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Electromyographic Evidence for a Gestural-Overlap
Analysis of Vowel Devoicing in Korean®

Sun-Ah Jun!, Mary E. Beckman?, Seiji Niimi®, and Mark Tiede*

DPhonetics Laboratory, Department of Linguistics. University of California, Los Angeles
2)Linguistics Department, Ohio State University [permanent address] &
ATR Interpreting Telecommunications Laboratories, Kyoto [visiting researcher, 1994-95]
3Research Institute of Logopedics & Phoniatrics, Faculty of Medicine. Tokyo University
YATR Human Information Processing Laboratories, Kyoto

1. Introduction

In languages such as Japanese, where the specification of a peripheral vowel quality 1s not
inherently associated with the longer duration of a heavy (or “stressed”) syllable, it is common to
observe productions of syllables with short peripheral vowels which are completely voiceless.
While this phenomenon of “devoicing” has been noted for Montreal French (Cedergren &
Simoneau. 1985), Shanghai Chinese (Zee, 1988), Greek (Dauer, 1980; Arvaniti, 1994), Korean
(Jun & Beckman, 1993, 1994; Kim, Niimi, & Hirose, 1993), and Turkish (Jannedy, 1995), it has
been studied most extensively in standard (Tokyo) Japanese. where traditionally it has been
described in terms of a symbolic rule that either categorically deletes the vowel or (the more typical
characterization) categorically changes the vowel’s phonological feature specification from the
default value of [+voice] to the marked value of [-voice]. Close examination of the phonetic
evidence, however, shows that neither of these phonological characterizations is tenable. Indeed,
all of the evidence is more compatible with an alternative account which casts the phenomenon as
“undershoot” — that 1s, as a failure to achieve an interval of audible voicing due to overlap between
the glottal adduction target in the vowel and the glottal abduction target for a neighboring voiceless
consonant. By this account, vowel devoicing is not a phonological process at all, but another
example of the kind of gradient phonetic effect resulting from more or less subtle adjustments to the
timing of otherwise invariant gestural specifications, as in Lindblom’s (1963) account of vowel
reduction 1 Swedish, or a very simple version of Browman and Goldstein’s (1990) account of *
casual speech processes in English.

Such a gestural overlap account is supported over the symbolic account by the spectral patterns
typically observed in devoiced vowels. In acoustic studies of the phenomenon, waveforms and
spectrograms of target syllables do not show two clearly differentiated types. Rather, there is a
continuum of degrees of devoicing, from tokens with one or two reduced glottal pulses to tokens
having no trace even of the vowel’s lingual gesture. This is true of the studies cited above of
Montreal French, Turkish, and Korean, as well as of most studies of Japanese (e.g., Maekawa,
1990; Kondo, 1994).

A study of the perception of such voiceless syllables in Japanese by Beckman & Shoji (1984)
also supports the gestural overlap account over the category-changing phonological rule. Minimal
pairs such as /kafi/ ‘sweets” versus /kafu/ ‘poet’ are distinguished much less accurately when the
target syllable 1s voiceless, but still considerably better than at chance level, at about the same rate
as she and shoe are distinguished in English when the fricatives are excised from context in
experiments on coarticulation (Yeni-Komshian & Soli, 1981).



Further evidence for gestural overlap and undershoot comes from examining the distributional
characteristics of the phenomenon. That is, the account is supported by studies showing that
devoicing occurs to variable extents in different contexts, and that it occurs more commonly in just
those conditions where a neighboring consonant’s devoicing gesture covers a greater proportion of
the vowel’s gestural activation interval — e.g., because the vowel is particularly short. Thus. in
Japanese, devmcmo 1s limited to phonemlcally short vowels, and it most commonly affects the two
high vowels, /i/ and /u/, which are phonetically very short even when they are not devoiced.
Devoicing does occur sometimes with mid and low vowels (Maekawa, 1990; Kondo, 1993), but
here it is relatively more rare. In other languages, also, devoicing is usually described as affecting
the high vowels of the language, and as occurring more frequently in prosodic positions associated
with shorter vowel durations. In Montreal French, for example, devoicing is observed for
syllables containing /i/, /y/, or /u/. but it is much less likely to affect the second-to-last syllable in a
thythm group, and it never affects the absolute rhythm-group final syllable (Cedergren &
Simoneau, 1985; Cedergren & Perrault. 1994). Both of these are positions where the vowel is
prosodically lengthened and less likely to be completely covered over by the preceding consonant’s
gesture (Levac, Cederoren & Perreault, 1993). In Turkish, similarly, devoicing s observed in
sy]lab]es containing /i/, /y/, /uv/, or /u/, and it is more commonly observed at faster speech rates and
in open syllables — where the vowel tends to be shorter than in closed syllables (Jannedy, 1995).
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Figure 1. Glottal aperture data for representative utterance-initial consonants (left) and word-medial
consonants (right) from Kagaya (1974). The data for the five traces in each panel are estimated
from Kagaya's Figures 2 and 3, and then replotted on one graph by aligning at oral release in the
aspirated versus fortis versus lenis stops, and at the offset of frication noise in the plain (or lenis)
versus fortis fricatives.

3%



In Korean, too. devoicing 1s observed for syllables containing /1/, /4/. or /u/. The language is
also unique in having a particularly revealing set of contrasting voiceless consonants, which are
differentiated specifically by their patterns of relative phasing between the stop-source and vowel-
filter shapes, and thus can provide inherently different patterns of gestural overlap with the vowel.
The different patterns are illustrated in Figure la. adapted from Kagaya (1974). For example, the
three time traces with open plotting symbols in the left-hand panel are glottal aperture for
representative utterance-initial aspirated versus fortis versus lenis stops. aligned at the oral release
of the stop. The maximum glottal aperture value is largest in the aspirated stop, and the timing of
this local peak is latest relative to the aspirated stop’s oral release. In the fortis stop, by contrast,
the glottis 1s completely adducted well before the stop release, to provide the characteristic pressed-
voice quality at the onset of phonation in the following vowel. Given these contrasting patterns of
overlap, the undershoot account predicts that devoicing should be most frequently observed in a
high vowel after an aspirated stop, and it should be least frequently observed in a high vowel after a
fortis stop, at least in utterance- or phrase-initial position. These were the relative frequencies
documented by Jun & Beckman (1994).

Thus, converging evidence from several types of studies support an account of devoicing
across languages that attributes the phenomenon to variation in the relative timing of the gestures
for the target vowel and for a neighboring consonant. Devoicing is observed when the degree of
gestural overlap affects a proportionally long enough interval of the vowel to cause undershoot of
the aperture necessary for voicing.

At the same time, there 1s also evidence against any very simple undershoot account of
devoicing, at least for Japanese. For example. Imaizumi. Havashi, & Deguchi (1995) examined
the likelihood of devoicing in elementary school teachers’ productions of children’s’ names, each
of which contained one or two high vowels in a consonantal context conducive to devoicing. The
teachers produced the names in three different production modes — a fast lab-speech reading of a
list, and two different spontaneous speech modes in which the teacher instructed a normally hearing
child or a hearing-impaired child to point at cartoon figures labeled with gender-appropriate names
from the list. As predicted by the gestural overlap account, there were many more instances of
devoicing in the fast list readings, and many fewer instances of devoicing in the slow, careful
speech addressed to the hearing-impaired listeners, as predicted by the simple undershoot model.
However, when Imaizumi and colleagues modeled the likelihood of devoicing directly as a function
of observed vowel duration, they found a substantial residue of variance across the three task
modes, which they attributed to a task-appropriate adjustment to the magnitude of the vowel’s
voicing gesture as well as to its timing relative to the consonant. Couching these results in terms of
Lindblom’s current understanding of the possible forms of non-categorical variation (Lindblom,
Brownlee, Davis & Moon, 1992). we might say that the “transform” for the hyperarticulated clear
speech directed at the hearing-impaired child does not simply adjust timing to inhibit undershoot.
Rather, there is also some other articulatory adjustment to provide aerodynamic conditions more
conducive to vocal fold vibration during the still rather short period of the phonemically short,
unstressed high vowel. To substantiate this interpretation, we need a more direct examination of
the articulation, at all levels that are accessible to examination.



35
<
T 3.0
=3
&
o>
£ 25
o
£
£ 20
jo
T
S 15
S
je )]
T 1.0
b
QO
2 05
(o]

0.0

i i 1 5
100 80 60 40 20 0

propottion of vowel's gesture overlapped by consonant's (%)

Figure 2. Hypothetical mapping functions for predicting observed glottal aperture from the
specification of different degrees of overlap between an invariant vocalic glottal adduction gesture
and an invariant consonantal adduction gesture when oral constriction and subglottal pressure are
held constant. Values plotted with thicker line segments are mean glottal aperture over all phases of
the source wave period, during conditions of voicing. The different broken-line curves suggest the
effect on the mapping function of orthogonal changes to some other concommitant specification.
The short dashed line shows the hypothetical effect of increasing the abduction target for the
consonant at the beginning of an intonational phrase, the long dashed line shows the hypothetical
effect of increasing the activation interval duration for the vowel’s adduction target in careful
speech. and the mixed (short-short-long) line shows the hypothetical effect of decreasing subglottal
pressure near the end of a turn-final sentence.

What articulatory data that there are do not unambiguously distinguish simple undershoot from
a more sophisticated transform account of Japanese vowel devoicing. For example. Yoshioka
(1981) looked at glottal aperture traces measured from successive frames of a cinegraphic record
photographed through a laryngeal fiberscope during repeated productions of words such as /hise:/
and /[ihet/. Of the 28 productions of /hiser/, four had voiced [i] and the remaining 24 were judged
to have devoiced [i]. As in earlier studies from the same laboratory (e.g., Sawashima, 1971;
Hirose. 1971: Weitzman, Sawashima, Hirose & Ushijima, 1976), the tokens with devoiced [1}
typically showed a qualitatively different pattern from that observed in the tokens in which the
target vowel was voiced. In tokens containing a voiced [i], there were two glottal aperture peaks
for the surrounding voiceless fricatives, separated by a clear dip to full adduction in the vowel. In



tokens judged to contain a voiceless [1]. by contrast, glottal aperture typically peaked only once. in
the word-initial fricative, and then slowly declined over the entire interval up to the glottal adduction
for voice onset in the /ei/ of the second syllable. However. the lack of any clear minimum for the
vocalic segment in the representative glottal trace could still be attributed to undershoot rather than
to any real difference in the adduction gesture itself. because there was no token-by-token control
of the degree of between-gesture overlap. Indeed. in the one pair of individual tokens for which
Yoshioka shows spectrographs, the CVC sequence containing the devoiced vowel is shorter than
the sequence containing the voiced vowel, as would be predicted by a simple undershoot account.
While the difference is not large absolutely, it is large relative to the length of the interval of voicing
in the token with the voiced [i]. And the same 1s true also of the pair of spectrograms in Hirose's
(1971) earlier report.

In first reporting such contrasting patterns in the average glottal aperture traces, Hirose
acknowledged that the glottal aperture differences are not unequivocal evidence for a difference in
gesture per se: “It might still, at this point, be argued that there might be no difference in the motor
command for the laryngeal movement between voiced and devoiced [i], but depending on
difference in some physical conditions near the level of the glotts, the resulting glottal state would
vary as a result of ‘passive’ but highly non-linear effect” (Hirose. 1971. p. 162). The “physical
conditions” might be the result of specifying other concurrent gestures. For example, suppose the
taiker targets a larger backdrop exhalation rate to produce a high boundary tone (cf. Herman,
Beckman & Honda, 1996), or suppose the talker targets a less forceful oral seal for a phrase-medial
lingual stop (cf. Fougeron & Keating, to appear; Fougeron 1996; Hsu & Jun 1996). Either of
these subtle adjustments in the magnitude of other gestures would affect the pressure differential
across the glottis and change the observed glottal aperture for an invariant aperture target. Or the
“physical conditions” could result from different degrees of gestural overlap. That is, suppose that
the observed glottal aperture during the activation interval for the vowel’s oral filter shape is not a
linear function of targeted glottal aperture, but rather i1s a consequence of “blending” the vowel’s
adduction gesture with the overlapped abduction gesture of the preceding voiceless consonant. The
blending function for different degrees of overlap could be nonlinear (as shown by the hypothetical
curves in Figure 2), producing the appearance of two qualitatively distinct programs even when the
speaker exercises continuously variable control over the phasing between the adduction gesture for
the vowel and the glottal abduction gesture for the voiceless consonant.

Because of the possibility of such nonlinear mapping functions. Hirose (1971) felt it imperative
also to examine articulation at a level of the speech chain closer to the gesture (or input “motor
command”). He did so by looking at the smoothed electromyographic (EMG) activity level
recorded from hooked-wire electrodes inserted into the fibers of the thyroarytenoid (TA) and of the
lateral cricoarytenoid (LCA) during citation-form productions of words containing the high vowel
/i/. Contracting either the TA or LCA might pull the arytenoid cartilages forward in a way to rotate
them medially, and thus help to draw the vocal processes together. Comparing the EMG trace
averaged over tokens of /[ise:/ containing a voiced [1] with the averaged trace for tokens containing
a devoiced [i] Hirose found qualititatively different patterns. For both talkers in the study, the
average TA trace had an early peak about 100 ms before the onset of the voiced high vowel which
was not observed in the average trace for the tokens with devoiced [1]. For one of the talkers, there
was a comparable difference between the two average traces for the LCA. Hirose concluded that
devoicing 1s “a matter concerning the neural process that determines the motor command™ and *‘that
the choice between different gestures 1s made as an optional application of a phonological rule”
(Hirose, 1971. p. 166).



In his later study using similar word types embedded in a carrier sentence, Yoshioka (1981)
also looked at smoothed EMG traces for an adductor muscle — the interarytenoid (IA) — and also
for an abductor muscle — the posterior cricoarytenoid (PCA). Again, the averaged traces showed
qualitatively different patterns. In the average trace for the tokens with voiced [1] there were two
clear PCA peaks separated by a local minimum, and a clear small IA peak in that interval. In the
average trace for the tokens with devoiced vowel. by contrast, the PCA had a single peak (albeit
with a broad following skirt) and an uninterrupted IA trough. Yoshioka summarizes the results as
being “generally in good agreement” with the earlier studies inasmuch as “the abductor and
adductor muscles show EMG activity patterns clearly different from those for voiced tokens.” At
the same time, he also noted ““considerable variations at the EMG level, particularly in the PCA
curves, within the same devoiced group”™ which made him hesitate to ascribe the variants to a
phonological rule (“there still remains the question whether these auditorily explcit two-way
allophones are based on two different articulatory programming patterns at a certain neural level, or
on the mere nonlinear effect of rather wide fluctuations of the EMG potentials™). He concludes on
the cautionary note that “the significance of the averaged curve, especially for the devoiced group,
should be reconsidered.... The alternative is to observe the activity patterns for a considerable
number of single tokens of the same utterance types, paying special attention to the critical cases”
(Yoshioka, 1981, p. 248). (Kiritiani, 1994, later came to a similar conclusion after reanalysing
some examples from Sawashima et al., 1978.) In this paper, therefore, we will take Yoshioka’s
lesson to heart, and look at all the cases that we can of sets of tokens in a database of physiological
recordings of Korean words in which a high vowel was variably voiced or devoiced.

2. Method

The database was recorded from one female native speaker of Chonnam Korean (the first
author) as she produced the same speech materials used in Jun & Beckman (1994). This was a
corpus of disyllabic CVCV target words embedded in the dialogue illustrated in Table 1. Since the
dialogue contained two pairs of question and answer sentences, it provided tokens of two different
target words in each of two different discourse-focus positions. In the Korean prosodic system,
the most salient indication of attentional focus is the phrasing. A word with narrow focus is always
initial to an Accentual Phrase. a tonally defined prosodic constituent that is associated with many
phonetic processes such as voicing of phrase-medial lenis stops (Jun, 1989, 1996). All words
after the focused word until the next major intonational phrase boundary are then grouped together
into the same Accentual Phrase. Thus, in our corpus of dialogues, the target word is produced first
under narrow focus. making its first consonant initial to an Accentual Phrase, and then is repeated
with narrow focus on the preceding deictic pronoun, so that the initial consonant of the target word
is medial to its phrase. There were 25 different target words, listed in Table 2. (One target word
— [s’ukhi] — is a nonsense word, but the speaker had no difficulty pronouncing it.) The list was
designed to provide a balanced set of preceding and following voiceless consonant types for the
first vowel, which was the segment of interest. This vowel was any one of the three high vowels
of Korean, and each of two surrounding consonants was one of the three stop types or two
fricative types in the language.



Table 1. Sample dialogue.

(1) Q: 1ke kutu-nja? “Is this ‘SHOE™?”

(2) A: ani, t[oke kutu-ja. “No. THAT is ‘shoe’.”

(3) Q: kilom, ike kiphi-nja? “Then, 1s this 'EVASION"7"
(4) A: in, kike kipti-ja. “Yes, THAT is ‘evasion’.”

The underlined parts are focused, and /kutu/ ‘shoe’ and /kipPi/ ‘evasion” are the two target words.
In sentences (1) and (3), the target word 1s focused, and hence initial to the Accentual Phrase.
whereas in (2) and (4), the target word 1s post-focal and hence medial to the focused Accentual
Phrase starting at /t[oke/ or /kike/ ‘that’.

Table 2. Corpus of target word types.

Initial C Medial consonant type
type lenis stop aspirated stop fortis stop lenis fricative  fortis fricative

lenis  [kutu ‘stoes’ kiph ‘evasionjtuk’e ‘thicknmess’kisa  ‘knight’ kus’o' ‘hardens’

*

aspiratedrthuki ‘venture fkPukt ‘cookie’ jprup’e? ‘pear’ thusu  “pitcher’ jpPus’i’ ‘seed’

fortis  [k’itfm* ‘end’- [Cupu® ‘tofu’ j'ik’i® ‘tearing’ ['ist will’  [Uis’o”  ‘tears’
NOM NOM

leniss [sikje ‘a sikhje  ‘rice-  |sik’1®  ‘tableset’ jsuso  ‘hydro- [sus’o? ‘bull’
watch’ drink’ gen’

fortis s” [s’ukPi NCNCE [s’'tta  ‘write’ [s’it’a'® ‘to wash’ [s’usi  ‘pricker’[s'is’o'! ‘washes’

TFrom /kut/ ‘to harden’+ /so/ (polite ending). The fortis fricative here results from phonological
word-formation ccnstraints affecting codas or coda-onset sequences at morpheme boundaries
within compound words and inflected forms. In careful speech, [kut s’o] is also a possible
pronunciation of this word.

ZFrom /phus/ ‘unripe’ + /pe/ ‘pear’ (cf. fn 1). 3From /phus/ ‘unripe’+ /s’i/ ‘seed’

4From /K’ith/ ‘end’ + /i/ (nominative ending). SA nonstandard (but acceptable) variant of /tupu/.
6From /t’it/ ‘tear’ + /ki/ (nominalizer). 7From /Ut ‘tear’+ /so/ (polite ending).

8From /sik/ ‘food’ -+ /Ki/ ‘equipment’. °From /sus/ ‘male’+ /so/ ‘cattle’.

WFrom /s’is’/ ‘was1’+ /ta/ (infinitive ending). 'From /s’is’/ ‘wash’+ /so/ (polite ending).

The data were recorded at the Research Institute of Logopedics and Phoniatrics, University of
Tokyo, under the d:rection of the third author. The EMG activity level was recorded from hooked-
wire electrodes (Hirano & Ohala, 1969) inserted perorally into the PCA and percutaneously into the
TA. These two signals were stored on two channels of a multi-channel analog FM tape recorder.
Two of the other channels were used to record the audio signal (from a directional microphone
placed about 50 cm in front of the speaker’s mouth) and an intra-oral air pressure signal (from a
pressure transduce mounted on a catheter inserted into the pharynx through the left nostril). A
video view of the glottis was recorded separately at 60 fields (30 frames) per second using a
laryngeal fiberscope inserted into the pharynx through the right nostril. During productions of the
target dialogues. tine stamps were recorded on the video fields, and a corresponding timing pulse



train was recorded directly onto the audio track of the videotape. (The RILP physiology system is
designed to record the timing pulses also onto a channel of the FM recorder. but no signal was
registered during this recording session because of a faulty connection.) The speaker read all of the
dialogues once, then read two other corpora before reading these materials a second time. then read
the two other corpora a second time. and so on. She was able to read the total list of 25 dialogues
three times before it became necessary to remove the electrodes.

Copies of the FM tape and the videotape were sent to ATR Human Information Processing
Laboratories for the second and fourth authors to digitally process. The audio, the air pressure,
and the two EMG signals were digitized at 24kHz in appropriately-sized chunks so that the
resulting files would each contain the records for one dialogue. These files were transferred to a
Sparcstation in the ATR Interpreting Telecommunications Laboratories (where the second author
was then a visitor), and the four signals were separated using the waves+ demux routine. The two
EMG signals were then downsampled to 2400 Hz, rectified, and smoothed by averaging over a
moving 70 ms triangular window centered at successive time samples. An Entropic waves+ header
was added to each of the four signal files to allow synchronized display, as illustrated in Figure 3
for sentence (3) in the first production of the dialogue in Table 1. The top panel displays the
wideband spectrogram, the second and third panels display the processed TA and PCA signals. the
fourth panel displays the intra-oral air pressure signal, and the fifth panel displays the fundamental
frequency. (The FO curve was calculated at 100 Hz for each audio file using the ESPS get_{0
program, which uses an auto-correlation based dynamic programming algorithm.) The processed
files were then transferred by ftp to the UCLA Phonetics Laboratory Sparcstation for analysis by
the first author. Here spectrographic displays of the audio signal were examined to determine
whether the vowel was voiced, partially devoiced, or completely devoiced, using the criteria
described in Jun & Beckman (1994): i.e., vowels less than 30ms long and having only a low
frequency energy were labeled as ‘partially devoiced’. EMG events of interest were labeled using
the waves+ label function.

The processing of the videotape involved making digitized movie sequences using a Macintosh
Quadra 950 to control a Sony EVO-9650 VTR and a RasterOps 24STV video digitizer. There were
25 digitized movie sequences — one for each of the intervals during which timepulses were being
recorded for the first reading of one of the 25 dialogues. First the VHS format copy was redubbed
to a Hi-8 copy in order to add VTR-legible timecodes from the original timecodes (which were
merely superimposed on each image in a format not accessible to the VTR circuitry). Then time
offsets were identified for the beginning and end of the interval during which the timecode counter
was being incremented during the reading of one target dialogue. The interleaved fields of each
video frame from this range were digitized independently, resulting in 60 separate images for each
second of video. Because the original experiment timecode counter was incremented at this 60fps
(fields per second) rate, the digitized sequences are synchronized exactly with the superimposed
timecodes. Each image was sampled in a 24bit RGB color space and compressed using JPEG
compression. Because the digitization hardware used introduced an undesirable vertical offset
differential between odd and even sampled fields, each image was subsequently resampled using a
“ntter” filter to align the top of the superimposed timecode (see Figure 4).
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Figure 3. Sample waves+ display for sentence (3) in the first production of the dialogue in Table
1. Starting from the top, the windows are (1) wide-band spectrogram calculated from the audio
signal file, (2) smoothed signal recorded from the thyroarytenoid (TA), (3) smoothed signal
recorded from the posterior cricoarytenoid (PCA), (4) intra-oral air pressure, and (5) fundamental
frequency. The audio signal file and the other four signal files have wave+ headers which allow the
displays to be time-locked to each other despite the different sampling rates, and thus provide for a
common cursor positioning. The displayed cursor aligns the signals at the implosion into the medial
/p"/ in the target word /kiphi/.

The original video is visually noisy. A periodic artifact consisting of alternating intensity bands
runs diagonally across each image. In an effort to mitigate the effects of this artifact on any
subsequent analyses that use automatic edge-detection algorithms, the data were processed using a
masking filter applied in the frequency domain. Because this operation is computationally



expensive the filter was applied only to a 256 pixel square region framing the glottis (see Figure 5).
The frame size was chosen to include the entire glottis and the full inner arc of the epiglottis. in
order to be able to normalize any measurement of glottal aperture for the position of the larynx
relative to the video focus. (The distance between the glottis and the camera view varies because
the larynx moves up and down for different fundamental frequencies, and because the end of the
fiberscope moves up and down for different positions of the soft palate.} Although the original
superimposed timecode is not visible in these filtered images, a field index synchronized with the
original 1s visible in the upper left corner of each tmage. The 25 field sequences were recorded as
QuickTime Movie files 1o a compact disk. The CD and the VHS copy of the original videotape
were then sent to the UCLA Phonetics Laboratory for analysis by the first author.

Figure 4. Sample full-sized video view of fieid number 00295. This field is the one just before the
release of the second consonant in the target word /kiphi/ ‘evasion’ in sentence (3) of the sample
dialogue. The large “000295” in the upper right corner of the view 1s the oniginal timecode, and the
smaller “00295” in the upper left 1s the new VTR-legible timecode.
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Figure 5. The zoom-window ripple-filtered view of field number 00295, shown in full unfiltered
view 1n Figure 4.

field number:
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Figure 6. Audio waveform, timepulses, and spectrogram for the utterance shown in Figure 3
(above), and npple-filtered zoom-window video views of the 20 fields starting about 2 fields

(~30ms) before the implosion of the word-initia] lenis stop to 1.5 fields (25ms) after the onset of
voicing in the second syllable of the target word (see next page).
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Fig. 6 (continue) Glottal view of /kiphi/: from the field number 280 until 299.

e

(p"] release 1) onset

Word: [Kiphi) -- voiced V1 (3], AP initial
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At UCLA, the audio track of the videotape was digitized in stereo at 10 KHz per channel onto
the hard drive of a PC using the Kay Elemetric CSL hardware. The speech audio signal was thus
separated from the simultaneously recorded time pulse train, and could be viewed in synchrony
with 1t using CSL display software. Spectrographic displays of the speech audio track could then
be used to identify the timecodes for the video fields nearest to the voice onset time in the target
vowel (if it was voiced) and to the closure and release times of each of the surrounding consonants.
Figure 6 illustrates this identification process. The first part of the figure shows the audio
waveform, timepulses, and spectrograph for the same utterance. The fields associated with the
relevant acoustic events are then labeled in the second part of figure, which shows a sequence of 20
video fields starting 2 fields (~30ms) before the implosion of the word-initial /k/ and ending about
1.5 fields (25ms) after the onset of voicing in the vowel following the word-medial /ph/.

3. Results and Discussion

Figure 7 shows the distribution of devoiced vowels in the three repetitions of the corpus, counting
partially devoiced and completely devoiced vowels together as a single category in contradistinction
to voiced vowels. Although there were fewer instances of devoicing overall, the relative
distribution of devoiced vowels across the different consonantal contexts and different prosodic
positions reproduced the results of Jun & Beckman (1994). The effect of the preceding consonant
type was larger than the effect of the following consonant type, and the effect of prosodic position
was largest for a preceding lenis stop. Comparing the different preceding consonantal contexts, we
see the highest percentage of devoiced vowel tokens in the context of a preceding aspirated stop or
preceding plain (or lenis) fricative, and almost no devoicing in the context of a preceding fortis stop
or fricative. Comparing the different following consonantal contexts, we see more devoicings
before an aspirated or fortis stop and fewer devoicings before a fricative, and among stops, we see
less devoicing before lenis than others.

As in Jun & Beckman (1994), we can relate the effects of preceding consonant type to the
published literature on glottal aperture (Kagaya, 1974; Hirose, Lee, & Ushijima, 1974), and to
experiments on the effects of accentual-phrase position on the closure duration and relative length
of residual voicing at the beginning of a lenis stop (see, e.g., Jun, 1990, 1996a; Silva, 1992; and
compare the traces for the lenis stops in the left and right panels of Figure 1 from Kayaga’s data
above). That is, the degree of vowel devoicing is correlated with the degree of adjacent
consonant’s glottal opening. In the same prosodic position, vowels are more likely to be devoiced
when the preceding consonant has large glottal aperture than when it has small glottal aperture. For
the same consonant type, the following vowels are more likely to be devoiced when they occur
accentual phrase-initially than accentual phrase-medially. Since consonants have a longer closure
duration at accentual phrase initial position, we assume that the glottal aperture is bigger phrase
initially than phrase medially. This result is what is predicted by the simple undershoot account.
The differential effect of a following lenis stop as compared to the aspirated and fortis stops can be
explained in part by the same prosodic facts. That is, a word-medial lenis stop is also necessarily
accentual-phrase-medial, and thus will have a short closure which undergoes the lenis-stop voicing
“rule” (see Jun, 1995, 19964, for the phonological status of this phenomenon).

The differential effect of a following fricative as opposed to a following aspirated or fortis stop
is somewhat more difficult to interpret in terms of the literature on glottal aperture, but this effect
might be related to the time course of the oral constriction gesture. That is, studies on kinematics of
oral articulations often show faster, more ballistic movements into stops than into sibilant fricatives
(e.g., Kuehn & Moll, 1976). Given the transglottal airflow requirements for voicing, and the
quicker buildup of oral air pressure from the closure into the stop, glottal vibration may cease
sooner in a vowel-stop sequence than a vowel-fricative sequence. Alternatively, it may be the case
that the glottal abduction gestures for these two stop types differ from the gestures for the fricatives
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in ways that do not show up on glottal aperture traces. That is, whereas the plain and fortis
fricatives only contrast with each other, the aspirated and fortis stops contrast also with the lenis
stop. This three-way contrast may provide an impetus to trigger an active increase in vocal fold
tension just before the implosion, to prevent residual voicing into the stop closure of the sort that is
observed typically in word- and phrase-medial lenis stops. (A study of English stop production
shows elevated cricothyroid activity for some speakers in their voiceless stop productions which
was explained in this way — see Lofqvist, Baer, McGarr & Seider Story, 1989.) This suggests
that vowel devoicing is not mere undershoot of the glottal target opening. That is, 1t is not a simple
linear function of degree of overlap between adductive and abductive glottal gestures. Rather its
causes are a combination of the degree of glottal overlap, the aerodynamic conditions resulting from
the time course of the overlayed oral constriction gesture, and perhaps even the differential tuning
of the gestural “target” in response to the inventory of contrasting types in each particular
subsystem of the language’s consonant system.

100 . —
80 effect of preceding, phrase-initial consonant
60 - -
40 -
¥ 20+ -
§ 0 | i I I I
é aspirate lenis fortis plain fortis
[¢)]
D 100 - -
g 80 L effect of preceding, phrase-medial consonant
o -
>
e 60 - -
s 40+ -
§' 20 -
f‘g O ) ¥ 1 1 ) i
S aspirate lenis fortis plain  fortis
I
@ 100 . .
5 80l effect of following (word-medial) consonant
o -
60 - ' -
40 -
20 -
0 [ l
I 1 1 I I T
aspirate lenis fortis plain fortis
stops and affricates fricatives

Figure 7. Percentage of tokens in which the vowel is completely or partially devoiced in the
different contexts provided by the corpus of dialogues. N is 30 tokens for the top two panels and
60 tokens for the bottom panel.
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Observations of the glottal video fields lend further support to the notion that vowel devoicing
in Korean is not categorical. Even though we had digitized movie sequences for only the first set
of repetitions of the 25 word types, there was considerable variability 1n the time course of glottal
closing and opening over the CVC sequence relative to the associated oral gestures in the vowel and
flanking consonants. That is, there were not two qualitatively different patterns for the voiced
versus devoiced vowe] tokens in these utterances, or even two clearly differentiated regions in any
distribution of tokens along some natural continuum of glottal adduction patterns. Figure 6 above
and Figures 8-12 illlustrate the range of patterns that we saw.

Comparing Figure 6 with Figure 8 shows one type of difference that we saw between voiced
and devoiced tokens of the same word type. Where Figure 6 shows the spectrogram and video
field sequence for [kiphi] ‘evasion’ with a voiced first [i], Figure 10 shows the sequence of video
fields for a token of the same word with a partially devoiced [i] in the same prosodic context, at the
beginning of the accentual phrase. In both examples, the glottis is maximally open around the
release of the [k] and only gradually adducts over the next few fields, up to the field where glottal
pulsing was first observed in the [1]. This is the pattern one might expect for an aspirated stop.
Indeed, in both of these tokens, the glottal opening pattern at and just after the release of the phrase-
initial [k] is very similar to the pattern at and just after the release of the word-medial [ph). Earlier
studies of Korean stops (e.g., Han & Weitzman, 1970; Dart, 1987) have shown that many
speakers do produce a short interval of breathy-voiced “aspiration” in phrase-initial lenis stops;
hence the term “slightly aspirated” in many older descriptions of the contrast, such as Martin
(1951). The two examples are also similar in the time course of glottal abduction for the
postvocalic [p"]. Beginning one or two fields after the oral implosion, the glottis gradually opens
to achieve maximum adduction in the field just before the [ph] release. The difference between the
two tokens is only a very subtle matter of the length of interval between the initiation of glottal
adduction from the [k] into the [i] and achievement of full glottal abduction for the [ph]. In the
partially devoiced token, this sequence is accomplished within 9 video fields, whereas in the fully
voiced token it covers 11 fields. Table 3(a) shows the duration (measured in number of fields) of
the intervals between acoustic landmarks commonly used to measure stop and vowel duration.
Given the 60 fps sampling rate of the video, the difference is one of about 30 ms. As a result of
this shorter duration, the glottal abduction gesture in the following [ph] (which is timed relative to
the stop’s release into the following vowel) begins much earlier relative to the peak glottal
abduction in the preceding [k]. The partial devoicing might be explained entirely in terms of the
shorter duration of the target vowel and consequently greater overlap between the end of the glottal
adduction gesture for the vowel after a preceding voiceless stop and the onset of the glottal
abduction gesture for the following stop. That is, the movie sequence here is compatible with an
interpretation in terms of undershoot resulting from greater temporal overlap among a sequence of
invariant glottal gestures.

The pattern in Figure 9, by contrast, is not so easily explained. This figure compares two
tokens of [pPus’i] ‘raw seed’ in accentual-phrase medial position. Again, one token shows a fully
voiced and one a partially devoiced target vowel. However, the difference in duration is not as
large. The entire CVC sequence is 18 fields in both cases, and the interval between the maximum
glottal opening at the release of the [pP] and the release of the [s’] into the following vowel differs
by only a half a field -- 14 versus 13.5 fields in Table 3(b). Note, however, that the maximum
glottal opening 1n the [s’] 1s not timed relative to the consonant offset in this fortis fricative. Rather,
the glottis opens much more quickly to provide the airflow necessary for turbulent flow at the oral
stricture. In both tokens, maximum glottal abduction is reached one or two frames after the onset
of frication for the [s’]. The relevant interval duration in this word type, therefore, is not the time
from [ph] release to [s’] offset. Nor can it be the time from [ph] release to maximum glottal
opening in the [s’], which hardly differs. Thus, temporal overlap and undershoot cannot be the
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entire explanation of the partial devoicing here. Note, however, that the first field showing
maximal abduction in the [s’] occurs immediately after the frication onset in the token with the fully
voiced vowel, but not until one field later in the other token. This suggests a somewhat more
gradual abduction out of the partially devoiced vowel. That is, there could be a small difference in
“settling time” for the glottal abduction gesture. Suppose that the offset of voicing depends not on
the time of maximal glottal opening, but rather on the ime when there is a degree of abduction
sufficient for airflow through the glottis to make an air pressure differential across the oral
constriction and cause turbulence there, rather than an air pressure differential at the glottis that
cause vibrations of the vocal folds. This “sufficient degree of abduction” seems to be achieved
earlier relative to the [ph] release in the token with the partially devoiced vowel. The [s’] onset is
3.5 fields after [pP] release rather than 5 fields later, as in the token with the fully voiced vowel. In
other words, while the contrast here cannot be explained in terms of overlap of invariant gestures, it
still seems to be a case of undershoot. That is, one of the glottal gestures varies in more than
relative onset time, but the relevant gestural reorganization still could be a temporal one -- an
increase in “settling time” for the glottal abduction gesture of the following consonant which results
in greater overlap and undershoot of the adduction gesture in the target vowel.

Figures 10-11 show another way in which the relative timing of the glottal gestures can vary to
produce different degrees of devoicing in the target vowel. The figures show the spectrogram and
the relevant sequence of glottal video fields for each of the four tokens of the word [phup’e] ‘an
unripe pear’ which together represent four different points in the voicing continuum. The fully
‘voiced’ token in Figure 10(a) has a full vowel, as indicated by the energy at the first and second
formant frequencies. The first ‘partially devoiced’ token in Figure 10(b) shows three glottal pulses
with very weak energy only around the second formant of the vowel. The second ‘partially
voiced’ token in Figure 10(c) shows only one clear glottal pulse with some weak energy around the
second formant during the aspiration noise. Finally, the ‘completely devoiced’ token in Figure
10(d) shows no trace of voicing, but only aspiration noise.

Unlike in Figures 6 and 8 (for [kiphi]) or Figure 9 (for [phus’i]), however, the overall duration
of the CVC sequence is roughly constant across the different voicing patterns. Moreover, the
general characterization of the timecourse of glottal closing and opening does not change across the
continuum from the fully voiced token in Figure 11(a) to the fully devoiced token in Figure 11(d).
There is always a large glottal opening during the word-initial aspirated stop [ph], and a gradual
narrowing to the smaller opening at the beginning of the word-medial tense stop [p’]. The
maximum glottal opening at the release of the [ph] looks to be larger in the token with a completely
devoiced vowel in Figure 11(d) than in the first partially devoiced token in Figure 11(b), but it is
not larger than in the fully voiced token. Moreover, there is some glottal opening at the voice onset
in the vowel for all four tokens, whether the token is judged to be ‘partially devoiced’ or fully
‘voiced’, and the peak glottal opening during the preceding [ph] is very similar between voiced and
completely devoiced category. Therefore, it is not possible to predict the acoustic voicing category
just from the overall duration and from such qualitative observations of the pattern of glottal
opening across the the word-initial CVC sequence. The relevant difference among these four
tokens seems rather to be in the relative timing of acoustic events such as consonant closure and
release. The occurrence of one or another of the four different voicing categories seem to be related
to the durations of the flanking consonants’ closure and release gestures. That is, as the duration of
the vowel (the number of fields recorded during the vowel’s voiced interval) decreases, the
duration of the flanking consonants’ closure and release intervals increases, as shown in Table 3
(c). As the vowel becomes less and less voiced, the number of fields recorded during the vowel
decreases from 2.3 to 0 while the number of fields during the preceding consonant's closure and
release increases from 6 to 8. This suggests that the vowel devoicing in the token in Figures 10(d)
and 11(d) is a result of the aerodynamic conditions caused by the very large overlap between the
glottal adduction gesture for the vowel and the oral closure and release gestures of the flanking
consonants. It is not as simple a case of undershoot as in Figure 6 versus Figure 8, but it is
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nonetheless compatible with an undershoot account, once we acknowledge that there can be
variability in the relative durations of the oral gestures independent of the timing of the glottal
gestures for the vowel and neighboring consonants.

Table 3. Number of video fields for closure (from implosion to explosion) and release
(from consonant release to vowel onset) of the preceding consonant, vowel (V1), and
for the closure of the following consonant. For [kiphi] and [pPus’i], two voicing
categories (voiced, partially devoiced) are shown, whereas for [phup’e] data are for
four different degrees of devoicing (voiced, partially devoiced-1, partially devoiced-11,
completely devoiced). See Figures 6, 8,9, and 11.

(a) [kiphi] (b) [phus’i]

[kiphi] voiced |part. devoiced [phus’i] voiced | part. devoiced

k closure 35 3 ph closure 4 4.5

k release 3 2.5 p" release 3 2.5

vowel 2 1.5 vowel 2 1

ph closure 6 5 s’ frication 9 10

(c) [phup’e]

[phup’e] voiced partially partially completely
devoiced-I | devoiced-II devoiced

ph closure 4 3.3 3.8 4.5

p" release 2 2 3 3.5

vowel 2.3 2 0.3 0

p’ closure 7 6.5 7.3 7.8

However, not all examples of devoicing can be explained just in terms of gestural timing and
undershoot. Figures 12 and 13 show spectrograms and movie sequences for two tokens of [sigje]
‘clock’. The phrase-initial token has a fully voiced and the phrase-medial token has a fully
devoiced vowel, so much devoiced that the spectrogram shows continuous sibilant energy up to the
sudden reduction in the amplitude of the frication noise between 4000 and 5000 Hz at the onset of
the rather “leaky” closure of the following voiced lenis stop. The following lenis stop is voiced in
both cases, so the difference in the vowel should be due to the gestural configuration of the initial
CV sequence. This CV sequence 1s considerably longer in the token with the fully voiced vowel.
However, this cannot explain the difference, since the maximum glottal opening in the preceding
[s] is considerably larger in the phrase-initial token, so that full glottal adduction is not achieved any
earlier relative to the closure into the following lenis stop. Indeed, the glottal opening during the
two fields of the voiced vowel is if anything somewhat larger than the last two fields at the end of
the frication noise just before the [gj] implosion in the token with no voicing. Apparently, the
difference between these two tokens has to do with the greater air pressure in the phrase-initial
position. The larger subglottal airpressure for the high tone at the beginning of the focused phrase
causes breathy-voiced vibration for the vowel, even though the glottis is somewhat open here.
Figure 14, which shows the intraoral air pressure in the two tokens, supports this interpretatoin of
the glottal video fields. In short, observations of the sequence of glottal views during voiced and
devoiced vowels in different tokens of the same word support Hirose’s (1971) suggestion that the
observed varniation in glottal state may indicate not a “difference in the motor command” but rather a
“*passive’ but highly nonlinear effect” of the interaction with varying “physical conditions near the
level of the glottis™, such as a difference in transglottal flow due to the higher subglottal airpressure
associated with the production of the associated high tone at the beginning of the focused accentual
phrase.
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Figure 8. Video fields of glottal width pattern of word [kiphi] ‘evasion’, when the first vowel

in the target word is partially devoiced. This token is also produced in an accentual phrase
mitial position. (field numbers from 548 unitil 567)

=

{1j onset

Word: [kiphi] -- partially devoiced [i]. AP initial
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Figure 9. Video fields of glottal width pattern of word [phus’i] ‘raw seed’, when the first vowel in
the target word 1s (a) voiced and (b) partially devoiced. Both tokens were produced in an accentual
phrase medial position '

(a) [pPus’i] with a voiced [u] (field numbers from 4261 until 4280)

Word: [phus’i] -- voiced [u], AP medial
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(b) [pMus’i) with a partially devoiced [u]
(field numbers from 4538 until 4557)

{1] onset

Word: [prus’i] -- partially devoiced [u], AP medial



Figure 10. Waveform, timepulses, and spectrogram of [pPup’e] showing four categories in a
continuum: (a) voiced [u], (b) partially devoiced [u] (labeled as partially devoiced-I), (c) partially,
but close to completely, devoiced [u] (labeled as partially devoiced-II), and (d) completely devoiced
vowel ([u]).

(a) a voiced token of [phup’e]
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(c) a partially devoiced-II token of [phup’e]
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Figure 11. Video fields of glottal width pattern corresponding to each example in Figure 8:
(a) voiced, (b) partially devoiced-1, (c) partially devoiced-Il, and (d) completely devoiced
vowel [u] in [phup’e].

(a) voiced (field numbers from 3437 until 3456)

252> g

ip"] rmploston

Word: [phup’e] -- voiced [u], AP imtial

23



(b) partially devoiced-I (field numbers from 3267 until 3286)

iph] release

p'1implosion

Word: [phup’e] -- partially devoiced [u]. AP medial
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(c) partially devoiced-1I (field numbers from 3545 until 3564)

Word: [phup’e] -- partially devoiced [u], AP medial
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(d) completely devoiced (field numbers from 3166 until 31 85)

pr] release

ip'lrelease

Word: [phup’e] -- completely devoiced [u], AP initial
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Figure 12. Waveform, timepulses, and spectrogram of [sigje] ‘clock’ corresponding to each
token in Figure 12. (a) when the first vowel in the target word 1s voiced and (b) completely
devoiced.

(a) [sigje] with a voiced [1] — in accentual phrase initial position
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(b) [sigje] with a completely devoiced [i} — in accentual phrase medial position
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Figure 13. Video fields of glottal width pattern of word [sigje] ‘clock’, when the first vowel in
the target word is (a) voiced and (b) partially devoiced. The target word in (a) is produced
accentual phrase-initially while that in (b) is produced accentual phrase-medially.

(a) [sigje] with a voiced [i] — in accentual phrase initial position
(field numbers from 7729 until 7744)

Uelonset

Word: [sigje] -- voiced [i], AP initial
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(b) [sigje] with a completely devoiced [i] — in accentual phrase medial position
(field numbers from 10166 until 10181)

Is] onset

e

Word: [sigje] -- completely devoiced [i], AP medial
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Figure 14. Intra-oral air pressure view of the two tokens of [sigje]. (a) with a voiced [i] and
(b) with a completely devoiced [i]. A vertical line marks the beginning of [g].
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Data from EMG muscle activities further support this suggestion that vowel devoicing in
Korean might be a ‘passive’ result of a complex conjunction of more or less subtle variation in
gestural timing and magnitude and its interaction with other concurrent gestures for the oral stricture
and the associated tonal pattern. Figures 15-18 illustrate this point. Each figure shows the
spectrogram, traces of EMG level measured in the CT and TA, intra-oral pressure, and fundamental
frequency for pairs of tokens differing in the degree of voicing or devoicing in the target vowel. In
general, each consonant in a target CVC sequence shows a single PCA “event”. This “event” is
consistently a well-defined peak with a high maximum value when the consonant is an aspirated
stop or a fricative. The “event” was also a PCA maximum for tense and lenis stops, although it
was not always so high or so clearly “peaky”. In almost all cases, however, our data differed from
the previous findings for Japanese in showing two separate PCA “events” for the two flanking
consonants, even when the intervening vowel is devoiced. Also, there was consistently a TA
“event” -- a peak -- associated with the offset of the intervening vowel, regardless of whether the
vowel was voiced or devoiced. Figure 15 illustrates this for two tokens of the word [phup’e], with
(a) voiced and (b) completely devoiced vowels repectively. There is a clear TA peak at the cursor
marking the end of the vowel, and it separates the two clear PCA “events” for the preceding [ph]
and following [p’]. Thus the count of EMG “events” does not distinguish whether the vowel is
voiced or devoiced. The speaker did not produce a single large PCA “command” to open the glottis
for the [ph] and keep it open through to the end of the [p’] for the token with the devoiced vowel.
Rather, there are two PCA peaks, separated by a TA peak for a vocal-fold tensing gesture, perhaps
to inhibit “passive” residual voicing at the beginning of the [p’] closure.

Similar patterns can be observed in Figures 16 and 17, which show the EMG data for the
tokens of [kiphi] and [phus’i] described above in Figures 6, 8 and 9. All these examples show a
PCA peak for each of the consonant preceding and the consonant following the target vowel, and
an intervening TA peak around the offset of the target vowel, whether it is fully voiced or partially
devoiced or completely devoiced. Similar EMG patterns can also be seen in the partially devoiced
and completely devoiced token of [khukbi] ‘cookie’ shown in Figure 18. Hirose (1971) suggests
that the timing of the TA peak relative to the PCA peaks might occur earlier when the intervening
vowel is devoiced, but informal observation of our EMG data suggests that there is no consistent
difference. We intend to make more quantitative evaluation of Hirose’s claim, to see if there is a
relationship between timing of the TA peak and the probability (or degree) of vowel devoicing. We
also intend to quantitify our informal observations of the glottal opening area. However, our
informal observations to date suggest strongly that maximal glottal opening area, or the duration of
glottal opening by themselves will not predict vowel devoicing.

Conclusion

This paper gives a glimpse of the extensive variability that can be observed in different tokens of
“devoiced” vowels. There 1s variability in the “degree of devoicing” in the acoustic signal. There
is also considerable variability in the patterns of glottal closing and opening across different
devoiced tokens. There seems to be no categorical difference between devoiced tokens and voiced
tokens in these views. Nor does there seem to be a categorical distinction in the pattern of EMG
activity events. All of these observations support the notion that vowel devoicing in Korean cannot
be described as the result of application of a phonological rule that changes a [+voice] specification
to [-voice]. Rather, devoicing seems to be a highly variable “phonetic” process, a more or less
subtle variation in the specification of such phonetic metrics as degree and timing of glottal
opening, or of associated subglottal pressure or intra-oral airflow assoicated with concurrent tone
and stricture specifications. Some of the token-pair comparisons are amenable to an explanation in
terms of gestural overlap and undershoot. However, the effect of gestural timing on vocal fold
state seems to be a highly nonlinear function of the interaction among specifications for the relative
timing of glottal adduction and abduction gestures, of the amplitudes of the overlapped gestures, of
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aerodynamic conditions created by concurrent oral or tonal gestures, and so on. In summary, to
understand devoicing. it will be necessary to examine its effect on phonetic representations of
events in many parts of the vocal tract, and at many stages of the speech chain between the motor
intent and the acoustic signal that reaches the hearer’s ear.

* This paper also appears in The Jouranl of Speech Sciences, Vol. 1, pp. 153-200 (1997).
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Figure 15. EMG activities for (a) voiced [u] and (b) completely devoiced [u] in [phup’e]. PCA
is shown in the second window and TA is shown in the third window. Detailed description of
each window is the same as that in Figure 3.
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(b) completely devoiced {u] in /ptup’e/.
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Figures 16. EMG patterns in the (a) voiced and (b) partially devoiced token of [kiphi] ‘evasion’.
TA peak 1s shown in the second window, and PCA peak is shown in the third window.
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(b) [kiphi] — partially devoiced [3].
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Figures 17. EMG patterns in the (a) voiced and (b) partially devoiced token of [phus’i] ‘raw seed’.
(a) [phus’i] — voiced [u]
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(b) [phus’i] — partially devoiced [u]
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Figures 18. EMG patterns in the (a) partially devoiced and (b) completely devoiced token
of [kbukhi].

(a) [kPbukhi] — partially devoiced [u]
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(b) [kMukhi] — completely devoiced [u]
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