THE INTERACTION BETWEEN PALATALIZATION AND
COARTICULATION IN KOREAN AND ENGLISH
by
Gwan Hi Yun

_________________________
Copyright © Gwan Hi Yun 2006

A Dissertation Submitted to the Faculty of the
DEPARTMENT OF LINGUISTICS
In Partial Fulfilment of the Requirements
For the Degree of
DOCTOR OF PHILOSOPHY
In the Graduate College
THE UNIVERSITY OF ARIZONA

2006

2

THE UNIVERSITY OF ARIZONA
GRADUATE COLLEGE
As members of the Dissertation Committee, we certify that we have read the dissertation
prepared by Gwan Hi Yun
entitled The interaction between palatalization and coarticulation in Korean and English

and recommend that it be accepted as fulfilling the dissertation requirement for the
Degree of Doctor Philosophy
_________________________________________________________________________________Date:

6/29/06

Michael Hammond
________________________________________________________________________________

Date: 6/29/06

Diana Archangeli
_________________________________________________________________________________Date:

6/29/06

Ying Lin
Final approval and acceptance of this dissertation is contingent upon the candidate’s
submission of the final copies of the dissertation to the Graduate College.
I hereby certify that I have read this dissertation prepared under my direction and
recommend that it be accepted as fulfilling the dissertation requirement.
______________________________________________________ Date: 6/29/06
Dissertation Director: Michael Hammond, Diana Archangeli

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 copyright holder.
SIGNED: GWAN HI YUN

4

ACKNOWLEDGEMENTS
I really appreciate my advisors Mike Hammond and Diana Archangeli. They
generously provided me with invaluable insight, suggestions, comments and help
throughout this thesis. Mike Hammond has always inspired in me a spirit of delving into
topics which are not even familiar and have piqued my interest, including editing,
statistics, and theoretical points. Diana Archangeli especially introduced me to the world
of ultrasound imaging techniques which are at the burgeoning stage and which are
helpful in investigating the interface between phonology and phonetics. Her penetrating
insight has always pushed me to find theoretically more appropriate tools and ponder
more sophisticated alternatives. Without their thorough review and help, I would not have
completed this dissertation.
I am grateful to my committee member Ying Lin for his suggestions about
experimental methods and statistics. I would also like to express deep gratitude to the
members of the Arizona Phonological Imaging Lab. I would especially like to thank Jeff
Mielke for giving me invaluable help by suggesting new methods to quantify the tongue
images taken by ultrasound and for discussing many experimental issues.
I also owe many thanks to former advisor Dr. Sang-Buom Cheun, and professors,
Dr. Byung-Geun Lee, Dr. Jin-Hyung Kim, Dr. Hyunkee Ahn, Dr. Hwangbo Youngshik,
Dr. Meejin Ahn, Dr. Hyo-Young Kim, Dr. Sunhoi Kim, and Dr. Myungsun Huh. I would
especially like to thank Dr. Sang-Buom Cheun, who first led me into phonology, and
trained me as a linguist. Dr. Sang-Buom Cheun and my other professors guided me with
constant encouragement and warm support until I finished my dissertation.
I feel most grateful to my professors and colleagues in the Department of
Linguistics at the University of Arizona, Tucson who have not hesitated to give
comments and feedback in classes as well as encouragement: Heidi Harley, Adam
Ussishkin, Natasha Warner, Scott Jackson, Azita Taleghani, Jianyuan Wang, Jeongrae
Lee, Alina Twist, Charles Lin, Angelina Chtareva, Adam Baker, Ben Tucker, Peter
Richtsmeier, Sumayya Racy and Young-Gie Min.
Most of all, I would like to thank my family who have supported me with endless
love. I especially wish to express deep gratitude to my grandmother, Keumok Jung who
raised me and will live in my heart forever. My parents, Minhaeng Yoon, and Dongsoon
Shin have always wished me good luck, which made it possible to get through my
academic journey. In addition, I am also grateful to my parents-in-law, Byungshik Park,
and Jungja Chun for their invaluable prayers, generous care, and spiritual support.
I want to sincerely thank my wife, Yoonjoo Park, my son, Sungje Yun, and my
daughter Joyce Sungah Yun. Yoonjoo supported me tremendously by taking care of our
children at home when I was busy writing my dissertation at school, and by enduring
hardship and loneliness. Without her unconditional love, patience, and care through
prayers and belief, I could have not reached the end of this dissertation. In addition, deep
love goes to my beloved son and daughter who always refreshed my soul and gave me
strength whenever I encountered fatigue and needed renewal.
Last, but not least, I would like to give all honor and glory to my Lord, God who
is the only source of my life and walks with me in prayers forever.

5

TABLE OF CONTENTS
LIST OF FIGURES……………………………………………………………………….9
LIST OF TABLES……………………………………………………………………….13
ABSTRACT……………………………………………………………………………...14
CHAPTER 1: INTRODUCTION……………………………………………………………………….16
1.1
Introduction……………………………………………………………………....16
1.2
Purposes and questions of research………………………………………………17
1.2.1 Range of the research…………..………………………………………...18
1.2.2 The hypotheses…………………………………………………………...21
1.2.3 Organization of the dissertation………………………………………….25
1.3
Coarticulation…………………………………………………………………….25
1.3.1 Definition of coarticulation………………………………………………26
1.3.2 Types of coariculation……………………………………………………28
1.3.3 Directionality of coarticulation…………………………………………..30
1.3.4 Degrees of coarticulation…………………………………………….......32
1.3.4.1 Articulatory flexibility……………………………………...........32
1.3.4.2 Prosodic factors…………………………………………………..35
1.4
Assimilation……………………………………………………………………...37
1.5
Summary…………………………………………………………………………39
CHAPTER 2: METHODOLOGY…………………………………………………………….……......40
2.1
Introduction………………………………………………………………………40
2.2
Measuring frontness of vowels with ultrasound imaging techniques……………40
2.2.1 Ultrasound imaging techniques…………………………………………..40
2.2.2 Converting data into “front/back” measures……………………………..43
2.2.3 Korean vowels…………………………………………………………...47
2.2.4 English vowels………………………………………………..………….50
2.2.5 Summary…………………………………………………………………53
2.3
Acoustic measurement of vowels……………………………………..................53
2.4
Measuring frontness of consonants………………………………………………55
2.4.1 Korean consonants……………………………………………………….56
2.4.2 English consonants……………………………………………………….59
2.4.3 Summary…………………………………………………………............62
2.5
Summary…………………………………………………………………………62
CHAPTER 3: INTERPLAY BETWEEN PALATALIZATION AND COARTICULATION IN
KOREAN…………………………………………………………………………………………………..64
3.1
3.2
3.3

Introduction………………………………………………………………………64
Palatalization and consonant-vowel coarticulation in Korean…………………...64
Experiment 1: Phonetic and phonological factors in the degree of vowel to vowel
coarticulation……………………………………………………………………..69
3.3.1 Phonetic effects on vowel-to-vowel coarticulation around palatalization 71

6

TABLE OF CONTENTS - Continued

3.4
3.5

3.3.2 Participants……………………………………………………………….71
3.3.3 Methods…………………………………………………………………..72
3.3.4 Consonantal effects on the degree of V-to-V coarticulation.....................72
3.3.4.1 Hypothesis (1): “Tonge Body Barrier” Hypothesis….…………..72
3.3.4.2 Stimuli and procedures…………………………………………..78
3.3.4.3 Results……………………………………………………………81
3.3.4.3.1 Articulatory results…………………………………….81
3.3.4.3.2 Acoustic results………………………………………..86
3.3.4.4 Discussion..........…………………………………………............93
3.3.5 Vocalic effects on the degree of V-to-V coarticulation………………….99
3.3.5.1 Hypothesis (2): “Resistors Induce” Hypothesis………………….99
3.3.5.2 Stimuli and procedures………………………………...........….101
3.3.5.3 Results…………………………………………………………..103
3.3.5.3.1 Articulatory results…………………………………...103
3.3.5.3.2 Acoustic results………………………………………108
3.3.5.4 Discussion..……………………………………………………..114
3.3.6 Phonological effects on vowel-to-vowel coarticulation around
palatalization……………………………………………………………115
3.3.6.1 Hypothesis (3): “Phonological Enhancement” Hypothesis…….115
3.3.6.2 Stimuli and procedures…………………………………………120
3.3.6.3 Results…………………………………………………………..123
3.3.6.3.1 Articulatory results…………………………………...123
3.3.6.3.2 Acoustic results………………………………………125
3.3.6.4 Discussion..………………………………………………..........129
Summary………………………………………………………………………..133
Conclusion……………………………………………………………………...135

CHAPTER 4: INTERPLAY BETWEEN PALATALIZATION AND COARTICULATION IN
ENGLISH……………………………………………………………………………………………..….137
4.1
Introduction……………………………………………………………………..137
4.2
Palatalization in English………………………………………………………..137
4.3
Vowel-to-consonant and vowel-to-vowel coarticulation in English…………...142
4.4
Experiments 2: Phonetic and phonological factors in the degree of vowel-tovowel coarticulation…………………………………………………………….145
4.4.1 Phonetic effects on V-to-V coarticulation around palatalization….........145
4.4.2 Participants……………………………………………………………...145
4.4.3 Methods…………………………………………………………………146
4.4.4 Consonantal effects on the degree of V-to-V coarticulation…...............146
4.4.4.1 Hypothesis (1): “Tongue Body Barrier” Hypothesis…..………146
4.4.4.2 Stimuli and procedures………………………………………...149
4.4.4.3 Results………………………………………………………….151
4.4.4.3.1 Articulatory results………………………………......151

7

TABLE OF CONTENTS - Continued

4.5
4.6

4.4.4.3.2 Acoustic results………………………………………156
4.4.4.4 Discussion..……………………………………………..............166
4.4.5 Vocalic effects on the degree of V-to-V coarticulation…………...........170
4.4.5.1 Hypothesis (2): “Resistors Induce” Hypothesis………………..170
4.4.5.2 Stimuli and procedures…………………………………………173
4.4.5.3 Results…………………………………………………………..175
4.4.5.3.1 Articulatory results……………………………...........175
4.4.5.3.2 Acoustic results………………………………………178
4.4.5.4 Discussion..……………………………………………………..182
4.4.6 Phonological effects on vowel-to-vowel coarticulation around
palatalization……………………………………………………………183
4.4.6.1 Hypothesis (3): “Phonological Enhancement” Hypothesis…….183
4.4.6.2 Stimuli and procedures……………………………………........187
4.4.6.3 Results…………………………………………………………..189
4.4.6.3.1 Articulatory results………………………………..…189
4.4.6.3.2 Acoustic results………………………………………193
4.4.6.4 Discussion..……………………………………………………..202
4.4.7 Lexical vs. postlexical palatalization on vowel-to-vowel coarticulation 207
4.4.7.1 Hypothesis (4): “Lexical Strata Conidtioned Coarticulation”.. 207
4.4.7.2 Stimuli and procedures……………………………………........211
4.4.7.3 Results…………………………………………………………..213
4.4.7.3.1 Articulatory results……………………………...........213
4.4.7.3.2 Acoustic results………………………………………216
4.4.7.4 Discussion..…………………………………………………......223
Summary………………………………………………………………………..229
Conclusion………………………………………………………………….......231

CHAPTER

5:

GESTURAL

OPTIMALITY-THEORETICAL APPROACH TO THE
INTERACTION BETWEEN PALATALIZATION AND COARTICULATION…………………..234

5.1
5.2
5.3
5.4

Introduction……………………………………………………………..............234
Previous articulatory models…………………………………………................237
5.2.1 Articulatory phonology………………………………………................237
5.2.2 Gestural landmark model………………………………………….........240
Feature-and-gesture models…………………………………………….............245
5.3.1 Interplay between palatalization and coarticulation in Korean…............245
5.3.2 Interplay between palatalization and coarticulation in English...............264
Phonological implications…………………….…………………………...........283

CHAPTER 6: CONCLUSION………………………………………………………………………..286
6.1
Palatals as stronger triggers to vowel-to-vowel coarticulation…………............286
6.2
High front vowels as stronger inducers to vowel-to-vowel coarticulation……..288
6.3
Phonological enhancement of coarticulation……………………………...........290

8

TABLE OF CONTENTS - Continued
6.4
6.5

The effects of lexical status of phonological rules on coarticulation……..........291
Further research…………………………………………………………….......293

REFERENCES…………………………………………………………………..............296

9

LIST OF FIGURES
Figure 2-1.
Figure 2-2.
Figure 2-3.
Figure 2-4.
Figure 2-5.
Figure 2-6.
Figure 2-7.
Figure 2-8.
Figure 2-9.
Figure 2-10.
Figure 2-11.
Figure 3-1.
Figure 3-2a.
Figure 3-2b.
Figure 3-3.
Figure 3-4.
Figure 3-5.
Figure 3-6.
Figure 3-7.
Figure 3-8.
Figure 3-9.
Figure 3-10.
Figure 3-11.
Figure 3-12.
Figure 3-13.
Figure 3-14.
Figure 3-15.

Midsagittal ultrasound images of the tongue body for /a/ and
/i/……...........................................................…………………….…… 43
Adjusted image with added fixed palate for the frame for /a/ in “mati”
shown in the left image in Figure 2-1………………………………… 44
Relative frontness of six Korean vowels according to the same vowel
height………………………………………………………………….. 48
Relative frontness of six back vowels from ten Korean speakers…..... 49
Relative frontness of six English vowels according to the same vowel
height………………………………………………………………….. 51
Relative frontness of three back vowels from nine English speakers.... 52
Spectrogram of /mati/ “knot” in Korean. F2 values of a back vowel /a/
gradually increases toward the F2 values of a vowel /i/ as an influence of
vowel /i/……………………………………………………………….. 54
Tongue images of two Korean consonants…………..…………......... 57
Tongue body frontness of palatals and alveolars in Korean.................. 58
Tongue images of two English consonants…….……………………... 59
Tongue body frontness of alveopalatals and alveolars in English......... 61
Maximal overlap in (a) for a hetero-morphemic sequence and minimal
overlap in (b) for a tauto-morphemic /ti/ sequence (Cho 1998)……… 68
Spectrogram of /pači/ in Korean…………………………………….... 75
Spectrogram of /pathi/ in Korean……………………………………… 76
Significant consonantal effects on the degree of V1 coarticulation withinsubjects condition from 10 Korean speakers……………………….... 82
Consonantal effect of frontness of V1 according to V2 in Korean…… 85
Mean F2 values at medial point of V1s before alveolars and before
palatals in Korean…………………………………………………….. 87
F2s of V1s such as back vowels in Korean in both consonantal levels at
three time points.................................................................................... 88
F2s at three time points of V1s such as back vowels when V2 was /i/. 90
F2s at three time points of V1s such as back vowels when V2 was /a/. 91
Duration differences between Korean palatals and alveolars (alveolars 91
ms vs. palatals 139 ms)………………………………………………… 94
Schematic of a quantal relation. Region I and III correspond to [+feature]
and [-feature] values, region II is abrupt transition between them…… 98
Vocalic effects (V2) on the frontness of V1s from ten Korean
speakers ……………………………………………………………… 105
The effect of V2s on the frontness of V1s when the intervening consonants
were alveolars and palatals in Korean………………………………. 107
The effect of V2 on F2s of V1s in V1CV2 sequences in Korean……. 109
F2s of V1s, i.e. back vowels when V2 was /a/ and /i/ in Korean……. 110
F2s at three time points of V1s when intervening consonants were palatals
in Korean………………………………………………………….… 112

10

LIST OF FIGURES - Continued
Figure 3-16.
Figure 3-17.
Figure 3-18.
Figure 3-19.
Figure 3-20.
Figure 3-21.
Figure 3-22.
Figure 4-1.
Figure 4-2.
Figure 4-3.
Figure 4-4.
Figure 4-5.
Figure 4-6.
Figure 4-7.
Figure 4-8.
Figure 4-9.
Figure 4-10.
Figure 4-11.
Figure 4-12.

F2s at three time points of V1s when V2 was an alveolar in Korean.. 113
Three types of overlap: maximal overlap, partial overlap, and minimal
overlap (Cho 1998:269)……………………………………………… 117
Tongue body lines of transparent vowels taken from ultrasound machine.
(Benus 2005)………………………………………………………… 118
Overall phonological effect on frontness of V1s i.e. anticipatory vowel-tovowel coarticulation from V2 in Korean……………………………. 124
The average F2 values of V1s, i.e. back vowels before derived palatals
(left) and before underlying palatals (right) in Korean……………… 126
Overall phonological effects on the degree of F2 anticipatory vowel-tovowel F2 coarticulation in Korean…………………………………... 128
Two types of overlap: more overlap in (a) for a hetero-morphemic
sequence, and less overlap in (b) for a tauto-morphemic VV sequence. (a
revised version of Cho 1998:269)………………………………….… 131
Contact patterns at end time point, subject 1. Electrode shown in black
was activated in at least eight of ten repetitions (Zsiga 1995: 292)…. 143
Consonantal effects on the degree of anticipatory coarticulation of V1s in
V1CV2 sequences in English………………………………………. … 152
A significant effect of the intervening consonant (alveolar vs. alveopalatal)
on frontness of V1 in V1CV2 sequences in English when V2 was fixed as
/i/……………………………………………………………………… 154
A significant effect of the intervening consonant (alveolar vs. alveopalatal)
on frontness of V1 in V1CV2 sequences in English when V2 was fixed as
/a/…………………………………………………………………….. 155
Significant differences in F2 at the medial point of V1 in V1CV2
sequences in English………………………………………………….. 157
A stream of F2 values of V1 (the back vowels) in V1CV2 sequences in
English in both consonantal conditions at three time points…………. 158
No significant effect of intervening consonant on F2 of V1 in V1CV2
sequences in English when V2 was fixed as /i/………………………. 160
The effect of intervening consonant on F2 of V1 in English V1CV2
sequences when V2 was fixed as /i/………………………………….. 161
F2s of the back vowels (V1) in the fixed /i/ condition at three time points
in V1CV2 sequences in English………………………………………. 163
A significant effect of intervening consonant on F2 of V1 in V1CV2
sequences in English when V2 was fixed as /a/……………………… 165
Mean of duration between palatals and alveolars in English (alveolars 84
ms vs. alveopalatals 171 ms)…………………………………………. 167
Relative tongue body frontness of alveopalatals and alveolars in
English……………………………………………………………….. 169

11

LIST OF FIGURES - Continued
Figure 4-13.
Figure 4-14.
Figure 4-15.
Figure 4-16.
Figure 4-17.
Figure 4-18.
Figure 4-19.
Figure 4-20.
Figure 4-21.
Figure 4-22.
Figure 4-23.
Figure 4-24.
Figure 4-25.
Figure 4-26.

Figure 4-27.
Figure 4-28.
Figure 4-29.
Figure 4-30.
Figure 4-31.

The significant difference in V2 effect on the degree of anticipatory
coarticulation with respect to V1 in V1CV2 sequences in English….. 176
Significant differences in F2 at the medial point of V1 in V1CV2
sequences in English………………………………………………… 178
A stream of F2 values at three time points of V1 (the back vowels) in
English V1CV2 sequences in both V2 conditions…………………… 180
Two types of overlap: more overlap in (a) for a hetero-morphemic VV
sequence, and less overlap in (b) for a tauto-morphemic VV sequence.
(from a revision of Cho 1998:269)………………………………….. 186
Overall phonological effects on the degree of carryover vowel-to-vowel
coarticulation when V1 was /ɪ/ and /ɛ/ in the V1CV2 in English……. 190
The effects of phonological rule condition on the degree of tongue
frontness of V2 /ə/ in V1CV2 sequences in English…………………. 192
Overall phonological effects on the degree of carryover vowel-to-vowel
F2 coarticulation in V1CV2 sequences in English…………………… 195
A stream of F2 coarticulation during the whole production of V2 in V1CV2
sequences in English…………………………………………………. 197
The effects of a phonological rule on the degree of F2 carryover
coarticulation from V1 to V2 in V1CV2 sequences in English……..... 200
The change of F2 values of reduced schwa-like vowels (V2) at three time
points of V2 in V1CV2 sequences in English………………………... 202
Two types of overlap: more overlap in (a) for a hetero-morphemic VV
sequence, and less overlap in (b) for a tauto-morphemic VV sequence. 204
Two types of overlap: more overlap in (a) for VV sequence across word
boundaries, and less overlap in (b) for VV sequence within words…. 210
Effects of palatalization rule type on backness of V2 when V1 was /ɪ/ and
/ɛ/ in English V1CV2 sequences……………………………………… 214
Overall effects of palatalization rule type on the degree of carryover
vowel-to-vowel coarticulation when V1 was /ɪ/ and /ɛ/ in the V1CV2
sequences in English…………………………………………………. 217
The stream of F2 coarticulation during the whole production of V2 in
English V1CV2 sequences when V1 was /ɪ/ or /ɛ/…………………… 219
The effect of palatalization rule type on the degree of carryover F2
coarticulation of V2 within each of V1 conditions (/ɪ, ɛ/) in English... 220
The F2 changes of V2 i.e. [ə] in both palatalization conditions in
English………………………………………………………………... 222
Positive Correlation between F2 and duration of alveopalatals in English
(p.<0.05)……………………………………………………………… 227
Negative correlation between F2 and duration of V2 schwas in English
(p.=0.04)……………………………………………………………… 228

12

LIST OF FIGURES - Continued
Figure 5-1.
Figure 5-2.
Figure 5-3.

Schematic scores, (a) ‘bad’ (b) ‘dad’. (Browman & Goldstein 1992;
158)………………………………………………………………..… 238
Two types of overlap: more overlap in (a) for a hetero-morphemic
sequence, and less overlap in (b) for a tauto-morphemic VV sequence. (an
extended version of Cho 1998)……………………………………… 253
Two types of overlap: more overlap in (a) for a hetero-morphemic
sequence, and less overlap in (b) for VV sequence within words. (an
extended version of Cho 1998)……………………………………… 278

13

LIST OF TABLES
Table 3-1.
Table 3-2.
Table 3-3.
Table 3-4.
Table 4-1.
Table 4-2.
Table 4-3.
Table 4-4.
Table 4-5.
Table 4-6.
Table 4-7.
Table 4-8.
Table 4-9.

Table 4-10.

Korean stimuli for Hypothesis 1……………………………………… 79
Interaction between the intervening consonants and the second vowels in
Korean……………………………………………………………….... 93
Korean stimuli for Hypothesis 2 and planned comparisons…………. 101
Korean stimuli for Hypothesis 3 and planned comparisons………….. 121
English stimuli for Hypothesis 1……………………………………… 150
Average F1 and F2 values for the vowels that are common in English
(Yang 1996)…………………………………………………………. 171
English stimuli for Hypothesis 2…………………………………….. 174
English stimuli for Hypothesis 3…………………………………….. 188
Mean F2 values at initial, medial and offset time points of V2 (/ə/) in
V1CV2 sequences in both phonological conditions in English (i.e.
palatalized vs. non-palatalized words)……………………………….. 196
The average values of F1 and F2 for English vowels produced by the 10
native speaker participants in Yang (1996) and my current study…… 198
Duration of alveopalatals and duration of V2 in English V1CV2 sequences
in both phonological conditions……………………………………… 206
English stimuli for Hypothesis 4…………………………………….. 212
Mean F2 values (Hz) at initial, medial and offset time points of V2 (/ə/) in
English V1CV2 sequences in both phonological conditions when V1 is
either /ɪ/ or /ɛ/………………………………………………………… 218
Duration of English alveopalatals and duration of V2 in V1CV2 sequences
in both phonological conditions……………………………………… 226

14

ABSTRACT

This study investigates phonetic and phonological factors which influence the
degree of vowel-to-vowel coarticulation in Korean and English, especially around
palatalization rules. Two phonetic factors and two phonological factors were examined in
investigating the degree of anticipatory or carryover coarticulation in VCV sequences.
The phonetic factors were the intervening consonants (alveolar stop vs. (alveo)palatals),
and the second vowels (/i/ vs. /a/); the phonological factors were the effect of
palatalization, and the lexical status of palatalization (lexical vs. postlexical
palatalization). Ultrasound imaging techniques and F2 measurements are employed to see
how much further front the articulation of V1 in V1CV2 sequences is due to influence of
V2 across the consonants. Ultrasound images of vowels and their F2 values were
quantified and statistically analyzed with ANOVA.
First, it was found that V1 in V1CV2 sequences in Korean was articulated further
front when intervening consonants were palatals than when they were alveolars, while
there was no difference in frontness of V1 between two consonantal conditions in English.
This indicates that Korean palatals are a stronger barrier to vowel-to-vowel coarticulation,
while English alveopalatals are not. Next, V1 in both languages was articulated further
front when V2 was /i/ than when V2 was /a/. Third, we had striking findings that
palatalization rules caused stronger vowel-to-vowel coarticulation than in nonpalatalized
words. Results showed that V1s were articulated further front across derived palatals than
across underlying palatals in V1Ci sequences. Last, it was determined that V2 was
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articulated further front in words which underwent postlexical palatalization than in
words which underwent lexical palatalization. Such findings indicate that postlexical
palatalization causes greater gestural overlap than lexical palatalization, showing stronger
degree of coarticulation.
Based on the experimental results that phonetic details such as the degree of
vowel-to-vowel coarticulation are highly conditioned by the lexical status of
palatalization as well as the application of palatalization, I suggest a unified model of
phonology and phonetics, using feature-and-gesture based OT frameworks. Second, I
follow the proposal that abstract intergestural timing relations should be incorporated into
phonological representations either in the input or output (Cho 1998, Gafos 2002, Yun
2005b).
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CHAPTER 1
INTRODUCTION

1.1 Introduction
This thesis will investigate coarticulation patterns (i.e. two or more features or sounds
being articulated simultaneously) in Korean and English, especially those phenomena
involved with palatalizing assimilation processes (i.e. featural change) whereby coronals
become palatals (e.g. kači ‘together’ in Korean) or alveopalatals (e.g. expression in
English). The first goal of this work is to reveal the coarticulation patterns in Korean and
English in the environments of the assimilation phenomena, exploring the directionality
and degree of coarticulation. The second goal is to provide phonological analyses of the
interaction between coarticulation and assimilation, especially within the framework of
gestural Optimality Theory (Bradley 2002, Benus 2005, Gafos 2002).
This work contributes to an understanding of the relation between assimilation
and coarticulation by examining the patterning of gestural overlap between consonants
and vowels with respect to assimilation. It has been known that coarticulation occurs
between consonants and vowels; every language allows CV(VC), VV, CC sequences to
undergo coarticulation in some degree or direction (Byrd 1996). However, little attention
has been given to the relation between coarticulation and assimilation. Through
ultrasound studies of Korean and English, this research attempts to test the hypothesis
that the degree of coarticulation is greater in cases of assimilation than in unassimilated
forms whether within syllables or across syllables. In Korean, it is expected that there
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will be stronger vowel-to-vowel coarticulation effects with respect to assimilation
processess such as palatalization than there are in the words which do not undergo
palatalization. Experiments here investigate tongue body coarticulation effects through
the use of ultrasound images and F1/F2 coarticulation patterns in the sample of VCV or
VCVCV sequences. Next, turning to the English data, V-to-V coarticulation patterns are
reported for VCV sequences with regard to palatalization. Ultrasound and acoustic
experiments are conducted to see if there are stronger coarticulation effects in the
environment of assimilation rules than in the absence of assimilation rules. Significantly,
this study reveals that the degree of V-to-V coarticulation is strengthened by the
assimilation environment and that the degree of V-to-V coarticulation is influenced by
the different lexical status of assimilation rules in English. Specifically, we suggest that
V-to-V coarticulation is more prominent in the postlexical palatalization environment
(e.g. got you [gačə]) which occurs across the word boundary than in lexical palatalization
environment (e.g expression [iksprešən]) which is shown within words. The basic
reasoning is as follows: (1) the environment for postlexical rules involves word
boundaries and intergestural timing relations between vowels are more variable across
word boundaries than across morpheme boundaries; therefore, (2) postlexical
palatalization causes greater gestural overlap than lexical palatalization. So, this study
contributes to the debate concerning the relative contributions of gestural grammar in
terms of constraints on the timing of physical vocal tract gestures in organizing speech.

1.2 Purposes and questions of research
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1.2.1 Range of the research
This section describes the motivations and main questions of this thesis.
First, there are two mains reasons for conducting this investigation of
coarticulation patterns in Korean and English. First, there are very few investigations of
coarticulation patterns in Korean even though there is ample research on English (Brown
and Goldstein 1995, Byrd 1994, Fowler 1981a, Fowler and Brancazio 2000, Huffman
1986, Keating et al 1994, Löfqvist and Yoshioka 1980, Yoshiaoka et al 1981). So my
thesis contributes to revealing coarticulation patterns in Korean and comparing them with
those in English. For example, Benham’s (2005) acoustic study on Korean VCV
sequences found that vowel-to-vowel coarticulation occurs across intervening consonants
like /w/ and /h/ and that anticipatory coarticulation from V2 to V1 occurred more than
carryover coarticulation from V1 to V2. Assuming anticipatory vowel-to-vowel
coarticulation in Korean (Behnham 2005), my study investigates how the degree of
vowel-to-vowel coarticulation is affected by intervening alveolars and palatals. This
investigation will not only reveal the differences in the roles of the two consonants in
vowel interaction, but also the differences in the location of tongue body of both
consonants. Since palatals involve tongue body raising and alveolars involve only tongue
tip touch, it was predicted that the intervening palatals would inhibit vowel-to-vowel
coarticulation more strongly than alveolars. Further, this study examines how the degree
of vowel-to-vowel coarticulation is affected by the second vowel when it is /i/ and /a/.
Since /i/ involves a more robust raising and fronting of the tongue dorsum than /a/, it was
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predicted that V1 in V1CV2 sequences would be influenced by /i/ as V2 more than /a/ as
V2 (Fowler & Brancazio 2000, Benahm 2005, Recasens 1984).
Another reason for conducting this research for Korean and English is to see
whether vowel-to-vowel coarticulation is conditioned by phonological rules such as
palatalization. Both Korean and English show palatalization across morpheme boundaries,
while English only has postlexical palatalization which takes place across word
boundaries. Thus, comparative study of coarticulation patterns in both languages will
reveal if the effect of palatalization on the degree of vowel-to-vowel coarticulation can be
generalized across languages. Further, with respect to English, my study will reveal
whether the lexical status of palatalization affects the different degrees of vowel-to-vowel
coarticulation.
Some may ask why this study focuses on vowel-to-vowel coarticulation in the
environment of palatalization. There have been only a few investigations on the
interaction between phonological rules and coarticulation (Benus 2005, Cho 1998, Gafos
& Benus 2003, Kim 2005, Yun 2005, Zsiga 1995). Most of the previous research focuses
on phonetic factors on subphonemic vowel-to-vowel coarticulation under the view that
coarticulation belongs to language-particular automatic phonetic implementation using
vocal system (Öhman 1966, 1967; Henke 1966; MacNeliage & DeClerk 1969; Gay et al.
1974; Nord 1974; Baldon & Al-Bamerni 1976; Gay 1977; Kent & Frederic 1977;
Hardcastle & Roach 1979; Löfqvist & Yoshioka 1980; Fowler 1980, 1981a, 1981b;
Parush et al. 1983; Recasens 1984, 1987; Hardcastle 1985; Gracco 1988; Keating 1990;
Katz et al 1991; Fowler & Saltzman 1993; Byrd 1996; Löfqvist & Gracco 1999;

20

Recasens & Pallarès 2000; Fowler & Brancazio 2000). However, my study pays special
attention to the degree of vowel-to-vowel coarticulation which occurs around
palatalization in Korean and English. Cho’s (1998) electropalatography (EPG) study
showed that gestural overlap between palatals and V2 /i/ in V1C+V2 sequences is greater
in the words (e.g. /kath+i/ [kači] ‘together’) which undergoes palatalization than in the
words which do not (e.g. [kači] ‘value’). On the basis of such results, Cho (1998)
suggested that intergestural timing is more variable across morpheme boundaries than
within morphemes. Given that idea, my study predicted that the degree of anticipatory
coarticulation of V1 would be stronger in V1CV2 sequences in the words which undergo
palatalization than in the words which do not in Korean and English. In addition, Zsiga
(1995) showed that postlexically derived /š/ in ‘express your’ is different from lexically
derived /š/ in ‘expression’ because of the different types of boundaries, i.e. word and
morpheme boundaries. That is, lexically-derived /š/ was similar to underlying /š/ in
‘fresh’ in terms of the amount of contact on the palate region, while postlexically-derived
/š/ showed gradient properties of the amount of contact along time dimensions. Focusing
on vowel-to-vowel coarticulation, my study explores the hypothesis that the degree of
vowel-to-vowel coarticulation would be stronger in the words which undergo postlexical
palatalization than in the words which undergo lexical palatalization in English. Thus, my
study is important in terms of phonetics-phonology interface models. That is, more
findings on the interaction between palatalization and coarticulation will provide
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evidence that phonetic fine-details such as coarticulation would be incorporated into
phonological grammar.
Lastly, I address the phonetic issue, i.e. why my study focuses on the different
role of intervening alveolars and (avleo)-palatals on vowel-to-vowel coarticulation in
V1CV2 sequences. Previous research through English data showed that non-lingual
consonants /b, v/ and a lingual consonant /g/ shows less resistance to coarticulation than
other lingual consonants since the non-lingual consonants do not involve constrictions
with the tongue (Recasens 1989, Fowler and Branczio 2000). However, there are very
few investigations on the relative role of two types of lingual consonants, i.e. alveolars
and palatals on vowel-to-vowel coarticulation. This is why my study attempts to reveal
which consonants inhibit or strengthens vowel-to-vowel coarticulation in English and
Korean.

1.2.2 The Hypotheses
The main goals are to reveal how phonetic factors and phonological factors affect the
degree or extent of coarticulation in Korean and English. In pursuit of these goals, four
hypotheses will be tested. These hypotheses are discussed below.
First, we examine the effect of intervening consonants on the degree of vowel-tovowel coarticulation in V1CV2 sequences. Recasens’ (1984, 1989) experiments on
English data found that the magnitude of vowel-to-vowel coarticulation was less when
the intervening consonant was /š/ than when it was /t/. That is, high resistant
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coarticulation 1 consonants like palatals may block vowel interaction more than low
resistant consonants like alveolars. Given the different degrees of effect of palatals versus
alveolars on vowel interaction, the following hypothesis is proposed;

(1)

“Tongue Body Barrier” Hypothesis (H1)
The degree of V-to-V coarticulation is less prominent across palatal affricate
consonants than across alveolars.

H(1) predicts that V1s such as back vowels would be articulated further back before
palatals than before alveolars in V1CV2 sequences in Korean due to lesser degree of
anticipatory coarticulation from V2 like /i/ and /a/. It was also predicted that in English, a
V2 like /ə/would be articulated further back after alveopalatals than after alveolars due to
lesser degree of carryover coarticulation from V1 like /i/.
Second, the vocalic effect on vowel-to-vowel coarticulation is investigated
between V2 /i/ and V2 /a/ in V1CV2 sequences. Since a high front /i/ is the most resistant
to coarticulation because of robust raising and fronting of the tongue body, it is likely to
exert more influence more than any other vowel (Kiritani et al, 1977, Recasens 1985,
1991). That is, V1 is more likely to be affected by /i/ than by /a/ as V2. Segments that
resist coarticulation more strongly are good inducers to coarticulation of other segments.
Thus, the following hypothesis is proposed:

1

Bladon and Al-Bamerni (1976) invented the term “coarticulation resistance”, showing that “dark l” is
more resistant than clear [l] to coarticulation.
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(2)

“Resistors Induce” Hypothesis (H2)
The degree of vowel-to-vowel coarticulation is more prominent in words with a
high front vowel /i/ than in words with a low back vowel /a/.

This hypothesis predicted that V1s such as back vowels in V1CV2 sequences would be
articulated further front when V2 is /i/ than when V2 is /a/ as a result of stronger
anticipatory coarticulation.
Next, the effect of phonological rules on coarticulation is investigated
concomitantly with the issue of gestural timing between vowels. One of the interesting
issues in coarticulation is that it is conditioned by phonological rules (Benus 2005, Zsiga
1995, Yun 2005). Here two premises are critical. First, following Cho (1998), gestural
timing relations between vowels are more variable across morpheme boundaries than in
monomorphemic sequences. Second, Cho assumes that there is greater variation in
derived environments than in otherwise identical lexical sequences. This suggests that
timing relations between vowels are more fully defined in lexical sequences than in
derived sequences. Thus, in derived sequences where timing relations cannot be defined
lexically, there is the potential for greater coarticulation. Thus, the application of
phonological rules such as palatalization causes greater gestural overlap, giving rise to
stronger coarticulation (Yun 2005a, 2005b). Therefore, the following hypothesis is
proposed;

(3)

“Phonological Enhancement of Coarticulation” Hypothesis (H3)
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The degree of vowel-to-vowel coarticulation is stronger across the derived
consonants than across lexical consonants.

This hypothesis predict that V1s in /V1Ci/ sequences would be articulated further front in
the words (e.g. /kath+i/ [kači] ‘together’) which undergo palatalization than in the words
(e.g. /kaci/ ‘value’) which do not as a result of “Phonological Enhancement of
Coarticulation”.
Finally, the effect of the lexical status of palatalization on the degree of
coarticulation is investigated in English. Zsiga’s (1995) electropalataography(EPG) and
acoustic study showed that postlexically derived /š/ in ‘impress your’ shows the
properties of both /s/ and /š/, while lexically derived /š/ in ‘impression’ is the same as
underlying /š/ in ‘fresh’. That result indicates that the intergestural timing relations are
more variable across word boundaries than across morpheme boundaries. This leads to
the hypothesis that vowel-to-vowel coarticulation is more prominent in postlexical rule
environments i.e. across word boundaries than in lexical rule environments, i.e. across
morpheme boundaries.

(4)

“Lexical Strata Conditioned Coarticulation” Hypothesis (H4)
The degree of vowel-to-vowel coarticulation is stronger in the environment of
postlexical assimilation rules than in the environment of lexical assimilation rules.
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This hypothesis predicts that V2s such as /ə/ in V1CV2 sequences would be articulated
further front after postlexically derived alveopalatals than after lexically derived
alveopalatals as a result of stronger carryover coarticulation from V1s. This hypothesis is
not tested through Korean data since there is only lexical palatalization in Korean.
In sum, we test hypotheses (1), (2), and (3) for Korean, while hypotheses (1), (2),
(3) and (4) are tested for English.

1.2.3 Organization of the dissertation
This thesis is organized into six chapters including Chapter 1, the introduction. It
discusses basic definitions, types, directionality, and degrees of coarticulation. Chapter 2
explains the methodology used in the ultrasound and acoustic experiments. Chapter 3
examines coarticulatory effects involving Korean palatalization. Chapter 4 investigates
coarticulatory effects involving English palatalization. Chapter 5 provides a discussion of
phonological analysis on the relation between coarticulation and phonological
assimilation in the standard OT framework. Chapter 6 contains discussion, a summary
and the conclusions of this thesis.

1.3 Coarticulation
This section reviews the previous literature on the general characteristics of coarticulation.
First, it describes the definitions and types of coarticulation, i.e. V-to-V, C-to-V, and Cto-C, centering around data from English, Catalan, and Spanish; next is the directionality
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of coarticulation (i.e. carryover effect or anticipation effects) and how phonetic factors
affect the degree or directionality of coarticulation.

1.3.1 Definition of coarticulation
Coarticulation can be generally defined as “patterns of coordination, between the
articulatory gestures of neighboring segments, which result in the vocal tract responding
at any one time to commands for more than one segment” (Manuel 1999:179). Or it may
simply be called “coproduction” to refer to the temporal co-occurrence or overlap in the
articulation of two (or more) gestures (Byrd 1996:210). A typical example is shown in
contrast between key [kji] and cool [kwul]. The /k/ of “key” has a front-of-velar,
palatalized form when followed by the high front vowel [i], while the /k/ of “cool” is not
so advanced but is labialized. As is illustrated in (5), fronted [kj] occurs in the region
where tongue body gesture for [k] overlaps with the tongue body gesture for [i]. Further,
coarticulatory effects often extend further just from one sound to its neighbor. For
example, in the word “screws” /skruwz/, lip-rounding is often found extending over the
whole word.

(5)

Gestural overlap (between two gestures)
Target time 1

[k

Target Time 2

kj

i] ‘key’
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Every language exhibits variability in magnitude (the spatial dimension) and
duration (the temporal dimension) of gestures. Basically I will use the term
“coarticulation” to refer to an extended or revised version of Manuel’s definition above.
That is, it means “patterns of temporal and spatial coordination, between the two (or more)
articulatory gestures of neighboring (or close) segments within some domain.” Thus, the
notion of coarticulation is distinguished from “target undershoot” in that it is not an
imperfection of gestural implementation, but gestural overlapping or coordination. Target
undershoot occurs when speakers do not reach articulatory and acoustic target in fast
speech as is illustrated in (6). That is, a single gesture does not reach the ideal target,
usually depending on duration of each segment and speech rate (Gay 1978, Moon &
Lindblom 1994).

(6)

Target undershoot (of a single gesture)

Undershoot Target
Ideal Target
T1

T2

T3

My thesis investigates the degree of only vowel-to-vowel coarticulation in V1CV2
sequences, and it is possible to measure either backness or frontness of V1 or V2 since
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both vowels affect each other. However, I only focus on frontness of back vowels (V1 or
V2) which is influenced by by the frontness of front vowels (V1 or V2).

1.3.2 Types of coarticulation
Considering the combination of vowels and consonants, coarticulation can usually occur
in three types: C-to-C, and V-to-V, and C-to-V(or V-to-C).
First, there has been a lot of research on the gestural coordination pattern among
sequences of consonants (Kenyon 1951, Jones 1956, Abercrombie 1967, Catfor 1977,
MacKay 1978, Hardcastle & Roach 1979, Ladefoged 1993). These works show that in a
sequence of two stop consonants (e.g. /pt/ in ‘abrupt’ and /kt/ in ‘affect’)), the closure of
the first stop is not released until the second stop is closed. This phenomenon is
considered to be a type of anticipatory coarticulation because the articulation of the
second stop is expected while the first stop is being produced, implying that there exists
some timing interval where two stops are coproduced.
Next, since the “Tongue Body Barrier” Hypothesis investigates the effect of
intervening consonants on V-to-V coarticulation in VCV sequences, it is helpful to
briefly review consonant and vowel interaction. Recasens & Pallarès (2000) investigated
F1 coarticulation patterns in an extensive sample of VCV sequences with 7 intervening
consonants (/p, n, ɫ, s, ʃ, ɲ, k/) in the flanking vowels [i] and [a] (/iCi/, /aCa/, /iCa/, and
/aCi/) with 5 Catalan speakers. It was found that C-to-V effects on /i/ were not
significantly different across consonants in terms of size and temporal dimensions.
However, consonants caused tongue dorsum to be raised during the V1s when V1 and V2
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were /a/, and especially alveopalatals and velars showed more salient C-to-V1
anticipatory coarticulation on V1 /a/ than the other consonants. Since my study
investigates the effect of intervening palatals and alveolars on the frontness of V1, i.e.,
the effect on back vowels through testing H(1), providing support for the “Tongue Body
Barrier” Hypothesis, it is supported by the more prominent effects of alveopalatals on
tongue dorsum lowering of V1s observed in Recasens et al’s (1997) study.
However, in my thesis, we focus on V-to-V coarticulation patterns. Since
Öhman’s (1966) original finding, it has long been held that consonant gestures are
superimposed on a continuous vocalic stream and that, during the production of
consonant gestures, there is a smooth transition from the first V to the second V (Fowler
1983; Gafos 1996). This implied that the production of V2 in a sequence of V1CV2 starts
at approximately same time as the initiation of the intervocalic consonant. Recently
Löfqvist & Gracco (1999) showed that the tongue movement from the first to the second
vowel in a sequence of vowel-bilabial stop-vowel most often started before oral closure
of the stop. They reported that more than 50% of the tongue movement trajectory
between the two vowels occurred during the stop closure. In sum, in producing a V1CV2
sequence, speakers plan to begin producing V2 during V1. These findings indicate that
consonant gestures are at some extent implemented independently of vowels gestures.
Here we face two important issues: (1) How much do the intervening consonants affect
the degree or extent of V-to-V coarticulation?; and (2) Is the directionality of
coarticulation a carryover of V1 to V2, or anticipation of V2 to V1? These will be
discussed in the following sections.
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Articulatory properties of consonants and vowels support the idea that consonants
lie in a different tier from the vocalic tier in terms of phonetic implementation.
Consonantal and vocalic gestures overlap in VCV sequences and are ruled by relatively
independent articulatory subsystems. Jaw coarticulation data showed that consonants
adapt to vowels rather than vice versa, suggesting that vocalic mandibular effects in VCV
sequences are to a large extent independent of the lingual gestures (Keating, Lindblom,
Lubker and Kreiman 1994). Wood (1982) also found that the jaw is controlled in a
holistic fashion for the production of open vs. closed vowels, whereas lingual control is
required in order to make more precise vowel distinctions.
Next, let us see what factors affect the directionality of coarticulation.

1.3.3 Directionality of coarticulation
There has been an issue of directionality of coarticulation from articulatory, acoustic, and
perceptual investigations on several languages. Whether it is anticipatory (right-to-left),
carryover (left-to-right) may vary according to phonetic contexts, experimental
conditions, individual speakers, etc (Recasens 1999). In addition, it is generally agreed
that anticipatory and carry-over effects are different. That is, anticipatory effects are held
to involve articulatory preprogramming, while carry-over effects are considered
mechanical and attributable to the mass and inertia of arituclators (Henke 1966,
MacNeeilage & DeClerk, 1969, Gay 1977, Recasens 1984, 1987, Huffman 1986, Whalen
1990). Some have shown that anticipatory effects exceed carryover effects (Clark &
Sharf 1973, Fowler & Smith 1986), but others have shown the opposite (Gay 1974). Still
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others obtained no difference in directionality (Sharf & Ohde 1981). Further, the studies
on Italian data by Varya, Fowler & Avesani (1987) found evidence that the directionality
differed from speaker to speaker.
With respect to English V-to-V coarticulation, there have been extensive studies.
For example, perceptual studies show anticipation effects (Clark & Sharf 1973; Fowler &
Smith 1986), and acoustic and physiological data also obtain evidence for anticipation
effects (Öhman 1966; Kent 1972; Kent & Moll 1972). Following up on these previous
results, in order to test hypotheses (1) and (2) in English, the degree of anticipatory
coarticulation of V1s such as /a, ʌ, u/ was measured when V2 was /i/ or /a/. On the other
hand, stress also affects the directionality of vowel-to-vowel coarticulation in English.
That is, given V1CV2 sequences with a stressed vowel (V1) followed by an unstressed
vowel (V2), carryover coarticulatory effects occur from V1 to V2 since stressed vowels
are more resistant to coarticulation than unstressed vowels (Magen 1984, 1997). In my
thesis, pseudo-words and real words were employed in order to test hypothesis (3) and (4)
in English. Those words contained V1CV2 sequences with a stressed V1 followed by an
unstressed V2. Thus, the degree of carryover coarticulation of a V2 such as /ə/ was
measured when the V1 was stressed /i/ or /ɛ/.
As for Korean vowel-to-vowel coarticulation, I follow Benham’s (2005) acoustic
study on Korean V1CV2 sequences, which concluded that anticipatory coarticulation from
V2 to V1 occurred more than carryover coarticulation from V1 to V2. On the basis of this,
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to test hypotheses (1) and (2), the tongue body frontness of V1s such as /a, ə, ɨ, o, u/ was
measured when V2 as /i/ or /a/.
In summary, only anticipatory coarticulation from V2 to V1 is examined, while
both anticipatory and carryover coarticulation are investigated in English.

1.3.4 Degrees of coarticulation
One of the important issues in this thesis is degree of coarticulation, i.e. the amount of
influence exerted by neighboring or close segments. There are two key factors to take
into account: (1) articulatory flexibility, and (2) prosodic factors.

1.3.4.1 Articulatory flexibility
“Articulatory flexibility” refers to the fact that lingual articulators are more or less
flexible when they perform articulatory movements (Recasens 1999). Here I discuss
some of the most important aspects of articulatory flexibility. First, articulatory flexibility
is different from segment to segment since each segment involves different mechanicalinertial requirements. This characteristic provides a crucial clue in establishing
hypothesis (1) in that it distinguishes (alveo)-palatals from alveolar stops in Korean and
English. For example, alveopalatal fricative such as [ʃ] is more resistant to coarticulation
than alveolar apicals ([t], [d], [n], [l]) since a tongue tip involving apicals is more flexible
during articulation of apicals (Recasens 1999). That is, since tongue body shapes of
alveopalatals are less flexible, they are more likely to act as barriers to vowel-to-vowel
coarticulation as “Tongue Body Barrier” Hypothesis predicts. Recasens (1999) also
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reports that dorsals are more resistant than apical and laminal consonants to voweldependent effects at the place of articulation, partly due to their involving a large closure
or constriction with a sluggish tongue dorsum articulation. Thus, the basic principle with
respect to the degree of coarticulation is that the more constrained a given tongue region,
the less variable its coarticulation (Recasens 1999). That is, the flexibility of a primary
articulator determines to some extent the amount of influence exerted by other gestures.
Further, Recasens et al. (1997) suggest an interesting model of “degree of
articulatory constraint” (DAC) on the basis of how much articulatory regions are
involved in the performance of a closure or constriction. Therefore, palatal consonants
are more constrained at the tongue dorsum than dentoalveolars since this lingual region
plays an active role in closure or constriction. The authors suggest the following notion of
Degrees of Ariculatory Constraint (DAC) as in (7).

(7) Degree of articulatory constraint (DAC: Recasens et al 1997) 2
DAC = 3 dorsals (alveopalatals, palatal /i/, velars, dark/l/)
DAC = 2 alveolars /n/ and /s/, low back /a/
DAC = 1 Labial /p/, schwa /ə/

According to DAC, phonetic segments with a higher DAC value shows more
resistance to coarticulation, and exert larger and longer coarticulatory effects on adjacent

2

DAC here primarily involves lingual coarticulation, but considering coarticulatory rouding with respect to
lip position, it is expected that labials may be the most resistant to coarticulatory rounding and as a result,
cause rounding coarticulation to other segments.
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vowels while blocking vowel-dependent effects to a larger extent (Fowler & Saltzman
1993). With respect to Korean, the palatals /c, č̆/ and the alveolar stops /t/ have DAC 2,
while the Korean palatals with DAC3 are affricates. Since in those with DAC 3, the
tongue body is less flexible than in alveolars with DAC 2, hypothesis (1) predicts that the
intervening palatals will block vowel-to-vowel coarticulation more than the intervening
alveolar stops /t/.
Let us turn to vowels’ relative flexibility or resistance to coarticulation. The
difference between /i/ and /a/ is the basic rationale behind hypothesis (2) which predicts
the effect of /i/ as stronger inducer to vowel-to-vowel coarticulation than /a/. As for front
vowels, the vowel [i] allows little variability of the tongue dorsum since the tongue body
becomes highly constrained. So [i] is more resistant to consonant-dependent
coarticulation than most vowels. Coarticulatory effects at the palatal zone appear to
increase with a decrease in dorsopalatal constriction width for front vowels of different
height. This gives us the relative ordering of: [i]>[e]>[æ]. Considering back vowels, the
tongue body shows considerable context-dependent variability for back vowels. For
example, the high F2 frequencies of [a] in CV sequences indicate that palatal and
palatalized dentoalveolars exert tongue dorsum raising effect on [a]. Such difference in
tongue dorsum variability between /i/ and /a/ made it possible to propose “Resistors
Induce” Hypothesis (Hypothesis (2)), which claims that in V1CV2 sequences in English
and Korean, when V1s are back vowels, they would be articulated further front when V2
is /i/ than when it is /a/. Next, with respect to schwa and lax vowels, the tongue body is
highly variable for schwa because of the absence of obvious articulation on the
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production of a lingual constriction for [ə]. This is why the frontness of schwa V2 is
measured to see the carryover effects from V1s in H(3) and H(4) in English.
Lastly, lax vowels are more sensitive than tense vowels to consonant-dependent
coarticulation because of more shorter and more neutral gestures. The DAC model not
only accounts for the degree of coarticulation, but also leads us to propose the “Resistors
Induce” Hypothesis (H(2)).

1.3.4.2 Prosodic factors
Another factor influencing the degree of gestural overlap is stress. Fowler (1981b) and
Edwards et al. (1991) show that stressed vowels exhibit more resistance to coarticulation
and so have less gestural overlap than unstressed vowels (Fowler 1981b; Edwards et al.,
1991). These results can be easily explained by the fact that the articulation of stressed
vowels is correlated with stronger articulatory constraint (or salience). Stressed segments
are often produced with more linguopalatal contact (Farnetani 1990; Dixit & Flege 1991),
and stressed vowels are less centralized, involving more extreme articulatory
configurations (Kent & Netsell 1971). Further, acoustic study has revealed that stressed
vowels show longer duration, high amplitude, and higher F0, causing less sensitivity to
contexts than unstressed vowels (Nord 1974; Fowler 1981b). Moreover, Magen’s (1997)
data revealed that primary stressed vowels exhibit a stronger coarticulation effect on
secondary stressed vowels.
In my thesis, stress patterns play a crucial role in testing the “Phonological
Enhancement” Hypothesis (H(3))and the “Lexical Strata Conditioned Coarticulation”
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Hypothesis (H(4)). In testing these hypotheses, the frontness of V2 in V1CV2 sequences
was measured rather than the frontness of V1, since V1 is stressed and V2 is unstressed,
as in ‘expression’ and ‘express your’. Thus, since unstressed V2s are more likely to
undergo coarticulation from stressed V1s, it is much easier to observe the degree of
coarticulation patterns in V2s.
Another phonetic factor involving degree of coarticulation is segmental duration.
The durational difference between (alveo)-palatals and alveolars is a crucial factor
leading to Hypothesis (1) in Korean and English. Korean palatal affricates show longer
duration than alveolar stops (/t/), and English alveopalatals (/š, č/) show longer duration
than alveolar fricatives (/s/). In addition, Recasens (1999) suggests that degree or
sensitivity of coarticulation of each segment may be negatively correlated with
linguopalatal contact size. For example, long consonants or geminates are more resistant
to coarticulation than singletons (Farnetani 1990; Bladon & Carbonaro 1978). Zsiga’s
(1992) acoustic study also revealed that in English /V1dkV2/ sequences, the shorter the
cluster duration with respect to the V1 duration, the more prominent the coarticulation
effects. In sum, segments with longer duration act as blockers which are less subject to
coarticulation and prevent other types of coarticulation. Since palatals and alveopalatals
show longer duration than alveolars, I proposed the “Tongue Body Barrier” Hypothesis
(1) that the intervening (alveo)-palatals would act as stronger barrier to block vowel-tovowel coarticualtion in Korean and English.
As discussed in this section, many factors influence the degree of coarticulation.
Primarily, these are (1) articulatory constraints, and (2) stress. Among these, the
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differences in articulatory constraints and acoustic duration between (alveo)-palatals and
alveolars lead us to propose the “Tongue Body Barrier” Hypothesis (1) (palatals as
stronger barriers to V-to-V coarticulation) and the “Resistors Induce” Hypothesis (2)
(front vowels as stronger inducers to V-to-V coarticulation).

1.4 Assimilation
Assimilation has been considered a typical phonological process like dissimilation,
neutralization, insertion, deletion, etc (Spencer 1996). In SPE, it was dealt with in the
form of rules which involve phonemic feature change or addition (Chomsky & Halle
1968). In autosegmental framework, it was treated as a mechanism of feature spreading
and replacement of other feature nodes (Goldsmith 1976). In OT, it is a by-product of
phonological constraints and their ranking (Prince & Smolensky 1992).
Traditionally, assimilation can be classified into three types: (i) voice assimilation,
(ii) place assimilation, and (iii) manner assimilation. First, voice assimilation is shown in
many languages, including French and English. For example, a voiced segment becomes
voiceless due to the influence of a following or preceding voiceless segments, e.g. the
voicing alternation of the plural morphemes in English. Further, there are many cases in
the opposite direction, where voiceless segments become voiced in the context of voiced
ones e.g. the voicing of a voiceless obstruent after nasals in Puyo Pungo dialect of
Quechua (/kam-pa/ → [kam-ba] ‘yours’; Orr 1962). Next, place assimilation is also
common cross-linguistically. Place of articulation of one segment becomes similar to that
of neighboring segments. Well-known cases are found in English nasal place assimilation
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of the prefix /iN-/. The place of the nasal in this negation prefix agrees with the place of
articulation of the following stem-initial consonant, e.g. ‘i[n]active,’ ‘i[m]possible,’
‘i[m]probable,’ ‘i[n]tact,’ ‘i[ŋ]congruent,’ ‘i[ŋ]complete.’ Another example comes from
English consonant sequences across word boundaries such as ‘that pot’ [æp pat], ‘good
ball’ [gb bl], ‘sun burn’ [sm bn] …. That is, word-final alveolars /t, d, n/ share the
same place of articulation with that of the following consonants in the following word.
Vowel harmony is also considered a type of place assimilation (though there are
additional factors at play as well). A well-known case comes from Hungarian. In
Hungarian, the suffix vowel alternates depending on the quality of the root vowels. When
the root exhibits back vowels, the suffix also shows back vowels (8a), while suffix has
the front vowels when following front vowels in the root (8b).

(8) Hungarian vowel harmony (Ringen 1988)

a.

-nál/nél

-tól/tÖl

Dative ‘to’

Adessive ‘at’ Ablative ‘from’

ház-nak

ház- nál

ház- tól

város-nak

város- nál

város- tól

fold-nek

fold- nél

fold- tÖl

tömeg-nek

tömeg- nél

tömeg- tÖl

Back vowels in root+suffixes
ház

‘house’

város ‘city’
b.

-nak/nek

Front vowels in root+suffixes
fold

‘earth’

tömeg ‘crowd’
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Lastly, manner assimilation is found synchronically and diachronically. The manner of
articulation of a segment becomes similar to that of a neighboring or nearby segment (e.g
/kap##fet/ [kaf.fét] ‘any fact’, a word final stop becomes a fricative when following
word-initial sibilant in Majorcan Catalan; Recasens 1996).
Like coarticulation, assimilation shows directionality, according to whether it is
progressive or regressive. The directionality of assimilation differs from language to
language. Thus, language-specific directionality has been accounted for largely by
appealing to language-specific phonological grammars.
In sum, in this section we briefly reviewed the characteristics, types and
directionality of assimilation in order to capture the nature of palatalization, which is the
main phonological rule in my study.

1.5 Summary
This chapter described the purposes of this thesis and provided basic reasoning for four
hypotheses in articulatory and acoustic experiments; the “Tongue Body Barrier”
Hypothesis, the “Resistors Induce” Hypothesis, the “Phonological Enhancement of
Coarticulation” Hypothesis, and the “Lexical Strata conditioned coarticulation”
Hypothesis. Further, we briefly reviewed definitions, types, directionality, and degrees of
coarticulation and assimilation in order to provide background for the experiments, i.e. to
measure the degree of vowel-to-vowel coarticulation in Korean and English which takes
place in the environment of palatalization.
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CHAPTER 2
METHODOLOGY

2.1 Introduction
The main tasks in this thesis are to investigate how the degree of vowel-to-vowel
coarticulation is conditioned by phonetic factors (by testing hypotheses (1) and (2)) and
how it is conditioned by phonological factors (by testing hypotheses (3) and (4)).
To measure the degree of vowel-to-vowel coarticulation requires the establishing
of reliable methods to measure the tongue body backness of vowels. One way is to
measure tongue body backness directly by ultrasound images of tongue. Another way is
to measure the second formant (F2) values of the vowels since F2 values are positively
correlated with frontness of vowels. Both methods will be described in detail in the next
section.
Section 2.2 depicts in detail how relative tongue body backness can be quantified,
using ultrasound pictures and acoustic values (F2).

2.2 Measuring frontness of vowels with ultrasound imaging techniques
This section describes the techniques for obtaining articulatory data by way of ultrasound
imaging, and methods to obtain acoustic data.

2.2.1 Ultrasound imaging techniques
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Ultrasound offers an effective tool for investigating the tongue because it produces an
image by using the reflective properties of sound waves (Stone 1999). The transducer is
placed below the chin and the beam angled upward to pass through a 2mm thick
midsaggital slice of the tongue. The transducer emits sound which reflects back from the
air above the surface of the tongue and from intermuscular surfaces within the tongue.
Although the main disadvantage of ultrasound is the inability to see anything but the
tongue, it produces time-motion displays. It is adequate for the imaging of vowels and
most consonants in real time. In ultrasound data, the tongue surface is easily seen and
measured. Thus, it is useful for this study, which examines coarticulation patterns of
tongue body height and backness. Davidson (2006) points out that ultrasound imaging
shows the whole midsagittal or coronal contour of the tongue, while EMMA
(electromagnetic midsagittal articulatography, in which pellets are placed on the tongue
and their positions measured) is more limited. With EMMA, the information about
tongue shape and motion can be observed only for the pellets that are placed on the
tongue (usually around four).
Like Davison’s (2006) experiments, in my experiment, midsagittal images were
recorded from a Sonosite Titan portable ultrasound machine using a 5-8MHz Sonosite C11 transducer with a 90 field of view and a depth of 8.2cm. An audio signal from a
microphone and the incoming video signal from the ultrasound machine were
synchronized and captured directly to a Mac computer. The video frame is 29.97Hz.
When using ultrasound for research, it is imperative to make sure that neither the
transducer nor the speakers’ heads move or shake during the experiment (Stone 2005;

42

Stone & Davis 1995; Davidson 2006). Participants were seated in a chair in the Arizona
Phonological Imaging Lab at the University of Arizona, and their heads were held steady
using a head support attached to the chair. Once the subjects were placed in the chair, a
microphone was attached to the chair. The transducer wa also attached to the chair, and
placed under the chin. The placement is adjusted to obtain a midsagittal tongue image.
Next, in order to get a fixed palate image, when the recording equipment was ready and
on, the subject was asked to take a mouthful of water or jello or soy yogurt/ice cream and
to hold the liquid in his/her mouth, swish it around, which enabled the ultrasound to
obtain readings of the palate. The subject was asked to do this a few times, and might
have been asked to do it using more than one of the products, depending on the quality of
the image. After swallowing the product in question, the subject was asked to read
Korean or English stimuli on the computer screen in front of them. Audio, video, and
ultrasound recordings were made.
After collecting data, sections of the video files were extracted into JPEG stills by
using the program Image J. For vowels, the ultrasound frame just before the tongue tip or
blade is raised to articulate the following alveolar or palatal was chosen to see how front
the tongue body is placed as a result of the following vowel in cases of intervening
alveolars and palatals, respectively. Sample images for the tongue body for /a/ and /i/ are
shown in Figure 2-1.
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tongue root ← →tongue tip

tongue root ←→tongue tip

Figure 2-1. Midsagittal ultrasound images of the tongue body for /a/ (left) and /i/ (right).
In these images, the tongue tip (front) is on the right and the tongue root (back) is on the
left.

2.2.2 Converting data into “front/back” measures
After extracting all the relevant vowel images, the JPEG stills were loaded into software
called Palatron for adding the fixed palate to the still images (Mielke et al. 2005).
Palatron is a computer program “for aligning ultrasound images of the tongue to images
of the palate, providing both a fixed point of reference and a means to consider the
tongue in the context of passive articulators, thereby addressing two major challenges
presented by ultrasound as a means of articulatory imaging, without compromising its
portability” (Mielke et al. 2005).
All the extracted images which were transformed into still images by Image J
were transferred to this program, which enables the user to determine the distance from
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the fixed palate to the highest tongue body line (Mielke 2006). This program is designed
to calculate the distance from the palate to the tongue body along many points at the fixed
palate and is used either to indirectly show the relative frontness (or backness) of the
tongue body or to directly show the tongue body height. Figure 2-2 illustrates the images
showing the distance from the palate to the tongue body line along many points.

Figure 2-2. Adjusted image with added fixed palate for the frame for /a/ in “mati” shown
in the left image in Figure 2-1. The program is asked to provide about 40 points that are
used in measuring the distance from the palate to the actual tongue body line. The upper
line refers to the palate and the lower curved line refers to the tongue body. The left in the
line refers to tongue root or back, while the right side to tongue tip or front.
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On the basis of those images such as Figure 2-2, the program calculates the distance from
the palate and tongue body at about 40 points along the palate. The challenge is how to
quantify tongue body backness by way of the many distances from the fixed palate and
tongue body line. In order to quantify frontness of the tongue body during the articulation
of vowels, the distances from the palate to the tongue body line were measured at two
points as illustrated in Figure 2-2 (the furthest back and front). The reason why the
distance at the point furthest back along the palate was measured is that the distance from
that point along the palate to the tongue body best shows the furthest back position of
tongue body. However, if the distance is measured only at that point, it does not
accurately reflect the backness of the whole tongue body since the rest of tongue body is
flexible. This is why the distance at front point is measured. That is, by measuring the
distances at two points, we can see the backness of the whole tongue body. The rationale
behind this method is that the tongue body gets closer to the alveolar ridge in articulating
a front vowel than in articulating a back vowel, and that it gets closer to the velum in
articulating a back vowel than in articulating a front vowel. Further, since the tongue tip
is rather flexible, the 7th point from the frontmost was measured rather than the frontmost
point itself. Measuring distances from the fixed palate to tongue body is designed to
reflect the frontness of tongue body more accurately. Further, if we measure the distance
only from the backmost along the palate, it might reflect the tongue body height
inaccurately. The reason why two points were measured rather than three or more points
is to enable me to calculate the ratio between the two distances.
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Given those reasons, the longer the distance between the tongue and the palate at
the backmost point of the palate, the more fronted the position of the the tongue body,
while the shorter the distance, the further back the position of the tongue body. Next,
after obtaining distances at those two points, the distance from the backmost point on the
palate to the tongue body was divided by the distance from the front point on the palate to
the tongue body. This ratio indirectly shows the relative tongue body backness. For
example, front vowels will show higher values than back vowels because front vowels
show a longer distance at the backmost palate point than back vowels.
It is not difficult to see the advantages of this ratio. For instance, since the tongue
body is expected to get closer to both the velum and the alveolar ridge in a high vowel
than in a corresponding low vowel, we expect both numbers to be smaller with high
vowels. Taking a ratio cancels out some of this height factor and makes it possible to
measure the relative backness of tongue body of vowels with the same height.
Last, in order to minimize the range of values based on integers and to easily see
the tongue body backness, log values were calculated for the two points through the
following formula

(1) Log10

the distance from the furthest palate to the tongue body

the distance from the fronter position to tongue body
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The higher log value indicates fronter position of tongue body due to the longer distance
from the furthest back point of palate to the tongue body. In brief, such log values stand
for the relative tongue body backness (or frontness). Specifically, more positive log
values indicate the front position, while more negative values indicate the back position.

2.2.3 Korean vowels
In order to see if this ratio correctly reflects the backness of vowels, preliminary
measurement was conducted through the formula (1) with respect to six Korean primary
vowels, [i, e, ɛ, a, o, u] from one speaker. Figure 2-3 shows mean values of log ratios for
three pairs of vowels according to three vowel heights. Vowels in each pair have the
same vowel height in order to compare backness of vowels on the same vowel height
condition. Higher ratios refer to fronter tongue body position, while lower ratios refer to
further back position for vowels. As is seen below, a high front vowel such as /i/ shows a
much higher ratio than a high back vowel, such as /u/, indicating that the tongue body is
further front. Regarding low vowels, a front vowel /ɛ/ shows higher ratio than
corresponding /a/, indicating that the tongue body is a position further front. Last,
regarding mid vowels, a front vowel /e/ shows a higher ratio than corresponding /o/,
indicating further front position of tongue body.
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-1

-.5

mean of logratio
0
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front

ii

high
high

uu

aa
 ay
low
low

e ey
oo
mid
mid

Figure 2-3. Relative frontness of six Korean vowels according to the same vowel height

Given the same vowel height, all the front vowels show a significantly higher ratio than
corresponding back vowels, indicating further front position of the tongue body. This
preliminary result for six Korean vowels from speaker K1 validates for the formula (1)
for measuring the relative backness of the tongue body during the articulation of vowels.
In addition, since all the hypotheses in Korean focus on the frontness of back vowels such
as /a, ə, ɨ, o, u/, the ratio of distances were measured with respect to such back vowels
from speaker K1 as illustrated in Figure 2-4. This figures shows that /o, u/ are articulated
further back than /a, ə/ which are further back than a central high vowel /ɨ/.
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mean of backness
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ɨ

o
o

u
u

Figure 2-4 Relative frontnes of six back vowels from ten Korean speakers.

Interestingly, as is seen above, the relative backness of back vowels is reflected in the
ratio of the distances at two points of the fixed palate.
The remaining issue to measure the backness of vowels in terms of statistics is
related to speaker normalization about the ratio of distances expressed in formula (1). It is
worthwhile to consider possibility of normalizing speakers with different tongue body
length and palate lengths. When we get the results of F1 and F2 values, we normalize
speakers with different sizes and lengths of the oral cavity. It is due to the fact that F1 is
inversely related to tongue height and F2 is positively related to tongue backness. Then
we may ask: Can we normalize speakers with differently sized oral cavities to show
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tongue body backness by way of a ratio of distances at two points? In the previous
paragraph, it was shown that the ratio satisfactorily quantifies tongue body backness.
However, since the value obtained in formula (1) is a ratio, we are normalizing in a
different way. A speaker with a larger oral cavity could still have the same ratio as a
speaker with a smaller oral cavity, because both measurements would be larger. But there
are other kinds of differences between speakers, which is why the range of values varies
greatly from speaker to speaker. This is just as we would normalize for formants (F1,
F2 ..etc). That is, the ranges of F1 and F2 are broader for people with longer vocal tract
length even though we normalize the formant values. In the same way, it is reasonable to
normalize speakers by using ratios of distances at two points in order to obtain statistical
results across the speakers.

2.2.4 English vowels
Just as with Korean vowels, in English vowels, in order to see if the ratio of two distances
correctly reflects the backness of vowels, preliminary measurements were conducted
through formula (1) with respect to six English primary monophthongal vowels, [, ɛ, æ,
, , ] from nine native speakers. These vowels were obtained from three repetitions of
the words, “hit, het, hat, hot, hut, hood”. Figure 2-5 shows mean values of log ratios for
six vowels according to three vowel height. Vowels in each pair have the same vowel
height in order to compare backness of vowels on the same vowel height condition.
Higher ratios refer to further front tongue body position, while lower ratios refer to
further back position for vowels. As is seen below, the high front vowel // shows a much
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higher ratio than the high back vowel //, indicating that the tongue body is further front.
Regarding low vowels, the front vowel /æ/ shows a higher ratio than the corresponding
back vowel //, indicating that the tongue body is in a further front position. Last,
regarding mid vowels, the front vowel // shows a higher ratio than the corresponding
back vowel //, indicating the further front position of tongue body.
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mean of backness
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.3
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back
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hot


low

het


hut
mid
mid

Figure 2-5. Relative frontness of six English vowels according to the same vowel height

Holding vowel height constant, all the front vowels show a significantly higher ratio than
their corresponding back vowels, indicating a further front position of the tongue body.
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This preliminary result obtained from nine English speakers articulating six English
vowels validates formula (1) for measuring the relative backness of the tongue body
during the articulation of vowels. In addition, since all the hypotheses on English focus
on the frontness of back vowels such as /, , u/, the ratio of distances was measured with
respect to such back vowels from the nine English speakers as illustrated in Figure 2-6.
This figures shows that // is articulated further back than // which is further back than

0

/u/.

-.1

mean of backness

-.05

front

-.15

back

hood
u
high

hot

low



hut
mid

Figure 2-6. Relative frontness of three back vowels from nine English speakers.
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2.2.5 Summary
In brief, we discussed two important aspects on methodology of quantifying tongue
backness through the ratio between distances at two points along the fixed palate. First,
the log ratios in (1) reflect tongue body backness both correctly and indirectly. Second, it
is reasonable to normalize speakers with such a ratio to obtain statistical results.
In the next section, we describe the methods of measuring acoustic properties,
particularly F2 of vowels to see the relative backness of tongue body of vowels.

2.3 Acoustic measurement of vowels
In addition to articulatory measurement through ultrasound, we conducted acoustic
measurement in order to obtain consistent results with articulatory data. First, the audio
files recorded along with visual images were extracted from the ultrasound files. The
ultrasound imaging data has a self-imposed limitation in that they show the tongue body
state of the vowels at single time point just before the tongue tip, blade or body raise to
produce the intervening consonant. However, a sequence of F1 and F2 values directly
shows a fluctuating change of the tongue height and backness along the temporal
dimension. Since testing all the hypotheses in this thesis investigate the degree of vowel
coarticulation in terms of tongue body backness, only the stream of F2 values was
obtained at three time points of vowels i.e. at onset, medial, and offset points by Praat
(Boersma and Weenink 2001).
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First, the goal of the Korean experiments is to see how the degree of backness of
V1s such as back vowels in V1CV2 sequences is influenced by V2. Thus, F2 values in
V1s were measured. Figure 2-7 illustrates that F2 values of a back vowel /a/ gradually
increases toward the F2 values of the following vowel /i/ as a result of anticipatory
coarticulation. Of interest is that F2 of /a/ starts to increase from the medial point of the
vowel, which indicates that gestural overlap occurs between two vowels from the medial
point of V1 in V1CV2 sequences.

5000

0
0

0.789161
Time (s)

[

m

a

t

i

] in “mati”

Figure 2-7. Spectrogram of /mati/ “knot” in Korean. F2 values of a back vowel /a/
gradually increases toward the F2 values of a vowel /i/ as an influence of vowel /i/. This
shows the anticipatory vowel-to-vowel coarticulation in tongue backness.
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On the basis of F2 values at three time points with respect to V1, average F2 values were
obtained and compared between two conditions within each hypothesis. For instance,
with respect to Hypothesis (1), which predicts palatals to be stronger barriers to vowel-tovowel coarticulation, F2s of V1 in V1CV2 sequences were compared between the
intervening palatal condition and alveolar condition when V2 was /i/.
Ultrasound imaging techniques show the frontness of vowels at one time point,
acoustic results based on F2s at three time points show the changing patterns of backness
during the whole production of vowels. Thus, acoustic results not only confirm the
articulatory results but also provide more abundant information about vowel-to-vowel
coarticulation patterns along the time dimension.

2.4 Measuring frontness of consonants
This section describes methods of measuring frontness of consonants, particularly
(alveo)-palatals and alveolars in Korean and English. There are two reasons to measure
the frontness of these two consonants. The first is related to establishing of Hypothesis (1)
both in Korean and English. Hypothesis (1) predicted that there would be stronger
coarticulation across alveolars than across palatals. It is known that traditionally,
alveolars are produced by raising tongue tip and/or blade of the tongue up to the alveolar
ridge to form a point of contact (Ball & Rahilly 1999). Palatals are formed by the front of
the tongue dorsum (body) being raised up to the hard palate. Although these descriptions
tell us about what part of the tongue moves which part of tongue to articulate two types
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of consonants, they do not clearly describe the position of tongue body in terms of
frontness or backness. Since hypothesis (1) tests the effect of the intervening consonants
between palatals and alveolars on vowel-to-vowel coarticulation, it is important to be
aware of the relative backness of these consonants in order to see how such relative
backness of those consonants affects the degree of backness of tongue body of vowels.
Further, knowledge of featural combination with respect to these consonants is not
sufficient to establish hypothesis (1). According to SPE (Chomsky & Halle 1968),
alveolars consist of [+coronal, +anterior], while palatals have [+coronal, -anterior]. The
difference in [anterior] does not satisfactorily tell us about the difference in frontness of
the tongue body of these two consonants even though it indicates the position of tongue
tip or tongue blade.
Second, there have been few studies on clarifying the frontness of consonants in
Korean and English even though informal and intuitive description has been done.
To overcome such limitations and provide reasonable justification for hypothesis
(1), we measured backness of tongue body in both consonants in the same way the tongue
body backness was measured with respect to vowels, as in Section 2.2.

2.4.1 Korean consonants
First, to extract Korean alveolars and palatal consonants, five ultrasound images of
consonants were extracted from stimuli [ata] vs. [ača] from ten Korean speakers. The
extracted images were overlaid with the fixed palate to measure the distances at two
points (the furthest back and fronter points) in the same way as the backness of vowels
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was measured. Figure 2-8 shows transformed images of an alveolar (a) and a palatal (b)
with overlaid palates. The left side in each image refers to tongue back, while the right
side refers to front of the tongue. As is illustrated in (a), alveolars are formed with tongue
tip fronting, while palatals (b) are articulated by tongue blade or body raising toward the
palatal region.

Figure 2-8. Tongue images of two Korean consonants:a. [t] in /ata/

b. [č] in /acha/

In the same way the frontness of the tongue body in vowels articulation was quantified
through formula (1), the distances from the palate to the tongue body line were measured
at two points (the furthest back and front). Next, the distance from the backmost palate
point to the tongue body was divided by the distance from the fronter position to the
tongue body. 3 Last, the ratio was calculated with logarithm to reduce the range of the
ratio values through formula (1). Figure 2-9 shows tongue body frontness of alveolars
3

It might be more accurate to measure the distances at different points and calculate many ratios, but this
study employed one ratio based on the distances only at two points as a representative value indicative of
tongue body frontness/backness.
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and palatals in Korean from 5 tokens from each of 10 speakers. One factor withinsubjects ANOVA revealed that there was significant difference in mean of ratios (F(1, 9)
=19.36, p.<0.01). That is, palatals with a higher ratio (left) were articulated with a more
fronted tongue body than alveolars with a lower ratio (right).

Backness of consonants in Korean

front
0.3
0.25
0.2
mean of ratio

M of ratio 0.15
0.1
0.05

back

0
palatal

alveolar

Figure 2-9. Tongue body frontness of palatals and alveolars in Korean.

This finding reveals interesting implications with respect to articulatory properties of
Korean palatals and alveolars. First, this reveals that the tongue body of palatals is further
front than it is for alveolars. Considering that traditional featural combination accounts
tell us that alveolars are [+anterior] and palatals are [-anterior], our preliminary finding is
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new in that both consonants also differ in the frontness of tongue body. Second, this
finding is helpful in establishing the “Tongue Body Barrier” Hypothesis (1) by showing
that the articulation of palatals is more robust than that of palatals. Thus, it leads us to
expect that palatals with further fronting and raising of tongue body would block vowelto-vowel coarticulation as opposed to alveolars with tongue tip touching alveolar ridge
and tongue body being flexible.

2.4.2 English consonants
Next, frontness of the English alveolar /s/ and alveopalatals /š, č/ was quantified in the
same way as the Korean consonants. Figure 2-108 shows transformed images of an
alveolar (a) and an alvoeopalatal with overlaid palates. The left side in each image refers
to tongue back, while the right side refers to tongue front. As is illustrated in (a),
alveolars are formed with tongue tip fronting, while palatals (b) are articulated with
tongue blade or body raising toward the palatal region.

Figure 2-10. Tongue images of two English consonants: a. [t] in /ata/

b. [] in /asha/
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In the same way the frontness of the tongue body of vowels was quantified through
formula (1), the distances from the palate to the tongue body line were measured at two
points (the furthest back and front). Next, the distance from the furthest back at the fixed
palate to the tongue body was divided by the distance from the fronter position to the
tongue body. Last, the ratio was calculated with a logarithm to reduce the range of the
ratio value through formula (1). Figure 2-11 shows tongue body frontness of alveolars
and alveopalatals in English from 3 tokens from each of 9 speakers. Even though the
mean values of ratios indicates fronter tongue body for alveopalatals than for alveolars
just as in the Korean cases, the difference was not statistically significant (F(1, 8) = 2.21,
p.>0.05).
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Figure 2-11. Tongue body frontness of alveo-palatals and alveolars in English

This result also reveals new finding with respect to frontness of consonants in English
which featural accounts for these two consonants did not capture. That is, the tongue
body of alveopalatals is formed further front than that of alveolars considering the mean
values of ratio. In addition, we need to contrast two consonants in terms of the flexibility
of the tongue body. Since the main articulator of alveolars is the tongue tip, the tongue
body shows more flexibility than the tongue tip. However, the main articulator of alveopalatals is tongue dorsum (body) or blade, so the movement of tongue body is not flexible,
confirming more robust articulation of alveopalatals than alveolars. Putting together those
articulatory properties, they also provide suitable reasoning for establishing Hypothesis
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(1) which predicts that alveopalatals would be a stronger barrier to vowel-to-vowel
coarticulation in English.

2.4.3 Summary
In summary, we discussed articulatory properties of alveolars and (alveo)-palatals in
Korean and English. As a stepping stone to establishing Hypothesis (1), we obtained a
new preliminary finding that (alveo)-palatals are articulated with the tongue body further
front than it is in articulating alveolars. Such a finding reveals the full articulatory nature
of these consonants that was not suitably expressed by either feature-based descriptions
or intuitive descriptions. In addition, since it shows more robust involvement of tongue
body of (alveo)palatals, it provides a basis for proposing hypothesis “Tongue Body
Barrier” Hypothesis (1) which predicts that there would be stronger vowel-to-vowel
coarticulation across the intervening alveolars than across the (alveo)-palatals.

2.5 Summary
In this chapter, we depicted methodology to test hypotheses, focusing on how to measure
the degree of vowel-to-vowel coarticulation. Two methods were introduced: (1) how to
quantify frontness of the tongue body during the articulation of vowels with ultrasound
imaging techniques, and (2) how to measure the acoustic properties, particularly the F2
values, of vowels to track down the change of frontness of vowels during their whole
production. In addition, the methods of measuring frontness of alveolars and (alveo)-
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palatals was described not only to provide a rationale behind Hypothesis (1) but also to
reveal the position of the tongue body of both kinds of consonants in a new way.
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CHAPTER 3
INTERPLAY BETWEEN PALATALIZATION AND COARTICULATION IN KOREAN

3.1 Introduction
This chapter investigates how phonetic and phonological factors affect the degree of
vowel-to-vowel coarticulation, in this case, the intergestural timing relations in the
environment of Korean palatalization. In the environment of palatalization across
languages, alveolars become palatals before or after a triggering high front vowel /i/ or
palatal glide /j/. Here this study aims to explore whether and how much intervening
alveolars or palatals strengthen or diminish the degree of coarticulation of vowels around
these consonants. Secondly, this study examines whether V1 is V1CV2 sequences is more
likely to be coarticulated with V2 /i/ or /a/. Last but not least, this experiment tests
whether the application of phonological rules such as palatalization affects the
intergestural timing relation between two vowels across intervening consonants.

3.2 Palatalization and consonant-vowel coarticulation in Korean
There is a well-known palatalization rule in Korean whereby coronals /t, th/ become
palatals [ǰ, č] before /i/ across a morpheme boundary as illustrated in (1). That is,
palatalization occurs before a nominative suffix, a deverbal nominal suffix, or a
deadjectival adverbial suffix /i/ or declarative ending /ita/ or passive morpheme /hi/.
Except for the passive morpheme /hi/, these suffixes start with /i/. Below (1), we see that
alveolars do not change into palatals in the forms without the suffix /i/. However, the
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process does not occur within morphemes as seen in (2). In other words, palatalization in
Korean is a typical type of opacity showing derived environment effect (Kiparsky 1973,
Lubowicz 1999), which has sparked heated debates in current Optimality Theory,
producing a great number of proposals (Goldrick & Smolensky 1999; Kiparsky 2001;
Lee 1996; McCarthy 1997, 1998, 2002).

(1)

Across morpheme boundaries
a. Input

b. Assimilated forms

c. Glosses

/mat-i/

[maǰi]

‘the eldest+Nom’

/mitat-i/

[midaǰi]

‘a sliding door+Nom’

/kath-i/

[kači]

‘together+Adv’

/tat-hita/

[tačida]

‘close+Pass’

/path-i/

[pači]

‘field+NOM’

/kaɨlkət-i/

[kaɨlgəǰi]

‘autumn harvest+Nom’

/kət-hita/

[kəčida]

‘collect+Pass’

/p’ət-hita/

[p’əčida]

‘stretched out+Pass’

/kot-i/

[koǰi]

‘plainly, as it is+Adv’

/haytot-i/

[hɛdoǰi]

‘sunrise+Nom’

/soth-i/

[soči]

‘iron pot+NOM’
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cf)

/kut-i/

[kuǰi]

‘intentional+Adv’

/muth-i/

[muči]

‘land+NOM’

/puth-ita/

[pučida]

‘paste, post+Causative’

/hɨth-ita/

[hɨčida]

‘scatter+Causative’

/k’ɨth-i/

[k’ɨči]

‘end+NOM’

/mat-atl/

[madadl]

‘the eldest son’

/mitat-ta/

[midatta]

‘push and close’

/kat-ta/

[katta]

‘be alike’

/tat-ta/

[tatta]

‘close’

/path-kwa/

[patkwa]

‘field+Comparative’

/kət-ta/

[kətta]

‘collect’

/p’ət-ta/

[p’ətta]

‘stretch’

/kot-ta/

[kotta]

‘straight’

/tot-ta/

[totta]

‘rise’

/soth-kwa/

[sotkwa]

‘iron pot+Comparative’

/kut-ta/

[kutta]

‘become hard’

/muth-kwa/

[mutkwa]

‘land+Comparative’

/puth-ə/

[puthə]

‘pasted’

/hɨth-ə/

[hɨthə]

‘scatter’
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/k’ɨth-nay/
(2)

[k’ɨnn]

‘finish!’

Within morpheme boundaries
a. Input

b. Nonassimilated form

c. Glosses

/mati/

[madi]

‘joint, node’

/əti/

[ədi]

‘where’

/otio/

[odio]

‘audio (loanword)’

/nɨthinamu/

[nɨthinamu]

‘zelkova tree’

/puti/

[pudi]

‘please, by all means’

/puthi/

[puthi]

‘air of a rich person’

/khɨtikhɨta/

[khɨdikhɨda]

‘be very large, big’

Before delving into the patterns of vowel-to-vowel coarticulation around
palatalization, the next section will briefly review the intergestural timing relations
between triggering high vowels and palatalized consonants in Korean and English.
Particularly, this review might contribute to understanding the phonetic nature of Korean
palatals and alveolars and vowels which involve palatalization.
Next, let us turn to the degree of coarticulation between alveolars vs. palatals and
a triggering vowel /i/ in Korean. Recently, Cho (1998) conducted an interesting EPG
(electropalatography) study investigating how a morpheme boundary involving
palatalization affects the intergestural timing relations between alveolars or palatalized
consonants and the vowel /i/. He compared the alveolar preceding /i/ in monomorphemic
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words such as /mati/ ‘knot’ with the underlying alveolar preceding /i/ across the
morpheme boundary in /mat-i/ ‘the oldest’ by measuring the degree of contact on the
palate zone through electopalatography. Cho’s (1998) results showed that the palate
contact region was greater across the morpheme boundary (/mat-i/) than within the
monomorpheme (/mati/) for all speakers. On the basis of these results, he suggested that
the intergestural timing between a coronal (such as /t/ and /n/) and a vowel /i/ within the
same morpheme is lexically specified while the intergestural timing across the morpheme
boundary is more variable. That is, the degree of intergestural overlap between an
alveolar and a vowel /i/ depends on the presence of a morpheme boundary. In addition,
he suggested different degrees of intergestural overlap between these two as in the
following phonological representations.

Across a morpheme boundary
(a)
/t + i/ [ǰi]

Within a morpheme boundary
(b)
/t i/ [ti]

minimal overlap
maximal overlap
Figure 3-1. Maximal overlap in (a) for a hetero-morphemic sequence and minimal
overlap in (b) for a tauto-morphemic /ti/ sequence (Cho 1998). The curves are
hypothetical tracks of articulator movement (i.e., tongue tip and tongue body)

However, his study has some limitations for which make it difficult to draw
conclusions, especially about the morpheme boundary factor. First, let us look at the
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surface Ci sequences in Figure 3-1 which are compared include different phonemes. (a) is
a sequence of [ǰi], while (b) is a sequence of [ti]. Second, (a) has a morpheme boundary,
while (b) does not. That is, two factors are confounded in his experiment. Thus, it is not
clear whether such different intergestural timing relations might be due to a morpheme
boundary or to the difference between the intervening palatals and alveolars.
To overcome such limitations, my investigation attempts to tease apart the
phonetic factor (intervening consonants) from the factor of morpheme boundaries. Thus,
I will investigate morpheme boundary effects (palatalization) by comparing identical
VCV sequences with and without morpheme boundaries. In sum, there are several
differences between Cho (1998) and my current study. First, Cho focuses on V-to-C
coarticulation, while I examine V-to-V coarticulation. Second, I compare the degree of
V-to-V coarticulation by the different intervening consonants (alveolar stops vs. palatal
affricates), while his study examines the palatals and alveolars before /i/ in different
morphological boundaries.
In my thesis, I explore Cho’s (1998) suggestion about different intergestural timing
relations, depending on morpheme boundaries. I investigate the phonetic and
phonological effects on the degree of vowel-to-vowel coarticulation (Chapter 3) and
attempt to analyze closely the interaction between high-level phonological rules and lowlevel fine phonetic detail from the optimality theoretic point of view (Chapter 5).

3.3 Experiment 1: Phonetic and phonological factors in the degree of vowel-to-vowel
coarticulation
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This experiment has two purposes. These are to reveal (1) the phonetic and (2) the
phonological effects on the degree of vowel-to-vowel coarticulation. First, this
experiment investigates whether the intervening palatal affricates and alveolar stops
affect the degree of vowel-to-vowel coarticulation in V1CV2 sequences. Second, it
examines whether V2s such as a high front vowel /i/ and a low back vowel /a/ influence
the degree of coarticulation of V1 in V1CV2 sequences. Third, it investigates whether
palatalization affects the degree of vowel-to-vowel coarticulation. In order to look into
these three effects, this experiment tests three hypotheses, discussed in Chapter (1): the
“Tongue Body Barrier” Hypothesis (H1), the “Resistors Induce” Hypothesis (H2), and
the “Phonological Enhancement” Hypothesis (H3).

(3)

Three hypotheses

a.

“Tongue Body Barrier” Hypothesis (H1)
The degree of V-to-V coarticulation is less prominent across palatal affricate
consonants than across alveolars.

b.

“Resistors Induce” Hypothesis (H2)
The degree of vowel-to-vowel coarticulation is more prominent in words with a
high front vowel /i/ than in words with a low back vowel /a/.

c.

“Phonological Enhancement of Coarticulation” Hypothesis (H3)
The degree of vowel-to-vowel coarticulation is stronger across the derived
consonants than across lexical consonants.
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3.3.1 Phonetic effects on vowel-to-vowel coarticulation around palatalization
The phonetic effects on coarticulation involve the intervening consonant and V2 in
V1CV2 sequences. The first hypothesis is designed to see whether intervening palatal
consonants work as stronger barriers to inhibit vowel-to-vowel coarticulation than
intervening alveolars in terms of tongue body frontness. The second hypothesis attempts
to explore whether V1 is more coarticulated with the V2. Thus, the backness of V1 was
measured in V1CV2 sequences, as illustrated in (4). I assume the anticipatory
coarticulation (V2-to-V1), following Benham’s (2005) acoustic study on Korean VCV
sequences that anticipatory coarticulation from V2 to V1 occurred more than carryover
coarticulation from V1 to V2.

(4)

Anticipatory V2-to-V1 coarticulation
V1

C

V2

V1s vary among the back vowels, /a, ə, ɨ, o, u/, V2s differed from /i/ to /a/ and the
intervening consonants alternated between /c/ and /t/. I mean the degree of fronting of V1
by anticipatory coarticulation from V2 to V1.

3.3.2 Participants
Six male and four female native Korean speakers participated in the study. They were all
undergraduate or graduate students enrolled at the University of Arizona. All participants
were born in Korea and were in US for less than 4 years. The majority of the participants

72

ranged in age from 20 to 33 years old. All speakers had normal speech and hearing and
no history of speech or hearing disorders. Speakers will be referred to as Speakers K(1),
K(2), K(3)… K(10). Nine speakers speak a standard Seoul dialect, and one speaker, a
South-Kyungsang dialect.

3.3.3 Methods
This experiment involves obtaining articulatory and acoustic data. See Chapter 1 in more
detail for the techniques about how to obtain articulatory data by way of ultrasound, and
for the methods used to obtain acoustic data.

3.3.4 Consonantal effects on the degree of V-to-V coarticulation
3.3.4.1 Hypothesis (1): “Tongue Body Barrier” Hypothesis
The first aim of this experiment is to reveal the consonantal effects on the degree of
vowel-to-vowel coarticulation. This study focuses on only the different effects of
alveolars versus palatals on vowel-to-vowel coarticuation in VCV sequences.
It is helpful to compare alveolars with palatals with respect to articulatory and acoustic
properties in order to reason the relative strength of the effect on the degree of V-to-V
coarticulation. First, in terms of articulation, the two types of consonants have different
degrees of articulatory constraint (DAC; Recasens et al. 1997). See Chapter 1 for more
detailed discussion.
Since palatals involve considerable tongue-dorsum movement, the production of
these consonants is highly constrained or resistant to coarticulation, and so palatals are
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the most unlikely to be influenced by the other segments (Recasens 1990; Recasens and
Romero 1997). The primary articulator of alveolars is tongue blade rather than tongue
body dorsum, so we expect, palatals and alveolars differ in manner of articulation, which
also affects the Degrees of Arituclatory Constraint, i.e. how much articulatory regions are
involved in the performance of a closure or constriction. The tongue groove and closure
of palatals for frication renders them highly constrained, while alveolar (nonfricative)
stops do not have these constraints (Stone et al. 1992). Barry (1992) also mentions the
possibility that a dorsal gesture related to palatals is more robust than in coronals. In sum,
palatals show more robust and constrained articulation than alveolars.
However, with respect to place of articulation of Korean palatals, there is an
interesting view. Pointing out that there is no consensus on the place of articulation of
Korean palatals, Kim (1999) claims that Korean palatals such as /tʃh/, /tʃ/ / /tʃ’/ are not
exactly palatals. Rather, she argues that they are neither alveopalatal, nor palato-alveolars,
but alveolars unlike English palatals (alveo-palatals). Kim (1988) conducted an
articulatory study on Korean affricate /č/ and the obstruents /t, s/ through palatograms and
linguograms. She observed that the plain affricate was produced as alveolars like /t, s/.
Further, Skaličková’s (1960) X-ray tracing of the affricate showed that the blade of the
tongue touched the alveolar ridge at the oral closure moment. However, as is shown in
Chapter 2, my preliminary arituclatory study in this thesis showed the different results.
That is, Korean palatals were further front than alveolars in terms of backness. Thus,
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these findings lead us to expect the different role of both consonants in vowel-to-vowel
coarticulation unlike the findings of Kim (1999) and Skaličková (1960).
Despite the controversial debate on the place of articulation on Korean affricates,
more phonological evidence is necessary to show that both types serve as natural classes
for phonological purposes before deciding their status. Further, as pointed out by Stone et
al. (1992), there is still a difference in the manner of articulation related to frication,
which causes a difference in articulation.
Let us now turn to the acoustic properties of (alveolar) stops and affricates in
Korean. For example, as has been shown by Ladefoged and Maddieson (1996), and Ball
and Rahilly (1999), alveolar stops like /t, d/ show a range approximately from 1700-1800
Hz in F2 values, alveopalatal /š/ shows the most high-frequency noise between 1900 Hz
and upwards to 6000 Hz, while an alveolar fricative like /s/ has a noise pattern starting at
4000 Hz. On the other hand, affricates are characterized by a combination of a stop and
fricative. So as assumed, affricates either in Korean or in English include the
spectrographic characteristics of both stops and fricatives. That is, they contain a break
for the stop followed by high-frequency noise for the fricative. Figure 3-2 presents a
narrow-band spectrogram of the Korean palatal affricate /č/ in the word /pachi(ta)/
“dedicate”, and the narrow-band spectrogram of the Korean alveolar /t/ in the nonsense
word /pathi/. In Figure 3-2a, the duration of the break for the stop is 58 ms, the duration
of frication is 99 ms, and VOT (voice onset time) is 156 ms. The noise pattern starts
approximately from 2000 Hz as is usual with alveopalatal or palatal sounds. In Figure 3-
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2b, the closure duration for the stop is 53 ms, and VOT is 86 ms. Put slightly differently,
the duration between the end of the first vowel and the onset of the second vowel is 214
ms in the case of /pači/, while the corresponding duration for /pathi/ is 139 ms. Such a big
difference comes from the frication part of the affricates. This acoustic difference in
intervocalic position of both alveolar stops and affricates indicates that these two types
might play a different role in vowel-to-vowel coarticulation since they might differ in the
strength of the barrier.
5000

0
0

0.562333
Time (s)

/p

a

č

Figure 3-2a. Spectrogram of /pači/

i/
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Figure 3-2b. Spectrogram of /pathi/

Putting together articulatory and acoustic properties of alveolar stops and affricates, it is
easy to see the difference especially in terms of articulatory constraint and acoustic
duration and frication. In sum, even aside from the controversial issue of the place of
Korean affricates, there are two clearly distinct physical properties. First, Korean /t, th/
are alveolar stops which are produced by raising the tip or blade of the tongue up to the
alveolar ridge to form a point of contact (Ladefoged and Maddieson 1996; Ball and
Rahilly 1999). However, since Korean /č/ is an affricate, the tongue body is more highly
constrained to keep frication (Recasens et al 1997; Stone et al. 1992). Second, there are
significant acoustic differences between these two. As seen in the comparison of the
spectrograms in Figure 3-2, since affricates physically reflect combinatorial

77

characteristics of the stop and the fricative, the overall duration between the onset of the
stop and the onset of the following vowel is much longer than in alveolar stops. These
physical facts indicate that Korean palatals like /c, ch/ may inhibit vowel-to-vowel
coarticulation to a greater extent than alveolar stops /t, th/. That is, intervocalic gestural
timing between vowels can overlap more across alveolar stops than across palatal
affricates. This suggests the following hypothesis regarding the effect of an intervocalic
consonant on the degree of vowel-to-vowel coarticulation:

(5)

“Tongue Body Barrier” Hypothesis
The degree of V-to-V coarticulation is less prominent across palatal affricate
consonants than across alveolars.

As will be described in the next section, in order to test this “Tongue Body Barrier”
hypothesis, the V1s varied among the back vowels, /a, o, u, ɨ, ə/ and the second vowel
was fixed as high fronted /i/. The vowel sequence indicates that V1s may undergo
anticipatory coarticulation from V2 /i/ because /i/ is known to be the most resistant to
coarticulation (Recasens et al 1997). Here the degree of anticipatory coarticulation of
V1s refers to the degree of fronting of V1 due to an influence of V2.
This hypothesis predicts two aspects with respect to articulatory and acoustic
properties of V1 in a sequence of V1CV2. First, in the ultrasound study, if the “Tongue
Body Barrier” hypothesis is supported, the back vowels before the palatal affricates are
expected to be articulated further back than before alveolars stops due to the inhibitory
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effect of intervening palatal affricates. Next, in the acoustic studies, F2s of V1s are
expected to be significantly lower before palatal affricates than before alveolar stops
because of less anticipatory effect from V2 /i/.
However, in case no significant differences obtain, it may indicate that the extent
of vowel-to-vowel coarticulation can be the same for any VCV regardless of the
coarticulation resistance of the intervening consonants as mentioned by Fowler and
Brancazio (2000). It is possible that the intervening consonants do not affect V-to-V
coarticulation. Such results would provide support for Öhman (1966) that consonants are
just superimposed on vowel-to-vowel sequences, and vowels are continuously produced.
The extremist position is that the intervening consonants never inhibit the stream of
vowels as if consonants and vowels lie in entirely different tiers or levels as in
autosegmental theory. Nevertheless despite this theoretical possibility, Fowler and
Brancazio (2000) showed that different intervocalic consonants affected V-to-V
coarticulation to different extents.
Considering the previous literature and physical difference between Korean
alveolar stops and palatal affricates, the chances are that both affect the degree of V-to-V
coarticulation to different extent.

3.3.4.2 Stimuli and procedures
This experiment examined the intervocalic consonantal effects on the extent of V-to-V
coarticulation with palatal affricates /č/ versus alveolar stops /t, th/. So in V1CV2
sequences, sequences of V1-V2 are identical in each word pair as illustrated in Table 1.
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V1s varied among five back vowels /a, ə, o, u, ɨ/, and V2 was fixed either as /a/ or as /i/.
The test words in (a) and (c) contained a sequence of each of the five back vowels
followed by palatal affricates followed by the fixed /i/ or /a/. The words in (a) in Table 31 were real words, and on the basis of these words, the rest of the stimuli were
manipulated with regard to the intervocalic consonants and V2. Ten participants read the
word list five times in randomized orders. Each word was contained in the carrier
sentence “This is _________” which is /ikeseun ______ lako hayyo/ in Korean. Twenty
three filler words were inserted in randomized order to obtain natural and reliable data.
The subjects also read nine canonical vowels /i, e, ɛ, y, a, o, u. ə, ɨ / in order to see how
the coarticulated vowels are different from the isolated vowels. All the tokens were read
at a self-selected normal speaking rate. 600 tokens per subject were recorded with the aid
of ultrasound machine and so in total 6000 tokens were analyzed with Palatron (Mielke et
al. 2005) and with Praat (Boersma and Weenink 2001).

Table 3-1. Korean stimuli for Hypothesis 1
2nd vowel

Fixed-/i/

Fixed /a/

1st vowel

a. Test words

b.Control words c. Test words

d.Control words

a

maǰi

madi

maǰa

mada

midaǰi

midadi

midaǰa

midadai

kači

kathi

kača

katha
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ə

o

u

ɨ

tačida

tathida

tačada

tathada

pači

pathi

pačha

patha

kaɨlkəǰi

kaɨlkədi

kaɨlkəǰa

kaɨlkəda

somɛkəǰi

somɛkədi

somɛkəǰa

somɛkəda

ǰarikəǰi

ǰarikədi

ǰarikəǰa

ǰarikəda

kəčida

kəthida

kəčada

kəthada

p’əčida

p’əthida

p’əčada

p’əthada

koǰi

kodi

koǰa

koda

hɛdoǰi

hɛdodi

hɛdoǰa

hɛdoda

soči

sothi

soča

sotha

hoči

hothi

hoča

hotha

kuǰi

kuthi

kuč̌a

kutha

kučida

kuthida

kučada

kuthada

muči

muthi

muča

muthada

pučida

puthida

pučada

puthada

hɨčida

hɨthida

hɨčada

hɨthada
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k’ɨči

k’ɨthi

k’ɨča

k’ɨtha

t’ɨǰi

t’ɨdi

t’ɨǰa

t’ɨda

As described in Section 3.4.2.2, articulatory data were obtained using ultrasound, which
was designed both to take pictures of midsagittal images of tongue body shape and to
simultaneously record the sounds participants uttered. Second, acoustic data (F2
measurements) were obtained using Praat (Boersma and Weenink 2001). F2 values were
measured at three time points for all the back vowels (i.e. onset, medial, offset) in order
to directly observe the continuous fluctuation stream of F2 values of the first back vowels.
See detailed information on experimental techniques in Chapter 2.

3.3.4.3 Results
3.3.4.3.1 Articulatory results
In order to get statistical results for consonantal effects, we averaged all repeated
measures. That is, all palatal items for subject #1 are averaged together; all alveolar items
for subject #1 are averaged together. All palatal items for subject #2 are averaged
together, and all alveolar items for subject #2 are averaged together, etc. After all
averaging was complete, we obtained only 20 numbers: 10 averages of a palatal condition
and 10 averages of an alveolar condition, one of each for each subject. On the basis of
those, a one factor within-subjects ANOVA with the consonantal effect from ten subjects
was performed. There was a significant consonantal effect on the degree of coarticulation
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(F(1, 9) = 5.29, p.<0.05) as is illustrated in Figure 3-3. Figure 3-3 shows the significant
difference in the tongue body backness of V1 in V1CV2 sequences according to the
intervening consonants. This finding indicates that the back vowels, V1s were articulated
further front before palatals than before alveolars.
*

-.06

mean of backness
-.04
-.02

0

more
front

-.08

more
back

alveolars

palatals

Figure 3-3. Significant consonantal effects on the degree of V1 coarticulation withinsubjects condition from 10 Korean speakers. V1 collapsed among /a, ə, o, u, ɨ/, and V2
was /i, a/. Negative values refer to further back position, while affirmative values refer to
further front position of tongue body. (* refers to a significant difference)

However, since the differences in average log ratios in Figure 3-3 include
variation according to two V2s (/i/ vs. /a/), two ANOVAs were performed. First, a one
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factor ANOVA of simple effects was performed to see the consonantal effect within each
V2 condition. Analysis revealed that there were significant effects of the intervening
consonants when V2 was /i/ (F(1, 9) =21.98, p. <0.01). That is, V1s were articulated
further front before palatals than before alveolars when V2 was /i/ and when all the V1s
collapsed.
Next, a one factor within-subjects ANOVA of simple effects was performed to
see the consonantal effects when V2 was /a/. Overall, there was no significant effect of
intervening consonants on backness of V1s when V2 was /a/ and when V1s collapsed
(F(1, 9) =1.45, p.>0.05). Thus, analyses were performed to see if there was a consonantal
effect within each V1 condition. There was a significant consonantal effect on backness
of V1s when the V1 was /o/) (F(1, 9) = 16.28, p.<0.01 for /o/), while the effect of the
intervening consonant was not significant for a V1 such as /a, ə, ɨ, u/ (F(1, 9) =1.83,
p.>0.05 for /a/; F(1, 9) = 0.19, p.>0.05 for /ə/; F(1, 9) = 0.10, p.>0.05 for /ɨ/; F(1, 9) =
0.10, p.>0.05 for /u/). These results indicate that a V1 such as /o/ was articulated further
front before palatals than before alveolars, showing stronger anticipatory coarticuation
from V2 /a/. Such findings are opposite to the “Tongue Body Barriers” Hypothesis. What
is notable is that when comparing the consonantal effect between V2 /i/ and V2 /a/, the
effect was significant when V1 was /i/ whereas it was not when V2 was /a/. Such a
difference indicates that V1s such as back vowels undergo stronger anticipatory
coarticulation effect from /i/ than /a/. This makes sense in that since V2 /i/ is articulated
furthest front and V2 /a/ is a back vowel, V1 back vowels are more likely to be
influenced by V2 /i/.
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In sum, these results revealed that V1s were articulated further front before
palatals than before alveolars when V2 was /i/ and that V1 such as /o/ was articulated
further front before palatals than before alveolars when V2 was /a/. Those vowels
underwent stronger anticipatory coarticulation before palatals than before alveolars,
which is exactly opposite of what the “Tongue Body Barrier” Hypothesis predicted. That
indicates that alveolars inhibit vowel-to-vowel coarticulation or interaction more strongly
than palatals. These results are very interesting in that they require alternative explanation
about the status of palatals vs. alveolars in Korean V-to-V coarticulation. It will be
discussed more in detail in the next section why palatals are weaker barriers and rather
facilitate V-to-V coarticulation.
Next, further post hoc analyses were performed to see whether there is any
interaction between consonantal condition and the second vowel condition. A 2-factor
ANOVA with a consonant factor (2 levels: palatals vs. alveolars) and a V2 factor (2
levels: /i/ vs. /a/) were performed on the log ratio data, which indicate the relative
backness of V1s. Both conditions were as within-subjects. There was no significant
interaction of the two conditions (F(1, 27) =1.95,p. >0.05), and no significant main effect
of the intervening consonants (F(1, 27) = 1.95, p.>0.05). But there was a significant main
effect of the second vowels (F(1, 27) = 26.32, p.<0.05) as illustrated in Figure 3-4.
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Figure 3-4. Consonantal effect of frontness of V1 according to V2 in Korean

As illustrated in Figure 3-5, frontness of V1 such as back vowels was different according
to the different V2 (/a/ vs. /i/).
In sum, interestingly, V1s (back vowels) were articulated further front before
palatals than before alveolars due to stronger anticipatory coarticulation from V2s such
as /i/, additionally, the mid back vowel /o/ was articulated further front before palatals
than before alveolars when V2 was /a/. Such results are exactly opposite to our
expectation in the “Tongue Body Barrier” Hypothesis. They indicate that alveolars inhibit
vowel-to-vowel interaction more strongly than do palatals. The implication of these
articulatory results will be discussed in Section 3.3.4.4 along with the acoustic results.
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3.3.4.3.2 Acoustic results
In order to compare the effects of the intervening palatals and alveolar stops on the
degree of tongue body backness of V1 in V1CV2 sequences, F2s of V1s such as back
vowels were measured at three time points (i.e. initial, medial, offset). A one factor
within-subjects ANOVA with the consonantal effect was performed. From F2 at the
medial point, there was a highly significant consonantal effect on the degree of V1
coarticulation (F(1, 9) =48.85, p.<0.001) as is illustrated in Figure 3-5. F2s of the back
vowels were significantly higher before palatals than before alveolars, indicating that
those vowels were articulated further front before palatals than before alveolars. As with
articulatory results, the acoustic results do not support hypothesis (1).

87

0

500

mean of f2medial

1,000

1,500

*

alveolar

palatal

Figure 3-5. Mean F2 values at medial point of V1s before alveolars and before palatals in
Korean

While articulatory data shows the difference in backness of the vowels only at one time
point, Figure 3-6 shows the change (stream) of F2s at three time points of V1s,
confirming the articulatory results. We observed that F2s of the back vowels were
consistently and significantly higher before palatals than before alveolars (F(1, 9) =23.21,
p.<0.001 at initial point; F(1, 9) =56.04, p.<0.001 at offset point). Interestingly, V1s
underwent stronger anticipatory coarticulation effects across palatals than across
alveolars from V2 at the initial and offset points as well as at the medial point.
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F2 coarticulation
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Figure 3-6. F2s of V1s such as back vowels in Korean in both consonantal levels at three
time points. The line with diamonds refers to the change of F2 of V1s before alveolars,
while the line with squares to the change of F2s before palatals.

Furthermore, a one factor within-subjects ANOVA of simple effects was performed to
see the consonantal effects within each V2 condition. The overall results showed that
there was a highly significant effect of the intervening consonants on F2s of V1s when
V2 was /i/ (F(1, 9)=109.06, p.<0.001). Like the overall effects, F2 values of the back
vowels were significantly higher before palatals than before alveolars when V2 was /i/,
indicating that V1s were articulated further front before palatals than before alveolars.
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Such results indicate that V1s showed a greater anticipatory coarticulatory effect
from V2 /i/ across palatals than across alveolars. They confirm the articulatory results,
refuting the “Tongue Body Barriers” hypothesis. Figure 3-7 shows the changing patterns
of F2s at three time points of V1s such as five back vowels when V2 was /i/. F2s of V1s
in both consonantal conditions gradually increase toward the F2 of V2 /i/ in monosyllabic
forms, indicating that V1s in both conditions underwent anticipatory coarticulation from
V2. Further, mean F2s of V1s were significantly higher before palatals than before
alveolars even at offset point of V1s, indicating consistent anticipatory coarticulation
from V2 (F(1, 9) =34.76, p.<0.001).
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Figure 3-7. F2s at three time points of V1s such as back vowels when V2 was /i/. The line
with diamonds refers to the change of F2 in alveolar condition, while the line with
squares to the change of F2 in palatals condition.

These results indicate that V1s were articulated further front before palatals than before
alveolars when V2 was /i/, contrary to the expectation of the “Tongue Body Barrier”
Hypothesis. These results confirm the articulatory data obtained through ultrasound
images.
Next, in order to see the simple effect of the intervening consonants on the F2 of
the back vowels when V2 was /a/, post hoc analyses were performed. Analysis of simple
effects revealed that the effect of the intervening consonants was significant for the /a/
condition (F(1, 9) = 9.36, p. <0.05) like the V2 /i/ condition. F2s of the back vowels were
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significantly higher before palatals than before alveolars, indicating that V1s were
articulated further front before palatals than before alveolars when V2 was /a/.
Figure 3-8 shows the changing patterns of F2 at three time points of the back
vowels when V2 was /a/. The consonantal effect on F2s of V1s were significant at initial
and offset points as well as at the medial point of the V1s (F(1, 9) = 6.76, p.<0.05 at
initial point; F(1, 9) = 64.56, p.<0.001 at offset point).
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Figure 3-8. F2s at three time points of V1s such as back vowels when V2 was /a/. The
line with diamonds refers to the change of F2 in alveolar condition, while the line with
squares to the change of F2 in palatals condition.
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In sum, the effect of the intervening consonants was highly significant for V1s when V2
was both /i/ and /a/. Of interest is that acoustic results also confirmed the articulatory
results, refuting the “Tongue Body Barrier” Hypothesis. F2s of V1s, i.e. the back vowels
were significantly higher before palatals than before alveolar stops, indicating that those
back vowels were articulated further front before palatals than before alveolars. Thus,
such results suggest that palatals are not stronger barriers in inhibiting vowel-to-vowel
coarticulation but rather facilitate the degree of V-to-V coarticulation. These findings are
intriguing in that the traditional articulatory explanations based on DAC or featural
accounts are not sufficient to account for the role of palatals in the degree of V-to-V
coarticulation. The possible explanations will be discussed in terms of phonetic gestures
in the next section.
Further, post hoc analyses were performed to see whether there is any interaction
between the intervening consonants and the second vowels. A 2-factor within-subjects
ANOVA with a consonantal factor (2 levels: palatals vs. alveolars) and a V2 factor (2
levels: /a, i/) were performed on F2s of V1s at the medial point. The overall two-by-two
ANOVA revealed that there was significant interaction between the intervening
consonant factor and V2 (F(1, 27) = 5.88, p.<0.05).
As is illustrated in Table 3-2, F2s of the back vowels were significantly different
when V2 was /i/ and /a/, and when the intervening consonants were palatals or alveolars.
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Mean F2 (Hz)

The intervening consonants

2nd-vowel

alveolar

palatal

F-ratio & p-values

/a/

1386.539

1427.654

F(1, 9) = 9.36 ,
p.<0.05

/i/

1460.905

1549.602

F(1, 9) =109.06,
p.<0.001

F-ratio & p-values

F(1, 9) = 27.58,

F(1, 9) =77.29,

p.<0.001

p.<0.001

Table 3-2. Interaction between the intervening consonants and the second vowels in
Korean

In sum, overall, F2s of V1s were significantly higher before palatals than before
alveolars. These results are exactly opposite to the expectation of the “Tongue Body
Barrier” Hypothesis. That is, V1s were articulated further front before palatals than
before alveolars when V2 was /i/ and /a/. Such acoustic results were in accordance with
the articulatory data. Second, the F2s of the back vowels were significantly higher when
V2 was /i/ than when V2 was /a/. These results make sense in that /i/ is a much stronger
inducer to coarticulation than /a/, supporting the idea that the segments with maximal
DAC value such as /i/ is more resistant to coarticulation and more likely to influence
other vowels than those with lesser DAC value such as /a/.

3.3.4.4 Discussion
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We tested the “Tongue Body Barriers” Hypothesis that the degree of V-to-V
coarticulation is less prominent in words with palatal affricate consonants than words
with alveolars as intervening segments. As mentioned, this hypothesis was based on the
difference in articulatory and acoustic properties of palatals and alveolar stops. Palatals
involved more robust tongue dorsum raising than alveolar stops, which involves tongue
tip or blade touch. Further, DAC value for palatals is maximal 3, while DAC value for
alveolars is 2. In addition, duration was significantly different between the two as is
illustrated in Figure 3-9 (F(1, 9) =156.69, p.<001).
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Figure 3-9. Duration differences between Korean palatals and alveolars (alveolars 91 ms
vs. palatals 139 ms).
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All of those differences led us to expect that palatals would inhibit vowel-to-vowel
coarticulation more strongly than alveolar stops. Thus, it was proposed that V1s would be
articulated further back before palatals than before alveolars due to a greater blocking
effect from palatals.
However, contrary to the expectation, both articulatory and acoustic data revealed
that V1s were articulated further front before palatals than before alveolars, especially
when V2 was /i/. These findings are intriguing and require alternative explanations or
interpretations on the role of intervening palatals in the degree of vowel-to-vowel
coarticulation.
First, some might wonder about a possible explanation based on featural
combination of both consonants. According to Clements & Hume (1995), alveolars can
be represented as [coronal, +anterior], while (alveo)-palatals as [coronal, -anterior]. Since
the main articulation of alveolars involves the tongue tip or blade while palatals involve
the tongue body or dorsum, V1s, i.e. back vowels, if ever influenced by the following
consonants, are more likely to be produced further front before alveolars than before
palatals as illustrated in (6).
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(6)
a.

Featural representations of VCV
b. [madi]

[maǰi]
ma ǰ

i

[-ant]

m a

d

i

[+ant] [-ant]

However, our results do not fit into such a featural explanation as in (6) since V1s were
articulated further front before palatals than before alveolars. Thus, feature-based models
are not sufficient to account for low-level phonetics such as V-to-V coarticulation.
Second, we might think about Kim’s claim that Korean affricates (so called
palatals) are neither alveopalatals nor palatals, but are rather alveolars although there is
still no consensus about the place of Korean affricates. However, her argument cannot
provide a reasonable answer to why the results in our experiments shows that palatals
facilitate (or strengthen) the degree of V-to-V coarticulation more than alveolars. That is,
intervening palatals and alveolars influenced the frontness of V1s differently. Thus, our
results lead us to suggest that affricates are different from alveolar stops in terms of the
place of articulation as well as acoustic properties.
Last, but not the least, an alternative possible explanation I suggest is the notion
of “mutual compatibility” of the gestures (Recasens 1984 1984a, 1984b, 1985, 1989;
Recasens et al. 1993). “Mutual compatibility” refers to the degree or extent of
coarticulatory effects depending on how much the gestures of neighboring segments
resist coarticulatory overlap. That is, the notion is directly reflected in DAC values as
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mentioned earlier. However, DAC wrongly predicts that the degree of V-to-V
coarticulation is less across palatals than across alveolar stops because the former has the
maximal DAC value. Therefore, it is necessary to look into mutual compatibility from a
different point of view. Thus, I propose that the degree of coarticulation can depend on
what types of gestures two or more segments share. From such perspective, the tongue
dorsum or body is raised to produce both palatals and a front high /i/, and the tongue
body also involves the production of /a/. Further, as we saw in Chapter 1, the tongue
body of Korean palatals was further front than that of alveolars. Thus, a synergistic effect
of the tongue body gesture among vowels and the intervening palatal arises,
strengthening the gestural overlap between vowels. Alternatively, the tongue body raising
gesture of palatals might have drawn the back vowels further front than the tongue tip
gesture of alveolars because palatals have more attracting articulatory robustness to
influence the preceding vowels. In brief, the intervening palatals can act as a bridge to
connect vowels because of the shared property of tongue dorsum gesture or very close
tongue body position. This is why palatals facilitate the stronger V-to-V coarticulation.
Next, a slight mismatch was found between articulatory and acoustic results when
V2 was /a/. Articulatory results showed non-significant effects of intervening consonants,
while their effect was significant for F2 values of V1s. It can be attributed to a quantal
relation between these two parameters (Steven 1972). As is illustrated in Figure 3-10,
there is a quantal relation between acoustic parameter and articulatory parameter. Since
coarticulation involves no featural changes, it is known to occur in region II, where one
parameter shows abrupt change, but the other does not. The apparent mismatch between
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articulatory data and acoustic data can be attributed to such quantal relation between the
two.

articulatory parameter

quntal re lations

acous tic par am e te r

I

II

III

Figure 3-10. Schematic of a quantal relation. Regions I and III correspond to [+feature]
and [-feature] values, region II is abrupt transition between them (Stevens 1972)

In sum, our findings lead us to resort to the phonetic gestures of neighboring
segments to account for the degree of V-to-V coarticulation. Further, they show that
featural models or the notion of DAC is also insufficient to explain the magnitude of
vowel-to-vowel coarticulation. Although the results did not support the “Tongue Body
Barrier” Hypothesis, they offer interesting implications about the role or necessity of
phonetic gestures. Overall, back vowel, V1s were articulated further front before palatals
than before alveolars due to a stronger anticipatory coarticulation effect from V2 and the
intervening palatals.
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3.3.5 Vocalic effects on the degree of V-to-V coarticulation
3.3.5.1 Hypothesis (2): “Resistors Induce” Hypothesis
The second goal of this experiment is to reveal whether V2s (/i/ vs. /a/) influence V1s in
V1CV2 sequences when C was fixed. Thus, this study focuses on which vowel between a
high front /i/ and a back low /a/ affects the degree of anticipatory coarticulation more
prominently. Hypothesis (1) examined the effect of intervening consonants when V1 and
V2 were fixed, while Hypothesis (2) examined the V2 effect when V1 and C were fixed.
As mentioned in previous section, according to the Degree of Articulation (DAC;
Recasens et al. 1997), /i/ is produced with tongue-dorsum raising, while /a/ involves
tongue-dorsum lowering. Further, /i/ has the maximal DAC value 3, while /a/ has the
intermediate DAC value 2 and /ə/ has the minimal DAC value 1. As DAC predicts,
coarticulation sensitivity is inversely correlated with DAC. That is, the higher the DAC
of a segment, the less likely the segment is to undergo coarticulation. This predicts that
high front /i/ is the most resistant to coarticulation and therefore it is not likely to
coarticulate to other vowels, but rather other vowels are more likely to be influenced by
/i/.
Han’s (1978) X-ray tracing of the Korean high front vowel /i/ showed that /i/ is
articulated with the greatest constriction at the hard palate and the alveolar ridge and with
the tongue body raised toward the hard palate. Yang’s (1996) comparative acoustic study
showed that Korean low back /a/ is articulated further front and higher than English /a/.
On the basis of articulatory properties of /a/ and /i/, it can be said that /i/ is robust in
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articulation and therefore the most resistant to coarticulation, while /a/ is more flexible in
articulation. Thus, it is expected that vowels are more likely to be influenced by /i/ rather
than /a/. So assuming that the intervening consonant is identical, with respect to the
degree of V-to-V coarticulation, the following hypothesis is proposed.

(7)

“Resistors Induce” Hypothesis
The degree of V-to-V coarticulation is more prominent with V2 /i/ than with /a/.

Here the degree of anticipatory coarticulation of V1s refers to the degree of fronting of
V1 due to the influence of V2. First, this hypothesis predicts that in a sequence of V1CV2,
V1s will be articulated further front and higher before V2 /i/ than before /a/ because of
the stronger coarticulation effects from /i/. Second, with regard to acoustic properties, it is
expected that the F2s of the back vowels would be higher before /i/ than before /a/ as a
result of the stronger coarticulation effect from /i/.
However, it may be possible to obtain no significant vowel-to-vowel
coarticulatory effects, depending on the intervening consonants. As Fowler & Brancazio
(2000) mention, no V-to-V coarticulatory effects may be observed due to a high resistant
intervening consonant. Since in this study, the intervening consonants are to be fixed
either as palatals or alveolar stops, relative effects of the consonants on the degree of Vto-V coarticulation will be revealed. Fowler & Saltzman (1993) also think that a high
resistant consonant act as an articulatory barrier to other gestures. But Kim (1999) shows
some examples that V-to-V coarticulation occur both across palatals and across alveolars.
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3.3.5.2 Stimuli and procedures
This experiment examined the vocalic effects on the extent of V-to-V coarticulation
between a high front /i/ and a low back /a/. So in V1CV2 sequences, the intervening
consonants were fixed either as palatals or as alveolars in each word pair as illustrated in
Table 3-3. The list of stimuli is exactly the same as that in Table 3-1. But the planned
comparisons were different. The V1s varied among five back vowels /a, ə, o, u, ɨ/, and the
V2s were either /a/ or /i/. The test words in (a), and (c) contained a sequence of each of
the five back vowels followed by fixed palatal affricates followed by /i/ or /a/. The words
in (a) in Table 3-3 were real words, and on the basis of these words, the rest of the stimuli
were manipulated with regard to the intervocalic consonants and the second vowel. Ten
participants read the word list five times in randomized orders. Each word was embedded
in the carrier sentence “This is _________.” (/ikeseun _____ lako hayyo/ in Korean.)
Twenty three filler words were inserted in randomized order in order to assure natural
and reliable data. All the tokens were read at a self-selected normal speaking rate. 600
tokens per subject were recorded with the aid of an ultrasound machine. In total 6000
tokens were analyzed with Palatron (Mielke et al. 2005) and with Praat (Boersma and
Weenink 2001).

Table 3-3. Korean stimuli for Hypothesis 2 and planned comparisons
consonant

Fixed-/č/

Fixed /t/
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1st vowel

a. Test words

b.Control words c. Test words

d.Control words

a

maǰi

maǰa

madi

mada

midaǰi

midaǰa

midadi

midadai

kači

kača

kathi

katha

tačida

tačada

tathida

tathada

pači

pačha

pathi

patha

kaɨlkəǰi

kaɨlkəǰa

kaɨlkədi

kaɨlkəda

somɛkəǰi

somɛkəǰa

somɛkədi

somɛkəda

ǰarikəǰi

ǰarikəǰa

ǰarikədi

ǰarikəda

kəčida

kəčada

kəthida

kəthada

p’əčida

p’əčada

p’əthida

p’əthada

koǰi

koǰa

kodi

koda

hɛdoǰi

hɛdoǰa

hɛdodi

hɛdoda

soči

soča

sothi

sotha

hoči

hoča

hothi

hotha

kuǰi

kuč̌a

kuthi

kutha

ə

o

u
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ɨ

kučida

kučada

kuthida

kuthada

muči

muča

muthi

muthada

pučida

pučada

puthida

puthada

hɨčida

hɨčada

hɨthida

hɨthada

k’ɨči

k’ɨča

k’ɨthi

k’ɨtha

t’ɨǰi

t’ɨǰa

t’ɨdi

t’ɨda

As described in Chapter 1, articulatory data were obtained using an ultrasound machine,
which was set up both to take pictures of midsagittal images of the tongue body shape
and to simultaneously record the sounds participants uttered. Second, in order to obtain
acoustic data, the image files were exported to sound files (.wav format) through Image J
program. Acoustic data, especially F2s were measured at three time points for all the
back vowels (i.e. onset, medial, offset) in order to directly observe the continuous
fluctuation stream of F2 values of the V1s, i.e. back vowels in V1CV2 sequences.

3.3.5.3 Results
3.3.5.3.1 Articulatory results
Figure 3-11 shows backness of V1s, i.e. back vowels before the high front vowel /i/ as
V2 and before the low back vowel /a/ as V2 for ten subjects. The left bar with a lower
means of ratio refers to the further back position of the V1s before /i/, while the right bar
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with a higher ratio refers to the further front tongue body position of V1s before /a/. An
ANOVA was used to identify the factor of variation. In order to get statistical results for
consonantal effects, we averaged all repeated measures. That is, all V2 /i/ items for
subject #1 are averaged together; all V2 /a/ items for subject #1 are averaged together. All
V2 /i/ items for subject #2 are averaged together, and all V2 /i/ items for subject #2 are
averaged together, etc. After all that averaging was complete, we obtained 20 numbers:
10 averages of a V2 /i/ condition and 10 averages of a V2 /a/ condition, one of each for
each subject. On the basis of those, a one factor within-subjects ANOVA was performed.
As is illustrated, there was a highly significant effect of V2 on the degree of
anticipatory coarticulation of V1s (F(1, 9) =39.03, p.<0.001). As expected in the
“Resistors Induce” Hypothesis (2), V1s such as back vowels were articulated further
front when V2 was /i/ than when V2 was /a/.

0
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Figure 3-11. Vocalic effects (V2) on the frontness of V1s from ten Korean speakers. V1
collapsed across /a, ə, o, u, ɨ/, and V2 was /i, a/.

These results also confirm Ӧhman’s (1966) original idea that consonants are
superimposed on the stream of vowels by showing vowel-to-vowel coarticulation across
the intervening consonants.
In order to see whether and how the two types of the intervening consonants
influence the degree of V-to-V coarticulation, post hoc analyses of simple effects were
conducted. First, a one factor within-subjects ANOVA was performed to see the effect of
V2s on backness of V1s when the intervening consonants were palatals. There was a
highly significant simple effect of V2s (/i/ vs. /a/) on the degree of backness of V1s (F(1,
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9) =35.20, p. <0.001) as illustrated in Figure 3-12. This finding indicates that V1s were
articulated further front when V2 was /i/ than when V2 was /a/, supporting the “Resistor
Induce” Hypothesis. As expected in this hypothesis, V1 underwent stronger anticipatory
coarticulatory effect from V2 /i/ than from V2 /a/ when the intervening consonants were
palatals. Put differently, in terms of gestural overlap between vowels, intergestural
overlap was greater between V1 and /i/ than between V1 and /a/.
Next, a one factor within-subjects ANOVA of simple effect was performed to see
the effect of V2s on the backness of V1s when the intervening consonants were alveolars.
There was a significant effect of V2s as is illustrated in Figure 3-12 (F(1, 9) =32.68,
p.<0.001). The left two bars refer to backness of V1s when V2 alternated between /i/ and
/a/ in the condition where the intervening consonants were alveolars. The right two bars
refer to backness of V1s when V2 alternated between /i/ and /a/ in the condition where
the intervening consonants were palatals. The left bars with the lower ratios within both
pairs shows the further back position of V1s when V2 was /a/, while the right bars with
the higher ratios show further front position of V1s when V2 was /i/.
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Figure 3-12. The effect of V2s on the frontness of V1s when the intervening consonants
were alveolars and palatals in Korean.

In sum, overall, the results support the “Resistor Induce” Hypothesis. As expected,
in the within-subjects condition, V1s such as back vowels were produced further front
before /i/ than before /a/, which indicates that V1s were influenced by /i/ more than by /a/.
These results also confirm Ӧhman’s (1966) notion, indicating that palatals and alveolar
consonants are superimposed on the stream of vowels. They are not only in accord with
hypothesis that there is stronger anticipatory V-to-V coarticulation from /i/ than from /a/,
but also support the concept of DAC in the sense that the higher DAC segments like /i/
are more likely to influence than the lower DAC segments like /a/. Second, both in the
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fixed alveolar and the fixed palatal conditions, back vowels were articulated further front
before /i/ than before /a/. Third, there was no significant interaction between the
intervening consonants (alveolars vs. palatals) and V2 (/i/ vs. /a/).

3.3.5.3.2 Acoustic results
A one factor within-subjects overall ANOVA with V2s (/i/ vs. /a/) as a factor was
performed on the F2 at medial points of V1s (back vowels) in order to see the relative
tongue body backness of V1s, i.e., the back vowels. There was a highly significant effect
of V2s (/i/ vs. /a/) on F2s at medial points of V1s (back vowels) as is illustrated in Figure
3-13 (F(1, 9) = 58.78, p.<001). The left bar refers to F2 values (1407 Hz) at medial points
of V1s when V2 was /a/, while the right bar to F2 values (1505 Hz) at medial points of
V1s when V2 was /i/.
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Figure 3-13. The effect of V2 on F2s of V1s in V1CV2 sequences in Korean; Mean F2
values of V1s when V2 was /a/ and /i/.

As is seen in Figure 3-13, F2 of the back vowels (V1s) was significantly higher when V2
was /i/ than when V2 was /a/, indicating that V1s were articulated further front when V2
was /i/ than when V2 was /a/. Similar to articulatory results, these findings support the
“Resistor Induce” Hypothesis. That is, V1s were influenced by V2 /i/ more strongly than
by V2 /a/.
While articulatory data shows the difference in backness of V1s only at one time
point, Figure 3-14 shows the change (stream) of F2 at three time points of V1s,
confirming the articulatory results. We observed that F2s of V1s (back vowels) were
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consistently and significantly higher when V2 was /i/ than when V2 was /a/. As expected
in this hypothesis, the back vowels underwent stronger anticipatory coarticulation effects
from /i/ than from /a/.

F2 coarticulation (/i/ vs. /a/)
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Figure 3-14. F2s of V1s, i.e. back vowels when V2 was /a/ and /i/ in Korean. The line
with diamonds refers to the change of F2s of V1s when V2 was /a/, while the line with
squares to the change of F2s of V1s when V2 was /i/.

Of interest is the fact that there were significant differences in F2s both at initial and
offset points as well as medial points of V1s (F(1, 9) = 27.36, p. <0.001 at initial point;
F(1, 9) =39.71, p. <0.001 at offset point). These findings indicate that V1s in a V1CV2
sequence are affected by V2 from the initial point of V1 production. As discussed by
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Fowler & Brancazio (2000), it is interesting in the sense that speakers plan to articulate
V2 during the production of V1.
As obtained in previous section, the overall two-by-two ANOVA revealed that
there was a significant interaction between the intervening consonant factor and V2 factor
(F(1, 27) = 5.88, p.<0.05).
Furthermore, a one factor within-subjects ANOVA of simple effects was
performed to see the effect of V2 when the intervening consonants were palatals.
Analysis revealed that there was a significant effect of V2 (/i/ vs. /a/) when the
intervening consonants were palatals (F(1, 9) = 77.29, p.<0.001). That is, F2 values of
V1s (back vowels) were higher when V2 was /i/ than when V2 was /a/ across palatals
(1428 Hz before /a/; 1550 Hz before /i/). Such results indicate that V1s were articulated
further front when V2 was /i/ than when V2 was /a/, across palatals.
Further, Figure 3-15 reveals the anticipatory coarticulation from V2 /i/ by
showing gradually increasing F2s. In addition, F2s of V1s were consistently higher when
V2 was /i/ than when V2 was /a/. This reveals that, interestingly, these vowels underwent
stronger anticipatory coarticulation from /i/ during their whole production. F2 was
significantly different at the initial point as well as at the offset point of V1s (F(1, 9)
=20.93, p.<0.01 at initial point; F(1, 9) =22.15, p.<0.01 at offset point).
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Figure 3-15. F2s at three time points of V1s when the intervening consonants were
palatals in Korean. The line with diamonds refers to the change of F2s of V1s when V2
was in /a/, while the line with squares to the change of F2s of V1s when V2 was /i/.

In brief, these results show that V1s demonstrated a stronger anticipatory coarticulatory
effect from /i/ than from /a/, supporting the “Resistors Induce” Hypothesis.
Next, in order to see the simple effect of V2 on the F2s of V1s when the
intervening consonants were alveolars, a one factor within-subjects ANOVA of simple
effects was performed. Analysis revealed that the effect of the second vowels was
significant across alveolars as well (F(1, 9) =27.58, p. <0.001). Figure 3-16 shows the
changing patterns of F2 at three time points of V1s when V2 was an alveolar. The effect
of V2 on F2s of V1s was significant at the initial point as well as at the offset point of
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V1s (F(1, 9) =13.27, p.<0.001 at initial point; F(1, 9) = 49.26, p.<0.001 at offset point).
This indicates that V1s were articulated further front when V2 was /i/ than when V2 was
/a/ during the whole production of V1s across alveolars, supporting the “Resistors
Induce” Hypothesis.
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Figure 3-16. F2s at three time points of V1s when V2 was an alveolar in Korean. The line
with diamonds refers to the change of F2s of V1s when V2 was /a/, while the line with
squares to the change of F2s of V1s when V2 was /i/.

Considering F2s at three time points of V1, we know that V1s such as back
vowels underwent stronger anticipatory coarticulation from V2 /i/ than from V2 /a/ as
production of V1 progressed.
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In sum, as expected according to the “Resistors Induce” Hypothesis, F2s of V1s
were significantly higher before V2 /i/ than before V2 /a/ when the intervening
consonants were across palatal affricates and alveolar stops. Such results indicate that
these back vowels were articulated further front before /i/ than before /a/ due to stronger
coarticulatory effects from /i/ than from /a/. Second, the results revealed that vowel-tovowel coarticulation occurred across the intervening consonants, showing consistent
patterns with Öhman’s (1966) seminal idea that consonants are superimposed on the
streams of vowels. Third, intriguingly, it was shown that even back vowels are affected
by following back vowel /a/ in terms of frontness, confirming that back vowels show a
subtle distinction in frontness. Last, it was observed that V1 /a/ underwent anticipatory
consonant-to-vowel coarticulation from the intervening consonants especially when V2
was also /a/.

3.3.5.4 Discussion
Both ultrasound and acoustic experiments support the “Resistors Induce” Hypothesis.
Articulatory results showed that V1s were articulated further front when V2 was /i/ than
when V2 was /a/ regardless of whether the intervening consonants were alveolars or
palatal affricates. Acoustic results also revealed that F2s of back vowels were
significantly higher before /i/ than before /a/, confirming the articulatory results.
Overall, the results support the “Resistors Induce” Hypothesis which states that a
front high /i/ is a stronger inducer to vowel-to-vowel coarticulation than a low back /a/. It
is related to the fact that /i/ is the vowel most resistant to coarticulation due to the greater
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tongue dorsum raising, showing the greatest gestural incompatibility with other gestures
of other segments. These results are in accordance with the expectation of DAC. The
segments with higher DAC value such as /i/ are more likely to influence a segment with
lower DAC value such as /a/, but not the converse.
Putting together articulatory and acoustic results, both consistently support the
“Resistors Induce” Hypothesis which states that a front high /i/ is a stronger inducer to
vowel-to-vowel coarticulation than /a/. The asymmetry between two vowels can be
accounted for by the relative robustness of articulation involving tongue body (dorsum)
gesture.

3.3.6. Phonological effects on vowel-to-vowel coarticulation around palatalization
3.3.6.1 Hypothesis (3): “Phonological Enhancement” Hypothesis
Most previous research has focused on the phonetic factors on the degree or/and
directionality of coarticulation across languages, mainly investigating the articulatory and
acoustic properties (Öhman 1966, 1967; Henke 1966; MacNeliage & DeClerk 1969; Gay
et al. 1974; Nord 1974; Baldon & Al-Bamerni 1976; Gay 1977; Kent & Frederic 1977;
Hardcastle & Roach 1979; Löfqvist & Yoshioka 1980; Fowler 1980, 1981a, 1981b;
Parush et al. 1983; Recasens 1984, 1987; Hardcastle 1985; Gracco 1988; Keating 1990;
Katz et al 1991; Fowler & Saltzman 1993; Byrd 1996; Löfqvist & Gracco 1999;
Recasens & Pallarès 2000; Fowler & Brancazio 2000). However, one of the goals of my
thesis is to investigate phonological effects on vowel-to-vowel coarticulation. There are
two main reasons for embarking on this investigation.
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First, there are very few investigations of the effect of phonological rules on the
degree of vowel-to-vowel coarticulation (some fo the investigations we do have include
Zsiga 1995; Cho 1998; Gafos & Benus 2003; Benus 2005; Kim 2005; Yun 2005a, 2005b,
2005c). As mentioned earlier, one of these investigations, Cho’s (1998) EPG
(electropalatography) study showed that palatal consonants derived from palatalization
contact (e.g. [c] in /mat+i/ ‘the eldest child’) contact the palatal region more than
alveolars in tautomorphemic words (e.g. [t] in /mati/ ‘knot’). On the basis of the
articulatory results, he suggested that the intergestural timing relation has greater overlap
across morphemes than within morphemes. However, as pointed out in the previous
section, this study has problems in that the data collected mingle with complex factors
such as morpheme boundaries, phonetic difference, and phonological rules. Thus, my
study attempts to distinguish phonetic factors from phonological factors. However, I
follow Cho’s suggestion that the intergetural timing relation is more variable across a
morpheme boundary than within one because of the presence of the morpheme boundary.
On the basis of his results, Cho proposed different degrees of gestural timing relations as
is illustrated in Figure 3-17.
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Figure 3-17. Three types of overlap: maximal overlap in (a) and (c) for a heteromorphemic sequence, partial overlap in (d) for a tauto-morphemic ni sequence and
minimal overlap in (b) for a tauto-morphemic ti sequence. The curves are hypothetical
tracks of articulator movement (i.e., tongue tip and tongue body) (from Cho 1998:269).

As is well-known, Korean palatalization occurs only across morpheme boundaries. In
addition, rather than focusing on vowel-to-consonant coarticulation, I attempt to examine
the degree of vowel-to-vowel coarticulation across a morpheme boundary versus within a
morpheme.
A second reason for conducting this research is to pursue the interface model of
phonetics and phonology by showing that phonological rules may be directly related to
fine phonetic details such as coarticulation (Flemming 2001; Gafos & Benus 2003; Benus
2005; Yun 2005b). For example, Benus’s (2005) ultrasound and acoustic study showed
that Hungarian transparent vowels such as /i, e/ actively participate in backness harmony
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between stems and suffixes at the subphonemic level. The results revealed that
transparent vowels in front harmony contexts were articulated further front than in back
harmony contexts as is illustrated in Figure 3-18.

Figure 3-18. Tongue body lines of transparent vowels taken from ultrasound machine
(Benus 2005). A bundle of further back lines refer to /i/ in /Tomihoz/, while further front
lines refer to /i/ in /limihez/.

So the interaction between high-level phonological rules and low-level coarticulation
provides evidence that phonological grammar can be intertwined with or incorporate fine
phonetic phenomena in the representation. Crucially, one of the goals of my thesis is to
present additional evidence that phonological rules affect subphonemic details,
supporting the interface model of phonology and phonetics as opposed to separation
models.
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Following Cho’s (1998) suggestion of the different intergestural timing relations
and Benus’ (2005) interaction evidence, the following hypothesis is proposed with
respect to the role of a palatalization rule on the degree of vowel-to-vowel coarticulation
in Korean.

(8)

“Phonological Enhancement of Coarticulation” Hypothesis
The degree of vowel-to-vowel coarticulation is stronger in assimilation forms than
in unassimilated forms.

Here the degree of coarticulation of V1s refers to the degree of fronting of V1 due to an
influence of V2. This hypothesis predicts that back-vowel V1s would be articulated
further front before derived palatals (e.g. [a] in /mat+i/ ‘the eldest’) than before
underlying palatals (e.g. [a] in /maci/ ‘unwillingly’) due to stronger anticipatory
coarticulation from V2 /i/. As mentioned earlier, if significant differences on the degree
of vowel-to-vowel coarticulation obtain here, they would lead us to three important
implications. First, the expected results would support Cho’s idea that intergestural
timing shows a greater degree of overlap between morphemes than within morphemes.
Second, these results would indicate that the application of a phonological rule like
palatalization directly strengthens (or enhances) the degree of vowel-to-vowel
coarticulation, causing greater gestural overlap between vowels across the morpheme
boundary. Third, these results would necessitate a phonological representation which
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could reflect the phonological enhancement of coarticulation via intergestural
coordination as suggested by Cho (1998), Bradley (2002), and Gafos (2002).
However, if we do not obtain significant differences in the degree of anticipatory
coarticulation in the case of application vs. non-application of palatalization, we might
need alternative explanations. First, it is possible to think that the application of a
palatalization rule may neutralize the degree of gestural overlap between vowels across
palatals regardless of whether the palatals are derived or underlying. However, these
hypothetical results do not completely refute Cho’s suggestion that intergestural timing
relations are different in the input or lexicon since his data supports it. Another reason is
that although the idea of different gestural overlap is reasonable in the input, the contrast
can be completely neutralized by phonological rules. Second, some might consider that
what matters is only phonetic realization. That is, the identical sequence of VCV on the
surface is governed exclusively by the phonetic implementation component,
independently of phonology (Keating 1996; Barnes 2002). Thus, such results would lead
to supporting a model separating phonology from phonetics.

3.3.6.2 Stimuli and procedures
This experiment examined the phonological effects on the extent of V-to-V coarticulation.
So in V1CV2 sequences, the intervening consonants varied between derived palatals and
underlying palatals, as illustrated in Table 3-4. V1s varied among five back vowels /a, ə,
o, u, ɨ/, and V2s were fixed as /i/. The test words in (a) contained a sequence of each of
the five back vowels followed by derived palatal affricates followed by /i/. These words
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were real words. The control words in (b) consisted of a sequence of each of the five back
vowels followed by underlying palatals followed by /i/. These words were also real words.
The procedure is the same as previous experiments (See Section 3.4). 44 tokens per
subject were recorded with the aid of an ultrasound machine. In total 440 tokens were
analyzed.

Table 3-4. Korean stimuli for Hypothesis 3 and planned comparisons
a. Assimilated words
/mat+i/

maǰi

/mitat+i/

b. Non-assimilated words
maǰi

‘unwillingly’

midaǰi ‘a sliding door+Nom’

kɨdaǰi

‘so, so much’

/kath+i/

kači

kači

‘value, worth’

/tat+hita/

tačida ‘be closed+Pass’

tačida

‘be hurt’

/path+i/

pači

pačida

‘dedicate’

/kaɨlket+i/

kaɨlkəǰi‘autumn harvest+Nom’

səɨlkəǰi

‘dishwashing’

kəǰi

‘beggar’

‘the eldest+Nom’

‘together+Adv’

‘field+NOM’

/somayket+i/ somɛkəǰi‘rolling up the sleeve+N’
/caliket+i/

ǰarikəǰi ‘a sort of exorcism+N’

əkəǰi

‘forced’

/ket+hita/

kəčida ‘be cleared off+Pass’

kəčida

‘go through’

/p’ət+hita/

p’əčida ‘be stretched out+Pas’

kabəči

‘value, worth’

/kot+i/

koǰi

koǰi

‘high ground’

‘plainly, as it is+Adv’
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/haytot+i/

hɛdoǰi ‘sunrise+Nom’

doǰida

‘be severe’

/soth+i/

soči

‘iron pot+NOM’

kočida

‘repair, fix’

/hoth+i/

hoči

‘single layer+NOM’ dočibəp

‘inversion’

/kut+i/

kuǰi

‘intentionally+Adv’ talkuǰi

‘ox cart’

/kut+hita/

kučida

‘harden+Causative’

čiučida

‘lean’

/muth+i/

muči

‘land+NOM’

uči

‘foolishness’

/mut+hita/

mučida

‘be buried+Pass’

mučida

‘season’

/puth+ita/

pučida

‘paste+Causative’

pučida

‘post’

/hɨth+ita/

hɨčida

‘scatter+Casuative’

sɨčida

‘go past by’

/k’ɨth+i/

k’ɨči

‘end+NOM’

kɨčida

‘stop, cease’

/tɨt+i/

t’ɨǰi

‘remake+Nom’

kirɨǰi

‘breed’

As is illustrated in Table 3-4, the words in (a) undergo palatalization across a morpheme
boundary. Such words include palatals derived from underlying alveolars. On the other
hand, the words in (b) do not undergo palatalization since they are monomorphemic.
These words contain underlying palatals. A comparison was made between the tongue
body frontness of the back vowels in the palatalized words (a) and that of the back
vowels in the non-palatalized words (b).
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As described in Chapter 1, articulatory data were obtained using an ultrasound
machine, which was designed both to take pictures of midsagittal images of the tongue
body shape and to simultaneously record the sounds participants uttered. Second,
acoustic data (F2) were obtained using Praat (Boersma and Weenink 2001). F2 values of
all the V1s (all back vowels) were measured at three time points (i.e. onset, medial, offset)
in order to observe the continuous fluctuation stream of F2 values of V1s.

3.3.6.3 Results
3.3.6.3.1 Articulatory results
Figure 3-19 shows backness of V1s before derived palatals and before underlying palatals
for ten subjects. In order to get statistical results for the consonantal effects, we averaged
all repeated measures. That is, all palatalized items for subject #1 are averaged together;
all non-palatalized items for subject #1 are averaged together. All palatalized items for
subject #2 are averaged together, and all non-palatalized items for subject #2 are
averaged together, etc. After all that averaging was complete, we obtained 20 numbers:
10 averages of palatalization condition and 10 averages of non-palatalization condition,
one of each for each subject. On the basis of those, a one factor within-subjects overall
ANOVA was performed. Analysis revealed that the effect of palatalization was
significant on the degree of backness of V1s (F(1, 9) =17.09, p.<0.01). Such finding
indicates back-vowel V1s were articulated further front before derived palatals than
before underlying palatals, showing stronger anticipatory coarticulation from V2 /i/ in the
words which underwent palatalization than in the words which did not.
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Figure 3-19. Overall phonological effect on frontness of V1s i.e. anticipatory vowel-tovowel coarticulation from V2 in Korean.

These results support the “Phonological Enhancement of Coarticulation” Hypothesis,
indicating that the intergestural timing relation between V1 and V2 shows a greater
degree of overlap across derived palatals (e.g., a morpheme boundary) than across
underlying palatals.
These findings are intriguing, in part because of what they may eventually imply
about the role of phonological rules such as palatalization on the degree of V-to-V
coarticulation. That is, although the derived surface phonemic sequence of V1CV2 was
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identical to the non-derived surface sequence, the fine phonetic details, such as gestural
timing between vowels, were different. V1s were articulated further front across derived
palatals than across underlying palatals, showing stronger anticipatory coarticulation
from V2 /i/. This indicates that palatalization causes greater overlap of two vowels in
terms of phonetic realization. As mentioned above, it is worthwhile to consider the
intergestural timing relation in two respects. First, these results support Cho’s suggestion
that intergestural timing relations are loose, and more variable in words with a morpheme
boundary (e.g. ‘mat+i’) than in monomorphemic words (e.g. ‘maci’). Second, the
application of phonological rules such as palatalization causes much greater intergestural
overlap in words which undergo palatalization than in words which do not. Further, the
enhancement (or strengthening) effect of phonological rules on the degree of V-to-V
coarticulation paves the way to integrating the fine phonetic detail of gestural overlap
relations into formal phonological grammar. This will be investigated in Chapter 5.

3.3.6.3.2 Acoustic results
Figure 3-20 shows the average F2 values at the medial points of V1s before derived
palatals and underlying palatals. The left bar refers to the F2 of back-vowel V1s in the
words which undergo palatalization (e.g. /mat+i/ [maci] “the eldest child”), while the
right bar refers to the F2 of the back vowels in the words which do not undergo
palatalization but which include underlying palatals (e.g. /maci/ “unwillingly”). A one
factor within-subjects overall ANOVA with palatalization as a factor was performed to
determine the effect of a phonological rule condition on the F2s of V1s in V1Ci
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sequences. There was a highly significant effect of palatalization (F(1, 9) = 88.46,
p.<0.001). F2s of V1s were higher before derived palatals than before underlying palatals
(1543 Hz vs. 1452 Hz), indicating that V1s were articulated further front before derived
palatals than before underlying palatals as is shown in Figure 3-20. Such acoustic results
exactly match the articulatory results in the previous section.
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Figure 3-20. The average F2 values of V1s, i.e. back vowels before derived palatals (left)
and before underlying palatals (right) in Korean.

The overall results support the “Phonological Enhancement of Coarticulation”
Hypothesis which states that V-to-V coarticulation is more prominent in words with
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assimilation than in words without assimilation. That is, the application of palatalization
influenced the degree of coarticulation more strongly than in the case of nonapplication
of palatalization.
Further, there was significant difference at the initial point, but no significant
difference at the offset point of the V1s as is shown in Figure 3-21 (F(1, 9) =45.98,
p.<0.001 at initial point; F(1, 9) = 0.02, p.>0.05 at offset point). The F2s of V1s
gradually increased toward the F2s of V2s, i.e. /i/, as a result of anticipatory
coarticulation.
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The effect of P-rule on F2 coarticulation
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Figure 3-21. Overall phonological effects on the degree of F2 anticipatory vowel-tovowel coarticulation in Korean. The line with triangles refers to the change of F2s of /i/,
the line with diamonds to the change of F2s of V1s before derived palatals, while the line
with squares to the change of F2s of V1s before underlying palatals.

As is illustrated in Figure 3-21, V1s were articulated further front before derived palatals
than before underlying palatals, particularly at the initial and medial points of the V1s. 4
Such results reveal that V1s underwent stronger anticipatory coarticulation from V2 /i/
4

That there is no difference at the offset point suggests that there is a common local C-to-V coarticulatory
effect.
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across derived palatals than across underlying palatals. They indicate that in a sequence
of V1CV2, the production of V2 is planned from the start of V1. These results are in
accordance with the articulatory results and support the “Phonological Enhancement of
Coarticulation” Hypothesis, indicating that the intergestural timing relation between V1
and V2 /i/ shows a greater degree of overlap in palatalized words than in nonpalatalized
words.
Overall, these results support the “Phonological Enhancement of Coarticulation”
Hypothesis. These findings are striking in the sense that low-level vowel-to-vowel
coarticulation is governed by high-level phonological rules like palatalization. Thus, they
pave the way to a unified model of phonetics and phonology.

3.3.6.4 Discussion
Acoustic results about “Phonological Enhancement of Coarticulation” Hypothesis are
consistent with articulatory results that V1s, i.e. back vowels, were articulated further
front before derived palatals than before underlying palatals. Interestingly, F2 values of
back vowels were higher at medial points before derived palatals than before underlying
palatals, but mean F2 values of back vowels were not higher at the offset point before
derived palatals than before underlying palatals.
However, there was a slight difference between articulatory and acoustic results.
For example, articulatory results revealed that the effect of palatalization was significant
for back-vowel V1s such as /ə, o/, but not for /a, ɨ, u/. On the other hand, acoustic results
showed that the effect of palatalization was significant for all the V1s /a, ə, ɨ, o, u/. This
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mismatch can be easily attributed to a quantal relation between the articulatory parameter
and the acoustic parameter as suggested by Stevens (1972) (see Section 3.3.5.4).
These findings lead us to suggest that intergestural timings between vowels are
more overlapped in palatalized words than in nonpalatalized words. On the basis of such
findings, I suggest the different degrees of gestural overlap as follows. While Cho’s
(1998) suggestion pertains to gestural overlap between consonants(alveolar vs. palatals)
and the vowel /i/, my proposal is about the gestural overlap between vowels across and
within morpheme boundaries as is illustrated in Figure 3-22. Figure 3-22 (a) shows the
intergestural timing relation between vowels with a sequence of VCV across a morpheme
boundary (e.g. [maci] /mat+i/ “the eldest child”), while Figure 3-22 (b) shows gestural
overlap between vowels within the monomorphemic words (e.g. [maci] /maci/
“unwillingly”)
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Across a morpheme boundary /mat+i/
(a)

V–V

Within a morpheme /maci/
(b)

V

V

less overlap
more overlap
Figure 3-22. Two types of overlap: more overlap in (a) for a hetero-morphemic sequence,
and less overlap in (b) for a tauto-morphemic VV sequence. The curves are hypothetical
tracks of articulator movement (i.e., tongue body) (a revised version of Cho 1998:269).

Here the degree of intergestural timing relations is based on two assumptions. First, as
suggested by Cho (1998), Bradley (2002), and Gofos (2002), I follow the assumption that
the intergestural timing relation is lexically specified in the input. Given that,
intergestural timing shows a lesser degree of overlap in heteromorphemic or
polymorphemic words such as /mat+i/, since the presence of morpheme boundaries
blocks gestural overlap. That is, the intergestural timing relation is more variable across
morpheme boundaries, while it is relatively fixed within morpheme boundaries. Second,
since intergestural timing is more flexible and loose across morpheme boundaries, the
application of phonological rules such as palatalization causes greater gestural overlap
across morpheme boundaries. That is why back vowels before derived palatals are more
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influenced by the following vowel /i/ than before underlying palatals, showing stronger
anticipatory coarticulation.
These findings are intriguing and suggest important implications with regard to
interaction between phonology and phonetics. First, they reveal that high-level
phonological rules affect fine phonetic details such as V-to-V coarticulation as well as Cto-V coarticulation. Second, this interaction fact necessitates the notion of abstract
intergestural timing relations in the phonological or phonetic representation in order to
capture the influence of phonological rules on coarticulation (Barry 1992; Cho 1998;
Bradley 2002; Gafos 2002). Thus, the results on hypothesis (3) provide another piece of
evidence that the intergestural timing relation can be incorporated into phonological
representations in the input and output. Barry (1992) also mentions that “the implication
that low-level phonetic variation may not all be accounted for free of charge by phonetic
implementation and that instead the domain of phonology may need to set its bounds
much closer to the fine detail of articulatory activity than has generally been
acknowledged.” The results in this thesis provide further evidence that “microscopic”
phonetic variation is incorporated into “macroscopic” phonological knowledge, and is not
“purely the result of vocal tract constraints” (Ohala 1992). There have been different
theoretical positions on coarticulation. One is that it is purely a part of a languageparticular phonetic implementation component, working independently of phonology
(Keating 1996, Barnes 2002). The second is that it can be a part of the cognitive
knowledge of the speakers of specific languages (Barry 1992, Flemming 2001). Thus, if
we put the scope of coarticulation outside phonology and deal with it only in an
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independent phonetic implementation component, it is difficult to capture the interface
between palatalization and V-to-V or V-to-C coarticulation patterns. Although the
intergestural timing relation based on coarticulation involves no categorical change of
features, it still can be intertwined with phonological rules by being influenced by
phonological rules. Thus, the results in this experiment make it reasonable to favor a
unified model of phonology and phonetics rather than two separate component models.
The issue of how intergestural timing relations can be incorporated into formal
phonology grammar will be discussed in detail in Chapter 5.

3.4 Summary
This experiment examined three factors affecting the degree of vowel-to-vowel
coarticulation in Korean V1CV2 sequences involving palatalization: (1) the effect of
intervening consonants; (2) the effect of the second vowel; and (3) the effect of a
palatalization rule.
First, the effect of intervening consonants between palatal affricate and alveolar
stops was examined. Ultrasound results showed that back vowels were articulated further
front before palatals than before alveolars. Along the same linee, acoustic data confirmed
that F2s of back vowels were higher before palatals than before alveolars. Thus, the
“Tongue Body Barrier” Hypothesis that palatals might be stronger barriers to vowel-tovowel coarticulation than alveolars was not supported. Rather, it was obtained that there
was stronger V-to-V anticipatory coarticulation across palatals than across alveolars,
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contrary to the expectation of the “Tongue Body Barrier” Hypothesis. Intervening
palatals between vowels facilitated the degree of V-to-V coarticulation.
Second, the effect of V2 /i/ versus /a/ was investigated. Ultrasound results showed
that V1s were produced further front before /i/ than before /a/ when intervening
consonants were identical either alveolars or palatals. Acoustic data were consistent with
articulatory data, showing that F2s of V1s were higher before /i/ than before /a/. Thus, the
“Resistor Induce” Hypothesis that back-vowel V1s would undergo stronger anticipatory
coarticulation from V2s with higher DAC values, i.e greater from /i/ than from /a/, was
supported. In a sequence of V1CV2, /i/ as V2 played a role as a stronger inducer to V-toV coarticulation than /a/. It was confirmed that /i/ is known to be the most resistant vowel
to coarticulation and at the same time, it is the stronger inducer to V-to-V coarticulation
without changing itself.
Last, the effect of phonological rules such as palatalization on the degree of V-toV coarticulation was investigated. Ultrasound results showed that V1s, especially /ə, o/
were articulated further front before derived palatals than before underlying palatals. In
line with the articulatory data, acoustic experiments also revealed that F2s of V1s such as
/a, ə, ɨ, o, u/ were higher before palatalized consonants than before underlying palatals.
Thus, the “Phonological Enhancement” Hypothesis was supported, which claims that V1s
would undergo stronger anticipatory coarticulation from V2 /i/ in words which undergo
palatalization than in words which do not undergo palatalization. These findings are
intriguing in the sense that although the surface string VCV is identical, the intergestural
timing relation is different according to whether the string undergoes phonological rules
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or not. These results showed that palatalization caused greater gestural overlap between
vowels even across morpheme boundaries.

3.5 Conclusion
First, the results about the “Tongue Body Barrier” Hypothesis indicate that there was
greater gestural overlap between vowels when the intervening consonant was a palatal
affricate than an alveolar stop. Thus, it was shown that palatal affricates were a weaker
barrier to vowel-to-vowel coarticulation than alveolar stops. Such findings are interesting
and require an alternative explanation, one different from traditional feature-based,
articulatory, or acoustic accounts. In terms of articulation, palatals are more robust than
alveolar stops in the sense that alveolars undergo more gestural weakening, while palatals
require highly tensed tongue body raising to produce friction. Acoustically, palatal
affricates show longer duration than alveolar stops. Despite such contrasts, palatal
affricates facilitated V-to-V coarticulation more than alveolars. I suggest that the reason
for this is related to “mutual compatibility” between palatals and vowels. That is, since
the palatals and the vowels share the common property, i.e. tongue body fronting, the
intervening palatal affricates act as a bridge, connecting the flanking vowels. Articulatory
contrast between palatals and alveolars confirmed that the tongue body of palatals is
further front than that of alveoalrs (see Chapter 1).
Second, with respect to the “Resistors Induce” Hypothesis, it was found that
gestural overlap between vowels in V1CV2 sequences was greater when V2 was /i/ than
when V2 was /a/. This result indicates that /i/ has stronger inducing effects on V1s than
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/a/ because /i/ is the most resistant to coarticulation and more likely to influence other
vowels.
Third, it was revealed that the application of phonological rules enhances or
strengthens the degree of gestural overlap in the surface. That is, although actual
phonological strings on the surface (i.e. VCV) are the same both in assimilated words and
unassimilated words, the degree of coarticulation was found to be stronger in words
which undergo palatalization than words which do not. This finding provides evidence
that high-level phonological rules are intertwined with low-level fine phonetic details
such as V-to-V coarticulation. In addition, this indicates that gestural overlap might, to
some extent, be under the cognitive control of the speakers, and that intergestural timing
relations can be incorporated into phonological representations. The possibility of
incorporating abstract timing relations can be explored in the framework of gestural OT
grammar in order to capture the fact that palatalization rules enhance the degree of V-toV coarticulation in Chapter 5.
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CHAPTER 4
INTERPLAY BETWEEN PALATALIZATION AND COARTICULATION IN ENGLISH

4.1 Introduction
This Chapter investigates how phonetic factors and phonological factors affect the degree
of vowel-to-vowel coarticulation in English palatalization environment.
First, just as in the Korean cases discussed in Chapter 3, two kinds of phonetic
factors are examined. One is whether intervening consonants in V1CV2 sequences affect
the degree of vowel-to-vowel coarticulation between palatal affricates (or fricatives) and
alveolar stops. Another is whether V2 in V1CV2 sequences influences the degree of
vowel-to-vowel coarticulation between a high front /i/ and a low back /a/.
Second, two types of phonological rule effects are investigated. One effect
investigated is whether the application of palatalization influences the degree of V-to-V
coarticulation. The other is whether there is any difference in the degree of V-to-V
coarticulation between lexical palatalization and postlexical palatalization. This
investigation is intriguing in the sense that the lexical status of phonological rules may
play a role in determining low-level fine phonetic details, such as coarticulation.
In 4.2, palatalization in English is briefly reviewed, and I go over vowel-to-vowel
coarticulation in English in 4.3. Ultrasound and acoustic experiments are reported in 4.4
and a summary and conclusions are presented in 4.5 and 4.6, respectively.

4.2 Palatalization in English
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Unlike many languages where coronal obstruents are palatalized before high front vowels,
in English, palatalization occurs before a high front glide [j] usually in fast speech as is
illustrated in (1) (Halle & Mohanan 1985: 85, Jensen 1993).

(1)

miss you

[mɪšə] ([mɪšjə]

kiss you

[kɪšə] ([kɪšjə])

bless you

[blɛšə] ([blɛšjə])

guess your

[gɛšər] ([gɛšjər]

need you

[nɪǰə]

did you

[dɪǰə]

would you

[wʊǰə]

refuse you

[rɪfjuǰə]

got you

[gɒčə]

set you

[sɛčə]

meet you

[mičə]

thought you

[ɵɔčə]
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Here coronals such as /s, d, t/ become alveopalatals (or palatoalveolars) such as [š, ǰ , č]
before a high front glide [j] but, on the surface, the trigger glide is very often deleted,
setting English apart from many other languages. As is illustrated in (2) (Halle &
Mohanan 1985; Jensen 1993), palatalization in English does not occur before a high front
/i/, though it does in other languages such as Korean and Basque (Sohn 1999, Hualde
1991).

(2)

miss it

*[mɪšɪt]

kiss Eve

*[kɪšiv]

bless it

*[blɛšɪt]

did it

*[dɪǰɪt]

need Eve

*[niǰiv]

got it

*[gɒčɪt]

meet Eve

*[mičiv]

Since palatalization in (1) occurs optionally across word boundaries, it has been dealt
with as postlexical rule in lexical phonology (Kiparsky 1982, 1985, Halle & Mohanan
1985). In addition, palatalization also takes place within word boundaries, as is illustrated
in (3) (Jensen 1993). Since this is a lexical rule, its application is obligatory according to
the basic assumptions of lexical phonology.

140

(3)

express

expression

[ɪksprɛšən]

supervise

supervision

[supərvɪžən]

gas

gaseous

[gæšəs]

space

spacial

[spešəl]

confuse

confusion

[kənfjužən]

conclude

conclusion

[kənklužən]

office

official

[əfɪšəl]

define

definition

[dɛfɪnɪšən]

artifice

artificial

[artɪfɪšəl]

president

presidential

[prɛzɪdɛnšəl]

On the basis of data above, Jensen (1985:202) formulates palatalization as in (4). That is,
coronals such as /s, z, t, d/ become post (alveo)-palatals such as [š, ž, š, ǰ] before palatal
glide [j] word internally or across word boundaries.
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(4)

Palatalization
Foot

+cor

-ant

-son

+strid

/____ -cons
+high

V

-back
Condition: the consonant to be palatalized is not initial in a foot.

What is notable here is that a high front glide, which is a trigger for palatalization, does
not appear in the surface, as is seen in (1) and (3), except for a few cases in (1).
Traditional rule-based approaches including SPE (1968) and Halle & Mohanan (1985)
suggest that the palatalization rule is followed by a glide-deletion rule, which states that a
glide followed by a vowel is deleted after any alveopalatal consonant. Here the
palatalized segments such as /š, ž, š, ǰ/ are not actually palatals, but alveopalatals or
postalveolars with featural combination of [+coronal, -anterior] (SPE 1968; Ladefoged
2001). As mentioned in previous Chapter, palatalization can be seen as spreading of the
feature [-anterior] onto neighboring segments (Clements & Hume 1986) or the gestural
overlap between the palatal glide [j] and the coronals (Nolan 1983, Smith 1988, 1991,
Cho 1998).
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As mentioned above, this study does not focus on a purely phonological analysis
on palatalization, but rather investigates vowel-to-vowel coarticulation around palatalized
consonants in terms of gestural overlap. Given that there are two types of palatalization
(lexical and post-lexical), according to whether it occurs within or across word
boundaries, it is interesting to look into whether the degree of gestural overlap between
vowels may differ according to the presence/absence of word boundaries.
Before examining phonetic and phonological factors on intergestural timing
relations through vowel-to-vowel coarticulation, it is worthwhile reviewing English
vowel-to-vowel coarticulation and vowel-to-consonant coarticulation in the next section.

4.3 Vowel-to-consonant and vowel-to-vowel coarticulation in English
First, let us consider vowel-to-consonant coarticulation around palatalization. With
respect to the distinction between lexical and postlexical palatalization, Zsiga (1995)
conducted a very interesting acoustic and EPG study. Zsiga’s experiments showed that
underlying alveopalatals like /š/ in ‘mesh on’ are the identical to lexically-derived
alveopalatals like /š/ in ‘confession’, while lexically-derived alveopalatals like /š/ in
‘confession’ are distinct from postlexically-derived alveopalatals like /š/ in ‘confess you’.
Of particular interest, the articulatory EPG study found that postlexically-derived palatals
contact more back region than lexically-derived palatals. For postlexically-derived
palatals as in the sequence /s#j/ in “confess you”, their acoustic properties were similar to
/s/ in the beginning but became more similar to /š/ toward the end along the time
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dimension. These results indicate that lexical palatalization is categorical, and postlexical
palatalization is gradient. Thus, it was suggested that phonological features are necessary
to account for lexical (categorical) alternation, while overlap of articulatory gestures is
also necessary to capture the gradient postlexical palatalization. Zsiga argued that the
notion of gestural overlap accounts for the gradient property of postlexically-derived
palatals. Figure 4-1 illustrates that postlexically –derived palatals (right) showed more
contact in palate and back region of the mouth than lexically-derived palatals (left).

•••
•••
●●•••●
●●•••●
●●••••••●
●●●●••●
●●••••••••●
●●●●•••••●
lexically-derived /š/
s + you
Figure 4-1. Contact patterns at end time point, subject 1. Electrode shown in black was
activated in at least eight of ten repetitions (Zsiga 1995: 292).

These findings are intriguing in that the intergestural overlap is much greater between
postlexically-derived palatals and the triggering glide (e.g. in ‘press you’) than between
lexically-derived palatals and the glide (e.g. in ‘expression’).
Given these results, this thesis investigates vowel-to-vowel coarticulation across
the intervening alveolars and alveopalatals. Before delving into this issue, it is helpful to
examine vowel-to-vowel coarticulation in English in broad terms. In addition to Öhman’s
(1966) seminal idea that in V1CV2 sequences, V1 is affected by V2, Kent & Moll’s
(1972a) X-ray study showed that the tongue position of V1 in V1V2 and V1CV2 varied
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according to V2. For instance, the tongue body position of /i/ was less front in the oral
cavity when followed by a stressed back vowel than when followed by a stressed front
vowel.
There has been ample research about the role of the intervening segments on the
extent of vowel-to-vowel coarticulation. First, it has been known that duration (or
linguopalatal contact size) may be negatively correlated with coarticulation effects. For
example, long consonants or geminates are less sensitive to V-to-C effects at closure midpoints than short consonants or singletons because they involve more linguopalatal
contact than non-geminates (Recasens 1999). Thus, applying this to vowel-to-vowel
coarticulation, the intervening long segments may inhibit vowel interaction more strongly
than single or short segments. Second, it was shown that intervocalic palatals and velars
restrain the effect of vowel-to-vowel coarticulation since the tongue body shape of such
segments conflicts with the articulation of vowels (Russian: Öhman 1966, Purcell 1979,
German: Butcher & Weiher 1976, Catalan: Recasens 1984). Fowler & Brancazio (2000)
also showed that coarticulation resistance in consonants affects the extent of vowel-tovowel coarticulation. For example, their experiments revealed that the degree of
anticipatory or carryover coarticulation between vowels was smaller across highresistance consonants such as /d, t/ than across low-resistance consonants such as /b, v, g/.
In terms of coarticulation resistance, Recasens (1999) mentions that palatalized labials
and dentoalveolars are quite resistant to coarticulation because of active tongue dorsum
raising and fronting.
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Thus, on the basis of such previous studies, my study first examines the
comparative roles of the intervening consonants in vowel-to-vowel coarticulation
between palatal affricates and alveolar stops. Second, it is examined whether V2 in
V1CV2 sequences affects the degree of anticipatory coarticulation of V1 between /i/ and
/a/ just as the Korean cases. Third, this study investigates whether the degree of vowel-tovowel coarticulation may be constrained by phonological rules such as English
palatalization.

4.4 Experiment 2: Phonetic and phonological factors in the degree of vowel-to-vowel
coarticulation
It is investigated whether the extent of vowel-to-vowel coarticulation in English is highly
conditioned both by phonetic gestures like tongue body and by phonological rules like
English palatalization.

4.4.1 Phonetic effects on V-to-V coarticulation around palatalization
Of interest is that unlike in the Korean experiments, this experiment will test whether
there is any different degree of vowel-to-vowel coarticulation between the lexical
palatalization rule and the postlexical palatalization rule.

4.4.2 Participants
Six male and four female native English speakers participated in the production
experiments by way of ultrasound machine. They were all undergraduate students
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enrolled at the University of Arizona. All participants were monolinguals born in the
United States. The majority of the participants ranged in age from 20 to 30 years old. All
speakers had normal speech and hearing and no history of speech or hearing disorders.
Speakers will be referred to as Speaker E(1), E(2), E(3)… E(10).

4.4.3 Methods
The techniques of obtaining articulatory data through the use of ultrasound, and the
methods of obtaining acoustic data are identical to those described in Chapter 2. The
basic methods and procedures for obtaining and measuring the data are identical to those
experiments conducted with Korean speakers.

4.4.4 Consonantal effects on the degree of V-to-V coarticulation
4.4.4.1 Hypothesis (1): “Tongue Body Barrier” Hypothesis
The first issue addressed by this experiment is whether palatoalveolars such as /š, ž, č, ǰ/
are stronger barriers to vowel-to-vowel coarticulation than alveolar stops like /d, t/ in
English. It is beneficial to start discussion of the differences between the two kinds of
consonants (alveolars and alveopalatals) in terms of articulatory and acoustic properties,
in order to better understand the relative resistance to coarticulation of the consonants in
question.
First, palatalized consonants in English (/š, ž, č, ǰ/) involve frication due to the
narrow constriction between the tongue body and the palate area, while alveolar stops
involve the tongue blade or tip moving rapidly downward after a short closure (Ball &
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Rahilly 1999, Stevens 1999, Ladefoged 2001). In addition, alveopalatal affricates such as
/ č, ǰ/ combine aspects of stops and fricatives. Thus, English palato(post)-alveolars are
more robust in articulatory dynamics than alveolar stops. Considering such differences,
fricatives and affricates often demonstrate less tongue dorsum coarticulation than stops
because of the constrained tongue grooving (Recasens 1999). Next, as for their acoustic
properties, palatoalveolars show similar energy distribution patterns due to high frication
noise and longer duration than alveolar stops (Ladefoged 2001).
On the basis of this articulatory dynamics, since palatals involve considerable
tongue-dorsum movement, the production of these consonants is highly constrained and
resistant to coarticulation, and so these consonants are the least likely to be influenced by
neighboring segments. Palatals and palatoalveolars are articulated with the raising of the
tongue dorsum toward the palatal zone, causing a fair amount of contact, as was
illustrated in Figure 2-1 EPG data (Recasens 1990, Recasens and Romero 1997, Fowler
& Brancazio 2000). Thus, considering manner and place of articulation and acoustic
properties of two types of consonants in English, it is postulated that English
palatoalveolars are stronger barriers to inhibit vowel-to-vowel coarticulation than
alveolar stops. Just as in Korean cases, such robust differences suggest the formulation of
a hypothesis regarding the effect of the intervening consonants on the degree of vowel-tovowel coarticulation (gestural overlap).

(5)

“Tongue Body Barrier” Hypothesis
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The degree of V-to-V coarticulation is less prominent in words with palatal
affricates than words with alveolars as intervening segments.

Similar to the Korean experiments, this hypothesis predicts that V1 (back vowels) in the
V1CV2 sequences, would be articulated less front before alveopalatals than before
alveolar stops. In addition, the F2s of V1s will be lower before alveopalatals than before
alveolar stops due to lesser degree of anticipatory coarticulation from V2. If the expected
results obtain, they will confirm the general tendency that alveopalatals are more robust
in articulation as well as acoustics, and thus inhibit vowel interaction more strongly than
alveolars. In addition, they will support Recasens’ (1990) and Fowler & Brancazio’s
(2000) results that the magnitude of vowel-to-vowel coarticulation is inversely related to
coarticulation resistance of the intervening consonants.
However, an alternative possibility is that there may be no significant difference
in the degree of anticipatory coarticulation. That is, we may obtain that V1s in V1CV2
sequences show no difference in tongue body frontness in either consonantal condition.
Such results would confirm the position that the intervening consonants do not influence
the degree of vowel coarticulation at all, regardless of their properties.
Considering previous research, we expect that there may be significant difference
in the degree of anticipatory coarticulation between alveolars and alveopalatals, which
indicates the striking role of the intervening consonants in vowel-to-vowel interaction
(Kent & Minife 1977, Fowler & Saltzman, 1993, Fowler 1994, Recasens 1994, Fowler &
Brancazio 2000).
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4.4.4.2 Stimuli and procedures
This experiment examined the intervocalic consonantal effects on the extent of V-to-V
coarticulation between alveopalatal fricatives/affricates (/š, ž, č, ǰ/) and alveolar stops /d,
t/. So in V1CV2 sequences, surrounding vowels are identical in each word pair as
illustrated in Table 4-1. V1 varied among three back vowels /a, ʌ, u/, and V2 was fixed
either as /a/ or as /i/. The test words in (a) and (c) contained a sequence of each of the
three back vowels followed by alveopalatal fricatives or affricates followed by /i/ or /a/.
The words in (a) in Table 4-1 were nonsense words, and on the basis of these words, the
rest of the stimuli were manipulated with regard to the intervocalic consonants and V2.
Ten participants read the word list three times in randomized orders. Each word was
embedded in the carrier sentence “Please say _________ to me.” in English. In addition,
monosyllabic nonsense stimuli were read such as ‘mah, tah, kah, muh, tuh, kuh, moo, too,
koo’ to provide controls for comparison with coarticulated back vowels. All the tokens
were read at a self-selected normal speaking rate. 81 tokens per subject were recorded
with the aid of ultrasound machine and so in total 810 tokens were analyzed with the
Palatron (Mielke et al. 2005) and with Praat (Boersma and Weenink 2001).
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Table 4-1. Enlgish stimuli for Hypothesis 1
2nd vowel

Fixed-/i/

1st vowel

a. Test words

b.Control words c. Test words

d.Control words

a

mahshee

mahtee

mahshah

mahtah

mahchee

mahtee

mahchah

mahtah

tahshee

tahtee

tahshah

tahtah

tahchee

tahtee

tahchah

tahtah

kahshee

kahtee

kahshah

kahtah

kahchee

kahtee

kahchah

kahtah

muhshee

muhtee

muhshah

muhtah

muhchee

muhtee

muhchah

muhtah

tuhshee

tuhtee

tuhshah

tuhtah

tuhchee

tuhtee

tuhchah

tuhtah

kuhshee

kuhtee

kuhshah

kuhtah

kuhchee

kuhtee

kuhchah

kuhtah

mooshee

mootee

mooshah

mootah

moochee

mootee

moochah

mootah

tooshee

tootee

tooshah

tootah

toochee

tootee

toochah

tootah

kooshee

kootee

kooshah

kootah

koochee

kootee

koochah

kootah

ʌ

u

Fixed /a/
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4.4.4.3 Results
4.4.4.3.1 Articulatory results
Figure 4-2 shows the backness for V1s (back vowels) between the words with an
intervening alveopalatal and the words with an alveolar stop for nine English speakers. In
order to get statistical results for consonantal effects, we averaged all repeated measures.
That is, all alveolar items for subject #1 are averaged together; all alveopalatal items for
subject #1 are averaged together. All alveolar items for subject #2 are averaged together,
and all alveolar items for subject #2 are averaged together. After all that averaging, we
obtained only 20 numbers: 10 averages of an alveolar condition and 10 averages of an
alveopalatal condition, one of each for each subject. On the basis of those, a one factor
within-subjects ANOVA was performed. ANOVA revealed that there was a significant
effect of the intervening consonant on the backness of V1s (F(1, 8) =19.37, p.<0.01) as is
illustrated in Figure 4-2.
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Figure 4-2. Consonantal effects on the degree of anticipatory coarticulation of V1s in
V1CV2 sequences in English. The left bar with a higher value shows the further front
position of V1s (back vowels /a, ʌ, u/) before alveolars in V1CV2 sequences, while the
right bar with a lower value shows the further back position of V1 (back vowels /a, ʌ, u/)
before alveolar stops in the identical V1CV2 sequences. (* refers to significant diff.)

As is seen above, V1s like back vowels /a, ʌ, u/ were articulated significantly further
front before alveolars than before alveopalatals such as /š, ž, č, ǰ/.
Next, the data was analyzed with 2 factor within-subjects ANOVA, with the
intervening consonant (alveopalatal, alveolar) and V2 (/i/, /a/) as the factors. There was
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no significant interaction between the two factors (F(1, 24) = 0.09, p. >0.05). However,
there was significant main effect of the intervening consonant on backness of V1 in
V1CV2 sequences (F(1, 24) =14.21, p.<0.001), and also significant main effect of V2 on
backness of V1 in V1CV2 sequences (F(1,24) =37.14, p.<0.001).
Next, a one factor within-subjects ANOVA was performed to see whether there
was any significant effect of the intervening consonant on the degree of backness of V1
within each V2 condition (/i/ vs. /a/). First, there was a highly significant effect of the
intervening consonant on the frontness of V1s when V2 was fixed as /i/, as is illustrated
in Figure 4-3 (F(1, 8) =39.45, p.<0.001). Such findings indicate that V1s were articulated
further front across alveolars than across alveopalatals when V2 was /i/, supporting the
“Tongue Body Barrier” Hypothesis.
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Figure 4-3. A significant effect of the intervening consonant (alveolar vs. alveopalatal) on
frontness of V1 in V1CV2 sequences in English when V2 was fixed as /i/. The left bar
with a higher value refers to the further front position of V1 (back vowels) before an
alveolar /t/, while the right bar with a lower value refers to the less front position of the
identical V1 before alveopalatals /š, č/. * refers to significant differences.

Second, there was a significant effect of the intervening consonant on backness of
V1 when V2 was fixed as /a/, as is illustrated in Figure 4-4 (F(1, 8) = 6.42, p.<0.05).
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Figure 4-4. A significant effect of the intervening consonant (alveolar vs. alveopalatal) on
frontness of V1 in V1CV2 sequences in English when V2 was fixed as /a/. The left bar
with a higher value refers to further front position of V1 (back vowels) before an alveolar
/t/, while the right bar with a lower value refers to less front position of the identical V1
before alveopalatals /š, č/.

As is seen in Figure 4-4, overall, V1s were articulated further front before /t/ than before
/š, č/ when V2 was /a/. These results also support the “Tongue Body Barrier” Hypothesis
which states that intervening alveopalatals inhibit vowel-to-vowel coarticulation more
than alveolars.
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In summary, overall, articulatory results from the ultrasound experiments revealed
that V1s in V1CV2 were articulated further front before an alveolar /t/ than before
alveopalatals /š, č/ when V2 was both /i/ and /a/. Such findings support the “Tongue
Body barrier” Hypothesis, which predicts that alveopalatals worked as stronger barriers
to vowel-to-vowel coarticulation than alveolars. That is, alveopalatals inhibited vowel-tovowel coarticulation more strongly than alveolars. Such findings indicate that the
difference in place of articulation between alveopalatals and alveolars in English is also
significant enough to cause a different influence on V-to-V coarticulation.

4.4.4.3.2 Acoustic results
A one factor overall within-subject ANOVA was conducted on the basis of F2s of V1 in
V1CV2 sequences to determine the effect of intervening consonants (alveopalatals vs.
alveolars) on the degree of anticipatory coarticulation of V1. Analysis revealed that there
was a significant effect of intervening consonant on the degree of anticipatory
coarticulation from V2 to V1 in V1CV2 sequences, as is illustrated in Figure 4-5 (F(1, 8)
= 7.56, p.<0.05). Figure 4-5 shows significant differences in F2 of V1 when the
intervening consonant collapsed across an alveopalatal /š, č/ or an alveolar stop /t/.
Average F2 of V1 was higher before an alveopalatal than before an alveolar stop (1560
Hz vs. 1536 Hz). This finding does not support the “Tongue Body Barrier” Hypothesis
which predicts that V1 would be produced further before alveolars than before
alveopalatals.
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Figure 4-5. Significant difference in F2 at the medial point of V1 in V1CV2 sequences in
English. The left bar with a lower F2 refers to F2 of V1 before alveolar stops, while the
right bar with a higher F2 refers to F2 of V1 before alveopalatals. V1 is /a, ʌ, u/ while V2
is either /i/ or /a/.

Figure 4-5 shows that V1s underwent stronger anticipatory coarticulation from V2 across
alveopalatals than across alveolar stops. Such results are exactly opposite to the
expectation of the “Tongue Body Barrier” Hypothesis, just like Korean cases in Chapter
3. Thus, the upshot from F2 values in V1 is that, like Korean palatals, English
alveopaltals are not stronger barriers than alveolar stops to vowel-to-vowel interaction.
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In addition to F2 at medial point of V1, average F2 values of V1 such as /a, ʌ, u/
were significantly different before alveopalatals versus before alveolar stops both at the
initial point and at the offset point of V1 as is shown in Figure 4-6 (F(1, 8) = 6.19,
p.<0.05 at initial point; F(1, 8) = 27.20, p.<0.001 at offset point). That is, the average F2s
of V1 were consistently higher during the whole production of V1 before alveopalatals
than before alveolars.

F2 coarticulation
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1650
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1550
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medial
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Figure 4-6. A stream of F2 values of V1 (the back vowels) in V1CV2 sequences in
English in both the conditions at three time points. The line with diamonds refers to the
change of F2 of V1 in alveolar condition, while the line with squares to the change of F2
of V1 in alveopalatal condition.
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These acoustic results are not in agreement with the articulatory results, as was discussed
in previous section, showing that F2s of V1 are higher before alveopalatals than before
alveolars.
Next, a one factor within-subject ANOVA was conducted to see if such
consonantal effect on the degree of coarticulation of V1 could be found when V2 was
either /i/ or /a/. First, analysis on simple effect showed that there was no significant effect
of intervening consonant on F2 of V1 when V2 was fixed as /i/ as is illustrated in Figure
4-7 (F(1, 8) =1.20, p.>0.05).
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Figure 4-7. No significant effect of intervening consonant on F2 of V1 in V1CV2
sequences in English when V2 was fixed as /i/. The left bar with a lower F2 (1558 Hz)
refers to F2 at the medial point of V1 before alveolars, while the right bar with a higher
F2 (1574 Hz) refers to F2 at the medial point of V2 before alveopalatals when V2 was /i/.

Since Figure 4-7 includes a variation of V1 among /a, ʌ, u/, data was analyzed to
determine whether there is any significant effect of intervening consonant on the degree
of coarticulation of V1 according to each V1. Analysis revealed that the effect of the
intervening consonant was not significant for all the V1s (F(1, 8) = 0.14, p.>0.05 for /a/;
F(1, 8) = 0.21, p.>0.05 for /ʌ/; F(1, 8) =1.48, p.>0.05 for /u/). That is, F2 values at the
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medial point for /a, ʌ, u/ were not significantly different before alveopalatals versus

2,000

before alveolar stops as illustrated in Figure 4-8.
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Figure 4-8. The effect of intervening consonant on F2 of V1 in English V1CV2 sequences
when V2 was fixed as /i/. The leftmost bars in each of three groups refer to F2 values at
the medial point of /a, ʌ, u/ in monosyllabic forms, the middle bars refer to F2s of V1
preceding alveopalatals, and the rightmost bars refer to F2s of V1 preceding alveolar
stops (x refers to non-significant diff.).
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These acoustic results do not match articulatory results, which might be attributed to a
quantal relation between those two properties. That is, significant articulatory differences
were not reflected in acoustic properties because a quantal relation is observed in the
transitional period from one vowel to another vowel.
While Figure 4-9 shows F2 only at the medial point of V1, Figure 4-10 shows a
stream of F2 during the whole production of V1. With respect to F2 at the offset point of
V1, there was a significant difference between the consonantal condition for V1s such as
/a, /(F(1, 8) = 3.63, p.=0.09 for /a/;F(1, 8) = 7.79, p.<0.05 for /ʌ/ ; F(1, 8) = 0.99,
p.>0.05 for /u/).
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a. [aši] vs. [ati]

b. [ʌši] vs. [ʌti]

F2 coarticulation (uci vs. uti)
2400
2200
2000
F2 (Hz)

u
1800

uci
uti

1600

i

1400
1200
1000
initial

medial

offset

time points

c. [uši] vs. [uti]
Figure 4-9. F2s of the back vowels (V1) in the fixed /i/ condition at three time points in
V1CV2 sequences in English. The lines with squares refer to the change of F2 of each V1
in alveopalatal condition, while the lines with triangles to the change of F2 of each V1 in
alveolar condition. The lines at the top show the stream of F2 in V2 /i/, while the lines at
the bottom refer to the stream of F2 in each V1 /a, ʌ, u/.
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As is seen in Figure 4-9, F2 values of all three V1s such as /a, ʌ, u/ in both consonantal
conditions range between F2 of V1s in monosyllabic condition and F2 of /i/. Such results
indicate that V1 in both consonantal conditions underwent anticipatory coarticulation
from V2 /i/, and the degree of anticipatory coarticulation was different between both
consonantal conditions at the offset points of V1, not at the medial points. In brief, there
was no difference in degree of V1 coarticulation at the medial point between before
alveopalatals fricatives versus before alveolar stops when V2 was /i/, but there was a
difference at the offset point of V1s, refuting the “Tongue Body Barrier” Hypothesis.
Next, a one factor within-subjects ANOVA was performed on F2s at the medial
point of V1 in order to see the effect of the intervening consonant on the degree of
coarticulation of V1 when V2 was fixed as /a/. Analysis of simple effect revealed that the
effect of the intervening consonant was significant on the degree of anticipatory
coarticulation when V2 was fixed as /a/ (F(1, 8) =19.53, p.<0.01). Average F2s of V1
were higher before alveopalatals than before alveolars but the difference was significant
as is illustrated in Figure 4-10 (1513 Hz before alveolars; 1547 Hz before alveopalatals).
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Figure 4-10. A significant effect of intervening consonant on F2 of V1 in V1CV2
sequences in English when V2 was fixed as /a/. The left bar with a lower F2 (1513 Hz)
refers to F2 at medial point of V1 before alveolars, while the right bar with a higher F2
(1547 Hz) refers to F2 at medial point of V1 before alveopalatals when V2 was /i/. V1
varies among /a, ʌ, u/.

As is seen in Figure 4-10, V1s were articulated further front before alveopalatals than
before alveolars when V2 was /a/, exactly opposite to expectation of the “Tongue Body
Barrier” Hypothesis. These results indicate that V1s underwent a different degree of
anticipatory coarticulation from V2 /a/ under both consonantal conditions.
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Last, the data was analyzed with 2 factor within-subject ANOVA, with the
intervening consonant (alveopalatal, alveolar) and V2 (/i/, /a/) as the factors. There was
no significant interaction between the two factors (F(1, 24) = 0.60, p. >0.05). However,
there was a significant main effect of the intervening consonant and main effect of V2 on
the degree of tongue body backness of V1 in V1CV2 sequences (F(1, 24) = 4.62, p.<0.05
for consonant; F(1,24) = 8.29, p.<0.01 for V2).
In sum, overall, F2s of the back vowels such as /a, ʌ, u/ were significantly higher
before alveopalatal fricatives than before alveolar stops, as in the Korean cases. These
results do not support the “Tongue Body Barrier” Hypothesis. Such acoustic results do
not match articulatory results which showed that V1s were articulated further front before
alveolars than before alveopalatals. Such conflicting results indicate that articulatory
properties were not reflected in acoustic data, probably because of a quantal relation
between two properties, as was discussed in Chapter 3 5.

4.4.4.4 Discussion
We tested the “Tongue Body Barrier” Hypothesis which claims that there is more
prominent coarticulation before alveolars than before alveopalatals in English. This
hypothesis was based on the differences in articulatory and acoustic strength of both
consonants. Since alveopalatals in English, such as /š, č/ involve more robust raising of

5

Another possibility is that the mismatch is methodological rather than quantal. If I computed the
ultrasound ratio at more points than two, I might not find such differences the ultrasound and
spectrographic evidence. Thus, this issue is important in that it will test the quantal relation hypothesis,
being left for future research.
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the tongue dorsum (in order to create friction) than alveolar stops such as /t/, the former
was expected to inhibit vowel-to vowel coarticulation more strongly than the latter.
Further, duration was much longer for alveopalatals than for alveolar stops as is
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illustrated in Figure 4-11 (171 ms. vs. 84 ms; F(1, 8) =190.72, p.<0.001).
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Figure 4-11. Mean of duration between palatals and alveolars in English (alveolars 84 ms
vs. alveopalatals 171 ms).

Interestingly, the difference in duration between alveolars and alveopalatals in English
(84 ms) was bigger than between alveolars and palatals in Korean (48ms). Both the
articulatory and the acoustic differences between the two consonantal types in English led
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us to predict that alveopalatal fricatives would be a stronger barrier to vowel-to-vowel
coarticulation.
First, articulatory results revealed that V1s such as /a, / in V1CV2 sequences
were articulated further front before alveolar stops than before alveopalatals whether V2
was either /i/ or /a/, supporting the “Tongue Body Barrier” Hypothesis. Such results
indicate that both V1s underwent stronger anticipatory vowel-to-vowel coarticulation
across alveolar stops than across alveopalatals. Here one interesting thing is that V1 /a/
was articulated further front across alveolars than across alveopalatals when V2 was /a/.
This leads us to suggest that the intervening alveolars as well as V2 affect V1. However,
the acoustic results on the basis of F2 at the medial point of V1 were different from the
results obtained using ultrasound. Average F2 values of all the V1s were higher before
alveopalatals than before alveolars especially when V2 was /a/. Such acoustic data concur
with the findings from the Korean experiments. Despite such a mismatch, since
articulatory data directly show coarticulation patterns while acoustic data indirectly
reflect articulatory data, the former is more important in testing the “Tongue Body
Barrier” Hypothesis.
If this is the case, overall articulatory results require some plausible explanation,
which is different from the Korean cases. One possible explanation might be related to
the big difference in duration between alveopalatals and alveolar stops in English as in
Figure 4-16. Unlike Korean palatals and alveolars, English alveopalatals show much
longer duration than alveolar stops, they may work as stronger barrier to V-to-V
coarticulation just as the “Tongue Body Barrier” Hypothesis predicts. Another possible
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explanation may stem from the difference in tongue body frontness of both consonants in
English. That is, while Korean palatals are articulated further front than alveolars, the
difference between English alveopalatals and alveolars is not significantly big. Such lack
of difference in tongue body backness might not have been a crucial factor in determining
the degree of vowel-to-vowel coarticulation. Rather, duration might have worked as more
important factor to make alveopalatals inhibit V-to-V coarticulation more strongly than
alveolars. This point was already discussed in Chapter 2, and is illustrated in Figure 4-12.

backness of English consonants

more
front

0.35
0.3
0.25
0.2

mean of ratio

M of ratio
0.15

more
back

0.1
0.05
0
alveolar

alvpal

Figure 4-12.Tongue body frontness of alveopalatals and alveolars in English.
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Figure 4-12 shows tongue body frontness of alveolars and alveopalatals in English from 3
tokens from each of 9 speakers. Even though the mean values of ratios indicates that the
tongue body is in a further front position for alveopalatals than for alveolars, the
difference was not statistically significant (F(1, 8) = 2.21, p.>0.05).
In brief, articulatory results support the “Tongue Body Barrier” Hypothesis.
Unlike Korean palatals, English alveopalatals are not actually palatals and are very
similar to alveolars in terms of backness of tongue body. This may be the main reason
why backness of these two consonants might not have caused V1s to be further font
before alveopalatals. Rather, much longer duration of alveopalatals in English inhibited
vowel-to-vowel coarticulation, as is expected in the “Tongue Body Barrier” Hypothesis,
causing greater gestural overlap across alveolars than across alveopalatals.
The next section discusses V2 effect on vowel-to-vowel coarticulation between /i/
and /a/.

4.4.5 Vocalic effects on the degree of V-to-V coarticulation
4.4.5.1 Hypothesis (2): “Resistors Induce” Hypothesis
The second aim of this experiment is to determine the effect of V2 on the degree of
anticipatory coarticulation of V1s in V1CV2 sequences in English. Comparison was made
between /i/ and /a/ with the intervening consonants alternating between alveolars and
alveopalatals.
To understand how much V2 between /i/ and /a/ influences V1, it is helpful to
consider the articulatory properties of both vowels. As is well-known, /i/ and /a/ are
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different in tongue body frontness and height, as is reflected in F1 and F2 (Yang 1996).
F2 for /i/ is much higher than for /a/ (2572 Hz vs. 1169). Thus, if V1 is influenced by V2,
it is expected to be influenced by /i/ more than by /a/ in terms of tongue frontness.

Table 4-2. Average F1 and F2 values for the vowels common in English (Yang 1996)
Vowels

F1

F2

i

338

2572

e

495

2193

ɛ

581

2072

a

710

1169

ə

647

1486

o

513

1167

u

375

1452

Further, as mentioned in the previous chapter on the Korean data, according to the
Degree of Articulation (DAC; Recasens et al. 1997), /i/ is produced with tongue-dorsum
raising, while /a/ involves tongue-dorsum lowering. In addition, /i/ has the maximal DAC
value 3, while /a/ has the intermediate DAC value 2 and /ə/ has the minimal DAC value 1.
As DAC predicts, coarticulation sensitivity is inversely correlated with DAC. That is, the
higher the DAC value of one segment, the less likely the segment is to undergo
coarticulation. This predicts that a front high /i/ is the most resistant vowel to
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coarticulation and therefore it is not likely to coarticulate to other vowels, but rather other
vowels are likely to be influenced by /i/. Thus, it is expected that (non-/i/) V1s are more
likely to be influenced by V2 /i/ rather than /a/. So assuming that the intervening
consonant is identical, with respect to the degree of V-to-V coarticulation, the following
hypothesis is proposed.

(6)

“Resistors Induce” Hypothesis
The degree of V-to-V coarticulation is more prominent in words with a high front
/i/ than with a low back /a/.

Here the degree of anticipatory coarticulation of V1s refers to the degree of fronting of
V1 as a result of V2 influence. First, this hypothesis predicts that in a sequence of V1CV2,
V1 would be articulated further front and higher before V2 /i/ than before /a/ because of
the stronger coarticulation effects from /i/. Second, with regard to acoustic properties, it is
expected that F2s of V1 would be higher before /i/ than before /a/ due to the stronger
anticipatory coarticulation effect.
However, it may be possible to obtain no significant vowel-to-vowel
coarticulatory effect, depending on the intervening consonants. As Fowler & Brancazio
(2000) mention, no V-to-V coarticulatory effects may be observed due to a highly
resistant intervening consonant. Since in this study, the intervening consonants are to be
fixed either as alveopalatals or alveolar stops, relative effects of consonants on the degree
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of V-to-V coarticulation will be revealed. Fowler & Saltzman (1993) also think that a
highly resistant consonant acts as a stronger articulatory barrier to other gestures.

4.4.5.2 Stimuli and procedures
This experiment examined the V2 effects on the extent of V2-to-V1 coarticulation
between a high front /i/ and a low back /a/. So in V1CV2 sequences, the intervening
consonants were fixed either as alveopalatals (/š, č/) or as an alveolar /t/ in each word pair
as illustrated in Table 4-3. The list of stimuli is exactly the same as that in Table 4-1. The
planned comparisons, however, were different. V1 varied among three back vowels /a, ʌ,
u/, and V2 alternated between /a/ and /i/. The test words in (a) and (c) contained a
sequence of each of the five back vowels followed by fixed alveopalatal affricates or
fricatives followed by /i/ or /a/. All the words in (a) in Table 4-3 were nonsense words,
and on the basis of these words, the rest of the stimuli were manipulated with regard to
the intervocalic consonants and V2. Ten participants read the word list three times in
randomized orders. Each word was contained in the carrier sentence “Please say
_________ to me.” in English. The subjects also read nine canonical vowels /i, e, ɛ, a, ʌ,
o, u/ in order to see how the coarticulated vowels are different from the isolated vowels.
All the tokens were read at a self-selected normal speaking rate. 81 tokens per subject
were recorded with the aid of an ultrasound machine. In total, 810 tokens were analyzed
with the Palatron (Mielke et al. 2005) and with Praat (Boersma and Weenink 2001).
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Table 4-3 English stimuli for Hypothesis 2
2nd vowel

Fixed-/alveopalatals/

1st vowel

a. Test words

b.Control words c. Test words

a

mahshee

mahshah

mahtee

mahtah

mahchee

mahchah

mahtee

mahtah

tahshee

tahshah

tahtee

tahtah

tahchee

tahchah

tahtee

tahtah

kahshee

kahshah

kahtee

kahtah

kahchee

kahchah

kahtee

kahtah

muhshee

muhshah

muhtee

muhtah

muhchee

muhchah

muhtee

muhtah

tuhshee

tuhshah

tuhtee

tuhtah

tuhchee

tuhchah

tuhtee

tuhtah

kuhshee

kuhshah

kuhtee

kuhtah

kuhchee

kuhchah

kuhtee

kuhtah

mooshee

mooshah

mootee

mootah

moochee

moochah

mootee

mootah

tooshee

tooshah

tootee

tootah

toochee

toochah

tootee

tootah

kooshee

kooshah

kootee

kootah

koochee

koochah

kootee

kootah

ʌ

u

Fixed-/alveolars/
d.Control words
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Articulatory data were obtained using an ultrasound machine in the same way in which
we obtained Korean data (See Chapter 2 for more discussion on ultrasound technicques).
Acoustic data (F2) were obtained using Praat (Boersma and Weenink 2001) in the same
way in which the Korean data were obtained (see Chapter 2).

4.4.5.3. Results
4.4.5.3.1 Articulatory results
Figure 4-13 shows a significant effect of V2 on the degree of backness of V1 in V1CV2
sequences. In order to get statistical results for consonantal effects, we averaged all
repeated measures. That is, all V2 /i/ items for subject #1 are averaged together; all V2 /a/
items for subject #1 are averaged together. All V2 /i/ items for subject #2 are averaged
together, and all V2 /i/ items for subject #2 are averaged together, etc. After all that
averaging was complete, we obtained 20 numbers: 10 averages of a V2 /i/ condition and
10 averages of a V2 /a/ condition, one of each for each subject. On the basis of those, a
one factor within-subjects ANOVA was performed. A one factor within-subjects overall
ANOVA revealed that there was a significant effect of V2 (/i/ vs. /a/) on tongue body
backness of V1 (F(1, 8) =101.63, p.<0.001). We found that V1s (back vowels /a, ʌ, u/)
were produced further front when V2 was /i/ than when V2 was /a/ in V1CV2 sequences
when the intervening consonants collapsed across alveolars and alveopalatals. These
findings support the “Resistor Induce” Hypothesis, showing that V1 underwent stronger
anticipatory coarticulation from V2 /i/ than from /a/.
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Figure 4-13. The significant difference in V2 effect on the degree of anticipatory
coarticulation with respect to V1 in V1CV2 sequences in English. The left bar with a
lower value shows the further back position of V1s (back vowels /a, ʌ, u/) before V2 /a/
in V1CV2 sequences, while the right bar with a higher value shows the further front
position of V1 (back vowels /a, ʌ, u/) before V2 /a/ in the identical V1CV2 sequences.

However, since Figure 4-13 also includes variation of the intervening consonants
(alveopalatals vs. alveolars), it is necessary to look into V2 effects on backness of V1
according to the intervening consonants. Thus, first, a one factor within-subjects ANOVA
with V2 as a factor was performed to see if there is a V2 effect when the intervening
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consonants were alveopalatals such as /š, č/. There was a highly significant effect of V2
(/a/ vs. /i/) on backness of V1 (back vowels) when the intervening consonants were
alveopalatals (/š, č/) (F(1, 8) =60.36, p.<0.001). This indicates that back-vowel V1s were
articulated further front when V2 was /i/ than when V2 was /a/ when the intervening
consonants were alveopalatals. Thus, it indicates that V1s underwent stronger
anticipatory coarticulation from /i/ than from /a/. As expected, this findings support the
“Resistors Induce” Hypothesis (2), showing that /i/ is a much stronger inducer to V-to-V
coarticulation than /a/.
Next, the V2 effect on tongue body backness of V1 was analyzed when the
intervening consonant was fixed as an alveolar /t/. A one factor within-subject ANOVA
revealed that the effect of V2 was significant for backness of V1 (F(1, 8) =33.38, p.
<0.001). This indicates that V1s were articulated further front when V2 was /i/ than when
V2 was /a/ even when the intervening consonant was fixed as alveolar /t/.
This finding also supports the “Resistors Induce” Hypothesis, showing that V1s
underwent stronger anticipatory coarticulation effects from /i/ than from /a/ across an
alveolar, too.
Overall, articulatory results revealed that V1s (back vowels) in V1CV2 sequences
were articulated further front when V2 was /i/ than when it was /a/, when the intervening
consonants were either alveopalatals or alveolars Such findings definitely support the
“Resistors Induce” Hypothesis, showing that /i/ influences the preceding vowels more
strongly than /a/. Finally, these results indicate that there is greater gestural overlap
between vowels when V2 is /i/ than when V2 is /a/.
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4.4.5.3.2 Acoustic results
In order to see the effect of V2 in V1CV2 sequences on the degree of tongue body
backness of V1, a one factor within-subjects overall ANOVA with V2 (/i/ vs. /a/) as a
factor was conducted on the basis of F2 values at the medial point of V1s such as /a, ʌ, u/.
Analysis revealed that there was a significant effect of V2 on F2s at the medial point of
V1s as is illustrated in Figure 4-14 (F(1, 8) =13.59, p.<0.01). Mean F2s of V1 were
higher when V2 was /i/ than when V2 was /a/ as expected (1566 Hz vs. 1530 Hz).
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Figure 4-14. Significant differences in F2 at the medial point of V1 in V1CV2 sequences
in English. The left bar with a lower F2 (1530 Hz) refers to mean F2 of V1s before /a/,
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while the right bar with a higher F2 (1566 Hz) refers to mean F2 of V1s before /i/. V1 is
/a, ʌ, u/, while V2 is either /i/ or /a/.

As is seen in Figure 4-14, such acoustic results indicate that V1s such as back vowels /a,
ʌ, u/ were articulated further front when V2 was /i/ than when V2 was /a/, supporting the
“Resistors Induce” Hypothesis. Like expectation, V1s underwent more prominent
anticipatory coarticulation from /i/ than from /a/. Put differently in terms of gestural
overlap, the degree of gestural overlap between back vowels and /i/ versus between back
vowels and /a/ was different. Such overall findings exactly match the overall articulatory
results discussed in previous section.
Since Figure 4-14 shows F2s only at the medial point of V1, F2 values of V1
were measured at three time points (initial, medial, offset) to see the change of F2 during
the whole production of V1. Average F2s of V1 were consistently higher before /i/ than
before /a/ at the three points, and the difference was significant at the offset point as well
as at the initial point of V1s (F(1, 8) =11.96, p.<0.01 at initial point; F(1, 8) = 89.80,
p.<0.001 at offset point). These findings indicate that there was stronger anticipatory
coarticulation during the whole production of V1s from V2 /i/ than from V2 /a/.
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Figure 4-15. A stream of F2 values at three time points of V1 in V1CV2 sequences in
English in both V2 conditions. The line with diamonds refers to the change of F2 of V1
when V2 was /a/, while the line with squares to the change of F2 of V1 when V2 was /i/.

As is seen above, it is not difficult to see that the production V2 (/a/ vs. /i/) influences V1
from the start. Since Figure 4-15 collapses the F2 patterns for V1 across the variation of
V1 and across the variation of the intervening consonants, first, it was investigated
whether the effect of V2 on the degree of coarticulation of V1 can be found in each of the
intervening consonant conditions (alveopalatal fricatives vs. alveolar stops). A one factor
within-subjects ANOVA revealed that F2s of V1 were significantly higher before /i/ than
before /a/ when the intervening consonant was fixed as alveolars (F(1, 8) =12.21, p.<0.01;
1513 Hz before /a/ vs. 1557 Hz before /i/).
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Next, the data was analyzed to see whether the effect of V2 on the degree of F2
coarticulation of V1 can be found when the intervening consonants were alveopalatals. A
one factor ANOVA of simple effect of V2 revealed that there was a marginally
significant effect of V2 on F2 of V1 (F(1, 8) = 4.23, p.=0.07; 1547 Hz vs. 1574 Hz). Such
findings indicate that there was stronger anticipatory coarticulation of V1 from /i/ than
from /a/ when the intervening consonants are alveopalatals, too.
Last, we looked into the stream of F2 during the whole production of V1 in order
to see the consistent degree or directionality of V1 coarticulation. First, we found that the
whole range of F2s in V1s lay between /i/ and each V1 (/a, ʌ, u/) except the initial part of
/u/ and that F2s gradually increased toward F2 of /i/. These findings indicate that V1 in
both V2 conditions underwent anticipatory coarticulation from V2. Second, the
differences of F2s in V1 were significant between V2 /i/ condition and V2 /a/ condition
all V1s at offset points (F(1, 8) =29.49, p.<0.001 for/a/; F(1, 8) =20.38, p.<0.01 for //;
F(1, 8) = 7.18, p.<0.05 for /u/ at offset points). Such findings also indicate that V1s were
articulated further front before /i/ than before /a/ across alveopalatals as well as across
alveolar stops. Only with respect to V1 /a/, F2s were higher before /i/ than before /a/ at
the mid point.
In brief, the acoustic results showed that V1 in V1CV2 sequences underwent
stronger anticipatory coarticulation from /i/ than from /a/ across alveopalatals at offset
points of V1, supporting the “Resistors Induce” Hypothesis (2) and confirming that /i/ is
a stronger influencer on coarticulation of other vowels than /a/.
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4.4.5.4 Discussion
Overall, ultrasound experiments revealed that all the V1s (back vowels) in V1CV2
sequences were articulated further front before /i/ as V2 than before /a/ when the
intervening consonants were either alveopalatals or alveolars. Further, acoustic findings
revealed that F2s of V1s were significantly higher before /i/ than before /a/ at the offset
point when the intervening consonants collapsed across both consonants. Overall, both
results confirm the “Resistors Induce” Hypothesis, even though there is minor variation
in the acoustic results.
Our findings provide several implications for vowel-to-vowel coarticulation and
the phonetic nature of /i/, /a/ and the intervening consonants. First, V1s in V1CV2
sequences were articulated further front than in monosyllabic forms, especially when V2
was /i/. That is, vowel-to-vowel interaction took place across alveopalatals and alveolar
stops. This finding confirms Öhman’s (1966) basic idea that VCV sequences are realized
by means of an underlying V-to-V articulatory mode, with a superimposed consonantal
gesture.
Second, it is worthwhile to consider the phonetic properties of /i/ and /a/ in terms
of tongue body gesture as well as phonological features. We obtained the results that
there was stronger anticipatory coarticulation between V1 and /i/ than between V1 and /a/.
Such findings indicate that the position of tongue body gesture of vowels is influenced by
the tongue body gesture of neighboring vowels. Since /a/ involves tongue dorsum
lowering but /i/ involves robust raising and fronting of the tongue dorsum toward the
palate, the difference in the direction of the tongue gesture influences the tongue body
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frontness of the preceding vowels to a different extent. The raising and fronting of tongue
dorsum of /i/ played a role as a stronger inducer to the fronting of back vowels. Here the
notion of DAC (degree of articulatory constraint) is useful in predicting why /i/
influences other vowels more than /a/. As discussed in the previous chapter, since /i/ has
the maximal DAC value 3, and /a/ has a DAC value 2, the higher DAC a segment has, the
more resistant it will be to coarticulation. Thus, I propose that the strength of phonetic
gesture such as tongue body is also necessary to give an appropriate account for vowelto-vowel coarticulation.
In sum, the relative strength and directionality of tongue body gestures for /i/ and
/a/ determines the degree of anticipatory vowel-to-vowel coarticulation in the sense that
vowels are influenced by /i/ more than by /a/.

4.4.6 Phonological effects on vowel-to-vowel coarticulation around palatalization
4.4.6.1 Hypothesis (3): “Phonological Enhancement” Hypothesis
One of the most important aims in this thesis is to find cases of interaction between highlevel phonology and low-level phonetics. One case that shows such interface is where
phonological rules like palatalization enhance the degree of vowel-to-vowel
coarticulation. Already in the previous chapter, we have found that the Korean
palatalization rule strengthens the degree of vowel-to-vowel coarticulation. That is, it was
revealed that V1 in V1CV2 sequences was articulated further front before palatals derived
from palatalization than before underlying palatals in words which do not undergo
palatalization. As discussed in Chapter 3, such results indicate that the application of
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palatalization causes greater intergestural overlap between vowels io the surface. Thus,
one of the questions in this chapter is to see whether phonological enhancement of
coarticulation can be found in English palatalization environment as well.
As mentioned in advance, Zsiga’s (1995) acoustic and articulatory study found
that lexically derived /š/ in ‘confession’ or ‘impression’ was not distinct from underlying
/š/ in ‘fresh’ or ‘mesh’, showing that centroid frequency values for these fricatives were
within the similar range. On the basis of this data, it was argued that lexical palatalization
of /s/ before /j/ is categorical and so should be dealt with in featural terms. Such results
are interesting in that morpheme boundaries in words such as ‘confession’ or
‘impression’ seem almost to have been weakened. Thus, chances are that lexically
derived palatal /š/ may already be specified in the mental lexicon, and it may be difficult
to discern if the alveopalatals are truly derived or underlying.
However, the English experiment in my thesis focuses on vowel-to-vowel
coarticulation centering on palatalization rather than on the phonetic status of palatals.
Just as in the Korean cases, I adopt two assumptions on intergestural timing relations.
First is that intergestural timing shows a lesser degree of overlap across morphemes than
within morphemes in the input (Cho 1998). For example, because of the presence of
morpheme boundaries in the environment of the lexical palatalization rule, the
intergestural timing between vowels is loose in the input. The second assumption is that
the application of a phonological rule like palatalization directly increases the degree of
vowel-to-vowel coarticulation, causing greater gestural overlap between vowels across
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the morpheme boundary in the surface (Yun 2005b). These two assumptions lead us to
propose the following hypothesis.

(7)

“Phonological Enhancement of Coarticulation” Hypothesis
The degree of vowel-to-vowel coarticulation is stronger in assimilation forms than
in unassimilated forms.

Just as Korean palatalization cases, this hypothesis predicts that V2 in V1CV2 sequences
would be articulated further front after lexically derived alveopalatals than after
underlying alveopalatals. Accordingly, F2 of V2 would be higher after lexically derived
alveopalatals than after underlying alveopalatals due to greater intergestural timing
overlap and stronger carryover coarticulation from V1. As mentioned in Chapter 3,
intergestural timing relations in the surface are expected to be different even though
surface phonemic strings are identical as is illustrated in Figure 4-16.

186

Across lexically derived alveopalatals
(a)

V- [ə]

more overlap

Across underlying alveopalatals
(b)

V ---

[ə]
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Figure 4-16. Two types of overlap: more overlap in (a) for a hetero-morphemic VV
sequence, and less overlap in (b) for a tauto-morphemic VV sequence. The curves are
hypothetical tracks of articulator movement (i.e., tongue tip and tongue body) (from a
revision of Cho 1998:269).

However, if we do not obtain significant differences in the degree of carryover
coarticulation in the case of application vs. non-application of palatalization, we might
need alternative explanations. First, it is possible to think that the application of a
palatalization rule may neutralize the degree of gestural overlap between vowels across
alveopalatals regardless of whether alveopalatals are derived or underlying. However,
these hypothetical results do not completely refute Cho’s suggestion that intergestural
timing relations are different in the input or lexicon. Another reason for the results
opposite to this Hypothesis may be that although the idea of the different gestural overlap
is reasonable in the input, the contrast can be completely neutralized by phonological
rules. Second, some might consider that what matters is only phonetic realization. That is,
identical surface VCV sequences are governed exclusively by the phonetic
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implementation component, independently of phonology (Keating 1996; Barnes 2002).
Thus, such results would lead to supporting the separation model between phonology and
phonetics.
What is important here is that testing this hypothesis through English
palatalization might give a clue that phonological enhancement of coarticulation may be
found cross-linguistically, including in English and Korean.

4.4.6.2 Stimuli and procedures
This experiment examined the phonological effect on the extent of V-to-V coarticulation.
In V1CV2 sequences, the intervening consonants varied between lexically derived
alveopalatal /š/ and underlying alveopalatals /š/, as illustrated in Table 4-4. V1 varied
between two vowels /ɪ, ɛ/, and V2 was fixed as /ə/. The test words in (a) contained a
sequence of each of the two vowels followed by a lexically derived alveopalatal fricative
followed by /i/. What is interesting and important here is that data was constructed in
order to make sure that lexically derived alveopalatals were genuinely derived. The test
words were three-syllable nonsense words. The morpheme boundary was shown within
the stimuli, and ten subjects were coached to pronounce these words as if they were real
words with primary stress on the second syllable. By doing so, they could elicit lexically
derived palatals by applying artificial palatalization rules. All of the subjects applied
palatalization across the morpheme boundaries. On the other hand, the control words in
(b) consisted of a sequence of each of the two vowels, followed by an underlying
alveopalatal, followed by /i/. The control words were real words. Ten participants read
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the word list three times in randomized orders. Each word was embedded in the carrier
sentence “Please say _________ to me.” in English. Seventeen filler words were inserted
in randomized order in order to obtain natural and reliable data. All the tokens were read
at a self-selected normal speaking rate. 36 tokens per subject were recorded with the aid
of ultrasound machine and 360 tokens were collected. In total 432 tokens were analyzed
with Palatron (Mielke et al. 2005) and with Praat (Boersma and Weenink 2001).

Table 4-4. English stimuli for Hypothesis 3
factor

Phonological status of the intervening consonant

1st vowel

a. Lexically-derived

b.Underlying

alveopalatals

alveopalatals

homit+ious

initial

hofit+ious

tradition

horit+ious

condition

homess+ion

echelon

hopess+ion

session

hotess+ion

session

ɪ

ɛ

VV sequences

ɪ–ə

ɛ–ə

As is illustrated in Table 4-4, since the words in (a) and (b) contain a trochaic foot
i.e.[V1šV2], the unstressed V2 was always reduced to schwa [ə]. Thus, considering a
sequence of a stressed vowel, followed by an alveopalatal, followed by a schwa, it is
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expected that carryover coarticulation would occur rather than anticipatory coarticulation.
It is because primary stressed vowels usually influence unstressed vowels. Thus, unlike
first two experiments, this experiment compares reduced vowels after lexically derived
alveopalatals to reduced vowels after underlying alveopalatals, as is schematized in (8). A
comparison was made which measured the tongue body frontness of a schwa in the
palatalized words (a) and a schwa in the non-palatalized words (b).

(8)

a.

Korean

V1

C

V2

b.

English

V1

C

V2

Second, see Chapter 2 for a detailed description of the procedures used in
obtaining acoustic data, which are identical to those used in obtaining the Korean data.

4.4.6.3 Results
4.4.6.3.1 Articulatory results
Figure 4-17 shows the average frontness of schwa [ə] following lexically derived
alveopalatals and frontness of schwa following underlying alveopalatals for nine subjects.
A one factor within-subjects ANOVA with palatalization as a factor was performed.
Analysis revealed that there was a highly significant effect of a palatalization rule on the
backness of /ə/ as V2 as is illustrated in Figure 4-17 (F(1, 8) =40.55, p.<0.001).
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Figure 4-17. Overall phonological effects on the degree of carryover vowel-to-vowel
coarticulation when V1 was /ɪ/ and /ɛ/ in the V1CV2 in English. The left bar with a higher
value refers to the further front position of V2, i.e. schwas after lexically derived
alveopalatals /š, ž/, while the right bar with a lower value refers to the further back
position of V2, i.e. schwas after underlying alveopalatal /š, ž/.

As is seen in Figure 4-17, V2, i.e. schwa, was articulated further front following lexically
derived alveopalatals than following underlying ones because of stronger carryover
coarticulatory effects from /ɪ, ɛ/. Thus, these results definitely support the “Phonological
Enhancement of Coarticulation” Hypothesis, showing that vowel-to-vowel coarticulation
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is stronger in palatalized words than in non-palatalized words. That is, the intergestural
overlap between V1 and V2 was greater across derived alveopalatals than across
underlying alveopalatals.
Next, post hoc analyses were performed to see whether there was any interaction
between V1s (/ɪ, ɛ/) and a palatalization rule factor. A 2-factor within-subjects ANOVA
with a phonological rule condition (2 levels: lexically derived alveopalatals vs.
underlying alveopalatals) and a V1 condition (2 levels: /ɪ, ɛ/) was performed on the ratios,
which indicate the relative backness of the tongue body of V2. There was no significant
interaction between a phonological condition and V1 (F(1,24) =1.07, p.>0.05) and no
main effect of V1 (F(1,24) =2.13, p.>0.05). However, there was a main effect of
palatalization (F(1,24) =27.40, p.<0.001).
Last, data were examined to see whether backness of V2 /ə/ in V1CV2 sequences
was significantly different within each V1 condition (/ɪ, ɛ/) according to the palatalization
condition. Analysis of simple effects revealed that the effect of a palatalization rule was
highly significant for both V1s, i.e. /ɛ/ and /ɪ/ (F(1, 8) =31.86, p.<0.001 for /ɛ/; F(1, 8)
=34.85, p.<0.001 for /ɪ/) as is illustrated in Figure 4-18.
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Figure 4-18. The effects of phonological rule condition on the degree of tongue frontness
of V2 /ə/ in V1CV2 sequences in English. V1 varies among /ɪ, ɛ/. The left bars within
each pair refer to backness of schwa vowel after lexically derived alveopalatals, while the
right bars within each pair refer to backness of schwa vowel after underlying
alveopalatals.

As is seen in Figure 4-18, V2s i.e. schwa vowels were articulated significantly further
front after lexically derived alveopalatals than underlying alveopalatals when V1 was
either a front mid /ɛ/ or a high front /ɪ/. These results indicate that V2 showed a stronger
carryover coarticulatory effect from V1 (/ɛ, ɪ/) in palatalized words than in non-
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palatalized words, supporting the “Phonological Enhancement of Coarticulation”
Hypothesis.
In brief, in sequences V1CV2 where V1 was a front vowel such as /ɛ, ɪ/, V1
crucially influenced V2 /ə/ across alveopalatals whether the intervening consonants were
lexically derived or underlying. Of more interest is that, as expected in the “Phonological
Enhancement of Coarticulation” Hypothesis, the frontness of V1 influenced V2 in
palatalized words more strongly than in non-palatalized words. These findings are
intriguing by indicating that the application of a palatalization rule contributed to
increasing gestural overlap between vowels across the alveopalatals in English just as in
Korean. That is, even though V1CV2 sequences were identical in surface phonemic
strings, the degree of intergestural timing relations was different, and highly conditioned
by phonological rules such as palatalization. These findings also imply that high-level
phonological rules can be directly related to low-level fine phonetic details such as
coarticulation and intergestural timing relations can be incorporated into a unified
grammar of phonology and phonetics. The possibility of such formal grammar will be
explored in detail in Chapter 5 on the basis of the interaction between palatalization and
vowel-to-vowel coarticulation.

4.4.6.3.2 Acoustic results
Figure 4-19 shows a phonological effect on the degree of carryover coarticulation in
V1CV2 sequences. A one factor overall within-subjects ANOVA revealed that there was a
significant effect of a palatalization rule on F2s of V2s (F(1, 8) =116.39, p.<0.001). Mean
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F2 values at the medial point of V2 /ə/ were significantly higher after lexically derived
alveopalatals (i.e. ‘homit+ious’) than after underlying alveopalatals (i.e. ‘initial’) (1815
Hz vs. 1569 Hz). Such findings indicate that a V2 such as /ə/ was articulated further front
in the words which underwent palatalization than in the words which did not. Put
differently, V1s such as /ɪ, ɛ/ influenced V2 across lexically derived alveopalatals more
strongly than across underlying alveopalatals. These overall results support the
“Phonological Enhancement of Coarticulation” Hypothesis which asserts that there is
more prominent vowel-to-vowel coarticulation in assimilated words than in nonassimilated words.
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Figure 4-19. Overall phonological effects on the degree of carryover vowel-to-vowel
coarticulation in V1CV2 sequences in English. V1s vary among /ɪ, ɛ/, V2 was /ə/, and C
was an alveopalatal. The left bar with a higher F2 (1815 Hz) refers to further front
position of schwas after lexically derived alveopalatals /š, ž/, while the right bar with a
lower F2 (1569 Hz) refers to further back position of schwas after underlying
alveopalatal /š, ž/.

As is seen in Figure 4-19, higher F2s of V2 in palatalized words indicate that V2
underwent stronger carryover coarticulation from V1 such as /ɪ, ɛ/. As will be discussed,
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this finding is intriguing in the sense that the application of palatalization caused greater
gestural overlap between vowels in the words which underwent palatalization.
In addition to F2 values at the medial point of V2 (/ə/), a change of F2 values was
shown by measuring F2s at three time points of V2 (i.e. initial, medial, offset) as is
illustrated in Table 4-5 and Figure 4-20. Analysis of data revealed that the effect of a
palatalization rule was not significant at the initial point, while its effect was significant
at both the medial and offset points of V2.

Group

Mean F2 at medial

Mean F2 at offset.

derived 1889

1815

1777

Before underlying 1856

1569

1496

Before

Mean F2 at initial

palatals

palatals
p-values

F(1,

8)

p.>0.05

=

0.08, F(1, 8) =116.39, p. F(1,
<0.001

8)

=101.88,

p.<0.001

Table 4-5. Mean F2 values at initial, medial and offset time points of V2 (/ə/) in V1CV2
sequences in both phonological conditions in English (i.e. palatalized vs. non-palatalized
words)

As the reader may have guessed, at the initial point of V2, which can be defined as the
transition period from the preceding alveopalatals to V2, V2 is more likely to be
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influenced by the preceding alveopalatals. As reported by Zsiga (1995), there was no
observable phonetic difference between lexically derived alveopalatals and underlying
ones. That may be why both consonants did not cause a tangible coarticulation effect on
V2 at the initial point. However, as is illustrated in Figure 4-20, at the medial and offset
points, the influence of V1s such as /ɪ, ɛ/ was clearly reflected in the F2 of V2. That is,
F2s of V2 were significantly higher after lexically derived alveopalatals than after
underlying ones as time passes by. Such a finding suggests that there was more
prominent carryover coarticulatory effect from V1 to V2 in palatalized words with
lexically derived alveopalatals than in non-palatalized words with underlying
alveopalatals.

F2 coarticulation (/s+i/ vs./sh/)
2000

F2 (Hz)

1800
derived
underlying
1600

1400
initial

medial

offset

tim e points

Figure 4-20. The stream of F2 coarticulation during the whole production of V2 in
V1CV2 sequences in English. The line with diamonds refers to the change of F2 of V2s in
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palatalized words with lexically derived alveopalatals, while the line with squares refers
to the change in F2s of V2s in non-palatalized words with underlying alveopalatals.

The finding that the F2s of V2 were influenced by V1s such as /ɪ, ɛ/ could be due
to the fact that distance from V1 and V2 is far enough for V1s to influence V2. The
relative tongue body fronting is reflected by F2 values as is illustrated in Table 4-6. It
shows Yang’s (1996) and my experiment’s results. Both results show that F2 of /ə/ is
muchlower than that of /ɪ, ɛ/.

Yang (1996)

Current study

Vowels

F1 (Hz)

F2 (Hz)

F1 (Hz)

F2 (Hz)

i

338

2572

490

2375

e

495

2193

661

1864

ɛ

581

2072

877

1706

a

710

1169

842

1308

ə/ʌ

647

1486

691

1474

o

513

1167

u

375

1452

355

1312

Table 4-6. The average values of F1 and F2 for English vowels produced by the 10 native
speaker participants in Yang (1996) and my current study.
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Next, the data was analyzed to see if such an overall phonological effect on F2s of
V2 can be found in each V1 condition such as /ɪ, ɛ/. A one factor within-subjects
ANOVA revealed that the phonological effect was significant for all the V1 conditions as
is illustrated in Figure 4-21 (F(1, 8) =41.48, p.<0.001 for /ɪ/; F(1, 8) =182.74, p.<0.001
for /ɛ/). When V1 was /ɪ/, mean F2 at the medial point of V2 was higher in palatalized
words with lexically derived alveopalatals than in non-palatalized words with underlying
alveopalatals (1806 Hz vs. 1624 Hz). When V1 was /ɛ/, the mean F2 of V2 was also
higher in polymorphemic words than in monomorphemic words (1821 Hz vs. 1493 Hz).
These findings indicate that V2 such as /ə/ was articulated further front in palatalized
words (e.g. ‘hotess+ion’, ‘homit+ious’) than in non-palatalized words (e.g. ‘condition’,
‘tradition’). In other words, V2 underwent stronger carryover coarticulation from V1s
such as /ɪ, ɛ/. Put formally, in terms of gestural overlap, these results can be interpreted to
mean that the application of a palatalization rule contributed to greater gestural overlap
between vowels across morpheme boundaries as well as across lexically derived
alveopalatals.

2,000

200

*

0

500

1,000

mean of f2medial

1,500

*

esh+a
ɛš+ə

e

esha
ɛšə

ish+a
ɪš+ə

i

isha
ɪšə

Figure 4-21.The effects of a phonological rule on the degree of F2 carryover
coarticulation from V1 to V2 in V1CV2 sequences in English. The left bars within each
pair refer to F2 of V2 in palatalized words with lexically derived alveopalatals, while the
right bars within each pair to F2 of V2 in non-palatalized words with underlying
alveopalatals. V1 varies among /ɪ, ɛ/, and V2 was reduced schwa-like /ə/.

As seen above, when V1s were the front vowels /ɪ, ɛ/, V2 underwent stronger carryover
coarticulation from V1s in palatalized words than in non-palatalized words, exactly
matching the articulatory results.
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In order to confirm this phonological effect on the degree of carryover
coarticulation during the whole production of V2, mean F2s of V2 were measured at
three time points (i.e. initial, medial, offset points). Analysis revealed that just as at the
medial point of V2, there was a significant effect of palatalization on F2 of V2 both at the
offset point and at the initial point for V1 /ɛ/, and the effect of palatalization was
significant at the offset point for V1 /ɪ/ (F(1, 8) = 0.16, p.>0.05 at the initial point, F(1, 8)
=30.81, p.<0.001 at the offset point for /ɪ/ condition; F(1, 8) =150.29, p.<0.001 at initial
point, F(1, 8) =212.07, p.<0.001 at offset point for /ɛ/ condition). Figure 4-22 shows the
change of F2 values of reduced schwa-like vowels (V2) at the three time points of V2 in
V1CV2 sequences. In Figure 4-22 (a), when V1 was /ɪ/, F2 values of V2 were higher in
palatalized words than in non-palatalized words both at the medial and offset points,
indicating that stronger carryover coarticulation from /ɪ/ began from the medial point of
V2. Further, in Figure 4-22 (b), when V1 was /ɛ/, mean F2 values of V2 were
consistently higher in palatalized words than in non-palatalized words during the whole
production of V2. These findings indicate that V2 was influenced by V1s /ɪ, ɛ/ in words
with lexically derived alveopalatals more than in words with underlying alveopalatals,
supporting the “Phonological Enhancement of Coarticulation” Hypothesis.
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F2 coarticulation (/ish+a/ vs. /isha/)

F2 coarticulation (/esh+a/ vs. /esha/

2300

2000

2200
1900
2100
1800

1900

i

1800

ish+a

1700

isha

1600

F2 (Hz)

F2 (Hz)

2000

e

1700

esh+a
1600

esha

1500

1500
1400
1400
1300

1300
initial

medial

offset

initial

time points

a.[ɪš+ə] vs. [ɪšə]

medial

offset

time points

b. [ɛš+ə] vs. [ɛšə]

Figure 4-22. The change of F2 values of reduced schwa-like vowels (V2) at three time
points of V2 in V1CV2 sequences in English. The lines with squares refer to the change of
F2 of each V2 in palatalized words, while the lines with triangles to the change of F2 of
each V2 in non-palatalized words. The lines at the top show the stream of F2s in V1 /ɪ, ɛ/.

In summary, in sequences of V1CV2, F2 values of V2 (schwa) were significantly
higher in words which underwent palatalization than in words which did not when V1
was either /ɪ/ or /ɛ/. Such results indicate that V2 was articulated further front in
palatalized words than in non-palatalized words because of a stronger carryover
coarticulatory effect from V1, i.e. front vowels such as /ɪ, ɛ/. Overall, results suggest that
the application of palatalization led to greater gestural overlap between vowels across
lexically derived alveopalatals than across underlying alveopalatals.

4.4.6.4 Discussion
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Just as in the Korean experiments, we tested the “Phonological Enhancement of
Coarticulation” Hypothesis on English data. We found that there is more prominent
vowel-to-vowel coarticulation across lexically derived alveopalatals than across
underlying alveopalatals. Ultrasound data directly showed that V2 was articulated further
front in palatalized words than in non-palatalized words when V1s were front vowels
such as /ɪ/ and /ɛ/. Acoustic data also confirmed these articulatory results by showing that
F2 values of V2 were higher across lexically derived alveopalatals than across underlying
alveopalatals.
Overall, both articulatory and acoustic results yield interesting implications on the
role of phonological rules in the degree of vowel-to-vowel coarticulation, as discussed for
Korean palatalization in Chapter 3. First, just like the Korean cases, it was shown that
English pseudo-palatalization also contributed to greater gestural overlap between vowels
across lexically derived alveopalatals than across underlying alveopalatals. Since
palatalization so commonly played a role in enhancing the degree of coarticulation, this
opens the door to the possibility that other phonological rules may affect other low-level
fine phonetic details (including coarticulation) cross-linguistically. The results in my
thesis along with this possibility lead us to consider that high-level phonological rules
directly interact with low-level phonetics. Thus, I suggest that feature-models capture
categorical phonological phenomena, while gestural-models capture the degree of
coarticulation as well as the interaction between phonological rules and coarticulation,
following Zsiga (1995), Cho (1998), and Gafos (2002). On the basis of experimental
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results, the formal analysis within optimality-theoretic approaches will be explored in
detail in Chapter 5.
In addition, the results from the examination of the “Phonological Enhancement”
Hypothesis motivate us to analyze different output representations by making use of the
notion of gestural overlap. Applying the models of Cho (1998), and Benus (2005) to the
results of my experiments, the following output representations are proposed just as in
Korean cases.

Across derived alveopalatals
(a)

V- [ə]

Across underlying alveopalatals
(b)

more overlap

V ---

[ə]

less overlap

Figure 4-23. Two types of overlap: more overlap in (a) for a hetero-morphemic VV
sequence, and less overlap in (b) for a tauto-morphemic VV sequence. The curves are
hypothetical tracks of tongue body movement.

With respect to abstract input representations, it is reasonable to think that both
cases have minimal overlap between tongue body gestures for vowels. On the basis of
Zsiga (1995) and Cho (1998), we have already assumed that gestural overlap is less
variable and is fixed in the lexicon, since intergestural timing relations between vowels
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are lexicalized in non-palatalized words with underlying alveopalatals such as ‘initial,
tradition, usual, etc’. Further, since there are morpheme boundaries in words such as
‘grac+ious, omiss+ion’, intergestural timing relations are more variable and their
gestural overlap is loose until these words undergo palatalization on the surface.
There are advantages to these representations both conceptually and empirically.
First, conceptually, representations including abstract intergestural timing relations
directly capture the fact that palatalization gives rise to greater gestural overlap across
morpheme boundaries, providing a way to incorporate this into the phonological
grammar. Second, output representations with specification of the degree gestural overlap
make the output forms much closer to actual pronunciation. In order to see if an abstract
gestural overlap representation is related to (or reflected in) concrete real-time
dimensions (milliseconds), average duration of the intervening alveopalatals and duration
of V2 were measured as is illustrated in Table 4-7. The average duration of intervening
consonants was not different between palatalized words with more gestural overlap and
non-palatalized words with less gestural overlap. Thus, the actual interval between the
vowels does not reflect the degree of abstract intergestural timing relations. Next, in
V1CV2 sequences, there was a difference in duration of V2 under a (non)application of
palatalization condition. Duration of V2 was shorter in the words which did not undergo
palatalization than in the words which did undergo palatalization. Such a gap may be
related to frequency factor. In this experiment, non-palatalized words were real English
words, while palatalized words are nonsense words. Thus, more frequent real words may
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have undergone segment-internal vowel reduction more often than less frequent words as
is suggested in (Fidelholtz 1975; Bybee 2002).

Duration of alveopalatals

Duration of V2 (schwa)

Palatalized words

122 ms

68 ms

Non-palatalized words

123 ms

62 ms

p-values

F(1, 8) = 0.20, p.>0.05

F(1, 8) = 3.92, p.= 0.08

Table 4-7. Duration of alveopalatals and duration of V2 in English V1CV2 sequences in
both phonological conditions

In sum, the finding that palatalization played a crucial role in determining the
degree of coarticulation or gestural overlap might be another piece of evidence that lowlevel fine phonetic knowledge may be part of speakers’ cognitive knowledge along with
their phonological competence (Barry 1992; Recasens et al. 1997; Cho 1998). In addition
to the results pertaining to the “Tongue Body Barrier” Hypothesis and the “Resistors
Induce” Hypothesis, the results here indicate that the notion of gestures based on
intergestural timing relations is necessary to capture the gradient nature of vowel-tovowel coarticulation. In addition, binary features are also necessary to order to capture
categorical phonological rules. Another thing to note is that such phonological
enhancement of coarticulation was found regardless of whether the directionality of
coarticulation was anticipatory (Korean) or carryover (English).
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4.4.7 Lexical vs. postlexical palatalization on vowel-to-vowel coarticulation
4.4.7.1 Hypothesis (4): “Lexical Strata Conditioned Coarticulation”
The aim of this experiment is to investigate whether two types of palatalization in English
affect the degree of vowel-to-vowel coarticulation. In other words, it is to see if there is
any effect of boundary strength on intergestural timing relations.
As mentioned in 3.2, Korean has only lexical palatalization, while there are
lexical palatalization and postlexical palatalization in English. Lexical palatalization
occurs within words across morpheme boundaries (e.g. express+ion, confus+ion,
confess+ion). Since this takes place within the words, and obeys the structure preserving
principle, it has been viewed as part of the lexical phonology component in lexical
phonology (Kiparsky 1982, 1985, Halle & Mohanan 1985). On the other hand, since
postlexical palatalization occurs across word boundaries and palatalization of /s/ to /š/
shows gradience in terms of the phonetic nature of the derived alveopalatals /š, ž, č/, it
has been considered to be a postlexical rule. So the difference lies in domain of rule
application (within vs. across words) and its related boundaries (morpheme vs. word
boundary).
Given such differences, a basic idea behind this experiment is that boundary
strength (morpheme vs. word) may affect the degree of vowel-to-vowel coarticulation.
Zsiga’s (1995) acoustic and EPG study showed that lexically-derived /š/ (e.g. ‘expression,
impression, confession) was distinct from postlexically-derived /š/ (e.g. ‘confess your,
press your’). The study found that lexically derived /š/ (e.g. ‘impression’) showed
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constant contact on palate region during the whole duration of the fricative. The patterns
of the contact region were not distinct from those of underlying /š/. On other hand,
postlexically derived /š/ (e.g. ‘press your’) showed a different amount of contact on the
palate over time. That is, the amount of contact was very little at the back and center of
the palate at the onset of frication, but showed more increasing contact at the central and
back region over time. That is, the patterns of contact on the palate at the onset of
frication were similar to those of underlying /š/, while at later time points of frication,
there was more contact on back region of the palate. On the basis of this data, it was
suggested that postlexically derived alveopalatals show gradient properties from /s/ to /š/,
and postlexical palatalization involved more gestural overlap between /s/ and /j/.
Considering such results in terms of vowel-to-consonant coarticulation, it is
possible to think, in the same vein, that there is more gestural overlap between
alveopalatals and the triggering palatal in postlexical palatalization than lexical
palatalization. Thus, it is reasonable and interesting to extend the degree of vowel-toconsonant coarticulation to the degree of vowel-to-vowel coarticulation because both
cases involve the same palatalization environment. Thus, this study adopts two
assumptions. First, gestural overlap between vowels across alveopalatals is less variable
in words which undergo lexical palatalization than words which undergo postlexical
palatalization. Thus, vowel-to-vowel coarticulation is less likely to occur within the
words because of the stronger role a morpheme boundary plays in gestural cohesion.
Second, the application of a postlexical palatalization rule increases the gestural overlap
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between vowels across postlexically derived alveopalatals because the gestural overlap is
more variable and loose in the input. Thus, the following hypothesis is proposed with
respect to vowel-to-vowel coarticulation.

(9)

“Lexical Strata conditioned Coarticulation” Hypothesis
The degree of vowel-to-vowel coarticulation is stronger in the environment of
postlexical assimilation rules than in the environment of lexical assimilation rules.

This hypothesis predicts that V2 in V1CV2 sequences would be articulated further front
following postlexically-derived alveopalatals than following lexically-derived
alveopalatals. Accordingly, F2 of V2 would be higher following postlexicallyalveopalatals than following lexically derived-alveopalatals due to greater intergestural
timing relations and stronger carryover coarticulation from V1. As mentioned in the
previous chapter, intergestural timing relations on the surface are expected to differ even
though surface phonemic strings are identical, as is illustrated in Figure 4-24.
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Across postlexically-derived alveopalatals
(a)

V- [ə]

more overlap

Across lexically-derived alveopalatals
(b)

V ---

[ə]

less overlap

Figure 4-24. Two types of overlap: more overlap in (a) for VV sequence across word
boundaries, and less overlap in (b) for VV sequence within words. The curves are
hypothetical tracks of articulator movement.

However, if we obtain no significant difference of V2 in tongue backness
between lexical palatalization and postlexical palatalization, alternative explanations
might be necessary. The first possible explanation is that the status of palatalization does
not affect low-level fine phonetic details, whether it is lexical or postlexical. It might be
such that what matters is only surface phonemic sequences and vowel-to-vowel
coarticulation belongs completely to the realm of independent phonetic implementation
(Keating 1996; Barnes 2002). Thus, such results would lend support to a model which
separates phonology from phonetics.
However, these hypothetical results are not consistent with Zsiga’s findings,
which indicate that there are different intergestural timing relations between the two types
of palatalization environment.
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One of the intriguing goals here is to confirm Zsiga’s findings about the
distinction between lexical and postlexical palatalization through vowel-to-vowel
coarticulation in English, and to provide interesting evidence that fine phonetic details
may be highly conditioned by two types of different high-level phonological rules.

4.4.7.2 Stimuli and procedures
This experiment examined the effect of the status of phonological rules on the extent of
V1-to-V2 coarticulation. So in V1CV2 sequences, the intervening consonants varied
between lexically-derived alveopalatal /š/ and postlexically-derived alveopalatals /š/, as
illustrated in Table 4-8. V1 varied among two vowels, /ɪ, ɛ/, and V2 was fixed as /ə/. The
test words in (a) contained a sequence of each of the two vowels, followed by a
postlexically-derived alveopalatal fricative, followed by /ə/. They were two- or threesyllable real words or phrases. All of the subjects applied palatalization across the
morpheme boundaries, but some did not apply postlexical palatalization. 6 On the other
hand, the control words in (b) consisted of a sequence of each of the two vowels followed
by lexically-derived alveopalatals followed by /ə/. Ten participants read the word list
three times in randomized orders. Stimuli (a) were embedded in the carrier sentence
“Please say _________ phone to me.” in English. Stimuli (b) were embedded in the
carrier sentence “Please say my ______ code/state/style/name/way/book to me.” In order
to elicit a natural pronunciation. All the tokens were read at a self-selected normal
6

Responses were excluded from consideration if the subjects did not apply postlexical palatalization.
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speaking rate. 16 tokens per subject were recorded with the aid of an ultrasound machine.
160 tokens were collected and 220 tokens were analyzed with Palatron (Mielke et al.
2005) and with Praat (Boersma and Weenink 2001).

Table 4-8. English stimuli for Hypothesis 4
Factor

Phonological status of the intervening consonant

1st vowel

a. postlexically-derived

b. lexically derived

alveopalatals

alveopalatals

miss your

official

kiss your

ignition

diss your

edition

hiss your

definition

oppress your

oppression

obsess your

obsession

bless your

possession

guess your

expression

ɪ

ɛ

VV sequences

ɪ–ə

ɛ–ə

As is illustrated in Table 4-8, since the words in (a) and (b) contain a trochaic foot i.e.
[V1šV2], the unstressed V2 was always reduced to schwa [ə]. Thus, considering a
sequence of a stressed vowel followed by an alveopalatal followed by a schwa, it is
expected that carryover coarticulation (V1-to-V2) would occur rather than anticipatory
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coarticulation (V2-to-V1). This is because primary stressed vowels tend to influence
unstressed vowels (Magen 1984, 1997). Thus, this experiment compares reduced vowels
after postlexically-derived alveopalatals with reduced vowels after lexically-derived
alveopalatals. A planned comparison was made between the tongue body frontness of a
schwa in the postlexically palatalized words (a) and the tongue body frontness of a schwa
in the lexically palatalized words (b).
As described in Chapter 2, articulatory data were obtained using an ultrasound
machine. The procedures are identical to those used in obtaining the Korean data.
See Chapter 2 for detailed information on the obtaining of acoustic data, which is
the same as that used for the Korean data.

4.4.7.3 Results
4.4.7.3.1 Articulatory results
In order to get statistical results for the effect of lexical status of palatalization, we
averaged all repeated measures. That is, all lexical palatalization items for subject #1 are
averaged together; all postlexical palatalization items for subject #1 are averaged together.
All lexical palatalization items for subject #2 are averaged together, and all postlexical
palatalization items for subject #2 are averaged together, etc. After all that averaging was
complete, we obtained 20 numbers: 10 averages of a lexical palatalization condition and
10 averages of a postlexical palatalization condition, one of each for each subject. On the
basis of those, a one factor within-subjects ANOVA with the effect of lexical status of
palatalization from ten subjects was performed.
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A one factor within-subjects overall ANOVA with a palatalization rule condition
(postlexical, lexical) was conducted in order to see if there is any effect of the lexical
status of palatalization on the degree of carryover coarticulation of V2 across all nine
speakers. Analysis revealed that there was no significant difference in the frontness of V2
in the sequences of V1CV2 (F(1, 8) = 0.59, p.>0.05). Thus, a one factor by-subjects
ANOVA was performed to determine if an effect of the lexical status of palatalization
can be found for each speaker. Analysis showed that there were significant effects of the
lexical status of palatalization for three speakers out of nine (F(1, 2) =18.38, p.=0.05 for
E(5); F(1, 2) = 46.41, p.<0.05 for E(7); F(1, 2) =10.91, p.=0.08 for E(9)), as is illustrated
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lexical

a. speaker E(5)

postlexical

lexical

postlexical
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Figure 4-25. Effects of palatalization rule type on backness of V2 when V1 was /ɪ/ and /ɛ/
in English V1CV2 sequences. In (a) and (b), the left bar with a lower value refers to
further back position of V2 (schwa) after lexically derived alveopalatals /š, ž/, while the

7

Since E (9) shows the exactly opposite pattern to those in E(5) and E(7), it is not graphically shown here.
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right bar with a higher value refers to the further front position of V2 (schwa) after
postlexically derived alveopalatals /š, ž/.

As is seen in Figure 4-25, V2 in sequences of V1CV2 was articulated further front after
postlexically-derived alveopalatals than after lexically-derived alveopalatals for two
speakers (E5, E7). These results support the “Lexical Strata Conditioned Coarticulation”
Hypothesis, showing that there was a stronger carryover coarticulatory effect in words
which underwent a postlexical palatalization rule than in words which underwent a
lexical palatalization rule. Such findings indicate that the gestural overlap between V1
and V2 was greater across word boundaries than across morpheme boundaries. On the
other hand, one speaker, E(9), showed the exact opposite pattern of that shown by E(50
and E(7). The other six speakers did not show significantly different backness of V2
regardless of whether the palatalization was lexical or postlexical. Thus, we can say that
the “Lexical Strata Conditioned Coarticulation” Hypothesis holds for some speakers, but
not for others.
Overall, from two speakers out of nine, the results revealed that V2 in V1CV2
sequences was articulated further front in postlexical palatalization phrases than in lexical
palatalization words. These results support the “Lexical Strata Conditioned
Coarticulation” Hypothesis, indicating that there is stronger carryover coarticulation
across postlexically-derived aveopalatals than across lexically-derived alveopalatals.
Combining these findings, it is possible to say that there is a tendency for gestural overlap
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between vowels to be greater in words which undergo postlexical palatalization than in
word which undergo lexical palatalization.

4.4.7.3.2 Acoustic results
Figure 4-26 shows the effect of palatalization rule type (lexical vs. postlexical) on the F2
carryover coarticualtion of V2 from V1 in V1CV2 sequences when V1 collapses across /ɪ,
ɛ/. Since subjects were asked to put primary stress on V1, carryover coarticulation from
V1 to V2 was expected on the basis of the assumption that the directionality of
coarticulation is determined by stress position within foot (Magen 1984, 1987). F2s of V2
were predicted to be raised as an influence of V1. A one-factor within-subjects ANOVA
revealed that there was a highly significant effect of palatalization rule type on the degree
of carryover coarticulation of V2 from V1s as is illustrated in Figure 4-26 (F(1, 8) =33.84,
p.<0.001). These findings indicate that V2 was articulated further front after postlexically
derived alveopalatals than after lexically derived alveopalatals, supporting the “Lexical
Strata Conditioned Coarticulation” Hypothesis. Put differently, there was more gestural
overlap between V1 and V2 across word boundaries than across morpheme boundaries.
In addition, this difference tells us that the degree of coarticulation was affected by the
different type of palatalization (i.e. lexical or postlexical). That is, postlexical
palatalization caused greater gestural overlap than lexical palatalization. Along with
providing information pertinent to the “Phonological Enhancement” Hypothesis, these
results provide another important piece of evidence supporting the idea that the lexical
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status of high-level phonological rules such as palatalization plays a crucial role in
determining the degree of fine phonetic details such as vowel-to-vowel coarticulation.

0

500

1,000

mean of f2medial

1,500

2,000

*

lexical

postlexical

Figure 4-26. Overall effects of palatalization rule type on the degree of carryover vowelto-vowel coarticulation when V1 was /ɪ/ and /ɛ/ in the V1CV2 sequences in English. 8 The
left bar with a lower F2 value (1654 Hz) refers to the further back position of schwas
after lexically derived alveopalatals /š, ž/, while the right bar with a higher F2 value
(1901 Hz) refers to the further front position of schwas after postlexically derived
alveopalatals /š, ž/.
8

The significant acoustic results here show the effect for all speakers, while ultrasound results were not
significant for all speakers.

218

Further, in order to see this difference in F2 coarticulation during the whole production of
V2, F2 values were measured at the initial and offset points, as well as at the medial point
of V2. As is seen in Table 4-9, F2 values of V2 were consistently and significantly higher
in the postlexical palatalization condition than in the lexical palatalization condition
during the whole period of production of V2.

Group

Mean F2 at initial

Mean F2 at medial

Mean F2 at offset.

Lexical

1812

1654

1622

2000

1901

1798

palatalization
Postlexical
palatalization
p-values

F(1,

8)

p.<0.01

=18.11, F(1, 8) =33.84,
p.<0.001

F(1, 8) = 11.73,
p.<0.01

Table 4-9. Mean F2 values (Hz) at initial, medial and offset time points of V2 (/ə/) in
English V1CV2 sequences in both phonological conditions when V1 is either /ɪ/ or /ɛ/.

Figure 4-27 shows Table 4-9 graphically. As is seen below, the difference in the degree
of carryover coarticulation started from the initial point of V2 as an influence of a V1
such as /ɪ, ɛ/.
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F2 coarticulation (/s#i/ vs. /s+i/)
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Figure 4-27. The stream of F2 coarticulation during the whole production of V2 in
English V1CV2 sequences when V1 was /ɪ/ or /ɛ/. The line with diamonds refers to the
change of F2 of V2s across lexically derived alveopalatals, while the line with squares
refers to the change of F2 of V2s across postlexically derived alveopalatals.

In sum, there was greater gestural overlap between vowels in the words which underwent
postlexical palatalization than in the words which underwent lexical palatalization. This
finding is intriguing in the sense that two types of lexical phonological rules show
different degrees of strength in influencing intergestural timing relations.
Next, the effect of lexical status of palatalization on the degree of coarticulation of
V2 was investigated within each V1 condition (/ɪ, ɛ/). First, mean F2 values at the medial
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point of V2 were compared by a one factor within-subject ANOVA. Analysis revealed
that the effect of lexical status of palatalization was significant for all the V1s (F(1, 8)
=97.50, p.<0.001 for /ɪ/; F(1, 8) = 5.93, p.<0.05 for /ɛ/), as is illustrated in Figure 4-28.
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1,000

mean of f2medial

1,500

2,000
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esh#a
ɛš#ə

e

esh+a
ɛš+ə

ish#a
ɪš#ə

i

ish+a
ɪš+ə

Figure 4-28. The effect of palatalization rule type on the degree of F2 carryover
coarticulation of V2 within each of the V1 conditions (/ɪ, ɛ/) in English. The left bars in
each pair refer to the frontness of V2 (schwa) in V1CV2 sequences in the words which
underwent postlexical palatalization, while the right bars refer to the frontness of the
same V2s in the words which underwent lexical palatalization. V1 varies among /ɛ, ɪ/, C
is alveopalatal /š/, and V2 is a reduced schwa-like vowel.

221

First, when V1 was /ɛ/, there was difference in F2 values at initial point as well as
at medial point of V2 between the postlexical palatalization condition and the lexical
palatalization condition (F(1, 8) = 4.55, p.=0.06 at initial point; F(1, 8) = 0.75, p.>05 at
offset point). This indicates that the lexical type of palatalization influenced fronting of
V2 from the initial point of V2 when V1 was /ɛ/. Second, when V1 was /ɪ/, F2 values of
V2 were significantly higher in the words with postlexical palatalization than in the
words with lexical palatalization during whole production of V2 (F(1,8) = 39.83,
p.<0.001 at the initial point; F(1, 8) =40.04, p.<0.001 at offset point). This indicates that
/ɪ/ had a stronger carryover coarticulation effect on V2 in the words which underwent
postlexical palatalization than in the words which underwent lexical palatalization. That
is, V2 was articulated further front in the former than in the latter. Such consistent
carryover coarticulation patterns from V1 to V2 are illustrated in Figure 4-29.
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F2 coarticulation (esh#a vs. esh+a)

F2 coarticulation (ish#a vs. ish+a)
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(a) [ɛš#ə] vs. [ɛš+ə]
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(b) [ɪš#ə] vs. [ɪš+ə]

Figure 4-29. The F2 changes of V2 i.e. [ə] in both palatalization conditions in English.
The line with diamonds refers to the change in F2 of V2s after postlexically derived
alveopalatals, while the line with squares refers to the change in F2 of V2s after lexically
derived alveopalatals.

In brief, when V1 was /ɪ, ɛ/, postlexical palatalization contributed to greater
gestural overlap between vowels across word boundaries, supporting the “Lexical Strata
Conditioned Coarticulation” Hypothesis.
In sum, acoustic results showed that when V1s were front vowels such as /ɪ, ɛ/,
mean F2 values of V2 were higher in the words which underwent postlexical
palatalization than in the words which underwent lexical palatalization. These findings
indicate that the application of postlexical palatalization caused stronger carryover
coarticulation from V1 to V2 across word boundaries than lexical palatalization did
across morpheme boundaries.
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4.4.7.4 Discussion
We tested the “Lexical Strata Conditioned Coarticulation” Hypothesis which states that
the degree of vowel-to-vowel coarticulation would be stronger in the environment of
postlexical assimilation rules than in the environment of lexical assimilation rules. This
hypothesis was based on two related assumptions: one is that intergestural timing is more
variable across words than within words, and the other is that the application of
postlexical palatalization might cause greater gestural overlap between vowels across
word boundaries.
Overall, both articulatory and acoustic results supported this hypothesis especially
when V1 was either /ɪ/ or /ɛ/ in V1CV2 sequences. There was subject-to-subject variation
in the significance of the degree of coarticulation with respect to the articulatory data.
First, the ultrasound experiments revealed that the backness of /ɪ, ɛ/ had a significant
influence on V2 according to the lexical status of palatalization for two speakers, while
this was not the case for the rest of speakers. Second, acoustic experiments based on F2
values of V2 showed that the overall effect of phonological rule type existed when V1
was either /ɪ/ or /ɛ/ across nine speakers. That is, F2 values of V2 were higher in the
words which underwent postlexical palatalization than in the words which underwent
lexical palatalization, whether V1 was /ɪ/ or /ɛ/. Thus, putting together articulatory and
acoustic results, the phonological rule type (lexical vs. postlexical palatalization)
influenced the degree of coarticulation of V2.
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Given the distinct influence of the lexical status of palatalization on the degree of
vowel-to-vowel coarticulation, it provides interesting implications for the interaction
between phonological rules and vowel-to-vowel coarticulation. The first implication is
that, just as lexical palatalization contributes to greater coarticulation between vowels
than that in monomorphemic words (as according to the “Phonological Enhancement”
Hypothesis) postlexical palatalization also causes greater vowel-to-vowel coarticulation
than lexical palatalization. Here considering the output representation with respect to
intergestural timing relations, gestural overlap might be greatest for phrases which
undergo postlexical palatalization (e.g. ‘guess# your’), and next greatest for words which
undergo lexical palatalization (e.g. ‘express+ion, hozit+ious’), and least for words which
do not undergo palatalization (e.g. ‘echelon’). That is, even though phonemic VCV
strings are identical among the three conditions, the degree of gestural overlap depends
on whether they undergo palatalization or on what types of palatalization rule they
undergo (lexical or postlexical). On the basis of the articulatory and acoustic experiments
in my thesis, the following hierarchy is proposed with respect to the degree of gestural
overlap: VC#V within postlexical palatalization environments >> VC+V within lexical
palatalization environments >> VCV without any palatalization conditions.
The second implication for the relationship between phonological rules and
vowel-to-vowel coarticulation is that the interaction between the lexical status of
palatalization and vowel-to-vowel coarticulation might provide us with evidence that
phonetic constraints can be incorporated into the phonogical grammar in order to directly
capture the fact that gradient fine phonetic details are governed by categorical
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phonological rules such as palatalization. As mentioned earlier in this chapter, following
Zsiga (1995), I suggest that binary features are necessary to account for categorical
phonological phenomena, and the notion of intergestural timing relations based on
gestures and gestural overlap are also necessary in order to capture the interaction
between phonological rules and coarticulation.
The third implication relates to the degree of gestural overlap in the lexicon
according to boundary strength. We assumed that intergestural timing relations are less
variable and (relatively) more fixed within morphemes than across morphemes, and that
they are less variable and (relatively) more fixed within words than across word
boundaries. If that is the case, it might be reasonable to assume that abstract intergestural
timing relations are least variable within morphemes, less variable within words, and
most variable across word boundaries with respect to input representations. Thus,
variability in gestural overlap in the input may be inversely correlated with the degree of
gestural overlap in the output, along with the crucial role of phonological rules.
Lastly, some might wonder whether abstract intergestural timing relations might
be directly related to the actual timing distance between vowels on the basis of
milliseconds. Thus, duration of the intervening alveopalatals in VCV sequences was
measured to see if it may affect the degree of actual intervals between vowels according
to the lexical status of palatalization. Table 4-10 shows that the average duration of
alveopalatals was significantly longer within VCV sequences which underwent
postlexical palatalization than within VCV sequences which underwent lexical
palatalization. This result indicates that the degree of abstract intergestural timing
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relations does not necessarily reflect the actual milliseconds in time dimensions but rather
such timing relations are behaving as if they are phonologized. Duration of V2 was also
significantly different, and such segment-internal reduction is more likely to be
determined by word or phrasal frequency as mentioned in the previous section.

Duration of alveopalatals

Duration of V2 (schwa)

112 ms

53 ms

Postlexical palatalization 126 ms

42 ms

p-values

F(1, 8) =16.91, p.< 0.01

Lexical palatalization

F(1, 8) =21.79, p.<0.01

Table 4-10. Duration of English alveopalatals and duration of V2 in V1CV2 sequences in
both phonological conditions.

In order to see if duration of intervening alveopalatals has any correlation with F2s of V2
in V1CV2 sequences, correlation analyses between these two factors were conducted,
especially when V1 was a front vowel such as /ɪ/ or /ɛ/. Interestingly, analysis revealed
that there was a positive correlation between the two factors, as is illustrated in Figure 430 (p.<0.05). In other words, the longer the duration of the intervening alveopalatals, the
higher the F2s of V2, the stronger carryover coarticulation effects from V1 such as /ɪ, ɛ/.
This indicates that V2 was articulated further front after longer alveopalatals than after
shorter alveopalatals. This correlation may be accounted for by the notion of “gestural
compatibility” between front vowel and alveopalatals. Since the alveopalatals with longer
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duration shares tongue body raising and fronting gestures with V1s, both V1s and
consonants may have acted as stronger inducers to carryover coarticulation to V2. This
might be another piece of evidence that the notion of “gesture” is necessary to provide a
suitable account for the degree of vowel-to-vowel coarticulation.
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Figure 4-30. Positive Correlation between F2 and duration of alveopalatals in English
(p.<0.05). The y-axis refers to the F2 values of V2, and the x-axis refers to the duration of
the intervening alveopalatals.

In addition, data was analyzed to see if there is any correlation between F2s of V2s and
their duration. An analysis of correlation revealed that there was a slightly significant
correlation between the two factors as is illustrated in Figure 4-31 (p.=0.04). That is, the
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longer the duration of V2s, the lower the F2s of V2. This tendency makes sense in that
the V2, i.e. the target of coarticulation, when being of longer duration, might be less

1000

1500

2000

2500

likely to be coarticulated with V1, or might be more resistant to coarticulation from V1.

0

50
F2m

schwadur

100

150

Fitted values

Figure 4-31. Negative correlation between F2 and duration of V2 schwas in English
(p.=0.04). The y-axis refers to F2 values of V2, and the x-axis refers to duration of V2
such as /ə/.

In brief, the overall results showed that there was more prominent carryover
coarticulation of V2 in postlexical palatalization environments than in lexical
palatalization environment, especially when V1s were front vowels. Such findings
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support the “Lexical Strata Conditioned Coarticulation” Hypothesis, indicating that
postlexical palatalization has more strength to cause greater gestural overlap between
vowels than lexical palatalization. Further, the role of the lexical status of palatalization
rule worked together with the different degrees of intergestural timing relations in the
lexicon according to the different roles of different boundaries.

4.5. Summary
The experiments in this chapter investigated four factors on the degree of vowel-to-vowel
coarticulation in the palatalization environments in English: (1) the effect of intervening
consonants (alveopalatal fricatives vs. alveolar stops);(2) the effect of the second vowel
(/i/ vs. /a/); (3) the effect of palatalization rule (derived alveopalatals vs. underlying
alveopalatals); (4) the effect of the lexical status of palatalization (lexical vs. postlexical
palatalization rule).
First, the effect of the intervening consonants was examined between alveopalatal
fricatives and alveolar stops. Ultrasound experiments showed that in V1CV2 sequences,
V1s like /a, ʌ, u/ were articulated further front before alveolar stops than before
alveopalatal fricatives, as would be expected by the “Tongue Body Barrier” Hypothesis.
However, acoustic results showed that F2s in V1s were significantly higher before
alveopalatals than before alveolars. There was a crucial conflict between the two types of
results. However, since the ultrasound data directly show coarticulation, while the
acoustic data indirectly reflect co-acoustical properties, it might make more sense to give
greater weight to the articulatory data. A possible explanation for this mismatch may lie
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in the English-specific phonetic nature of alveopalatals and alveolars. That is, the tongue
body frontness of these two kinds of consonants was not different. Thus, an acoustic
property like duration made alveopalatals act as strong barriers to V-to-V coarticulation.
Second, the effect of V2s on the degree of vowel-to-vowel coarticulation was
examined between /i/ and /a/. Ultrasound experiments showed that V1 in V1CV2
sequences was articulated further front before V2 /i/ than before /a/, whether the
intervening consonants were alveopalatals or alveolars. Further, acoustic findings
revealed that F2s of V1s were significantly higher before /i/ than before /a/ when the
intervening consonants were alveopalatals or alveolars. Overall, these results support the
“Resistors Induce” Hypothesis.
Third, the effect of palatalization on the degree of vowel-to-vowel coarticulation
was examined between palatalized words with derived alveopalatals and non-palatalized
words with underlying alveopalatals. Ultrasound experiments showed that V2s such as /ə/
in V1CV2 sequences were articulated further front in the words which underwent
palatalization than in the words which did not when V1 was /ɪ/ and /ɛ/. Acoustic
experiments also showed that F2s of the same V2s were higher in the words with derived
alveopalatals than in the words with underlying alveopalatals when V1s were /ɪ/ and /ɛ/.
That is, V2 underwent stronger carryover coarticulation from V1 /ɪ, ɛ/ across derived
alveopalatals than across underlying alveopalatals. Both the articulatory and acoustic
results support the “Phonological Enhancement of Coarticulation” Hypothesis, indicating
that the application of palatalization caused a stronger carryover coarticulatory effect
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across derived alveopalatals. As mentioned in Chapter 3, such findings are intriguing in
the sense that phonological rules directly affect or increase gestural overlap between
vowels.
Lastly, the effect of the lexical status of palatalization on the degree of vowel-tovowel coarticulation was investigated between lexical palatalization and postlexical
palatalization. The ultrasound experiments showed that, for two speakers, a V2 such as
/ə/ was articulated further front in the words which underwent postlexical palatalization
than in the words with underwent lexical palatalization, when V1s were /ɪ/ or /ɛ/. Even
though the effect was significant with only two speakers with the ultrasound, it was
significant across all speakers spectrographically. The acoustic results also showed that
F2s of V2 /ə/ were higher after postlexically derived alveopalatals than after lexically
derived alveopalatals when V1 was /ɪ/ or /ɛ/. Such findings indicate that postlexical
palatalization causes greater gestural overlap than lexical palatalization, showing stronger
coarticulation. In addition to results pertaining to the “Phonological Enhancement of
Coarticulation” Hypothesis, these findings might be further evidence that phonological
rules directly affect low-level fine phonetic details such as coarticulation depending on
their lexical status.

4.6 Conclusion
First, results on the “Tongue Body Barrier” Hypothesis indicate that the intervocalic
alveolar stops caused stronger vowel-to-vowel coarticulation than the intervening
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alveopalatals. Such articulatory results were different from those in the Korean
experiment, which showed that intervening palatals caused greater gestural overlap than
alveolars.
Second, results relating to the “Resistors Induce” Hypothesis indicate that V2 /i/
induces coarticulation of V1 more strongly than V2 /a/, just as was found for Korean
cases. This means that there are universal properties with respect to /i/ and /a/, i.e. /i/ is
the most resistant to coarticulation from other vowels because it has the most robust
tongue dorsum gesture, while /a/ is less likely to affect other vowels because of more
flexibility of the tongue body gesture.
Third, just like Korean palatalization rule effects, results pertaining to the
“Phonological Enhancement of Coarticulation” Hypothesis indicate that the application
of English palatalization also contributes to greater gestural overlap across morpheme
boundaries on the surface than within morphemes. Further, they also support the
assumption that the abstract intergestural timing relations are more variable across
morphemes where palatalization occurs. Our finding yields an interesting implication in
that vowel-to-vowel coarticulation is highly conditioned by high-level phonological rules
like palatalization. Further, it necessitates incorporation of the notion of gestures and
intergestural timing relations into the representation in order to capture the fact that
phonological rules enhance (affect) coarticulation.
Finally, results pertaining to the “Lexical Strata Conditioned Coarticulation”
Hypothesis indicate that postlexical phonological rules cause greater gestural overlap
between vowels than lexical phonological rules do. Such a finding also indicates that
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intergestural timing relations are more variable across word boundaries than within words.
This might be another interesting piece of evidence that even the different lexical status
of phonological rules gives rise to different degrees of fine phonetic details such as
gestural overlap.
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CHAPTER 5
GESTURAL OPTIMALITY-THEORETICAL APPROACH TO THE INTERACTION BETWEEN
PALATALIZATION AND COARTICULATION

5.1 Introduction
This chapter attempts to provide a formal analysis of the interaction between
phonological rules and vowel-to-vowel coarticulation in Korean and English, on the basis
of the experimental results reported in Chapters 3 and 4, especially the “Phonological
Enhancement of Coarticulation” Hypothesis and the “Lexical Strata Conditioned
Coarticulation” Hypothesis.
First, in Chapter 3, the effect of phonological rules such as palatalization on the
degree of V-to-V coarticulation was investigated. Ultrasound results showed that V1s
were articulated further front across derived palatals than across underlying palatals in
V1Ci sequences. In line with the articulatory data, acoustic experiments also revealed that
F2s of V1s were higher before palatalized consonants than before underlying palatals.
Thus, the “Phonological Enhancement” Hypothesis was supported, which claims that V1s
would undergo stronger anticipatory coarticulation from V2 /i/ in words which undergo
palatalization than in words which do not undergo palatalization.
Second, in Chapter 4, the effect of palatalization on the degree of vowel-to-vowel
coarticulation was examined between palatalized words with derived alveopalatals and
non-palatalized words with underlying alveopalatals. Ultrasound experiments showed
that V2 /ə/ in V1CV2 sequences was articulated further front in the words which
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underwent palatalization than in the words which did not when V1 was /ɪ/ and /ɛ/.
Acoustic experiments also showed that F2s of the same V2s were higher in the words
with derived alveopalatals than in the words with underlying alveopalatals when V1s
were /ɪ/ and /ɛ/. That is, V2 underwent stronger carryover coarticulation from V1 /ɪ, ɛ/
across derived alveopalatals than across underlying alveopalatals. Both articulatory and
acoustic results support the “Phonological Enhancement of Coarticulation” Hypothesis,
indicating that the application of palatalization caused a stronger carryover coarticulatory
effect across derived alveopalatals. Next, the effect of the lexical status of palatalization
on the degree of vowel-to-vowel coarticulation was investigated between lexical
palatalization and postlexical palatalization. Ultrasound experiments showed that, for two
speakers, V2 /ə/ was articulated further front in the words which underwent postlexical
palatalization than in the words with underwent lexical palatalization, when V1s were /ɪ/
or /ɛ/. Acoustic results also showed that F2s of V2 /ə/ were higher after postlexically
derived alveopalatals than after lexically derived alveopalatals when V1 was /ɪ/ or /ɛ/.
Such findings indicate that postlexical palatalization causes greater gestural overlap than
lexical palatalization, showing stronger coarticulation.
On the basis of these experimental results, we will consider the following
theoretical points in this chapter.
First, this thesis focuses on the interaction between palatalization and
coarticulation, so the phonological discussion of palatalization will similarly focus on the
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interaction between phonological palatalization and coarticulation, setting aside
interesting issues such as the phonological opacity of Korean palatalization (see Kiparsky
1973; Lee 1996 No restructure constraint; McCarthy 1998 Sympathy theory; McCarthy
2002 Comparative Markedness; Kiparsky 2000 Stratal OT; Lubowicz 2002 Local
Conjuction). Here, I suggest a unified model of phonology and phonetics based on the
experimental results that show that phonetic details such as the degree of vowel-to-vowel
coarticulation are highly conditioned by the lexical status of palatalization as well as the
application of phonological palatalization.
Second, I follow the proposal that abstract intergestural timing relations should be
incorporated into phonological representations either in the input or in the output (Cho
1998, Bradley 2002, Gafos 2002, Benus 2005, Yun 2005b), based on the assumption that
coarticulation is the physical manifestation of intergestural overlap. The argument here
relies on the experimental results in Chapters 3 and 4. These findings are: (1) the findings
that palatalization in Korean causes greater coarticulation between vowels in words
which undergo palatalization; (2) English palatalization shows greater coarticulation in
words which undergo pseudo-palatalization; and (3) that there was greater coarticulation
in words with postlexical palatalization than in those with lexical palatalization. The
representations expressing intergestural timing relations of vocalic gestures are a
satisfactory way of capturing the observation that phonological rules such as
palatalization directly affect phonetic realization. Specifically, I adopt the gestural
landmark model suggested by Gafos (2002) in this account of phonological enhancement
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of coarticulation in Korean and English, broadly within optimality theoretic frameworks
(Prince & Smolensky 1992, McCarthy & Prince 1995).
Third, basically I employ the notion of “gestural coordination” (Brown &
Goldstein 1986, 1989, 1990, 1992; Byrd 1996; Gafos 2002) to formally represent gestural
overlap between segments. Gestural coordination is the concept that both lexically and in
the output, gestures of articulators such as the tongue body, the tongue tip, the tongue
blade, the lip, and the larynx cooperate to make segments through time.
Before analyzing the interaction between palatalization and vowel-to-vowel
coarticulation, let us now look at articulatory phonology and the gestural landmark model
in greater depth, in order to find an appropriate unified model of phonetics and
phonology.

5.2 Previous articulatory models
5.2.1 Articulatory phonology
According to articulatory phonology (Browman & Goldstein 1986, 1989, 1990, 1992;
Byrd 1996), gestures are not only events which involve the movement of articulators in
speech production but also basic units of lexical contrast in phonological phenomena.
Articulatory gestures such as lips, tongue tip, tongue body, velum, and glottis are
coordinated along time dimensions. Thus, lexical contrasts or phonological processes are
characterized by the presence or absence of a gesture, and by different coordination
among the same gestures (see Browman & Goldstein 1992). For example, the authors
illustrate the lexical contrast between ‘bad’ and ‘dad’ with the different organization of

238

different gestures as is seen in Figure 5-1. The contrast lies in whether the tongue body
for vowel /a/ is coordinated (or overlaps) with a lip gesture or with a tongue tip gesture at
the beginning of the words.

VEL

TB

VEL

Wide pharyngeal

TT

TB

closure

TT

alveolar
LIPS

closure

wide pharyngeal

closure

closure

alveolar

alveolar

LIPS

labial
GLO

GLO

(a) bad

(b) dad

Figure 5-1 Schematic scores, (a) ‘bad’ (b) ‘dad’. (Browman & Goldstein 1992; 158)

In addition to lexical contrasts, deletion or assimilation has also been treated in
terms of gestural overlap or coordination. For example, the authors suggest that the
deletion of [t] in ‘perfect memory’ in casual fluent speech is due to complete overlap
between the alveolar gesture for /t/ and stop gesture of /m/. They found that even though
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/t/ is not perceived, it is still articulated to the same extent as [t] as the audible [t] in
‘perfect’.
On top of the lexical and phonemic levels, allophonic variation and coarticulation
have also been dealt with through the different degrees of overlap of gestures. For
example, with respect to coarticulation between vowels and consonants within syllable
with CVC syllables, onsets are coordinated with the beginning of the nucleus vowels,
while codas are coordinated with the offset of the nucleus vowels.
Zsiga (1955) suggests an eclectic model with both features and gestures to
account for the distinction between lexical palatalization and postlexical palatalization.
She proposes that categorical features are necessary to account for lexical palatalization
and that gestures are necessary to explain the gradient property of postlexical
palatalization. This thesis follows Zsiga’s (1995) eclectic model rather than articulatory
phonology which only uses gestures to account for the interaction between (categorical)
palatalization and (gradient) vowel-to-vowel coarticulation. Turning back to
palatalization, articulatory phonology claims that palatalization occurs as a result of the
overlap of a coronal gesture with a high front /i/ or glide /j/ (Browman & Goldstein 1992;
Cho 1998). In generative phonology and current optimality theory, palatalization is
usually defined as the featural change of segments with [+coronal, +anterior] into
segments with [+coronal, -anterior] due to the influence of a following /i/ with [+coronal,
-anterior] specifications. WIthin traditional articulatory phonology, it has not yet been
determined how much the degree of gestural overlap can match how many features
change. For example, as observed in Chapters 3 and 4, Korean and English palatalization
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cause a greater degree of vowel-to-vowel coarticulation in words with palatalization than
in words without palatalization. However, Zsiga’s approach does not provide any formal
tool to express the different degrees of gestural overlap. Further, feature-only models
cannot capture the gradient degree of coarticulation which occurs in the environment of
palatalization.
In the next section, Gafos’ (2002) analytic tools for formally capturing the degree
used and the timing of gestures are briefly reviewed.

5.2.2 Gestural landmark model
As Browman & Goldstein (1992) claim, speech can be decomposed into a set of gestures
that controls the actions of distinct articulator sets within the vocal tract. Based on
gestural or articulatory phonology, Gafos (2002) suggested a formal tool for representing
the degree of gestural overlap through the use of intergestural timing relations. He claims
that phonological representation includes information about the temporal orchestration of
the gestures that constitute consonants and vowels. He assumes that gestures have a
temporal dimension which consists of five landmarks as in (1). These are: (1) ONSET– the
onset of movement toward the target; (2) TARGET – the point in time at which the gesture
achieves its target; (3) C-CENTER – the mid-point of the gestural plateau; (4) RELEASE –
the onset of movement away from the target; and (5) RELEASE-OFFSET– the point in time
at which active control of the gesture ends. Each landmark which expresses timing of
gestures is not a real time measurement (e.g. milliseconds), but a relational abstract
notion.
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(1)

Landmarks in gestures
gestural plateau

target c-center release

onset

release-offset

Using this model, gestural coordination specifies that some landmark of one
gesture is synchronous with some landmark of another gesture, as exemplified through
the constraints in (2). His model allows any landmark of the first segment to coordinate
with any landmark of the second segment. For example, he mentions the constraint VCCoordination which requires that the target of the C gesture is synchronized with the
release of the V gesture, ALIGN (V, RELEASE, C, TARGET) (Gafos 2002:281). Under this
view, coarticulation is gestural overlap between consonants and vowels triggered by the
forces of these constraints. (2a), (2b), and (2c) explain C-to-C coarticulation, C-to-V
coarticulation, and V-to-V coarticulation, respectively. However, among many of the
alignment posssibilties in Gafos’ model, I employ the Alignment constraints where any
landmark of the first gesture can be coordinated only with the onset of the second gesture.
In this respect, my usage of Alignment constraints is more restrictive than Gafos’ model.
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However, this restrictiveness comes from the experimental results in my current study,
not from some theoretical prior justification.

(2)

Gestural coordination constraints (=coarticulation)

a.

CC-coordination = Align (C1, C-center, C2, onset)
The c-center of the first C should be synchronous with the onset of the second C.

b.

CV-coordination = Align (C, C-center, V, onset)
The c-center of the C should be synchronous with the onset of V.

c.

VV-coordination = Align (V, release-offset, V, onset)
The release offset of the first V should be synchronous with the onset of the
second V.

For example, he accounts for the fact that in heterorganic consonants in C1VC2 as in
[katəb], the acoustic release of a C1 such as [t] disappears in fast speech by allowing
[katəb] to obey (2a). That is, the absence of release is due to the gestural overlap between
two consonants. And (2b) is reported to account particularly for the fact that particularly,
an onset consonant immediately followed by nucleus is directly related to that nucleus.
On the basis of the gestural landmarks in (1) and the coordination constraints
which force gestural overlap, various representations can be expressed. These are given
in (3).
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(3)

Examples of temporal relations (‘o’ onset, ‘t’ target, ‘cc’ c-center, ‘r’ release,

‘roff’ r offset; Gafos 2002: 271)

a. No overlap
t1

b. Minimal overlap

r1

o1

t2

r2

roff1= o2

t1
roff2

o1

r1
cc1=o2

t2

r1=o2

c. Modest overlap

t1

r1

r2
roff1 roff2

d. Significant overlap

t2
roff1

r2

t1
roff2

o1

t1=o2

r1 t2

r2
roff1

roff2

As seen above, the degree of coarticulation can be expressed in the coordination
representation, i.e. according to how much the landmarks of two gestures overlaps in
terms of timing relations. The relation in (3a) exhibits the condition of no gestural
overlap, where the two gestures fall farther apart. That is, onset of the second gesture
begins at some point after the release phase of the first gesture. Gafos (2002) offers an
example of this relation, which is seen in the sequence of two identical consonants such
as /tt/ in Morroccan Colloquial Arabic. Here the avoidance of gestural overlap of two
identical consonants is attributed to the effect of a gestural version of the Obligatory
Contour Principle (Goldsmith 1976, McCarthy 1986, 1988). The relation in (3b) is the
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case where the release phase of the first gesture is synchronous with the onset of the
following gesture. The relation in (3c) is the case where the c-center phase of the first
gesture is synchronous with the onset of the following gestures. This case can be seen in
the production of a sequence such as /tb/ where the onset of movement for the lips
gesture for /b/ starts around the mid-point of the tip-blade gesture for /t/ (Gafos 2002).
The relation in (3d) shows the pattern where the release of the first gesture coincides with
the target of the second gesture. To explain, for example, the CC clusters found in
Moroccan Colloquial Arabic, he adopts an Optimity Theoretic approach with the
following constraints, given in (4).

(4) Constraints
a. OCP (gestural version)

: Overlapping identical gestures are prohibited.

b. CC-coordination

: Align (C1, C-center, C2, Onset)

The c-center of the first consonant is synchronous with onset of the second consonant.

Since this language allows open transition between two identical consonants, OCP is
ranked above CC-Coordination. (5a) violates OCP since identical gestures are overlapped,
while (5b) does not (See Gafos 2002 for more detailed analyses with more candidates).
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(5) CVC with identical consonants: OCP >> CC-COORD (Gafos 2002:291)
Base: /tVt/

OCP

a. [tt]

*!

b. ) [tət]

CC-COORD

*

In sum, Gafos’s gestural landmark model assumes that the phonological grammar
includes the temporal relation between gestures and opens the way to a formal treatment
of the interactions between phonological representations and phonetic gestural
realizations. As mentioned previously in this section, although I follow Gafos’
Coordination (=Alignment) constraints, my usage of Alignment constraints are more
restrictive in that VV-Coordination constraints have the format where any landmark of
the first gesture is coordinated with only the onset of the second gesture.
Following Gafos’s (2002) theoretical tools within optimality theoretical
frameworks, formal analyses are given in the next section. First, I am assuming Zsiga's
model, incorporating Gafos' model into it9. Second, I assume that abstract intergestural
timing relations can be incorporated into the phonological grammar, either in the input or
output (Browman & Goldstein 1992; 164).

5.3 Feature-and-gesture models
5.3.1 Interplay between palatalization and coarticulation in Korean

9

This is an assumption; it remains to be shown (in future work) that a features-only and a gestures-only
model will fail. Thanks to Diana Archangeli for her much discussion on this point.
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Traditional rule-based or OT phonology employs featural models along with relevant
rules and constraints (SPE 1968; Prince & Smolensky 1993). The representations for
input and output contain features, and the targets of rules or constraints are expressed as
features.
First, let us consider palatalization in Korean, whereby coronals /t, th/ become
palatals [ǰ, č] before /i/ across a morpheme boundary as illustrated in (6).

(6)

a. Input

b. Assimilated forms

c. Glosses

/mat-i/

[maǰi]

‘the eldest+NOM’

/mitat-i/

[midaǰi]

‘a sliding door+NOM’

/kath-i/

[kači]

‘together+ADV’

/tat-hita/

[tačida]

‘be closed+Passive’

/path-i/

[pači]

‘field+NOM’

/kaɨlkət-i/

[kaɨlgəǰi]

‘autumn harvest+NOM’

/kət-hita/

[kəčida]

‘be collected+Passive’

/p’ət-hita/

[p’əčida]

‘be stretched out+Passive’

/kot-i/

[koǰi]

‘plainly, as it is+ADV’

/haytot-i/

[hɛdoǰi]

‘sunrise+NOM’
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cf)

/soth-i/

[soči]

‘iron pot+NOM’

/kut-i/

[kuǰi]

‘intentionally+ADV’

/muth-i/

[muči]

‘land+NOM’

/puth-ita/

[pučida]

‘paste, post+Causative’

/hɨth-ita/

[hɨčida]

‘scatter+Causative’

/k’ɨth-i/

[k’ɨči]

‘end+NOM’

/mat-atl/

[madadl]

‘the eldest son’

/mitat-ta/

[midatta]

‘push and close’

/kat-ta/

[katta]

‘be alike’

/tat-ta/

[tatta]

‘close’

/path-kwa/

[patkwa]

‘field+Comparative’

/kət-ta/

[kətta]

‘collect’

/p’ət-ta/

[p’ətta]

‘stretch’

/kot-ta/

[kotta]

‘straight’

/tot-ta/

[totta]

‘rise’

/soth-kwa/

[sotkwa]

‘iron pot+Comparative’

/kut-ta/

[kutta]

‘become hard’

/muth-kwa/

[mutkwa]

‘land+Comparative’

/puth-ə/

[puthə]

‘pasted’
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/hɨth-ə/

[hɨthə]

‘scatter’

/k’ɨth-nay/

[k’ɨnn]

‘finish!’

In terms of featural combination, change of place within coronals involves
changing [+anterior] to [–anterior] under the [coronal] node, as expressed in rule (7),
given Clements & Hume’s (1995) feature geometry.

(7)

Palatalization rule

+cor

-ant

-son

+strid

/____ +

-cons
+high
-back

First, let us examine how an optimality-theoretic analysis handles palatalization. This
process is handled by the interaction between a markedness constraint such as *ti and
faithfulness constraints such as IDENT (ant) and MAX-V as is shown in (8).

(8) Relevant constraints
a.

*ti : The sequences of {/t/, /th/}i are not allowed (Lee 1996; McCarthy
2002). 10

10

To explain assimilation, Padgett (1997) employs the constraint SPREAD(x), which demands that every
feature (x) be linked to every segment (y) in some domain. He says that this constraint cooperates with
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b.

AGREE (-ant) : Consonants adjacent to a front vowel in some words have the
same feature node [-ant].

c.

IDENT (ant) : Corresponding segments have the same feature [ant] in the input
and the output (McCarthy & Prince 1995).

d.

MAX-V : Vowels in the input have the corresponding segments in the output
(McCarthy & Prince 1995; Archangeli & Langendoen 1997).

Since palatalization involves a featural change for alveolar consonants and the triggering
vowel /i/ does not undergo any change, usually the following ranking is employed: *ti,
AGREE(-ant), MAX-V >> IDENT (ant). As is seen in tableau (9) 11, the most faithful
candidate (9a) fails by violating the highest ranked markedness constraint *ti. (9b) also
loses out by violating MAX-V, while the optimal output (9c) satisfies the higher-ranked
constraints at the expense of violating the lowest ranked IDENT (ant) constraint.

alignment constraints (McCarthy & Prince 1994) and a no-skipping constraint (Archangeli & Pulleyblank
1994) to trigger assimilation in some domain. The plausible phonetic basis for this constraint might be that
it will enhance the perceptibility of the affected feature by extending it (Cole and Kisseberth 1994), and
will eliminate contrast in non-prominent locations (Steriade 1993), and lead to fewer overall
articulations/specifications (Cole and Kisseberth 1994).
11
Since a detailed formal analysis of palatalization is outside of the scope of this paper, I assume any of the
approaches on opacity in Korean palatalization. See Lee (1996), McCarthy (1998, 2002), Lubowicz (2002),
and Kiparsky (2000) for detailed analyses.
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(9) *ti, AGREE(-ant), MAX-V >> IDENT (ant)
/kath+i/

*ti

‘together’
a. kathi
b. kač
) c. kači

AGREE

MAX-V

IDENT (ant)

*!

*

(-ant)
*!

*

*

As is seen in (9), the targets for the markedness constraint AGREE (-ant) and the
faithfulness constraint IDENT (ant), which are crucial for handling palatalization, are
features within consonants. That is, any OT models with features as basic units are
appropriate to account for phonological processes which involve featural operations.
Assuming this phonological analysis, let us turn back to the main issue, i.e. the
interaction between palatalization and vowel-to-vowel coarticulation. Given the
experimental results, especially from testing the “Phonological Enhancement of
Coarticulation” Hypothesis in Chapter 3, we found that vowel-to-vowel coarticulation
was more prominent in words which underwent palatalization than in words which did
not. That is, although two words may have the same surface string of [VCi] in the output,
V1s such as /a, ə, o, ɨ, u/ were articulated further front before derived palatals in the
words (10a) than before underlying palatals in the words (10b). As was discussed in
Chapter 3, such findings are intriguing in the sense that they indicate that there is greater
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gestural overlap between vowels in the words in (10a) than in the words in (10b).
Palatalization contributed to much closer intergestural timing relations between vowels.

(10)

a. Palatalized words (=6)

b. Non-palatalized words

/mat+i/

maǰi

‘the eldest’

maǰi

‘unwillingly’

/mitat+i/

midaǰi

‘a sliding door’

kɨdaǰi

‘so, so much’

/kath+i/

kači

‘together’

kači

‘value, worth’

/tat+hita/

tačida

‘be closed’

tačida

‘be hurt’

/path+i/

pači

‘field+NOM’

pačida

‘dedicate’

/kaɨlket+i/

kaɨlkəǰi

‘autumn harvest’

səɨlkəǰi

‘dishwashing’

/somayket+i/ somɛkəǰi

‘rolling up the sleeve’ kəǰi

‘beggar’

/caliket+i/

ǰarikəǰi

‘a sort of exorcism’

əkəǰi

‘forced’

/ket+hita/

kəčida

‘be cleared off’

kəčida

‘go through’

/p’ət+hita/

p’əčida

‘be stretched out’

kabəči

‘value, worth’

/kot+i/

koǰi

‘plainly, as it is’

koǰi

‘high ground’

/haytot+i/

hɛdoǰi

‘sunrise’

doǰida

‘be severe’

/soth+i/

soči

‘iron pot+NOM’

kočida

‘repair, fix’

/hoth+i/

hoči

‘single layer+NOM’ dočibəp

‘inversion’
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/kut+i/

kuǰi

‘intentionally’

talkuǰi

‘ox cart’

/kut+hita/

kučida

‘harden’

čiučida

‘lean’

/muth+i/

muči

‘land+NOM’

uči

‘foolishness’

/mut+hita/

mučida

‘be buried’

mučida

‘season’

/puth+ita/

pučida

‘paste’

pučida

‘post’

/hɨth+ita/

hɨčida

‘scatter’

sɨčida

‘go past by’

/k’ɨth+i/

k’ɨči

‘end+NOM’

kɨčida

‘stop, cease’

/tɨt+i/

t’ɨǰi

‘remake after tear off’ kirɨǰi

‘breed’

On the basis of differences in intergestural timing relations according to the (non)application of palatalization, I suggested different representations for the output in
Chapter 3, repeated in Figure 5-2. The words with derived palatals in (10a) which
undergo palatalization have Figure 5-2 (a) with more overlap, while the words in (10b)
with underlying palatals show less overlap in Figure 5-2 (b).
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Across a morpheme boundary /kath+i/
(a)

V–V

more overlap

Within a morpheme boundary /kači/
(b)

V

V

less overlap

Figure 5-2. Two types of overlap: more overlap in (a) for a hetero-morphemic sequence,
and less overlap in (b) for a tauto-morphemic VV sequence. The curves are hypothetical
tracks of articulator movement (i.e., tongue body) (an extended version of Cho 1998).

Under Gafos’ (2002) gestural landmark models, the gestural representations in Figure 5-2
can be replaced with the gestural coordination scores illustrated in (11). (11a) shows a
representation where the c-center of V1 is coordinated with the onset of V2,
corresponding to the coarticulation pattern in (10a), while (11b) shows a representation
where the release of V1 is synchronous with the onset of V2, corresponding to (10b) with
minimal V-to-V coarticulation. As is seen in (11), the output phonemic VCV sequence is
identical to [kači], but the degree of gestural overlap differs along the time dimension.

(11) Types of gestural coordinations (‘o’ onset, ‘t’ target, ‘cc’ c-center, ‘r’ release, ‘roff’ r
offset)
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a. [kači] (10a) with stronger coarticulation

t1
o1

cc1=o2
V1

r1

t2

b. [kači] (10b) with less coarticulation

r2

roff1

t1
roff2

o1

V2

r1

t2

r2

r1=o2 roff1
V1

roff2
V2

The output representations above are posited as a result of the experimental results
discussed in Chapter 3. First, V1s /a, ə, o, ɨ, u/ underwent anticipatory vowel-to-vowel
coarticulation in both (10a) and (10b). Thus, both types of words should have
representations showing gestural overlap. Second, the degree of gestural overlap was
different, showing that it was greater in palatalized words (10a) than in non-palatalized
words (10b).
Given these two different output representations, let us take a look at how featureand-gesture models choose the optimal output representation within an OT framework.
Here appropriate constraints are necessary to capture the differences in the
representations in (11), which can handle abstract intergestural timing relations. Since my
proposed analysis assumes the “Richness of Base” principle for the input (Prince &
Smolensky 1993, McCarthy & Prince 1995), the crucial constraints are markedness
constraints which demand optimal output representation (11a).
I apply the constraint VV-COORDINATION suggested by Gafos (2002). Although
Gafos originally employed such constraints for phonological processes, I extend this one
to deal with different degrees of vowel-to-vowel coarticulation. Thus, the following
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constraints are employed to force the representations in (11a) and (11b). (12a) demands
the representation in (11b), where the release of V1 should be synchronous with the onset
of V2. (12b) forces the representations in (11a), where the c-center phase of the first
gesture is synchronous with the onset of the following gestures across morpheme
boundaries. Since VV-COORDINATION can demand various degrees of gestural overlap
as ALIGN constraints do, I will call (12) VV-COORDINATION 1 and VV-COORDIANTION
2, respectively.

(12)

VV-COORDINATION constraints 12

a.

VV-COORDINATION 1 = ALIGN (V, release, V, onset)
The release of the first V should be synchronous with the onset of the second V.

b.

VV-COORDINATION 2]V+V = ALIGN (V, c-center, V, onset)
The c-center of the first V should be synchronous with the onset of the second V
in the environment of morpheme boundaries.

Further, of interest is that since the effect of stronger vowel-to-vowel coarticulation is
accompanied by palatalization, it should be guaranteed that VV-COORDINATION 2 apply
in the environment of a morpheme boundary. Here I add morpheme boundary condition

12

Since the VV-COORDINATION constraint can be paraphrased in the format of ALIGN, theoretically
any landmarks of the first segment can be aligned or coordinated with any landmarks of the second
segment. Gafos (2002) employs only COORDINATION constraints where any landmarks of the first
segement are aligned with the onset of the second segment. Since two gestures are linearly juxtposed along
the time dimension, the onset of the first segment cannot be aligned with the release-offset of the second
segment. Thus, there exists an internal restriction on this constraint schema, which makes sense,
considering the time sequences of two gestures. For convenience, I also adopt for my analysis VVCOORDINATION constraints where any landmarks of V1 are coordinated with only the onset of V2.
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to VV-COORDINATION 2 13. I assume Cho’s (1998) position that the existence of
morpheme boundaries between vowels makes the intergestural timing relations between
vowels flexible in the input. So the application of palatalization across morpheme
boundaries causes greater gestural overlap between vowels in the output as was
confirmed in the experimental results through “Phonological Enhancement of
Coarticulation” Hypothesis in chapter 3 and 4. Thus, VV-CO2 incorporates Cho’s
suggestion into a formal constraint.
Now that we have constraints which permit us to evaluate the degree of vowel-tovowel coarticulation (12), and now that we have the representations for output in (11), let
us examine how optimality theoretic frameworks equipped with abstract intergestural
representations work to choose the optimal output. First, I adopt an umbrella constraint
PAL for convenience. This constraint includes *ti, AGREE (-ant), and MAX-V as shown in
(9). Second, since greater degree of coarticulation is observed, VV-CO2 should be as
high ranked as PAL as is seen in (13b).

(13) Constraints and their ranking
a.

PAL: Palatalized /t, th/ before heteromorphemic /i/. (Lee 1997, Lubowicz 2002).

b.

PAL, VV-CO 2]V+V >> IDENT (ant), VV-CO1

13

The idea of a boundary-induced markedenss constraint comes from the insight behind domain-induced
markedness constraints, as suggested by Archangeli & Pulleyblank (2002). For example, they propose a
constraint ranking such as Hi/ARTroot >> ATR/Hi >> Hi/ARTstem. This constraint ranking reflects the
insight that less marked structures like high vowels with a [+ATR] feature which are phonetically grounded
should be placed within smaller morphological boundaries. Compared with their constraints, it is difficult
to determine which gestural overlap is more marked in terms of degree of coarticulation. However, a
similarity exists in that morphological boundaries or domains induce the different realization of gestural
overlap on the surface through VV-COORDINATION markedness constraints.
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Given these constraints and their ranking, (14a) with no palatalization and no
coarticulation fails by violating the highest-ranked constraints PAL and VV-CO2. A
crucial competition lies between (14b) and (14c) since they have the identical phonemic
string /VCi/ even though the degree of gestural overlap is different. The overlap in (14b)
is appropriate for the words in (10b) which do not undergo palatalization and have the
underlying palatals. As discussed in Chapter 3, since these words are monomorphemic,
intergestural timing relations among a vowel + a palatal + a vowel /i/ is more fixed, and
their gestural overlap is less than that found in the words in (10a) which undergo
palatalization. Thus, (11b) shows the representation for those words. However, the input
is polymorphemic, so (14b) violates high-ranked VV-CO 2, and loses the competition.
The optimal candidate (14c) is the form which undergoes palatalization and stronger
vowel-to-vowel coarticulation due to the application of palatalization. It satisfies the
highest constraints, but violates IDENT (ant).
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(14) PAL, VV-CO2]V+V, >> IDENT (ant), VV-CO 1
/kath+i/ ‘like+ADV’ PAL

a. kathi

b. kači (=11b)

) c. kači (=11a)

*!

VV-

IDENT

CO2]V+V

(ant)

*

*!

VV-CO 1

*

*

*

*

This analysis provides interesting implications in terms of a unified model of phonology
and phonetics. First, a mixed model of features and gestures can account for
palatalization by resorting to feature-based constraints such as PAL and IDENT (ant).
Second, this model also can capture the fact that palatalization directly enhances
anticipatory coarticulation by ranking the feature-based constraint PAL and the gesturebased constraint VV-COORDINATION 2 as undominated and by making explicit reference
to morphological boundaries in the coarticulation constraints. Third, by incorporating
abstract intergestural timing relations in the representations for input and output, this

259

contributes to richer representations and makes the output representations even closer to
actual pronunciations.
Next, let us turn to how the analysis above deals with the case of the words in
(10b) (e.g. /kači/ ‘value, worth’), which do not undergo palatalization due to lack of
morpheme boundaries 14. As was observed above, these words have the same VCi string
in the output as the words which undergo palatalization, but the degree of anticipatory
vowel-to-vowel coarticulation is lower. The experimental results in Chapter 3 showed
that V1s in V1Ci sequences were articulated further back in monomorphemic words than
in polymorphemic words. These findings indicate that there is less gestural overlap
between vowels in such words. First, let us consider output representations reflecting
such intergestural timing relations. As discussed in Chapter 3, gestural overlap was less
variable and more fixed in monomorphemic words in the lexicon. Further, such abstract
gestural timing relations in the input are not affected in the output because those words
do not undergo any phonological rules such as palatalization. Thus, the output
representation is as follows.

14

With respect to specification of underlying palatals in /kači/ ‘value’, the ‘richness of base’ principle in

input does not apply since the distinction between /č/ and /th/ is contrastive in the lexicon. Thus, ‘richness
of base’ principle here is considered in terms of the gestural coordination between vowels across the
intervening consonants.
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(15) Representations for output in /kači/ ‘values, worth’
t1
o1

r1

t2

r1=o2

r2

roff 1

V1

roff2

V2

As seen in (15), the release of the V1s is synchronous with the onset of V2 such as /i/ in
the output. Now, let us take a look at how the same ranking in (14) chooses the optimal
output. In order to see the effectiveness of this ranking, it is helpful to suppose many
hypothetical output representations, as illustrated in (16). (16a) shows the representation
with no overlap and no coarticulation, and the optimal output (16b) shows the case with
minimal overlap and lesser degree of coarticulation. (16c) shows a representation with
more overlap, and (16d) shows maximal overlap.

(16) Possible types of output representations for /kači/ ‘value, worth/
(o= onset, t= target, cc= c-center, r=release, roff=release-off)
a. [kači] with no overlap

t1
o1

r1

t2
roff1=o2

V1

c. [kači] with more overlap

V2

r2

t1
roff2

o1

r1
cc1=o2
V1

t2

r2

roff1

roff2
V2
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b. [kači] with minimal overlap
t1
o1

V1

r1
r1=o2

t2

d. [kači] with maximal overlap
r2

roff1
V2

t1
roff2

o1

t1=o2

r1

t2
roff1

r2
roff2

As seen in (16), different degrees of gestural overlap can be formally captured by Gafos’s
(2002) gestural landmark model. Browman & Goldstein (1986, 1989, 1990, 1992) call
this “coordination between gestures”. The optimal output representation (16b) is forced
by VV-CO 1 as repeated in (17) 15.

(17)

VV-COORDINATION 1= ALIGN (V, release, V, onset)
The release of the first V should be synchronous with the onset of the second V.

Since VV-CO 1 does not involve any morphological environments, is more
general constraint handling coarticulation, and does not involve palatalization, it is low
ranked. Given that, as shown in tableau (18), the highest constraints PAL and VV-CO 2
are vacuously satisfied by all the candidates here because palatalization does not occur in
monomorphemic words such as /kači/ ‘values, worth’ with underlying palatals in the
input. (18a) fatally violates the highest faithfulness constraint MAX-V. (18b), (18c), and
(18d) violate VV-CO 1. However, (18e) wins out by satisfying all the faithfulness
15

Since VV-CO1 does not specify any morphological environments, we can say that this constraint may
reflect less marked or default gestural overlap. Further, since VV-CO 2 is a more specific constraint than
VV-CO 1, VV-CO 2 can rank above VV-CO 1 according to meta-constraint principle, the Elsewhere
condition.
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constraints and by also satisfying VV-CO 1, which is responsible for the intergestural
timing relations of the non-palatalized words.

(18) PAL, VV-CO2, MAX-V >> IDENT (ant), VV-CO 1 >> IDENT(Gestural Timing) 16
/kači/ ‘value,
worth’
a. kač

PAL

VV-CO

MAX-

2]V+V

V

IDENT (ant)

VV-CO 1

*!

b. kači (=16a)

*!

c. kači (=16c)

*!

d. kači (=16d)

*!

)e. kači (=16b)

16

I assume that IDENT (Gestural Timing) which demands that a gestural timing relation in the input be
preserved in the output, is lowest ranked.
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This analysis accounts for the fact that the words in (10b) have fixed and less variable
intergestural timing relations since they do not undergo palatalization and thus, there is
no strengthening effect on gestural overlap within tautomorphemic words. Further, since
optimal output representations are determined by the markedness constraint VV-CO 1,
we can get the optimal output with any input representations, showing the “Richness of
Base” principle for the input.
My proposed model is not novel, but interesting in several respects. First, it is
similar to Zsiga’s (1995) idea in that both feature and gestures are necessary to handle
categorical phonological rules and gradient fine phonetic details such as the degree of
coarticulation and allophonic phenomena. However, Zsiga (1995) did not attempt to
formally capture the gradient nature of gestural overlap as Gafos (2002) did. Second, my
model adopts Gafos’ (2002) formal tools such as gestural landmarks in order to
incorporate various degrees of intergestural timing relations, but is different in that the
analysis in my thesis deals with interaction between phonological rules and coarticulation.
Third, I follow Cho’s (1998) assumption that intergestural timing relations are different
in the input between tautomorphemic words and heteromorphemic words, but unlike Cho,
my analysis captures the effect of phonological enhancement of vowel-to-vowel
coarticulation by way of local conjunction constraints between phonological constraint
and gestural constraints. Fourth, one of the most important theoretical contributions in my
analysis is that it opens the way to incorporating fine phonetic details into phonologcial
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grammar by abstract intergestural timing representations, supporting Zsiga (1995), Cho
(1998), Flemming (2002), Gafos (2002), and Benus (2005).
In sum, this section showed that feature-and-gesture models can capture both
categorical palatalization and gradient coarticulation. Especially, the effect of
phonological enhancement of coarticulation can be formally accounted for by ranking
PAL and VV-COORDINATION 2, which explicitly refer to morpheme boundaries, as the
highest constraints. Further, it was shown that since the degree of coarticulation is
determined by output-oriented gestural markedness constraints like VV-COORDINATION
1 and VV-COORDINATION 2, the “Richness of Base” principle also works for input
representations.
In the next section, on the basis of the analysis of the Korean cases, the interaction
between English palatalization and vowel-to-vowel coarticulation is explored.

5.3.2 Interplay between palatalization and coarticulation in English
As discussed in Chapter 4, alveolar obstruents such as /t, d, s, z/ become palatoalveoar (or
alveopalatal) before the palatal glide /j/, as is illustrated in (19) and (20) (Halle &
Mohanan 1985, 85; Jensen 1993; Zsiga 1995). According to lexical phonology, lexical
palatalization obligatorily takes place within word boundaries as seen in (19). Unlike
Korean palatalization, the triggering glide /j/ does not appear phonetically on the surface.

(19)

express

expression

[ɪksprɛšən]

supervise

supervision

[supərvɪžən]
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gas

gaseous

[gæšəs]

space

spacial

[spešəl]

confuse

confusion

[kənfjužən]

conclude

conclusion

[kənklužən]

office

official

[əfɪšəl]

define

definition

[dɛfɪnɪšən]

artifice

artificial

[artɪfɪšəl]

president

presidential

[prɛzɪdɛnšəl]

In addition, palatalization occurs optionally in fast speech across word boundaries, as is
illustrated in (20). In this case, sometimes the glide /j/ appears optionally, depending on
speakers and rate of speech.

(20)

miss you

[mɪšə] ([mɪšjə]

kiss you

[kɪšə] ([kɪšjə])

bless you

[blɛšə] ([blɛšjə])

guess your

[gɛšər] ([gɛšjər]

need you

[nɪǰə]
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did you

[dɪǰə]

would you

[wʊǰə]

refuse you

[rɪfjuǰə]

got you

[gɒčə]

set you

[sɛčə]

meet you

[mičə]

thought you

[ɵɔčə]

Under rule-based approaches, including SPE and lexical phonology, a palatalization rule
is followed by a /j/-deletion rule in order to account for deletion of a glide. 17 However,
within optimality theoretic approaches, it is accounted for by the interaction between
faithfulness constraints and markedness constraints as we saw in Korean palatalization in
the previous section. Thus, looking at the surface alveopalatals, we can say that derived
alveopalatals may be segments where alveolar obstruents undergo coalescence with a
trigger glide.
Before we address the interaction between palatalization and vowel-to-vowel
coarticualtion, let us first consider palatalization in English briefly under an OT analysis.
Assuming that English palatalization involves a featural change from [+anterior] in

17

Alternative possibility is of course, that this is a coalescence of features.
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alveolar obstruents to [-anterior] in alveopalatals, the following constraints can be
employed, just as Korean palatalization. 18

(21) Relevant constraints
a.

PAL : A sequence of an alveolar and a high front glide is not allowed.
(=*{t, d, s, z}j) (Lee 1996, McCarthy 2002). 19

b.

IDENT (ant): Corresponding segments have the same feature [ant] in the input
and the output (McCarthy & Prince 1995).

c.

UNIFORMITY (No coalescence): No element of the output has multiple
correspondents in the input (McCarthy & Prince 1995).

(22) PAL >> IDENT (+ant), UNIFORM
/express1+i2on/

PAL

a. expre[s1j]on

IDENT (+ant)

UNIFORM

*

*

*!

) b. expre[š12]on

18

Jensen (1993:30, 202) and SPE (1968) assume that a major featural change involving palatalization is
from [+ant] to [-ant] as is illustrated in SPE features as follows (cited from Jensen 1993:30).
s
z
š
ž
č
ǰ
consonantal
sonorant
continuant
coronal
anterior
strident
19

+
–
+
+
+
+

+
–
+
+
+
+

+
–
+
+
–
+

+
–
+
+
–
+

+
–
–
+
–
+

+
–
–
+
–
+

Just as in the Korean analyses, PAL is an umbrella constraint which includes various constraints such as
*ti, AGREE (-ant), MAX-V, and IDENT-V. For convenience, I employ PAL, following Lee 1996,
Lubowicz 2002, McCarthy 2002).
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As is seen above in (22), the markedness constraint PAL triggers palatalization,
sacrificing the violations of the lower-ranked faithfulness constraints, IDENT (+ant) and
UNIFORMITY defined on features or segments. Since palatalization involves a featural
change, this model is adequate.
However, let us consider the main issue, i.e. phonological enhancement of vowelto-vowel coarticulation. Unlike the Korean cases, for English, we need to delve into this
phenomenon from two different angles: (1) from the differences in behavior between
palatalized words and non-palatalized words, just like the Korean cases; and (2) from the
differences in behavior between lexical palatalization and postlexical palatalization. First,
let us pay extensive attention to comparison between palatalized words and nonpalatalized words. The experimental results on the “Phonological Enhancement of
Coarticulation” Hypothesis showed that V2 /ə/ in V1CV2 sequences was articulated
further front in palatalized words in (23a) than in non-palatalized words. Such a finding
indicates that V2 underwent stronger carryover coarticulation from V1 after derived
alveopalatals (23a) than after underlying alveopalatals (23b). As discussed in Chapter 4,
this result also indicates that the application of palatalization caused greater gestural
overlap between vowels across morpheme boundaries (23a) than within morphemes
(23b). Interestingly, this effect of palatalization on the degree vowel-to-vowel
coarticulation in English was identical to the Korean palatalization cases even though the
directionality of the coarticulation differs.
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(23)a. Palatalized words

b.

Non-palatalized words

c. VV sequences

homit+ious

initial

ɪ–ə

hofit+ious

tradition

horit+ious

condition

homess+ion

echelon

hopess+ion

session

hotess+ion

session

ɛ–ə

As was mentioned in Chapter 4, the pseudo-words in (23a) were employed rather than the
real words in (19) (such as ‘expression’) to make sure that derived consonants are truly
derived by pseudo-palatalization. When coached by experimenters, all the English
subjects applied palatalization and produced derived alveopalatals in the experiments.
On the basis of these results, the different degree of gestural overlap was proposed
with the output representations for the words in (23a) and (23b). (24a) shows the output
representation for palatalized words where the c-center of V1 is synchronous with the
onset of V2. (24b) refers to the output representation in non-palatalized words where the
release of V1 is synchronous with the onset of V2. These output representations reflect
the articulatory and acoustic results that gestural overlap is greater in words with derived
alveopalatals than in words with underlying alveopalatals.

(24) Types of gestural coordination (‘o’ onset, ‘t’ target, ‘cc’ c-center, ‘r’ release, ‘roff’ r
offset)
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a. ‘homess+ion’ with stronger coarticulation
t1
o1

r1

t2

cc1=o2

r2
roff1

V1

b. ‘echelon’ with less coarticulation
t1

roff2

o1

r1

t2

r2

r1=o2 roff1

V2

V1

roff2
V2

The representational differences between ‘homess+ion’ and ‘echelon’ in English are
equivalent to those between ‘kath+i’ and ‘kači’ in Korean.
Now that we are equipped with the representations showing different degree of
coarticulation, let us consider how my proposed feature-and-gesture based OT approach
can succeed in distinguishing the delicate differences in gestural overlap between, for
example, (25a) and (25b). (25a) shows the output representation where carryover V-to-V
coarticulation is strengthened by palatalization, indicating greater gestural overlap. (25a)
is the one which accurately reflects the experimental results in Chapter 4. (25b) shows the
output representation where there is a lesser degree of V-to-V coarticulation, which does
not match the experimental results.

(25) Types of gestural coordination
a. ‘homess+ion’ with stronger coarticulation
t1
o1

r1
cc1=o2

t2
roff1

b. ‘homess+ion’ with less coarticulation

r2

t1
roff2

o1

r1

t2

r1=o2 roff1

r2
roff2
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V1

V2

V1

V2

In order to capture the fact that vowel-to-vowel coarticulation is highly
conditioned by palatalization, the same constraints used for Korean palatalization are
employed as is repeated in (26). VV-COODINATION 2 should be ranked as high as PAL
and refers to morphological boundaries, i.e. environment of palatalization.

(26)

Relevant constraints

a.

VV-COORDINATION 1= ALIGN (V, release, V, onset)
The release of the first V should be synchronous with the onset of the second V.

b.

VV-COORDINATION 2]V+V = ALIGN (V, c-center, V, onset)
The c-center of the first V should be synchronous with the onset of the second V
in the environment of a morpheme boundary.

c.

PAL, VV-CO 2]V+V >> IDENT (ant), UNIFORM, VV-CO 1

Now, let us have a look at how an OT analysis works with feature-and-gesture based
representations and constraints referring to abstract intergestural timing relations. (27a)
fatally violates PAL and VV-CO 2 since it does not undergo palatalization and vowel-tovowel coarticulation. (27b) shows no gestural overlap or coarticulation even though it has
undergone palatalization, thus violating VV-CO2. (27c) also underwent palatalization,
but shows less coarticulation than (30d), violating VV-CO 2. However, (27d) with
greater gestural overlap satisfies VV-CO 2 since the c-center of [ɛ] is synchronous with
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the onset of [ə], reflecting that V2 [ə] underwent stronger carryover coarticulation from
V1 [ɛ] as an influence of palatalization.

(27) PAL, VV-CO2]V+V, >> IDENT (ant), UNIFORM,VV-CO 1
/homess1+i2on’

PAL

VV-CO 2]V+V

IDENT

VV-CO 1

UNIFORM

(ant)
a. home[s1j2]on

*!

*

*

b. hom[ɛš12ə]n (=29a)

*!

*

c. hom[ɛš12ə]n (=28b)

*!

*

)d. hom[ɛš12ə]n
(=28a)

*

*

*

*

*

*
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As is seen in (27), the undominated constraints PAL and VV-CO 2]V+V and the
representations with intergestural timing relations directly capture the fact that vowel-tovowel coarticulation is conditioned by palatalization. Further, such analysis indicates that
gestures are necessary as well as features to express a gradient degree of coarticulation.
Similar to the Korean cases, this analysis can account for the degree of
coarticulation in the words (23b) (e.g. ‘session, echelon’) which do not undergo
palatalization but which have underlying alveopalatals. The experimental results in
Chapter 4 showed that there is less gestural overlap between vowels in such words. First,
let us consider representations reflecting such intergestural timing relations for output. As
discussed in Chapter 4, gestural overlap was less variable and more fixed in
monomorphemic words in the lexicon. Thus, the optimal output is (28b) where the
release of the V1s is synchronous with the onset of V2 [ə] in the input and output. Then,
let us take a look at how the same ranking in (27) chooses the optimal output. It is
possible to suppose many hypothetical output representations as illustrated in (28). (28a)
shows the representation with no overlap and no coarticulation, and the optimal output
(28b) shows minimal overlap. (28c) shows more overlap, and (28d) shows maximal
overlap.
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(28) Possible types of output representations for VV sequences in ‘echelon’
a. [ɛšələn] with no overlap

t1

r1

o1

c. [ɛšələn] with more overlap

t2

r2

roff1=o2
V1

t1
roff2

o1

r1

t2

r1=o2 roff1
V1

t2

cc1=o2

V2

r2

roff1

V1

b. [ɛšələn] with minimal overlap

t1

o1

r1

roff2
V2

d. [ɛšələn] with maximal overlap

r2

t1
roff2

o1

r1

t1=o2

t2

r2

roff1

roff2

V2

As seen in (28), although VCV sequences are phonemically identical, intergestural timing
relations vary. Such different degrees of gestural overlap can be formally captured by
Gafos’s (2002) gestural landmark model.
As is seen in Tableau (29), the highest constraints PAL and VV-CO2 are
vacuously satisfied by all the candidates here because palatalization does not occur in
monomorphemic words such as ‘echelon’ with underlying alveopalatals in the input.
(29a), (29b), and (29c) violate VV-CO 1. However, (29d) wins out by satisfying all the
faithfulness constraints and the markedness constraint VV-COORDINATION 1, which is
responsible for the intergestural timing relations of the non-palatalized words.
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(29) PAL, VV-CO 2 >> IDENT (ant), VV-CO 1, UNIFORM
/ɛšələn/

PAL

VV-CO 2

IDENT (ant)

VV-CO 1

UNIFORM

‘echelon’
a. ɛšələn (=28a)

*!

b. ɛšələn (=28c)

*!

c. ɛšələn (=28d)

*!

)d.ɛšələn (=28b)

Since the optimal output representation is determined by the output-oriented
coarticulation constraint VV-CO1, any representation is allowed, supporting the
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“Richness of Base” principle. 20 This analysis explains the fact that the words in (23b)
have fixed and less variable intergestural timing relations since they do not undergo
palatalization and thus there is no strengthening effect on gestural overlap within
tautomorphemic words.
Last, let us look into how the current proposal in this thesis can deal with the
degree of vowel-to-vowel coarticulation relative to the lexical status of palatalization in
English. In Chapter 4, the experimental results on the “Lexical Strata Conditioned
Coarticulation” Hypothesis showed that V2 /ə/ in V1CV2 sequences was articulated
further front in words that underwent postlexical palatalization, given in (30a) than in
words which underwent lexical palatalization, given in (30b). 21 Such a finding indicates
that V2 underwent stronger carryover coarticulation from V1 after postlexically-derived
alveopalatals (30a) than after lexically-derived alveopalatals (30b). To put it differently in
terms of gestural overlap, this result indicates that the application of postlexical
palatalization caused greater gestural overlap between vowels across word boundaries
(30a) than across morpheme boundaries (30b). This is interesting in that even lexical
status of palatalization affects low-level fine phonetic details, as discussed in Chapter 4.

(30)a. Palatalized words

20

b.

Non-palatalized words

c. VV sequences

Since richness of the base principle here is primarily concerned about the subphonemic level such as Vto-V coarticulation, the discussion on phonemic level is outside the scope of this thesis. Further, a
possibility of positing /esiln/ as input for “echelon” is excluded in my analysis because /š/ in ‘echelon’ is
lexically contrastive, considering /dsiv/ ‘decieve’.
21
The results supporting this hypothesis come from articulatory experiments from two native speakers out
of ten, and from acoustic experiments from ten native speakers.
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miss your

official

kiss your

ignition

diss your

edition

hiss your

definition

oppress your

oppression

obsess your

obsession

bless your

possession

guess your

expression

ɪ–ə

ɛ–ə

In both conditions, real words were employed to obtain natural production of derived
alveopalatals. As expected, all the English subjects applied palatalization and produced
derived alveopalatals in the experiments.
On the basis of these results, different degrees of gestural overlap were proposed
for output representations for the words in (30a) and (30b), as is illustrated in Figure 5-3.
(a) shows the output representation with greater gestural overlap between /ɛ/ and /ə/ in
palatalized words such as ‘homess+ion’, while (b) shows the output representation with
less gestural overlap between /ɛ/ and /ə/ in non-palatalized words such as ‘echelon’.
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Across a word boundary /oppress#your/
(a)

/ɛ/ – /ə/

more overlap

Across a morpheme boundary /oppress+ion/
(b)

/ɛ/

/ə/

less overlap

Figure 5-3. Two types of overlap: more overlap in (a) for a hetero-morphemic sequence,
and less overlap in (b) for VV sequence within words. The curves are hypothetical tracks
of articulator movement (i.e., tongue body) (an extended version of Cho 1998).

However, the representations in Figure 5-4 have difficulty in formalizing the various
degree of gestural overlap. Thus, they can be replaced by Gafos’s gestural landmark
models, as is illustrated in (31). (31a) shows an output representation for the words which
undergo lexical-palatalization. (31b) refers to an output representation in the words which
undergo postlexical palatalization where the target of V1 is synchronous with the onset of
V2. These output representations reflect the articulatory and acoustic results that gestural
overlap is greater in phrases with post-lexically derived alveopalatals than in words with
lexically-derived alveopalatals.

(31) Types of gestural coordination (‘o’ onset, ‘t’ target, ‘cc’ c-center, ‘r’ release, ‘roff’ r
offset)
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a. ‘oppression’ with less coarticulation
r1

t1
o1

cc1=o2

r2
roff1

V1
[]

t2

V2
+

b.‘oppress#your’ with stronger coarticulation

[]

t1
roff2

o1

r1

t1=o2

t2

r2
roff1

V1
[]

roff2
V2

#

[]

The greater gestural overlap in phrases such as ‘oppress#your” can be captured by
different coordination between vowels, showing different intergestural timing relations.
Now that we are equipped with representations showing different degrees of
coarticulation, let us examine how my proposed feature-and-gesture based OT approach
can succeed in distinguishing the delicate differences in gestural overlap between, for
example, (31a) and (31b).
Given these representations for the output, in order to capture the fact that
postlexical palatalization affects vowel-to-vowel coarticulation more than lexical
palatalization, we need another VV coordination constraint which forces more gestural
overlap. In addition to VV-CO 1, and VV-CO 2, the following constraint can be
employed to force the representation in (31b). VV-CO 3 demands that the target of V1
should be synchronous with the onset of V2 in the environment of a word boundary. It
forces gestural overlap to a greater degree. Since this constraint applies across word
boundaries, as in ‘oppress#your,’ it should explicitly refer to a word boundary # instead
of a morpheme boundary +.
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(32)

VV-COORDINATION 3]V#V = ALIGN (V, target, V, onset)]#
The target of the first V should be synchronous with the onset of the second V in
the environment of a word boundary.

Along with these constraints, representations for the output of the phrase ‘oppress#your’
can be set up. (33a) refers to a representation with no overlap and no coarticulation, (33b)
shows a representation with minimal overlap. (33c) refers to a representation with more
overlap. On the other hand, (33d) is a representation with maximal overlap where
carryover vowel-to-vowel coarticulation is strengthened by postlexical palatalization
more that by lexical palatalization, indicating greater gestural overlap.

(33) The representations for output of VV sequence in ‘oppress#your’
a. no overlap

b. minimal overlap
r1

t1

t2

r2

roff1=o2

o1
V1

t1
roff2

o1

V2

o1

r1
cc1=o2

t2

r1=o2

r2
roff1

V1

a. more overlap
t1

r1

V2

b. maximal overlap
t2
roff1

r2

t1
roff2

o1

t1=o2

r1

t2
roff1

r2
roff2

roff2
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V1

V2

V1

V2

(33d) is forced by VV-COORDINATION 3 which demands that the target of the first V be
synchronous with the onset of the second V. Since palatalization causes (33d), VV-CO 3
should be ranked as high as PAL.
In tableau (34), VV-CO 2 is vacuously satisfied by all the candidates because
palatalization occurs across a word boundary, not a morpheme boundary. That is, all the
candidates here contain word boundaries only. (34a) fatally violates PAL and VV-CO 3
since it does not undergo palatalization and vowel-to-vowel coarticulation. (34b) shows
no gestural overlap or coarticulation even though it has undergone postlexical
palatalization, thus fatally violating VV-CO3. (34c) and (34d) also underwent
palatalization, but shows less coarticulation than (34e), fatally violating VV-CO 3.
However, (34e) with maximal gestural overlap satisfies VV-CO 3 since the target of [ɛ] is
synchronous with the onset of [ə], reflecting that V2 [ə] underwent stronger carryover
coarticulation from V1 [ɛ] as an influence of postlexical palatalization. 22

22

The optimal form here is the one where the [j] is lost. But some speakers palatalized the words with
retaining a palatal glide [j] such as ‘oppre[šj]r’. Since cases were excluded from consideration in the
experimental results, the degree of coarticulation was not measured. Of course, since such cases are of
interest, they may await further experiments.
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(34) PAL, VV-CO3]#, V-CO 2]+ >> IDENT (ant), UNIFORM
/opress1+j2our’

a. oppre[s1j2]our

PAL

*!

VV-CO 3

VV-CO

IDENT

2

(ant)

UNIFORM

*

b. oppr[ɛš12ə]r (=33a)

*!

*

*

c. oppr[ɛš12ə]r (=33b)

*!

*

*

d. oppr[ɛš12ə]r (=33c)

*!

*

*

*

*

) e. oppr[ɛš12ə]r (=33d)

As is seen in (34), another type of gestural coordination constraint VV-CO 3 and the
representations with intergestural timing relations directly capture the fact that vowel-tovowel coarticulation is affected by postlexical palatalization more strongly than by
lexical palatalization. In addition, this analysis indicates that gestures are necessary, as
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well as features, in order to express gradient degrees of coarticulation, which can be
expressed by different coordinations of vocalic gestures.
Thus far, features-and-gestures models have accounted for the interaction between
palatalization and the degree of V-to-V coarticulation by way of different types of VVCOORDINATION constraints which explicitly refer to morphological boundaries. The
constraints and their relevant ranking in English are schematized as follows.

(35)

PAL, VV-CO 2]+, VV-CO 3]# >> IDENT (ant), UNIFORM, VV-CO 1

Phonological enhancement of coarticulation (e.g. ‘homess+ion’)
Lexical strata conditioned coarticulation (e.g. ‘express#your’)
Coarticulation within morphemes
(e.g. ‘echelon’)

5.4 Phonological implications
The proposed analyses provide several interesting implications in phonology and
phonetics.
First, we face a traditionally controversial issue i.e. what are basic units or
elements of phonology. Traditional rule-based phonology and most of optimality
theoretic approaches assume that features are the basic units needed to account for
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phonological processes such as assimilation, dissimilation, deletion, insertion etc (SPE
1968; Prince & Smolensky 1992). SPE even attempted to deal with even gradient
allophonic phenomena such as aspiration, flapping, and nasalization by way of featural
changes in the form of rules. Another extremist position is Articulatory Phonology
proposed by Browman & Goldstein (1986, 1989, 1990) and their colleagues. They claim
that basic units in phonology and phonetics are articulatory gestures, not features, and
both categorical phonological processes and allophonic variation can be derived by
different gestural coordination. An aternative approach is a feature-and-gesture model, as
suggested by Zisga (1995). Her experimental study showed that lexical palatalization is
categorical, while postlexical palatalization is gradient, indicating that features are
necessary for categorical changes and gestures are necessary for gradient allophonic
changes. Thus, my thesis basically adopts Zsiga’s position, incorporating it into Gafos’
model. However, she did not propose any formal analysis which would capture the
findings of my experimental results, i.e. that vowel-to-vowel coarticualtion is highly
conditioned by palatalization in English and Korean and that it varies according to the
lexical status of palatalization in English. To capture this interaction, I follow Zsiga’s
model (1995) that features and gestures are both necessary.
Second, with respect to representation in phonology and phonetics, my proposed
analysis supports the idea that abstract intergestural timing relations should be
incorporated into the representation in phonological grammar (Cho 1998, Bradley 2002,
Gafos 2002, and Benus 2005). Among those who support this ieda, Gafos proposed
formal tools for representing the various degrees of gestural overlap by way of gestural
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landmarks. Each landmark of a given gesture is coordinated with each landmark of
another gesture. Such different coordination between gestures is forced by constraints
such as COORDINATION or ALIGNMENT which demand coordination of two landmarks of
two gestures. This formal tool is very helpful in representing the degree of gestural
overlap. Gafos’s gestural landmark models make it possible to capture the degree of
vowel-to-vowel coarticulation.
Third, with regards to relations between phonology and phonetics, the
experiments in my thesis provides further evidence that the domain of phonology may
need to set its bounds much closer to the fine detail of articulatory activity than has
generally been acknowledged (Barry 1992). Following the spirit of such incorporation of
fine phonetic detail into phonological grammar, my analysis gives another piece of
evidence in favor of a unified model of phonology and phonetics (Flemming 2001).
Formally, the experimental result that the degree of vowel-to-vowel coarticulation was
conditioned by palatalization is accounted for by ranking the phonological constraint PAL
as high as the gestural coordination constraint VV-COORDINATION with explicit
reference to morphological boundaries. My proposed analysis is interesting in that it
opens the way to formalizing the interaction between high-level phonological rules and
low-level fine phonetic detail such as vowel-to-vowel coarticulation.
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CHAPTER 6
CONCLUSION

This study has investigated phonetic and phonological factors on the degree of vowel-tovowel coarticulation in the environments of palatalization in Korean and English. I have
examined two phonetic factors and two phonological factors in the degree of anticipatory
and carryover coarticulation in VCV sequences. The phonetic factors are the intervening
consonants (alveolar stop vs. (alveo)palatals), and the second vowels (/i/ vs. /a/). The
phonological factors are the effect of palatalization rule and the lexical status of
palatalization (lexical vs. postlexical palatalization). In order to investigate these factors,
ultrasound and acoustic experiments were designed. This final chapter provides a
summary of the findings and their implications for a theory of coarticulation and for the
interaction between phonology and phonetics.

6.1 Palatals as stronger triggers to vowel-to-vowel coarticulation
We examined the effect of the intervening consonants on the degree of vowel-to-vowel
coarticulation between alveolars and (alveo)-palatalis in Korean and English by tesing the
following hypothesis as repeated in (1).

(1)

“Tongue Body Barrier” Hypothesis (H1)
The degree of V-to-V coarticulation is less prominent across palatal affricate
consonants than across alveolars.
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The results of testing the “Tongue Body Barrier” Hypothesis showed that V1s such as
back vowels in V1CV2 were articulated further front before palatals than before alveolars,
in Korean, but not in English. Interestingly, such a finding was contrary to what this
hypothesis would predict. V1s underwent more prominent coarticulation from V2 across
palatals than across alveolar stops. That is, the intervening palatals were not stronger
barriers, but rather stronger inducers to vowel-to-vowel coarticulation. Looking at the
featural combinations in SPE for both consonants, alveolar stops are [+cor, +ant], and [back], while palatals are [+cor, -ant], and [-back]. Thus, predictions based on featural
differences are run counter to the actual results of these experiments. However,
considering that palatals involve raising and fronting of the tongue body gesture and
share this gestural property with vowels, it is reasonable to recognize why the intervening
palatals facilitated the degree of vowel-to-vowel coarticulation. That is, gestural
compatibility between vowels and palatals strengthened the degree of vowel-to-vowel
coarticulation. Another important reason why palatals facilitated vowel-to-vowel
coarticulation is that in Korean, the tongue body of palatals is further front than that of
alveolars. Thus, the further front tongue body position of palatals in Korean caused the
position of V1s before palatals to be further than that of V1s before alveolars.
However, results from the English data supported the “Tongue Body Barrier”
Hypothesis, showing that V1s were articulated further front before alveolars than before
alveopalatals. Such results indicate that both V1s underwent stronger anticipatory vowelto-vowel coarticulation across alveolar stops than across alveopalatals, unlike in the
Korean cases. These different results may be attributed to the fact that the tongue body
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frontness of English alveopalatals and alveolars is so close. Such lack of difference in
tongue body frontness might have caused alveopalatals to be stronger barriers, as
expected. Further, duration might have worked as a more important factor in making
alveopalatals with longer duration inhibit V-to-V coarticulation more strongly than
alveolars.
These findings indicate that featural properties of consonants are not sufficient to
account for vowel-to-vowel coarticulation, but instead the notion of gestural
compatibility on the basis of shared tongue body gestures between consonants and
vowels is necessary and relevant for the different role of the intervening consonants in
vowel-to-vowel coarticulation.

6.2 High front vowels as stronger inducers to vowel-to-vowel coarticulation
We examined the effect of V2 in V1CV2 sequences on the degree of V1 coarticulation
both in Korean and English through “Resistors Induce” Hypothesis as repeated in (2).

(2)

“Resistors Induce” Hypothesis (H2)
The degree of vowel-to-vowel coarticulation is more prominent in words with a
high front vowel /i/ than in words with a low back vowel /a/.

The “Resistors Induce” Hypothesis predicts that V1s such as back vowels would be
articulated further front when V2 was /i/ than when V2 was /a/ because more
coarticulation-resistant /i/ would more likely to induce coarticulation in other vowels. The
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intervening consonants were fixed as alveolars or palatals. The ultrasound and acoustic
data showed the expected results. V1s underwent stronger anticipatory coarticulation
from V2 /i/ than from V2 /a/. These findings confirmed the difference in articulatory
properties of /i/ and /a/. Since /i/ involves robust raising and fronting of tongue body, it
has been known to be the most resistant to coarticulation, and thus is likely to influence
the other vowels. However, the production of /a/ involves lowering of tongue body and is
more flexible in articulation. Thus, it is more likely to be influenced by other vowels
rather than to influence other vowels.
Just like the role of intervening consonants, the role of tongue body gesture for
both vowels plays a crucial role in accounting for the degree of vowel-to-vowel
coarticulation. Further, the findings that vowel-to-vowel coarticulation occurred
regardless of the intervening consonants support Öhman’s (1966) view of a ‘dual mode’
of coarticulation. The ‘dual mode’ position suggested that VCV sequences are realized by
means of an underlying V-to-V articulatory mode, with a superimposed consonantal
gesture. Even though the intervening consonants affect the degree of vowel-to-vowel
coarticulation, coarticulation still occurs between vowels (Recasens 1984, Magen 1984,
1989, Fowler & Francazio 2000). However, results in my thesis disagree with ‘mono
mode’ position which claims that the articulation of V1 and V2 in VCV sequences is
completely separate and both vowels do not influence each other at all.
In summary, the experimental results of the investigation of the phonetic factors
in vowel-to-vowel coarticulation make two important theoretical contributions. First, they
reveal that phonetic gesture and their interaction play an important role in determining
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the degree of vowel-to-vowel coarticulation. Second, they confirm that vowel-to-vowel
coarticulation occurs through intervening consonants, supporting Öhman’s (1966) ‘dual
mode’ of coarticulation.

6.3 Phonological enhancement of coarticulation
We also investigated how palatalization affects the degree of vowel-to-vowel
coarticulation both in Korean and English by tesing the “Phonological Enhancement of
Coarticulation” Hypothesis as repeated in (3).

(3)

“Phonological Enhancement of Coarticulation” Hypothesis (H3)
The degree of vowel-to-vowel coarticulation is stronger across the derived
consonants than across lexical consonants.

The “Phonological Enhancement of Coarticulation” Hypothesis expects that V1s such as
back vowels in /V1Ci/ sequences would undergo stronger anticipatory coarticulation from
/i/ in the words across derived palatals than in the words across underlying palatals in
Korean. Further, V2 in V1CV2 sequences would undergo stronger carryover
coarticulation from V1 after derived alveopalatals than after underlying alveopalatals in
English. The goal of this experiment was to see whether and how much palatalization
affects the degree of vowel-to-vowel coarticulation. If significant results were obtained,
they would be important evidence that low-level fine phonetic details such as gestural
overlap are highly conditioned by high-level phonological rules such as palatalization. As
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expected, both ultrasound and acoustic experiments found that V1s were articulated
further front in the words which underwent palatalization than in the words which did not
in Korean. That is, although surface strings were phonemically identical as [VCi],
gestural overlap between V1 and /i/ was greater in the words with derived palatals than in
the words with underlying palatals. Furthermore, in English as well. V2s were articulated
further front in the words which underwent palatalization than in the words which did not
as an influence of V1s. 23
This finding provides interesting implications with respect to theories of
phonology and phonetics. First, it requires a model which can reflect that phonological
rules such as palatalization directly affect vowel-to-vowel coarticulation. Second, it
makes us to posit that phonological representations should incorporate intergestural
timing relations to formally capture the effect of categorical palatalization on gradient
vowel-to-vowel coarticulation. Thus, following Cho (1998), Bradley (2002), Gafos
(2002), and Benus (2005), it was proposed that abstract intergestural timing relations
should be part of the input and output representations. Particularly, Gafos’ gestural
landmark model was adopted to represent the degree of gestural overlap with different
coordinations.

6.4 The effect of lexical status of phonological rules on coarticulation

23

Some might wonder if the strengthened gestural overlap might arise due to a combinatorial effect of
morphological boundaries and phonological rules. However, Yun (2005a) presented interesting ultrasound
experimental results that the degree of vowel-to-vowel coarticulation has been strengthened by a vowel
assimilation rule in Korean where there are no morpheme boundaries, but only /i/ vowel regressive
assimilation applied. Thus, such findings provide further evidence for purely phonological enhancement.
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Last, we attempted to see if the lexical status of palatalization affects the degree of
vowel-to-vowel coarticulation in English by testing “Lexical Strata Conditioned
Coarticulation” Hypothesis as repeated in (4).

(4)

“Lexical Strata Conditioned Coarticulation” Hypothesis (H4)
The degree of vowel-to-vowel coarticulation is stronger in the environment of
postlexical assimilation rules than in the environment of lexical assimilation rules.

The “Lexical Strata Conditioned Coarticulation” Hypothesis tested whether and how
much the distinction between lexical and postlexical palatalization affects the degree of
vowel-to-vowel coarticulation in English. The assumption was that since word
boundaries lie in the environment of postlexical palatalization such as in ‘miss#your’, the
intergestural timing relations between vowels are more variable than in the environment
of lexical palatalization, as in “emission”. Thus, it was predicted that V2s such as the
reduced vowel [ə] in [V1Cə] sequences would undergo stronger carryover coarticulation
from V1 after postlexically-derived alveopalatals than after lexically-derived
alveopalatals.
Both articulatory and acoustic results showed that V2 /ə/ was articulated further
front in the phrases such as ‘express#your’ than in the words such as ‘expression’. That
indicates that postlexical palatalization influenced vowel-to-vowel coarticulation more
strongly than lexical palatalization. Thus, it was proposed that the gestural overlap
between vowels was greater across word boundaries than within words in the output
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representations. To capture greater intergestural timing relations in phrases such as
‘express#your’, the gestural constraint VV-COORDINATION 2 was employed, demanding
that the target of V1 be synchronous with the onset of V2. Further, in order to represent
intergestural timing relations in the words ‘expression’, the gestural constraint VVCOORDINATION 1 was used, demanding that the c-center of V1 should be synchronous
with the onset of V2. Further, in order to formally capture the fact that palatalization
enhances the degree of vowel-to-vowel coarticulation, it was proposed that both the VVCOORDINATION constraints should be ranked as high as phonological constraint PAL,
which demands palatalization.
The findings that English and Korean palatalization strengthen the degree of
vowel-to-vowel coarticulation open the way to considering that the interaction between
high-level phonology and low-level phonetics may turn out to be cross-linguistic. Further,
if more such findings are obtained cross-linguistically, they may confirm a unified model
of phonology and phonetics. In addition, they may provide evidence that phonological
representations should incorporate fine phonetic details.

6.5 Further research
This study has investigated phonetic and phonological factors on the degree of vowel-tovowel coarticulation in the environments of palatalization in Korean and English. It
indicates that intergestural timing relations are highly conditioned both by phonetic
gestures and by phonological rules. Further, it shows that traditional articulatory, acoustic,
and feature-based accounts are not sufficient to describe the role of palatals, and the
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notion of “mutual compatibility” on the basis of common gestures is necessary. Last, I
argue that phonological grammar can incorporate intergestural timing relations into the
abstract representation to capture the fact that high-level phonological rules affect the
degree of low-level fine phonetic details such as vowel-to-vowel coarticulation (Barry
1992, Zsiga 1995, Cho 1998, Bradley 2002, Gafos 2002, Benus 2005, Yun 2005a,b).
My current research opens up many interesting questions for further investigation.
First, my study showed that the “Phonological Enhancement of Coarticulation” and the
“Lexical Strata conditioned coarticulation” are attested only through palatalization in
Korean and English. It is worthwhile investigating whether such phonological effects on
fine phonetic details can be found in other phonological processes across languages. If
such interaction effects are found, they may provide more robust evidence that fine
phonetic details can be incorporated into phonological grammar, which is theoretically
significant in the field of phonology and phonetics. Second, my study investigated only
the sub-phonemic level, such as the degrees of vowel-to-vowel coarticulation in terms of
articulation and acoustics. I did not conduct a perception study investigating how such
delicate differences of gestrual overlap can influence perception. Thus, the question
naturally arises: Can the different degrees of coarticulation or gestural overlap be
perceptible or phonologized like VOT or vowel or consonantal length? Last, it might be
helpful to look into the validity of abstract articulatory representations in phonological
grammar. I mentioned that abstract intergestural timing representations reflect fine
phonetic details io the surface better than feature-based representations. But it awaits
further sophisticated investigation whether such articulatory representations of abstract
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intergestural timing relations have any psychological reality. Such an issue is
controversial, and there is much debate on whether articulatory or acoustic representation
may be appropriate in the mental lexicon. Psycholinguistic experiments or computational
synthesis based on articulatory representations in the future will shed light on these
representational issues.
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