talker variability and the perception of tones

Both native and non-native performance in the AXB task showed that the perception
of tones with f0-height contrasts is much more susceptible to inter-talker variability
than is the perception of tones with f0-contour contrasts. In general, the perception
of rising-falling pair with f0 change in opposite direction was the least difficult. The
contour-level pairs were a bit more challenging than the rising-falling pair. This
shows that a contour-contour contrast is perceptually more salient than a contour-
level contrast (see also Burnham and Francis, 1997).

The finding that listeners (including natives) had significant difficulty in perceiv-
ing the level-tone contrast in the presence of inter-talker variability is compatible
with Wong and Diehl (2003). They found that native identification of Cantonese
suffered when stimuli were mixed across talkers. However, when the stimuli were
blocked by talkers, identification performance was significantly better. For the AXB
task, there was no significant difference between native and non-native listeners’
performance on the level-tone trials. This seems to be consistent with studies like
Bradlow and Pisoni (1999), Takayanagi et al. (2002), and Lee et al. (2009). For
example, Lee et al. (2009) showed that the effect of talker variability was of the
same magnitude for native speakers of Mandarin and non-native listeners when
they perceived Mandarin tones. In other words, inter-talker variability is no more
challenging for non-native listeners than for native listeners. Nevertheless, as men-
tioned earlier, it is possible that native listeners’ poor performance was also due to
their involvement in higher-order processes such as lexical retrieval since all stimuli
are real words in the language.

The perception of f0 height can be shifted by syllable-extrinsic cues, such as f0
range (Wong, 1998) or average f0 (Francis et al., 2006) presented in the context. The
findings in Wong (1998) suggest that listeners’ estimate of a talker’s tonal space and
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the f0 location of a tone is influenced by the actual pitch range they experience in
a given utterance. With both Cantonese precursor phrases and English ones, Wong
found that shifting the f0 height of the precursor phrase changed the perception of
a target tone such that a high precursor cued a low tone while a low precursor cued
a high tone. This contrastive context effect was found in previous studies such as
Moore and Jongman (1997), in which they tested native perception of Mandarin
tones with Mandarin precursors. What is interesting in Wong’s (1998) study is
that the context effect was smaller with English precursors than with Cantonese
precursors. He argued that this was because the overall pitch range of the talkers
was smaller in English than in Cantonese, and that listeners’ tonal judgements were
based on the maximum or minimum pitch of the preceding context. Francis et al.
(2006), on the other hand, argued that tonal-space estimation involves extrapolation
from the talker’s average f0. The researchers compared the contrastive context effect
induced by shifting f0 in natural precursors and the context effect induced by shifting
f0 in monotone precursors whose average f0 was the same as the natural precursors.
They found that the context effect was greater with monotone precursors than
with natural, dynamic precursors. The results suggest that listeners do not need
a complete pitch range of a talker to estimate tonal space and the f0 location of a
tone in the space. Based on the results of the current study, it cannot be pinpointed
what the base was for tonal space estimation for the listeners, because they were
exposed to talkers’ pitch ranges across trials throughout the study as the tone pairs
were presented randomly. The High-Rising tone [25] would give away a talker’s
maximum pitch and the Low-Falling tone [23] would reveal the minimum pitch of a
talker.

While studies like Wong (1998), Wong and Diehl (2003), and Francis et al.
(2006) show that the presence of talker-specific information such as pitch range and
average pitch before a target influences the perception of the f0 height of the target,
research by Honorof and Whalen (2005) and Lee (2009)suggests that listeners can
locate the f0 of a very brief speech sample within a talker’s pitch range without
prior exposure to the talker. For example, Honorof and Whalen (2005) found that
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listeners’ judgements of f0-location-in-range of an unfamiliar voice were correlated
with the actual location of that f0 in that talker’s range. Nevertheless, considerable
perceptual challenge (lower than 62% accurate across language groups) was observed
in the perception of the level-tone contrast. If listeners can locate f0 within a talker’s
range with their experience with the “population tessiture” (Honorof and Whalen,
2005), we would expect that at least the native speakers in the current study would
discriminate the level tones better in the AXB task. In fact, native performance was
at chance, and there was no significant difference between native and non-native
performance in terms of overall accuracy. However, this discrepancy in findings
may be due to task differences. Besides the possibility that native listeners were
engaged in lexical retrieval, the AXB task is more cognitively demanding than the
f0-location-in-range rating task in the sense that the AXB task requires attention to
and memory of multiple stimuli for a judgement to be made. When a less challenging
task (the mixed-talker shadowing task in which participants were exposed to only
one stimulus per trial) was used, both native and non-native shadowers did produce a
contrast between the level tones, suggesting that contrasts were perceived. However,
this does not necessarily mean that the shadowers used stored templates of f0 range
distribution to gauge f0-location-in-range for each speech sample. It is possible that
they showed facilitation from the exposure to the f0 ranges of the talkers (e.g.,
through the High-Rising tone [25]).

Although native listeners did not show an advantage over non-native listeners in
perceiving the level-tone contrast in terms of overall response accuracy in the AXB
task, increased exposure to the talkers facilitated native performance. This contrasts
with non-native performance, as non-native listeners were not significantly affected
by increased exposure to the talkers. That non-native listeners were facilitated less
by syllable-extrinsic information was also found in Lee et al. (2009). They compared
native and non-native perception of Mandarin tones in context versus in isolation.
Compared with the native listeners, the non-native listeners were facilitated less
by context when perceiving Mandarin tones with limited acoustic input, including
those with onset-only syllables showing contrasts in f0 height only.
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The rising tones tested in this study have similar contours (especially the first
half of the tonal contour) and the contrast is mainly in the magnitude of rise in the
second half of the contour. For the non-native speakers, the f0-height contrast in
the rising tones and that in the level tones were equally difficult to perceive in the
presence of inter-talker variability. This is not true for the native speakers, however.
Native speakers perceived the rising-tone contrast significantly better than the level-
tone contrast. Presumably, the dynamic change of f0 within the syllable can provide
talker-specific f0 information for f0-range extrapolation so that listeners can gauge
the f0 height at the syllable offset and the magnitude of rise overall. It seems that
non-native listeners were less efficient in using this cue when they were presented
with multiple stimuli in a trial.

3.4.3 L1-dependent perceptual patterns in non-native tone perception

The AXB task exhibited some tonal-L1 advantage in perceiving f0-contour contrasts.
For example, Cantonese, Mandarin, and Thai speakers outperformed English speak-
ers in perceiving the rising-level contrast [23-22]. Cantonese and Mandarin speakers
outperformed English speakers in perceiving the falling-level contrast [21-22]. Can-
tonese speakers outperformed English speakers in perceiving the falling-rising con-
trast [21-23], which was also the easiest contrast for English speakers. This result
is largely consistent with the finding that speakers of tonal languages are more sen-
sitive to f0 contours than speakers of non-tonal languages (Gandour, 1983; Qin and
Jongman, 2016). This tonal-L1 advantage was not seen elsewhere. In the AXB task,
there was no significant difference between the non-native groups with respect to the
perception of f0-height contrasts. In the shadowing task, there was no significant
difference between the non-native groups in the amount of contrast they produced
in the level tones. On the other hand, English and Mandarin shadowers produced
a larger contrast between the rising tones than did Thai speakers. Therefore, the
results do not support the claim that tonal-language speakers perceive novel tones
better than non-tonal language speakers (e.g., Lee et al., 1996; Wayland and Guion,
2004). The results also do not support the conclusion in Wang (2006) that having
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a tonal background may hinder the perception of non-native tones. What seems to
matter is how salient a cue is to a given group of speakers (Gandour, 1983) and how
similar or dissimilar a non-native tone is to a native prosodic category (e.g., So and
Best, 2014). Therefore, it is not the case that having a tonal L1 would guarantee
better perception; nor is it the case that speakers with a more complex tonal L1
(such as Thai) would necessarily outperform speakers with a less complex tonal L1
(such as Mandarin).

The results confirmed the hypothesis that English speakers and Mandarin speak-
ers perceive the High-Rising vs. Low-Rising [25-23] tone pair better than do
Thai speakers. Previous studies on perceptual assimilation suggest that non-native
prosodic categories (tonal, intonational, or pitch-accent) can be assimilated into
native prosodic categories, and the Perceptual Assimilation Model-Suprasegmentals
(PAM-S; So and Best, 2014), which was extended from PAM (Best, 1995) and PAM-
L2 (Best and Tyler, 2007), was developed to account for the patterns observed in
cross-linguistic assimilation with prosodic categories. Focusing on the performance
on the rising tones in this study, it is possible that the Cantonese rising-tone pair is
an Uncategorized-Categorized (UC) pair for the Mandarin speakers, with Cantonese
High-Rising [25] categorized as a good exemplar for the native Mid-Rising [35] and
Cantonese Low-Rising [23] uncategorized. Previously, Francis et al. (2008) revealed
that Mandarin speakers were much better at identifying Cantonese T2 [25] than T5
[21] in their tone identification task. Wu et al. (2015) found that Mandarin Mid-
Rising [35] was the primary category into which Cantonese High-Rising [25] was
categorized, while Cantonese Low-Rising [23] was categorized into Mid-Rising [35]
and Low-Dipping [214] with almost equal frequency. According to PAM-S, a non-
native prosodic category is uncategorized when listeners perceive it to be somewhere
in between two or more native prosodic categories (So and Best, 2014). Although
the current study did not investigate overt categorization, phonological processing
was still encouraged through the 1500ms ISI (Werker and Tees, 1984). It is possible
that Cantonese High-Rising tone [25] was heard as a good exemplar for the native
Mid-Rising tone [35], whereas the Cantonese Low-Rising tone [23] was uncategorized
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since it is not a good fit to either Mid-Rising [35] or Low-Dipping [214].
As for Thai speakers, based on the contour shape and f0 height of the Cantonese

rising tones and Thai High [45] and Rising [214], it is possible that both Cantonese
rising tones were categorized as Thai Rising [214] with differing goodness of fit.
Since Thai speakers did produce a contrast between the Cantonese rising tones,
this pair is probably not a Single-Category (SC) pair. If the pair were an SC pair,
discrimination should be poor, and a significant contrast would not have been found
in the production of the tones. Therefore, it is possible that the Cantonese rising-
tone pair is a Category Goodness pair for the Thai speakers.

As for English speakers, if we assume that tonal categories can be assimilated
into intonational categories, it is possible that English speakers assimilated Can-
tonese High-Rising [25] to an intonation contour that rises to a relatively high pitch
(L*HH%) and Low-Rising [23] to an intonation contour that rises to a mid pitch
(L*LH%). If Two-Category assimilation is not possible, or if perceptual assimilation
between tonal and intonational categories is not possible at all, English speakers’
higher sensitivity to f0 height may still render them better at the rising-tone contrast
than Thai speakers. In fact, the contrast between the two rising tones produced by
the English shadowers was comparable to the contrast produced by native speakers.

3.5 Conclusion

This study examined non-native perception of isolated, phonetically similar tones
contrasting in various phonetic dimensions in the presence of inter-talker variability.
Speakers of American English, Mandarin, and Bangkok Thai, as well as a group of
native speakers of Cantonese participated in a mixed-talker AXB task and a mixed-
talker delayed shadowing task to perceive five Cantonese tone pairs. This study
provides evidence that inter-talker variability affects the perception of f0-height
contrasts more than the perception of f0-contour contrasts. Non-native listeners
are less efficient at utilizing syllable-extrinsic information for perceiving f0-height
contrasts. We also showed that perception of non-native tones is influenced by native
language background. In general, tonal-language speakers outperformed English
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speakers in perceiving f0-contour contrasts (rising vs. level, falling vs. level, and
rising vs. level). English and Mandarin speakers outperformed Thai speakers in
perceiving two rising tones that have similar contour shapes but different f0 heights.
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CHAPTER 4

Perceptual learning with orthographic representations for tones

4.1 Introduction

This study investigates the effect of orthography on the perception of non-native
(L2) tones with high degree of phonetic similarity. Over a decade of research has
revealed that orthography affects non-native perception and the formation of the
phonological representations of L2 lexical items (e.g., Young-Scholten et al., 1999;
Bassetti, 2006; Escudero et al., 2008; Escudero and Wanrooij, 2010; Hayes-Harb
et al., 2010; Simon et al., 2010; Showalter and Hayes-Harb, 2013; Escudero et al.,
2014; Escudero, 2015; Hayes-Harb and Hacking, 2015; Showalter and Hayes-Harb,
2015; Young-Scholten and Langer, 2015; Hayes-Harb and Cheng, 2016; Mathieu,
2016). While most of these studies examined the effect of familiar orthography (e.g.,
Escudero et al., 2008), only a few investigated the use of unfamiliar orthography
(e.g., Showalter and Hayes-Harb, 2013). Among the latter type of studies, only
Showalter and Hayes-Harb (2013) looked into how unfamiliar orthography affects
the learning of tones, and they found that tone diacritics were helpful for English
speakers to learn Mandarin pseudo-words.

However, since Mandarin tones all have different f0 contours (level, rising, falling,
dipping), it remains unclear whether orthography is helpful for tones that share
higher degree of phonetic similarity and whether speakers of different L1s are af-
fected by such an orthography differently. In addition, in real learning environ-
ments, learners are always faced with inter-talker variability: they often listen to
audio materials and watch videos with multiple voices present, and they engage in
conversations with their peers and teachers in communicative tasks.

The present study is unique in that both non-tonal-language speakers and tonal-
language speakers who are Cantonese-naive were trained to perceive various Can-
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tonese tone pairs that exhibit a high level of phonetic similarity in the presence of
inter-talker variability. This study aims to probe whether orthography for tones has
a facilitatory effect or an inhibitory effect on the learning of various tonal contrasts.
This training study will have implications for classroom teaching, as it stimulates the
initial stage of L2 speech processing, through the participation of Cantonese-naive
speakers and the presence of inter-talker variability.

4.1.1 Orthography and the learning of L2 phonological contrasts

Several studies have shown that orthography benefit the learning of L2 contrasts.
For example, in Escudero et al. (2008), Dutch learners of English who did not see
spelled forms of the auditory stimuli confused /æ/-words and /E/-words symmetri-
cally, whereas learners who saw spelled forms of the pseudo-words had asymmetrical
confusion: /E/-tokens only triggered looks at /E/-pictures, but /æ/-tokens triggered
looks at both /æ/- and /E/-pictures. In other words, the orthographic letter <e>
aided the formation of the phonological representations of words containing /E/ and
their distinction from words containing /æ/.

Showalter and Hayes-Harb (2013) also showed a facilitatory effect of orthography.
Using an hour-long Mandarin pseudo-word learning task, they found that English
speakers who were trained with tone diacritics (¯, ´, ˇ, `; e.g., <fiān, fián, fiǎn,
fiàn>) — an unfamiliar orthography for English speakers — outperformed those
who were not trained with diacritics, and that diacritics-trained learners learned
the correspondence between auditory stimuli and tone diacritics to some extent.

However, in other studies, the findings are less clear. For instance, Simon et al.
(2010) trained English speakers to learn the /u-y/ contrast in French by using the
spelling <ou> for /u/ (e.g., spelling <douge> for /dug/) and the spelling <û> for
/y/ (e.g., <dûge> for /dyZ/). In the first experiment where stimuli were produced
by multiple talkers and where coda consonants varied by place of articulation, the
researchers found that learners presented with spelled forms achieved slightly higher
(not significant) accuracy than those who did not see spelled forms. Simon et al.
then reduced talker variability by using just one talker, and reduced the variability
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in the coda consonants so that only one-category assimilation was possible. Even
so, they did not find a significant difference between the two groups of learners. The
researchers contended that this may be because English speakers are not used to
mapping graphemes to morphemes on a one-to-one basis, because English writing
system is complicated, not transparent.

Escudero et al. (2014) proposed that the effect of orthography depends on
whether the grapheme-phoneme correspondence is shared or congruent across the
L1 and L2. By their definition, “congruent” conditions are where two graphemes
correspond to different phonemes in both L1 and L2. For example, orthographic
pair <i>–<u> is a congruent pair across Dutch and Spanish, since they represent
different vowels in both Dutch (/i/ - /Y/) and Spanish (/i/ - /u/). By contrast, “in-
congruent” conditions are where two graphemes correspond to different phonemes
in the L2 but not in the L1. For example, orthographic pair <u>–<uu> is an
incongruent pair across Dutch and Spanish. While they represent different vowels
in Dutch (/Y/–/y/), they correspond to Spanish /u/. Escudero et al. (2014) found
that, in a “congruent” condition, learners trained with spelled forms of the auditory
stimuli outperformed those trained without spelled forms. In an “incongruent” con-
dition, however, the opposite pattern was found. In other words, the mapping of
two graphemes to two different native vowels facilitated the perception of non-native
contrast, but “incongruent” conditions led to a merger of the non-native contrast.

However, in Escudero and Wanrooij (2010), while both <a> - <aa> and <u> -
<uu> are incongruent orthographic pairs for Spanish speakers, <a> - <aa> facili-
tated the perception of the Dutch vowels /a/ and /A/, but <u> - <uu> inhibited
the perception of the Dutch vowels /y/ and /Y/. The researchers proposed that
although Spanish speakers may not be familiar with doubling of letters (not present
in the native orthography), the doubling may suggest “longer duration”. Indeed,
/A/ and /a/ contrast in length as /a/ (<aa>) is longer. By contrast, /y/ (<uu>) is
not longer in length than /Y/, so the orthographic cue of “longer duration” misled
Spanish speakers.

A recent study by Showalter and Hayes-Harb (2015) revealed both a negative
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effect and a null effect of orthography. In one of their experiments where ortho-
graphic letters <k> and <q> were used to represent Arabic consonant /k/ and
/q/, respectively, they found that English speakers trained with spelled forms were
outperformed by those trained without them when learning Arabic pseudo-words
containing the consonants (negative effect). The researchers proposed that English
speakers might have neutralized Arabic /k - q/ contrast because both the letter
<k> and the letter <q> correspond to English /k/. In the other experiments,
learners were trained with Arabic scripts, an unfamiliar orthography to the English
speakers, to learn the /k - q/ contrast. They did not outperform those trained with
auditory stimuli only, even when they were explicitly instructed what to focus on in
the orthographic representations. In fact, learners trained with Arabic scripts (both
with and without explicit instruction on scripts) had lower d-prime, a sensitivity
index, than those who did not see Arabic scripts in the training, but the difference
was not significant (null effect).

Mathieu (2016) found a negative effect of unfamiliar orthography. English speak-
ers were trained to learn Arabic pseudo-words with the /ħ - X/ contrast. Three types
of orthography were used: Arabic scripts, Cyrillic scripts, and Hybrid scripts (Cyril-
lic scripts for /ħ/ and /X/ while the rest of the words were written in Roman letters).
Learners from each of the orthographic groups did not have significantly different
accuracy, and all of them were outperformed by those trained with auditory stimuli
only.

In sum, only a few studies examined what is called an “unfamiliar orthography”
(e.g., tone diacritics, Arabic scripts, Cyrillic scripts etc. for English speakers). Both
facilitatory effects and negative effects have been reported. So far, Showalter and
Hayes-Harb (2013) is the only study focusing on lexical tone perception.

4.1.2 Nonnative speech perception and lexical tones

It is commonly known that learning a phonological contrast from a second lan-
guage is challenging. For example, native speakers of Japanese have difficulties
discriminating English /ô/ and /l/ contrasts (e.g., Miyawaki et al., 1975; Sheldon
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and Strange, 1982) even after years of experience with English. Native speakers
of Spanish face challenges when perceiving the contrast between the English vow-
els /i/ and /I/ (e.g., Fox et al., 1995). Native speakers of Dutch are not good at
distinguishing English /æ/ - /E/ vowels (e.g., Weber and Cutler, 2004). Native
speakers of English have difficulties perceiving and producing the French vowels /y/
and /u/ (e.g., Flege, 1987; Levy and Strange, 2007). In the realm of lexical tones,
for example, Mandarin High-Level vs. High-Falling contrast is difficult for English,
Japanese, and Cantonese speakers (So and Best, 2010). Thai Mid tone and Low
tone are challenging for English speakers (Wayland and Guion, 2004).

Research shows that speakers from different language backgrounds make use
of perceptual cues differently. For tone perception, for instance, Gandour (1983)
showed that English speakers weighted f0 height more than did tonal speakers,
whereas tonal speakers weighted f0 contour more than did English speakers. Differ-
ences were also found among the tonal speakers, while Cantonese speakers weighted
f0 height more than Mandarin speakers, who in turn weighted f0 height more than
Thai speakers, Thai speakers attached more importance to f0 contour than the
Chinese speakers. More recently, research by Qin and Mok (2011) and Qin and
Jongman (2016) found that Mandarin speakers outperformed English speakers when
distinguishing Cantonese contour-level and contour-contour tone pairs produced by
a single talker. English speakers outperformed Mandarin speakers in distinguishing
Cantonese level-level tone pairs.

Numerous studies also show that the perception of non-native lexical tones is
influenced by the native prosodic categories. Several models — the Perceptual
Assimilation Model and its extended models such as PAM-L2 and PAM-S (Best,
1995; Best and Tyler, 2007; So and Best, 2014), the Speech Learning Model (SLM;
Flege, 1991, 1995a, 1999, 2003), and the Second Language Linguistic Perception
Model (L2LP; Escudero, 2005) — posit that perceptual assimilation happens when
listeners listen to non-native speech sounds.

A study by Wu et al. (2014) directly tested how non-native tones are perceived
with reference to the native categories. They found that Thai speakers assimilated
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Mandarin High-Level [55] tone to Thai Mid [33] tone, and Mandarin High-Falling
[51] tone to Thai Falling [451] tone. Mandarin speakers assimilated Thai Mid [33]
tone to Mandarin High-Level [55] tone, Thai Falling [451] tone to Mandarin High-
Falling [51] tone, and Thai Rising [214] tone to Mandarin Mid-Rising [35] tone. In
all these cases, the native tones and the non-native ones share phonetic similarity.

Although speakers of a non-tone language lack the representation of tone, assim-
ilation of a tone to a native intonational category is still possible. So and Best (2014)
showed that English listeners assimilated the Mandarin tones into their sentence-
modality intonation categories. For example, they assimilated the Mandarin High-
Falling tone to the Statement category (a declarative sentence, with a falling con-
tour) mainly.

When listeners encounter two non-native speech sounds, how well they are distin-
guished is influenced by how similar or dissimilar the non-native prosodic categories
are to the native ones. For example, both PAM and L2LP predict that the percep-
tion of a non-native contrast would be difficult when the two sounds are assimilated
to a single native category. On the other hand, if the two sounds fall into different
native categories, perception would be much easier. When one member of an L2-
contrast is categorized in a native category but another member is not, perception
would be less problematic than when both sounds are categorized into the same
category or when both sounds remain uncategorized.

Francis et al. (2008) reported that Mandarin listeners were good at identifying
Cantonese High-Level [551] and High-Rising [25] tones. Presumably, this is because
the two tones can be assimilated to two native categories: Mandarin High-Level
[55] and Mid-Rising [35], respectively. However, Mandarin speakers misidentified
Cantonese Low-Rising [23] tone as Cantonese High-Rising [25] tone, suggesting that
the Low-Rising [23] tone was not mapped to Mandarin Low-Dipping [214] category;
otherwise, this rising-tone pair [25-23] would have been a Two-Category pair as
proposed in the Perceptual Assimilation Model (Best, 1995; Best and Tyler, 2007;

1These numbers are tone numerals. “5” represents the highest pitch and “1” represents the
lowest pitch. “55” means a level tone with starting pitch at 5 and ending pitch at 5.
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So and Best, 2014), with excellent discrimination.
So and Best (2010) found that Cantonese speakers misidentified Mandarin High-

Falling [51] tone as the High-Level [55] tone, and the Mid-Rising [35] tone as the
Low-Dipping tone [23] more than did Japanese speakers and English speakers. This
was explained by Cantonese speakers assimilating the contrastive Mandarin tones
into one native category.

4.1.3 Prosodic categories in Cantonese, Mandarin, Bangkok Thai, and
English

Cantonese is a language with six tones. As can be seen in Figure 4.1a, the mid-low
pitch range is crowded: five tones start in this range and four tones end in this
range.

Mandarin is a tonal language with four lexical tones. As shown in Figure 4.1b,
no two tones share identical f0 contours. Mandarin T2 [35] is phonetically similar
to Cantonese T2 [25] (Bauer and Benedict, 1997; Duanmu, 2000; Wu et al., 2015).
Mandarin T3 [214] has two allotones that are phonetically similar to Cantonese T4
[21] and T5 [23], respectively (Chen, 2002).

Bangkok Thai has five lexical tones (Figure 4.1c2), traditionally labeled as Mid,
Low, Falling, High, and Rising (Abramson, 1962). Although the High tone was
considered a static tone in older literature (e.g. Abramson, 1962), recent research
has shown that it is becoming increasingly contoured (Morén and Zsiga, 2006; Ro-
engpitya, 2007; Teeranon, 2007; Thepboriruk, 2009). As such, both the High tone
and the Rising tone are phonetically rising tones, with the High tone starting in a
higher f0 range. The Mid tone and the Low tone were also considered static tones in
older literature, but the Low tone has a slightly sharper falling contour for younger
speakers nowadays (e.g., Thepboriruk, 2009; Wu et al., 2014). Bangkok Thai is
more like Cantonese in the sense that both languages have tones with similar f0

2The tonal contours shown in this figure were produced by a young female speaker of Bangkok
Thai. The contours of her tones are different from those in Abramson (1962), but are more similar
to those reported in more recent studies such as Thepboriruk (2009) and Wu et al. (2014).
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(a) Cantonese (b) Mandarin

(c) Bangkok Thai

Figure 4.1: (a) Cantonese tones on the rime [i:] in [ji:] produced by a female native
speaker. (b) Mandarin tones on the rime [a] produced by a female native speaker.
(c) Bangkok Thai tones on the rime [a] produced by a female native speaker. All
the tonal contours were from a single production of a single word for each tone.
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contours.
English is not a tonal language. Pitch is used for pragmatic meanings as well

as as a cue for stress, although stress is usually associated with other cues such as
intensity, duration, and spectral balance (e.g., Campbell and Beckman, 1997; Plag
et al., 2011; Sluijter and van Heuven, 1996), and stress in English is usually accom-
panied by change in vowel quality. The intonation system of American English has
been analyzed in several studies with the Autosegmental-Metrical theory (Beckman
and Pierrehumbert, 1986; Hirschberg and Ward, 1995; Pierrehumbert, 1980; Pierre-
humbert and Hirschberg, 1990). Levis (2002) found that American English speakers
consistently distinguished three types of contours: falling (H*LL%; as in Tone and
Break Indices convention), contours that rise to a mid pitch (H*LH% or L*LH%),
and contours that rise to a relatively high pitch (H*HH% and L*HH%).

4.1.4 The current study

This current study probes whether orthography for tones has a facilitatory effect
or an inhibitory effect on the learning of various small phonetic contrasts in the
presence of inter-talker variability. In order to answer this question, this study
uses tones from Cantonese, as this language contains multiple pairs of phonetically
similar tones. Through the participation of native speakers of American English,
Mandarin, and Bangkok Thai as learners, comparisons can be made between tonal-
language speakers (Mandarin and Bangkok Thai) and non-tonal-language speakers
(American English), as well as between speakers of a relatively simple tone language
(Mandarin) and those of a more complex tone language (Bangkok Thai). A mixed-
talker AXB task is used for pre-test and post-test. Two types of mixed-talker AX
tasks are used for training: one with orthography for tones as immediate feedback
and the other one without. The purpose of using mixed-talker tasks is to simulate
learning environments with inter-talker variability.

Five tonal contrasts from Cantonese are selected (Figure 4.2):

• T3 [Mid-Level] and T6 [Low-Level] are two level tones contrasting in f0 height;
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• T2 [High-Rising] and T5 [Low-Rising] are two rising tones with very similar
contours but different magnitude of f0 rise;

• T5 [Low-Rising] and T6 [Low-Level] are two tones contrasting in f0 contour,
one with f0 rising and the other with f0 relatively stable across a rime;

• T4 [Low-Falling] and T6 [Low-Level] are two tones contrasting in f0 contour,
one with f0 falling and the other with f0 stable across a rime.

• T4 [Low-Falling] and T5 [Low-Rising] are two contour tones, with opposite
directions of f0 change;
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Figure 4.2: Cantonese tones on the rime [i:] in [ji:] produced by a female native
speaker (single production)

Five Chao tone letters (Chao, 1930) are used to visually represent the five tones
involved in this study (Figure 4.3). These letters visualize the f0 height and contour
of the tones and are iconic in nature.
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Figure 4.3: Five Chao Tone Letters corresponding to Cantonese High-Rising, Mid-
Level, Low-Falling, Low-Rising, and Low-Level.

4.1.4.1 Hypotheses

The research question for this study is: does orthography for tones have a facilitatory
effect or an inhibitory effect on the learning of various small phonetic contrasts in
the presence of inter-talker variability. First, based on the study by Showalter and
Hayes-Harb (2013), it is predicted that tone letters will not be inhibitory, because
they are iconic and can cue attention to f0 height and f0 contour, which are the two
important perceptual cues for tone perception (e.g., Gandour, 1981).

However, whether or not there will be a facilitatory effect or a null effect may
depend on the specific phonetic contrast tested. In general, it is predicted that
there will be a facilitatory effect on the learning of perceptually difficult tones. As
the acoustic cues are not sufficient for correct perception, additional cues from the
visual modality may alleviate perceptual difficulty. But whether a tonal contrast is
difficult to perceive to begin with is influenced by the learners’ L1 background.

As reported in the study in Chapter 3, f0-height contrasts are more difficult to
perceive than f0-contour contrasts in the presence of inter-talker variability, and this
pattern was observed for English, Mandarin, and Bangkok Thai speakers. Therefore,
it is expected that there will be a facilitatory effect of tone letters on the learning of
the tones with similar contours but different f0-heights (T2-T5 [25-23] and T3-T6
[33-22]) for all three groups of learners. Since the tone letters clearly visualize pitch
height within a range, this information may be extremely helpful for locating the f0
height of each individual level-tone tokens. Therefore, it is expected that the tone
letters will have a larger beneficial effect on the learning of the level-tone contrast.

For the tones with f0-contour contrasts, since they are easier for the tonal-
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language speakers than for English speakers (reported in Chapter 3), there might be
a null effect for Mandarin and Thai speakers, since the acoustic cues alone may be
sufficient. However, English speakers will benefit from the tone letters in learning
the contour contrasts (T4-T5 [21-23], T4-T6 [21-22], and T5-T6 [23-22]).

In sum, it is expected that 1) there will not be an inhibitory effect of tone
letters in general, and 2) there will be a facilitatory effect on the learning of the
difficult contrasts, namely, the rising-tone contrast and the level-tone contrast for
all learners, as well as the f0-contour contrasts for English learners.

4.2 Experiment

4.2.1 Methods

4.2.1.1 Participants

A total of 97 non-Cantonese speakers participated in the training study: 29 native
speakers of American English (f = 18, m = 11), 30 native speakers of Mandarin (f =
18, m = 12), and 38 native speakers of Bangkok Thai (f = 36, m = 2). None of them
reported hearing problems. None of them had any previous exposure to Cantonese at
the time of testing. And none of them had any musical training in the past six years
(all by self-report). English and Mandarin participants were undergraduate students
at the University of Arizona. Thai participants were undergraduate students at
Mahidol University (Salaya campus) in the Bangkok metropolitan area.

Four female native speakers of Cantonese were recruited as talkers. They were
Hong Kong students studying at the University of Arizona at the time of recording.

4.2.1.2 Stimuli

Ten Cantonese words were selected as the auditory stimuli. They were [f5n, si] each
carrying each of the following tones: T2 [25], T3 [33], T4 [21], T5 [23], and T6 [22].
The target words were placed at the end of a carrier phrase: 下一個字係 [ha:22 j5t5
kO:33 �tsi:22 h5i22] ‘The next character is ’, and the talkers produced
the sentences and were recorded in a sound-attenuated booth. A head-mounted
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microphone was used. The utterances were recorded using an Alesis CD recorder at
a sampling rate of 44,100Hz. The target words were excised and normalized for peak
amplitude using Praat (Boersma, 2001). All stimuli were screened for accuracy and
naturalness by two native speakers of Cantonese. Five Chao tone letters (shown in
Figure 4.3 previously) were used as visual stimuli.

4.2.1.3 Procedure

There were three phases in this experiment: pre-test, training, and post-test. Partic-
ipants followed written instructions in their native languages on a computer screen
throughout the experiment. Oral instructions were given before the start of the
experiment. Because the author of the study does not speak Thai, all participants
except Thai speakers received oral instructions in their native languages. Thai
speakers were given oral instructions in English.

A. Pre-test

Pre-test was a high-variability AXB discrimination task. Each trial had the same
syllable, but all the stimuli in a triad were from different talkers. The tones for the
first (A) and the last stimulus (B) were always different, and the middle stimulus
(X) had the same tone as either A or B. For example, a trial testing the contrast of
tone A and tone B consisted of the following: [si:]toneA[Talker1] - [si:]toneA[Talker2]
- [si:]toneB[Talker3]. Five tone pairs were the targets: T2-T5 [25-23], T3-T6 [33-22],
T4-T5 [21-23], T4-T6 [21-22], and T5-T6 [23-22]. Another five pairs were added
as distractors: T2-T3, T2-T4, T2-T6, T3-T4, and T3-T5. These distractor pairs
are easy pairs for non-native speakers according to previous research (e.g., Mok and
Wong, 2010a) and a pilot study by the author.

All four orders — AAB, AAB, BBA, and BAA— were used. There were two sets
of AAB, ABB, BBA, and BAA trials per tone pair and per syllable, rendering eight
trials per tone pair and per syllable. Each of the eight trials was assigned one talker
combination. In total, there were 160 trials (2 syllables x 10 tone pairs x 8 talker
combinations). The inter-stimulus interval (ISI) was set at 1500ms, which required
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listeners to rely on native categories stored in the long-term memory (Werker and
Tees, 1984).

Listeners were tested individually in a sound-attenuated booth (in the U.S.) or
in a quiet office (in Thailand). They were not informed how many talkers there
were in the experiment. The 160 trials were randomly presented over headphones
at a comfortable listening level using E-PRIME 2.0 with a desktop computer (in the
U.S.) or a laptop (in Thailand). Participants were asked to focus on the tones or
pitch patterns of the stimuli, and on each trial they needed to push the button on
a Serial Response Box marked with “1st” if the second stimulus had the same tone
as the first stimulus, or “3rd” if the tone of the second stimulus was the same as
that of the last stimulus. No feedback was given. Responses (“1st” and “3rd”) were
collected.

In order to familiarize the listeners with the discrimination task, a short practice
session with feedback was conducted before the experimental trials. There were 10
trials with the syllable [ji:] produced by four female native speakers of Cantonese
who were not used in the experimental trials.

B. Perceptual Training

Listeners started three sessions of perceptual training one day after pre-test (1
hour per session, 1 session per day on three consecutive days). They were randomly
assigned to two training groups: Auditory-Only (AO) and Auditory-Visual (AV)
(English AO: n = 15, English AV: n = 14; Mandarin AO: n = 15, Mandarin AV: n
= 15; Thai AO: n = 19, Thai AV: n = 19).

The training task was a high-variability AX “same - different” discrimination
task with the same stimuli from pre-test. Each trial presented two stimuli produced
by two different talkers. “Different trials” contained only the target pairs in the pre-
test: T2-T5 [25-23], T3-T6 [33-22], T4-T5 [21-23], T4-T6 [21-22], and T5-T6 [23-22].
For each tone pair, both AB and BA orders were used. There were 240 trials (2
syllables x 5 pairs x 24 order-talker combinations3). “Same trials” contained T2-T2,

3 There were four trials for a given tonal contrast on a given syllable produced by two talkers.
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T3-T3, T4-T4, T5-T5, and T6-T6, and there were 120 same trials (2 syllables x 5
pairs x 12 order-talker combinations4). In order to make the number of “different”
trials and “same trials” the same, “same trials” were presented twice. This rendered
480 trials in each training session.

The 480 trial set was divided into three blocks, and the trials within each block
were randomized. In the first training session, the sequence of the trial blocks was
1, 2, and 3. In the second session, it was 3, 1, and 2, and in the last training session,
the sequence was 2, 3, 1. This was to ensure that all listeners were exposed to all
training trials, even if they could not complete all trials in one or more training
sessions.

Listeners were asked to push a button (marked as either “same” or “different”)
on a Serial Response Box to indicate whether they thought the two stimuli had
the same tone or not. The ISI was set at 1500ms, same as pre-test. Feedback
was given after a response was recorded. Auditory-Only learners saw the correct
answer only, while Auditory-Visual learners saw both the correct answer and the tone
letters corresponding to the two auditory stimuli on the trial (Figure 4.4 below). All
learners were allowed to replay the stimuli as many times as they wanted to before
continuing to the next trial. Responses (“Same” and “Different”) were collected.

C. Post-test

One day after the last session of training, listeners took the post-test. The
post-test was identical to the pre-test: a 160-trial mixed-talker AXB task with [f5n,
si:]-words produced by the same talkers in the pre-test task and the training task.
Responses (“1st” and “3rd”) were collected.

For example, for the contrast of T2-T5 [25-23] on [si:] produced by Talker 1 and Talker 2, there
were: T2[Talker1] - T5[Talker2], T2[Talker2] - T5[Talker1], T5[Talker1] - T2[Talker2], T5[Talker2]
- T2[Talker1]. Since there were 6 talker combinations (1-2, 1-3, 1-4, 2-3, 2-4, 3-4), there were 24
trials per tone pair and per syllable.

4 There were two trials for a given tone on a given syllable produced by two talkers. For
example, for T2-T2 (25-25) on [si:] produced by Talker 1 and Talker 2, there were: T2[Talker1]
- T2[Talker2], T2[Talker2] - T2[Talker1]. Since there were 6 talker combinations, there were 12
trials per tone pair and per syllable.
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(a) Feedback for AO listeners (b) Feedback for AV listeners

Figure 4.4: Feedback provided in training. Correct answers were displayed for
Auditory-Only learners (a), whereas correct answers and tone letters were given to
Auditory-Visual learners (b).

4.2.2 Data analysis & results

The results from nine learners were excluded. Six of them (3 English, 1 Mandarin,
and 2 Thai) completed significantly fewer trials on at least one training session
(about 200 trials), and so they were probably slow learners compared with the
others. The remaining learners completed, on average, 435.57 trials (SD = 8.09) in
training session 1, 465.78 trials (SD = 8.89) in session 2, and 474.39 trials (SD =
9.59) in session 3. Three Thai listeners’ post-test perception datasets were lost due
to computer errors during the fieldwork in Thailand.

4.2.2.1 Pre- and post-test performance

I first present the results from the AXB tests before and after training. Figure 4.5
below presents the performance accuracy by tone pairs, L1s, tests, and training
methods.

To see whether these factors affected the performance accuracy, the response
data as the dependent variable were analyzed with generalized linear mixed-effects
models using the function glmer in the lme4 package in R. The analysis started with
an intercept-only model, and added the factors and interactions one-by-one.

Compared with the intercept-only model, the model with Tone Pair as the
sole predictor significantly improved model fit (χ2(18) = 2243.8, p < .001). Adding
L1 without an interaction term did not improve the model [χ2(2) = 0.89, p =

.64], but adding an interaction term significantly improved fit [χ2(10) = 85.63, p
< .001]. Adding Test subsequently improved model fit [χ2(7) = 33.41, p < .001],
and so did adding the interaction term [χ2(14) = 115.39, p < .001]. However,
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Figure 4.5: Mean correct response in the AXB tests by tests (pre-test, post-test),
tone pairs (T2-T5, T3-T6, T4-T5, T4-T6, T5-T6), L1s (English, Mandarin, Bangkok
Thai), and training groups (Auditory-Only, Auditory-Visual). Error bars indicate
standard errors.
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adding the factor Training Method did not significantly improved fit [χ2(1) =
2.86, p = .09], nor did adding a four-way interaction [χ2(29) = 15.15, p = .98].
In all the models mentioned above, random intercept and random slopes for the
within-subject factors were added. In sum, there was a significant Tone Pair x
L1 x Test interaction. The effect of Training Method was not significant, and
it did not significantly interacted with the other factors. Since the effect of training
method was not significant, Figure 4.6 presents the performance accuracy averaged
across two training groups to better reflect the Tone Pair x L1 x Test three-way
interaction. The results from the best-fitting model are shown in Table 4.1 below.
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Figure 4.6: Mean correct response in the AXB tests by tests (pre-test, post-test),
tone pairs (T2-T5, T3-T6, T4-T5, T4-T6, T5-T6), L1s (English, Mandarin, Bangkok
Thai). Error bars indicate standard errors.

Post-hoc analysis with Tukey adjustments was conducted with the function
lsmeans in R. What is of interest here is the effect of Test at each level of L1
and Tone Pair so that we know how training in general affected performance. The
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Estimate Std. Error z value
(Intercept) 0.422 0.104 4.038 ***
pair_T3T6 -0.148 0.143 -1.040
pair_T4T5 1.850 0.237 7.795 ***
pair_T4T6 0.803 0.179 4.482 ***
pair_T5T6 0.729 0.188 3.872 ***

L1_Mandarin -0.134 0.143 -0.934
L1_Thai -0.208 0.139 -1.499

test_Posttest 0.389 0.154 2.519 *
pair_T3T6:L1_Mandarin 0.294 0.197 1.495
pair_T4T5:L1_Mandarin 1.551 0.386 4.021 ***
pair_T4T6:L1_Mandarin 1.273 0.271 4.695 ***
pair_T5T6:L1_Mandarin 1.501 0.289 5.204 ***

pair_T3T6:L1_Thai 0.258 0.190 1.358 ***
pair_T4T5:L1_Thai 0.918 0.331 2.777 **
pair_T4T6:L1_Thai 0.676 0.244 2.770 **
pair_T5T6:L1_Thai 1.559 0.277 5.623 ***

pair_T3T6:test_Posttest -0.614 0.203 -3.028 **
pair_T4T5:test_Posttest 0.107 0.286 0.374
pair_T4T6:test_Posttest 0.008 0.229 0.034
pair_T5T6:test_Posttest 0.004 0.227 0.019

L1_Mandarin:test_Posttest 0.366 0.215 1.706
L1_Thai:test_Posttest 0.116 0.205 0.568

pair_T3T6:L1_Mandarin:test_Posttest -0.610 0.281 -2.170 *
pair_T4T5:L1_Mandarin:test_Posttest 0.536 0.642 0.836
pair_T4T6:L1_Mandarin:test_Posttest 0.777 0.435 1.785
pair_T5T6:L1_Mandarin:test_Posttest 0.160 0.395 0.405

pair_T3T6:L1_Thai:test_Posttest -0.047 0.270 -0.174
pair_T4T5:L1_Thai:test_Posttest -0.124 0.425 -0.292
pair_T4T6:L1_Thai:test_Posttest 0.061 0.321 0.189
pair_T5T6:L1_Thai:test_Posttest 0.437 0.378 1.156

Table 4.1: GLME results of the overall Tone Pair (5 levels) x L1 (4 levels) x Test
(pre-test, post-test) design for responses. Reference level is [T2-T5, English, pre-
test]. T2T5 = High-Rising vs. Low-Rising, T3T6 = Mid-Level vs. Low-Level,
T4T5 = Low-Falling vs. Low-Rising, T4T6 = Low-Falling vs. Low-Level, T5T6 =
Low-Rising vs. Low-Level. ***: p < .001; **: p < .01; *: p < .05.
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results are summarized in the Table 4.2 below. As can be seen from the table,
the effect of training (averaged across Auditory-Only training and Auditory-Visual
training) was very limited. Mandarin and Thai speakers’ performance on the rising-
tone pair (T2-T5) improved as a result of training. Mandarin speakers’ perception of
the falling-level pair (T4-T6) also improved. However, a significant effect of training
was not found elsewhere.

Contrast Estimate Std. Error z value
T2T5,English,Pretest - T2T5,English,Posttest -0.389 0.154 -2.519

T2T5,Mandarin,Pretest - T2T5,Mandarin,Posttest -0.755 0.149 -5.066 ***
T2T5,Thai,Pretest - T2T5,Thai,Posttest -0.505 0.135 -3.744 *

T3T6,English,Pretest - T3T6,English,Posttest 0.225 0.148 1.515
T3T6,Mandarin,Pretest - T3T6,Mandarin,Posttest 0.468 0.141 3.315

T3T6,Thai,Pretest - T3T6,Thai,Posttest 0.155 0.132 1.177

T4T5,English,Pretest - T4T5,English,Posttest -0.496 0.251 -1.975
T4T5,Mandarin,Pretest - T4T5,Mandarin,Posttest -1.399 0.561 -2.493

T4T5,Thai,Pretest - T4T5,Thai,Posttest -0.489 0.295 -1.656

T4T6,English,Pretest - T4T6,English,Posttest -0.397 0.183 -2.165
T4T6,Mandarin,Pretest - T4T6,Mandarin,Posttest -1.540 0.347 -4.442 *

T4T6,Thai,Pretest - T4T6,Thai,Posttest -0.574 0.192 -2.990

T5T6,English,Pretest - T5T6,English,Posttest -0.393 0.180 -2.184
T5T6,Mandarin,Pretest - T5T6,Mandarin,Posttest -0.920 0.296 -3.103

T5T6,Thai,Pretest - T5T6,Thai,Posttest -0.947 0.280 -3.379

Table 4.2: Results from post-hoc analysis (Tukey-adjusted); showing the effect of 
test at each level of L1 and tone pair. T2T5 = High-Rising vs. Low-Rising, T3T6 = 
Mid-Level vs. Low-Level, T4T5 = Low-Falling vs. Low-Rising, T4T6 = Low-Falling 
vs. Low-Level, T5T6 = Low-Rising vs. Low-Level. ***: p < .001; **: p < .01; *: p 
< .05.

In sum, the results from the AXB tests showed that the effect of phonetic train-
ing, with and without tone letters, was limited. Only Mandarin and Thai speak-
ers had significant improvement on a small subset of tonal pairs. The effect of 
tone letters was not significant; there was no facilitatory effect or inhibitory ef-
fect: Auditory-Visual learners did not outperform Auditory-Only learners in the 

post-test.

One possibility is that the training and the tests did not completely line up in



127

terms of the type of cognitive processes involved. The AXB tests required attention
to and memory of three stimuli per trial. However, listeners were trained with an
easier task, in which they only needed to judge whether the two stimuli had the
same tone or not. They did not need to match a tone of a stimulus with that of
another stimulus. In addition, listeners were trained with an easier task for three
days, and it is likely that they had gotten used to the easier task. Shifting back to
a more cognitively challenging task might have put them off their stride. In order
to see whether the task difference really is something that obscures the effect of
training in general and of training methods in particular, I examined the training
data, and the results are presented in the next section.

4.2.2.2 AX training

In the training task, listeners were required to judge whether the two stimuli on each
trial had the same tone or different tones. Responses data from training session 1
and session 3 were examined so that we can see whether increased training affected
learning. The data were transformed to the sensitivity indices d-prime following
MacMillan and Creelman (2005), because it is of interest how sensitive the listeners
were to the tonal contrasts. Hit Rates of a given contrast were the percent cor-
rect on “different trials” (responding “different” to pairs containing different tones).
False Alarms were the percent incorrect on “same trials” (responding “different”
to pairs containing the same tones). The dprime.SD function in the R package
psyphy (Knoblauch, 2014) was used to obtain the d-prime values. Figure 4.7 below
illustrates learners’ d-prime by tonal contrasts, training sessions, L1s, and training
groups.

The d-prime data were analyzed with linear mixed-effects models using the func-
tion lmerTest in R. The analysis started with an intercept-only model and added
the factors Tonal Contrast, Session, L1, and Training Method and factors
interaction one-by-one. Model comparisons were performed, and the best-fitting
model was the one with a four-way interaction. The results from the best-fitting are
reported in Table 4.3.
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errors.
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Estimate Std. Error t value
(Intercept) 1.347 0.195 6.921 ***

ses3 0.451 0.181 2.490 *
contrast_T3T6 -0.366 0.195 -1.879
contrast_T4T5 1.827 0.259 7.052 ***
contrast_T4T6 0.633 0.247 2.564 *
contrast_T5T6 0.821 0.255 3.215 **
L1_Mandarin 0.075 0.266 0.281

L1_Thai -0.006 0.266 -0.021
training_AV 0.236 0.275 0.859

ses3:contrast_T3T6 -0.183 0.226 -0.809
ses3:contrast_T4T5 0.485 0.226 2.144 *
ses3:contrast_T4T6 0.011 0.226 0.049
ses3:contrast_T5T6 0.129 0.226 0.569
ses3:L1_Mandarin -0.268 0.247 -1.085

ses3:L1_Thai -0.349 0.247 -1.413
contrast_T3T6:L1_Mandarin -0.426 0.266 -1.601
contrast_T4T5:L1_Mandarin 1.634 0.354 4.617 ***
contrast_T4T6:L1_Mandarin 1.678 0.337 4.977 ***
contrast_T5T6:L1_Mandarin 2.516 0.349 7.217 ***

contrast_T3T6:L1_Thai -0.149 0.266 -0.561
contrast_T4T5:L1_Thai 1.758 0.354 4.968 ***
contrast_T4T6:L1_Thai 1.343 0.337 3.984 ***
contrast_T5T6:L1_Thai 1.986 0.349 5.696 ***

ses3:training_AV -0.182 0.256 -0.712
contrast_T3T6:training_AV -0.257 0.276 -0.933
contrast_T4T5:training_AV 0.409 0.366 1.118
contrast_T4T6:training_AV 0.069 0.349 0.198
contrast_T5T6:training_AV 0.306 0.361 0.847
L1_Mandarin:training_AV 0.369 0.379 0.973

L1_Thai:training_AV -0.053 0.369 -0.144
ses3:contrast_T3T6:L1_Mandarin 0.294 0.309 0.950
ses3:contrast_T4T5:L1_Mandarin -0.382 0.309 -1.236
ses3:contrast_T4T6:L1_Mandarin 0.087 0.309 0.280
ses3:contrast_T5T6:L1_Mandarin -0.280 0.309 -0.906

ses3:contrast_T3T6:L1_Thai 0.281 0.309 0.908
ses3:contrast_T4T5:L1_Thai 0.027 0.309 0.087
ses3:contrast_T4T6:L1_Thai -0.141 0.309 -0.456
ses3:contrast_T5T6:L1_Thai 0.339 0.309 1.096

ses3:contrast_T3T6:training_AV 0.325 0.320 1.015
ses3:contrast_T4T5:training_AV -0.160 0.320 -0.500
ses3:contrast_T4T6:training_AV 0.344 0.320 1.076
ses3:contrast_T5T6:training_AV 0.230 0.320 0.720
ses3:L1_Mandarin:training_AV 0.760 0.353 2.156 *

ses3:L1_Thai:training_AV 0.344 0.343 1.004
contrast_T3T6:L1_Mandarin:training_AV -0.001 0.380 -0.004
contrast_T4T5:L1_Mandarin:training_AV -0.913 0.505 -1.810
contrast_T4T6:L1_Mandarin:training_AV -0.717 0.481 -1.492
contrast_T5T6:L1_Mandarin:training_AV -1.125 0.497 -2.263 *

contrast_T3T6:L1_Thai:training_AV -0.060 0.369 -0.162
contrast_T4T5:L1_Thai:training_AV -0.680 0.491 -1.386
contrast_T4T6:L1_Thai:training_AV -0.468 0.468 -1.001
contrast_T5T6:L1_Thai:training_AV -0.362 0.484 -0.749

ses3:contrast_T3T6:L1_Mandarin:training_AV -0.492 0.441 -1.116
ses3:contrast_T4T5:L1_Mandarin:training_AV -0.025 0.441 -0.057
ses3:contrast_T4T6:L1_Mandarin:training_AV -0.352 0.441 -0.799
ses3:contrast_T5T6:L1_Mandarin:training_AV -0.321 0.441 -0.727

ses3:contrast_T3T6:L1_Thai:training_AV -0.253 0.429 -0.590
ses3:contrast_T4T5:L1_Thai:training_AV -0.396 0.429 -0.925
ses3:contrast_T4T6:L1_Thai:training_AV -0.180 0.429 -0.420
ses3:contrast_T5T6:L1_Thai:training_AV -0.565 0.429 -1.319

Table 4.3: LME results of the overall Tone Contrast (5 levels) x L1 (3 levels) x
Session (1, 3) x Training Method (Auditory-Only, Auditory-Visual) design for d-
prime. Reference level is [T2T5, English, session 1, Auditory-Only]. T2T5 = High-
Rising vs. Low-Rising, T3T6 = Mid-Level vs. Low-Level, T4T5 = Low-Falling vs.
Low-Rising, T4T6 = Low-Falling vs. Low-Level, T5T6 = Low-Rising vs. Low-Level.
***: p < .001; **: p < .01; *: p < .05.
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Post-hoc analysis with Tukey adjustment was conducted. Here, it is of inter-
est whether learners in each training group had improvement on perceiving tonal
contrasts after two more sessions of training. Therefore, I focus on the effect of Ses-
sion at each level of Tonal Contrast, L1, and Training Method. The results
are summarized in Table 4.4 below.

session 1 (reference) vs. session 3
Auditory-Only Group Auditory-Visual Group

Tones L1 Estimate Std. Error z value Estimate Std. Error z value
T2/T5 E 0.451 0.181 2.490 0.269 0.181 1.484

M 0.182 0.168 1.082 0.760 0.174 4.359 *
T 0.101 0.168 0.601 0.263 0.154 1.713

T3/T6 E 0.268 0.181 1.480 0.490 0.181 3.469 *
M 0.293 0.168 1.739 0.704 0.174 4.036 *
T 0.199 0.168 1.181 0.493 0.154 3.815 *

T4/T5 E 0.936 0.181 5.170 *** 0.594 0.181 3.680 *
M 0.285 0.168 1.694 0.678 0.174 3.888 *
T 0.613 0.168 3.639 * 0.219 0.154 1.424

T4/T6 E 0.462 0.181 2.551 0.624 0.181 3.946 *
M 0.280 0.168 1.661 0.850 0.174 4.871 **
T -0.029 0.168 -0.171 0.298 0.154 1.935

T5/T6 E 0.580 0.181 3.202 0.628 0.181 3.468 *
M 0.031 0.168 0.185 0.419 0.174 2.974
T 0.569 0.168 3.376 0.396 0.154 2.574

Table 4.4: Results from post-hoc analysis (Tukey-adjusted); showing the effect of
session at each level of L1s, tone pairs, and training groups. T2/T5 = High-Rising
vs. Low-Rising, T3/T6 = Mid-Level vs. Low-Level, T4/T5 = Low-Falling vs. Low-
Rising, T4/T6 = Low-Falling vs. Low-Level, T5/T6 = Low-Rising vs. Low-Level.
***: p < .001; **: p < .01; *: p < .05.

For participants in the Auditory-Only Group, English speakers and Thai speakers
had significant improvement on the perception of the rising-falling contrast (T4/T5).
Significant improvement was not found on any other tone pair for these two groups of
participants, or for the Mandarin speakers at all. Although the d-prime for session 3
was generally numerically higher than for session 1 (except for Thai Auditory-Only
learners on the falling-level T4/T6 contrast), the difference did not reach statistical
significance.

On the other hand, for the Auditory-Visual Group, there are more cases in which
improvement is seen. English speakers had significant improvement on the level-
tone contrast (T3/T6), the falling-rising contrast (T4/T5), the falling-level contrast
(T4/T6) and the rising-level contrast (T5/T6). Mandarin speakers had significant
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improvement on the rising-tone contrast (T2/T5), the level-tone contrast (T3/T6),
the falling-rising contrast (T4/T5), and the falling-level contrast (T4/T6). Thai
speakers had improvement on the level-tone contrast (T3/T6). From the results
we can see that Audio-Visual training was more facilitatory in the sense that it
improved performance on a larger scale.

4.2.3 Discussion

4.2.3.1 Summary of results

In this study, three groups of non-Cantonese speakers — American English, Man-
darin, and Bangkok Thai — participated in a pre-test mixed-talker AXB, a three-day
mixed-talker AX training with and without tone letters as immediate feedback, and a
post-test mixed-talker AXB. Results from training session 1 and 3 revealed that tone
letters improved perceptual sensitivity to certain contrasts: 1) English Auditory-
Visual learners had significant improvement on four out of five non-native contrasts:
level-tone contrast, falling-rising contrast, falling-level contrast, and rising-level con-
trast; 2) Mandarin Auditory-Visual learners also had improvement on four out of
five contrasts: rising-tone contrast, level-tone contrast, falling-rising contrast, and
falling-level contrast; and 3) Thai Auditory-Visual learners had significant improve-
ment on the level-tone contrast.

However, there was not as much improvement found in the Auditory-Only Group:
English speakers had improvement on the falling-rising contrast only, and Thai
speakers also had significant improvement on this contrast only. Mandarin speakers
did not have significant improvement on any contrast. It therefore seems that the
training with tone letters was more facilitatory because there was improvement on
a larger scale.

While the training data showed a facilitatory effect of tone letters, data from
the pre-test and post-test AXB tasks did not reveal such an effect. It is suspected
that this is due to task difference. While listeners only needed to judge whether
two stimuli had the same tone or not in the AX task, they needed to additionally
match tones of stimuli that exhibited inter-talker variability. There may also be
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psychological issues. Since the learners participated in a less challenging task for
three days, they were probably used to that format of a task. Shifting back to
a highly challenging task may have put them off their stride, and this may have
obscured the effect of training. In sum, this study shows that iconic orthography
can be helpful depending on the task, the specific contrasts tested, and the language
background of the learners. The training data partly confirmed the hypotheses laid
out in the introduction section, as 1) training with tone letters did not inhibit
learning, and 2) tone letters benefited the learning of the level-tone contrast, which
was the most difficult contrast, for all learners, as well as the learning of f0-contour
contrasts for English learners.

4.2.3.2 Effect of orthography on the learning of L2 contrasts

As mentioned in the introduction section, there are conflicting results regarding
whether or not orthography benefits the learning of phonological contrasts. Com-
parison of previous studies with this study reveals that the effect of orthography
seems to depend on the nature of the orthography used; specifically, how it relates
to the native orthographic system and how it relates to the phonetic cues for the L2
contrasts.

First, when an orthographic representation (i.e., grapheme) used for an L2
phoneme is “familiar” to the perceiver, and the grapheme-phoneme correspondence
in the L2 is similar to the one in the L1, the grapheme would be facilitatory. Here
by “familiar”, not only do I mean the orthographic system (e.g., Latin script vs.
Arabic script) is familiar, but also the specific sequence of graphemes is familiar.
For example, the orthographic letters <e> and <a> are familiar to Dutch speakers,
but <aa> and <uu>, with doubling of letters, are unfamiliar for Spanish speakers,
even though it is Latin script. In the case of the familiar grapheme <e>, since it
corresponds to a phoneme in Dutch which is phonetically similar to English /E/
(specially in a stressed position), seeing the <e> grapheme helps the learning of
words with English /E/: after the training with spelling, participants looked to
/E/-pictures only upon hearing /E/-tokens (Escudero et al., 2008). On the other



133

hand, the grapheme <a> corresponds to a Dutch vowel that is phonetically differ-
ent than English /æ/, that is, the grapheme-phoneme correspondence is different
across L1 and L2. In this case, this grapheme may not be facilitatory. In Escud-
ero et al. (2008), after the training with spelled forms, participants looked to both
/æ/-pictures and /E/-pictures upon hearing /æ/-tokens (i.e., showing confusion).

Several studies that reported an inhibitory effect of familiar orthography used
items showing an inconsistency of phoneme-grapheme correspondence across L1 and
L2. For example, English speakers misremembered the words [fASə] when it was
spelled as <faza> (Hayes-Harb et al., 2010). In other words, the new correspondence
of <z> ∼ [S] is not consistent with the native correspondence <z> ∼ [z], and
thus it interfered with learning. English speakers were also inhibited when learning
Mandarin pseudo-words containing /ts, ţh, ťCh, C/ when presented with graphemes
<z, c, q, x> respectively. The grapheme-phoneme correspondences (e.g., <c> ∼
/ţh/) that need to be established for the L2 are not consistent with the native,
English ones (Hayes-Harb and Cheng, 2016). In addition, when English speakers
were presented with the grapheme <q> when learning Arabic /q/, the grapheme
also did not facilitate the learning (Showalter and Hayes-Harb, 2015). Here we
see that the <q> ∼ /q/ correspondence is in conflict with the native <q> ∼ /k/
correspondence.

When an “unfamiliar” grapheme is involved, it seems that it is only facilitatory
when three conditions are met: 1) when the grapheme itself can in some way signal
the crucial acoustic cue(s) for the sound, 2) the orthographic cue(s) are congruent
with the acoustic cue(s), and 3) the acoustic cue(s) are those salient to the perceiver.
For example, <aa> would be considered an “unfamiliar” grapheme for Spanish
speakers by my definition, as in the native orthography there is no doubling of
letters. The doubling here may signal “longer duration” to Spanish speakers. Indeed,
the Dutch vowel /a/ represented by <aa> is a longer vowel than the Dutch vowel
presented by <a> (/A/), and Spanish speakers rely on vowel duration for vowel
contrast (e.g., Bohn, 1995; Escudero, 2006; Escudero and Boersma, 2004). As a
result, the grapheme <aa> facilitated Spanish speakers’ perception of Dutch /a/
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and /A/ at least in a vowel identification task (Escudero and Wanrooij, 2010). On
the contrary, <uu> did not facilitate Spanish speakers’ perception of /y/ even in
a vowel identification task, not to mention a word-learning task. The orthographic
cue—<uu> being longer than <u>—is not congruent with the acoustic cue: /y/
(represented by <uu>) is not longer than /Y/ (represented by <u>) (Escudero and
Wanrooij, 2010; Escudero et al., 2014).

Turning to the orthography for tones. Both tone diacritics and tone letters
visualize the crucial perceptual dimensions for the L2 contrasts to be learned: f0
height and f0 contour in the present study for Cantonese, and f0 contour in Showalter
and Hayes-Harb (2013) for Mandarin. The graphemes are all congruent with the
acoustic cues. Since all languages make use of pitch to convey linguistic meanings,
non-tonal speakers are not totally “deaf” to pitch used at the syllable level. It
is just that they weight perceptual cues differently from tonal speakers (Gandour,
1983; Qin and Mok, 2011; Qin and Jongman, 2016). Given that perceivers from
even a non-tonal language could use f0 features, and the graphemes visualize (and
are congruent with) the f0 features in the auditory stimuli, a facilitatory effect is
borne out.

On the contrary, when an unfamiliar grapheme does not relate to the acous-
tic cue(s) for an L2 sound, the grapheme may not exert any effect or even inhibit
learning. For example, both Showalter and Hayes-Harb (2015) and Mathieu (2016)
trained English speakers to perceive Arabic contrasts /k - q/ and /ħ - X/, respec-
tively, using unfamiliar scripts, and no facilitatory effect was found. Showalter and
Hayes-Harb (2015) used Arabic script and found a null effect. Mathieu (2016) used
Arabic script, Cyrillic script, and Cyrillic-Roman hybrid script, and a negative ef-
fect was found: learners trained with both auditory stimuli and orthography were
outperformed by those trained with auditory stimuli only. Hayes-Harb and Hacking
(2015) used the stress mark <`> to train the perception of Russian stress and no
facilitatory effect was found either. In their study, the difference between Russian
stressed and unstressed syllables was actually in vowel duration, but the mark <`>
itself did not denote this feature. The Zhuyin graphemes used in Hayes-Harb and
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Cheng (2016) are also unfamiliar graphemes. They do not visualize acoustic cues
for the consonants /ts, ţh, ťCh, C/ tested in that study. However, their study did
not show whether Zhuyin was facilitatory or not because the experiment was de-
signed to compare the effect of Zhuyin graphemes and their corresponding Pinyin
graphemes <z, c, q, x>, which are “familiar” but distracting graphemes for English
speakers due to inconsistent grapheme-phoneme correspondence across L1 and L2.
It would be interesting to see how the learning with the Zhuyin graphemes and the
learning with no graphemes differ. My prediction is that the Zhuyin graphemes will
not exert a facilitatory effect, because they do not visualize acoustic cues needed
for the perception of the consonants. From the above discussion, we see that the
benefit of unfamiliar orthography is limited, only to those situations in which the
grapheme can provide visual cues that are congruent to the acoustic cues.

4.2.3.3 Language background and learnability of tonal contrasts with tone letters

Results from the AXB tasks did not reveal how speakers with different language
backgrounds were affected differently by tone letters. However, there were L1-
dependent patterns revealed in the AX training task: both English and Mandarin
Auditory-Visual learners had significant improvement on four out of five tonal con-
trasts tested, but Thai Auditory-Visual learners had significant improvement on
only one contrast.

One possibility is that the unfamiliar script is less readily accessible to the Thai
speakers than to the Mandarin and English speakers. The Mandarin speakers in
the current study are probably all familiar with the process of mapping iconic or-
thography with tones, since all of them are young adults from Mainland China who
probably studied Mandarin pronunciation through pinyin in childhood. Pinyin is
a standardized, romanization method with tone diacritics, and it is used in formal
classroom contexts for teaching Mandarin pronunciation. Both the tone diacritics in
the pinyin system and the tone letters used in this study visualize some f0 features:
pinyin diacritics cue f0 contours, and the tone letters here cue both f0 heights and
contours. In this sense, while the tone letters were a new tone marking system that
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Mandarin participants had never seen before the experiment, the letters were not
entirely unfamiliar in nature. On the contrary, although Thai tones are presented
through diacritics in Thai orthography, the diacritics do not denote f0 features. In
other words, the new tone marking system and the native tone marking system are
completely different in nature. Therefore, Thai speakers might need more time and
effort to adjust to this new system. Adjusting to a tone marking system may be
easier for English speakers, because there were no pre-existing tone marking scripts
to interfere with learning.

Another possibility points to the learnability of the specific contrasts tested in
the study. The current study found that all three groups of Auditory-Visual learners
had significant improvement on the perception of the level-tone contrasts. This effect
was expected, because the tone letters specified the pitch height of a tone within
a range. The study on initial non-native perception reported in Chapter 3 showed
that the level-tones were the most challenging tone pairs for English, Mandarin, and
Thai speakers in the presence of inter-talker variability. The current study suggests
that a training paradigm with tone letters as feedback can help learners learn this
challenging contrast.

However, for the rising-tone (T2/T5) contrast, while Mandarin Audio-Visual
learners had significant improvement, English and Thai Auditory-Visual learners
did not. A previous study by Wu et al. (2015) showed that Mandarin speakers
can assimilate Cantonese High-Rising tone (T2) to their native category as a good
exemplar through auditory cues alone. The Low-Rising tone (T5), when categorized,
was a poor exemplar for two native categories. In other words, through auditory
cues alone, Mandarin speakers may be able to distinguish the two Cantonese rising
tones to some extent. Then, the visual contrasts presented through the tone letters
may have made the perceptual distinction more pronounced.

For English speakers, although assimilating tones to native intonational cate-
gories is possible (So and Best, 2014), and although the Cantonese High-Rising tone
may be assimilated to an intonation contour that rises to a relatively high pitch
and the Low-Rising tone to an intonation contour that rises to a mid pitch, English
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speakers may not be as efficient as Mandarin speakers in mapping the visual cues to
the acoustic cues, especially when both tones are contour tones with slightly differ-
ent contours, since English speakers attach less weight to the f0 contour dimension
Gandour (1983). For Thai speakers, the Cantonese rising tones may be very confus-
ing to begin with: given the f0 heights and contour shapes of the native rising tones
and the non-native rising tones, it is likely that neither of the non-native tones was
assimilated as a good exemplar to a native rising tone category. On top of that,
Thai speakers may have been experiencing difficulty in visual-acoustic cue mapping
as discussed above.

For the tones with overall f0-contour contrasts, it was the English Audio-Visual
learners who had significant improvement on all three pairs: falling-rising (T4/T5),
falling-level (T4/T6), and rising-level (T5/T6). These pairs were generally more dif-
ficult for English speakers than for tonal-language speakers (reported in the study in
Chapter 3). Iconic orthography visualizing the contour differences improved English
speakers’ performance. It should be noted that the f0 contours of the tones in these
three pairs are totally different. These three pairs are easier than the rising-tone
pair through acoustic cues alone. Therefore, matching visual and acoustic cues for
tones with completely different contours may be easier than for contour tones with
very similar contours. Mandarin Audio-Visual learners had significant improvement
on the falling-rising (T4/T5) and falling-level (T4/T6) contrasts. This also revealed
their ability to match visual and acoustic cues and learn from them even for very
easy contrasts (as shown in Chapter 3). However, Thai Audio-Visual learners did
not have any significant improvement on these tone pairs. It is probably because
of the challenges they experienced when encountering a new tone marking system
that was completely different than their native one.

4.3 Conclusion

This study examines the effect of iconic tone letters on the discrimination of phoneti-
cally similar tones. This study simulated initial stage of second language acquisition
through the participation of Cantonese-naive listeners as learners and through the
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presence of inter-talker variability, an issue that learners often need to deal with
in learning. Two phonetic training paradigms were compared, one with iconic tone
letters as immediate feedback and one without such feedback. American English,
Mandarin, and Bangkok Thai speakers participated in this study and were trained
with one of the two training methods to perceive five Cantonese contrasts. They
completed a pre-test mixed-talker AXB task, a three-day (1 session per day) mixed-
talker AX training task, and a post-test AXB task identical to the pre-test. Data
from the first and last sessions of training showed that the training with tone letters
was more beneficial, as there was a facilitation effect on a larger scale, affecting
more learners and the learning of more tonal contrasts. The pre-test and post-test
data, however, did not reveal such a facilitation effect, presumably because of task
difference, specifically, the cognitive processes needed for the tasks. In general, the
orthographic representations for tones used in this study facilitated the learning of
the f0-height contrast between two level tones for all three groups of learners, as
well as the learning of f0-contour contrasts for English speakers.
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CHAPTER 5

Discussion and Conclusion

5.1 Summary of results

This dissertation provides an examination of the processing of phonetically simi-
lar tones that contrast in various phonetic dimensions. Specifically, in this work,
the processing of such tones is situated in high-variability conditions, where listen-
ers need to attend to inter-talker variability when perceiving the tones in isolation
without contextual f0. Speech signals are highly variable due to individual talker
characteristics, and thus understanding how inter-talker variability affects our per-
ception of speech sounds is nontrivial. The current work consists of three studies.
Throughout these studies, five Cantonese tonal contrasts are examined: 1) Mid-
Level vs. Low-Level, 2) High-Rising vs. Mid-Rising, 3) Low-Falling vs. Low-Rising,
4) Low-Falling vs. Low-Level, and 5) Low-Rising vs. Low-Level. The first pair
shows an f0-height difference in two level tones, whereas the second pair shows a
difference in the magnitude of f0 rise in two contour tones with similar contours.
The tones in the third pair have opposite directions of f0 change — an f0-contour dif-
ference. The last two pairs also exhibit f0-contour differences: one tone has dynamic
f0 change and the other’s f0 is relatively stable across the syllable.

Chapter 2 examined how native speakers perceive the above-mentioned tonal
contrasts in a mixed-talker AXB task and how they produce the tones in a mixed-
talker delayed shadowing task. It was found that the perception of a level-tone
contrast was the most challenging and was affected by the acoustic distance be-
tween the stimuli. Nevertheless, increased exposure to talkers helped listeners to
normalize for talkers, alleviating the perceptual difficulty caused by the misalign-
ment between the acoustic distance and the tone categories. The perception of the
two rising tones with differing magnitude of f0 rise as well as the tones with overall
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f0-contour contrasts was less challenging and was not affected by syllable-extrinsic
information such as familiarization with voices. The production experiment showed
that participants accommodated toward talkers in f0: they adjusted their average
f0 in producing the two level tones and the magnitude of f0 change in producing
the rising tones in response to the talkers they heard. The results suggested that
it was likely that participants imitated talkers’ absolute f0 even though they were
explicitly instructed not to. Both the perception and the production experiments
suggested that detailed acoustics of the stimuli were perceived so that they affected
perception and production.

Chapter 3 examined non-native perception of isolated, phonetically similar tones
contrasting in various phonetic dimensions in the presence of inter-talker variability.
Twenty-nine speakers of American English, 30 speakers of Mandarin, 38 speakers of
Bangkok Thai, as well as a group of 35 speakers of Cantonese participated in this
study. Using a mixed-talker AXB and a mixed-talker delayed shadowing task, this
study found that inter-talker variability affects the perception of f0-height contrasts
more than the perception of f0-contour contrasts. While native listeners’ perfor-
mance on f0-height contrasts was facilitated by increased exposure to talkers, non-
native listeners were less efficient at utilizing syllable-extrinsic information. It was
also found that tonal-language speakers outperformed English speakers in perceiv-
ing f0-contour contrasts in the presence of inter-talker variability and that English
and Mandarin speakers outperformed Thai speakers in perceiving two rising tones
that have similar contour shapes but different f0 heights. L1-dependent patterns
were discussed in terms of perceptual cue weighting and perceptual assimilation.

Chapter 4 investigated whether orthographic cues for tones affect non-native
perception of tonal contrasts. Five Chao tone letters Chao (1930) were used to
visually represent the tones. The letters visualize the f0 height and the f0 contour of
a tone. The same three groups of non-Cantonese speakers mentioned in Chapter 3
completed three sessions of mixed-talker AX perceptual training, followed by a post-
test mixed-talker AXB task (the same as the one reported in Chapter 3). Training
data revealed that the training with tone letters was more beneficial, as there was
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a facilitation effect affecting more learners and the learning of more tonal contrasts.
The pre-test and post-test data, however, did not reveal such a facilitation effect.
This may be due to task difference between the AXB task and the AX task. The
effect of iconic orthography and orthography in general was discussed, as well as
how language background affects the learning of tonal contrasts.

5.2 Implications and future research

The present work, with its major findings and the issues raised in discussion, has
implications for second language teaching and learning as well as some directions
for future research. I will discuss the following in details.

5.2.1 Inter-talker variability and second language tone learning

A main theme of this study is inter-talker variability. This variability is a nontrivial
matter, because it makes the speech signal highly variable. Here, this dissertation
focuses on f0 perception, a process that may be heavily influenced by contextual f0.
Even so, when tones are presented in isolation and mixed across talkers, listeners
can still make use of talker-specific characteristics for perception to some extent. For
example, in Chapter 2, we saw that familiarization with talkers’ voices facilitated
native performance on a level-tone pair. However, in Chapter 3, we saw that this
familiarization effect was not found on the non-Cantonese speakers. In other words,
it seems that the native speakers adapt to talker-specificity faster. This may be
because native speakers have the knowledge of the average f0 range in their speech
community (Peng et al., 2012), and they can calibrate perception of unfamiliar
talkers using that knowledge. Non-native speakers, on the other hand, do not have
the experience with the average talking f0 range of the second language community.
They will need to establish the average first before they can use that information
readily. This implies that learning from multiple speakers may be advantageous,
as it will expose the learners to different talking ranges in the speech community,
which will help learners to normalize for tones better.

Previous studies have indeed shown that stimuli exhibiting inter-talker variability
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facilitate the perception of consonants (e.g., Lively et al., 1993), vowel (e.g., Wong,
2013), and tones (e.g., Wang et al., 1999). However, the nature of what is learned
from the talkers that facilitated tone perception was not specified. Is it the f0 range
of a talker (Wong, 1998) or is it the average f0 of a talker (Francis et al., 2008)?
The current study cannot answer this question. Due to the design of the AXB task
(stimuli were not blocked by tones), a talker’s f0 range can de estimated from the
High-Rising tone [25] and the Low-Falling tone [21] that were randomly presented
throughout the task. As a result, it is not certain if the listeners in this study used
average f0 or f0 range for perception as both were present. Future studies will need
to examine this question.

Another important finding regarding inter-variability is that this variability af-
fects the perception of the tones contrasting in various phonetic dimensions differ-
ently. We saw that tones contrasting in f0 height were difficult to perceive, and even
native speakers had difficulty in perceiving the Mid-Level vs. Low-Level contrast.
This suggests that teaching tones contrasting in f0 height will be very challenging
and that more focus will be needed on this contrast. As discussed below, iconic
orthography will be a useful tool for the teaching of f0-height contrasts, especially
the contrast between two level tones.

5.2.2 Orthography for tones and second language teaching and learning

This dissertation provides evidence that iconic orthography can be facilitatory de-
pending on the task and the tonal contrasts. The orthography used in the study
reported in Chapter 4 is Chao tone letters (Chao, 1930), which visualize both the f0
contour and the f0 height of a tone. This orthography increased listeners’ sensitivity
to several tonal contrasts in a mixed-talker AX discrimination task.

The finding of a facilitatory effect of tone letters corroborated Showalter and
Hayes-Harb (2013), who found that English speakers’ learning of Mandarin pseudo-
words was facilitated by tone diacritics (¯, ´, ˇ, `). In both studies, the orthography
used visualizes f0 cues: f0 contour for Mandarin tones, and f0 height and contour
for Cantonese tones. Gandour (1981) showed that f0 height and f0 contour are
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two important cues for tone perception. Therefore, we can infer from the findings
that, as least for tone learning, orthography visualizing the crucial perceptual cues
is helpful for learning.

The finding that iconic orthography for tones is facilitatory for learning is in line
with studies on hand gestures and tone perception (e.g., Eng et al., 2013; Hannah
et al., 2016) and those on the use of real-time realization of pitch contour in tone
teaching (Chun et al., 2013, 2015). Although orthography is more abstract and lacks
temporal features, it is unlikely that it would hinder learning if detailed instructions
are given.

Iconic orthography for tones such as tone letters can be used broadly in teaching
tonal languages, especially those with more than one level tone and those with
tones sharing similar contours. As we saw in Cantonese, the phonetic difference
between the two non-high level tones and that between the two rising tones are
very small. Learners may not be able to pick up the fine-grained details through
auditory learning alone. However, seeing a tone through iconic orthography can
aid the perception of the toneIn addition, with f0 heights visualized, this kind of
orthography will be especially helpful for speaker normalization when learners are
learning from different speakers: they will be able to tell whether the two tokens
that sound very similar are from different categories or not, or whether the two
tokens that sound very different are tokens of the same tone or not.

Although this dissertation has shown that seeing tone letters can improve the
perception of a tonal contrast, whether the orthography helped learners to estab-
lish native-like categories remains unknown. Future research will need to address
this question by looking into how orthography affects category formation. Future
research will also need to focus on how orthography affects word learning. Learners
learning tones are not just learning the phonetic features of the tones; they are also
learning the association between the tones and the word meanings. How iconic or-
thography affects the learning of words with phonetically similar tones will need to
be investigated.
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5.2.3 Cantonese T3-T6 merger and variability of Cantonese T6

Several studies have suggested that there is tone merger in Cantonese, especially
a merger between T3 and T6 [33-22] (e.g., Bauer et al., 2003; Mok and Wong,
2010a,b; Mok et al., 2013). Chapter 2 of this dissertation reported the results of a
screening task conducted with 35 native speakers of Cantonese in Hong Kong. The
participants were selected randomly, and systematic tone merger was not found.
Nevertheless, the results did show an interesting pattern regarding the T6 [Low-
Level]-stimuli. For the two talkers who produced the stimuli for the identification
screening task, the T6 on [j5n, jy:n] was higher in average f0 than the T6 on the
other four open syllables [j5u, ji:, s8y, w5i]. The reason why these two nasal-ending
syllables had higher average f0 is unclear. However, it is not the case that the T6 on
all nasal-ending syllables is higher in average f0 than on the open syllables. For the
four talkers who produced the stimuli for the AXB task, the T6 on [si:] was a bit
higher in average f0 than the T6 on [f5n]. A generalization cannot be made given
a very small set of data in this study, but this could be a topic for future research.
For example, future research can look into the effect of syllable type (nasal-ending
vs. open syllable), the effect of nasal type (bilabial vs. alveolar vs. velar), and the
effect of vowel on the average f0 of the low tone.

5.3 Conclusion

To conclude, this dissertation provides evidence that the perception of tones con-
trasting in various phonetic dimensions is affected differently by inter-talker vari-
ability. Level tones contrasting in f0 hight are the most challenging to perceive
when they are presented in isolation. In addition, the perception and production
of non-native tones are affected by native language background, specifically, the
phonetic similarity/dissimilarity between a novel tone and an existing prosodic cat-
egory. What’s more, visual cues from iconic orthography that are congruent with
the acoustic cues can aid perceptual learning, but the effect varies as a function of
native language background and non-native contrasts.
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 APPENDIX

Tone
syllable T1 T2 T3 T4 T5 T6

j5n 欣 ‘glad’ 忍 ‘to endure’ 印 ‘print’ 人 ‘person’ 引 ‘to lead’ 孕 ‘pregnant’
j5u 幽 ‘quiet’ 柚 ‘pomelo’ 幼 ‘young’ 油 ‘oil’ 友 ‘friend’ 又 ‘again’
ji 醫 ‘to cure’ 椅 ‘chair’ 意 ‘meaning’ 兒 ‘son’ 耳 ‘ear’ 二 ‘two’

jy:n 冤 ‘injustice’ 苑 ‘garden’ 怨 ‘resentment’ 圓 ‘circle’ 軟 ‘soft’ 願 ‘hope’
s8y 需 ‘need’ 水 ‘water’ 歲 ‘year old’ 誰 ‘who’ 緒 ‘thread’ 瑞 ‘auspicious’
w5i 威 ‘prestige’ 毀 ‘to destroy’ 餵 ‘to feed’ 維 ‘dimension’ 偉 ‘great’ 胃 ‘stomach’

Table A.1: Stimuli used in the 6AFC identification task in Chapter 2

Tone
syllable T2 T3 T4 T5 T6

f5n 粉 ‘powder’ 訓 ‘to train’ 焚 ‘to burn’ 奮 ‘to exert oneself’ 份 ‘portion’
si 史 ‘history’ 試 ‘to try’ 時 ‘time’ 市 ‘city’ 事 ‘matter’

Table A.2: Stimuli used in the AXB task in Chapters 2, 3, and 4
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