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The glottal opening gesture and its timing control in various sequences of voiceless obstruents were
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endoscopy. The results obtained at both electromyographic and movement levels revealed that the glottal
opening gesture is characterized by a one-, two-, or more-than-two-peaked pattern in a regular fashion
according to the phonetic nature of the voiceless segments: each voiceless obstruent or geminate acccmpanied
by aspiration or frication noise tends to require a single separate peak of the opening gesture, while an

ad haddad ha nraducad na tirihntad
unasp:mtw stop embedded in a voiceless environment can be produced within the c,,..mng gesture attnibuted

to an adjacent aspirated stop or fricative. Such an independent opening gesture of the glottis for the
production of voiceless aspirated stops or voiceless fricatives even in sequentially unvoiced contexts can be
interpreted as assuring the aerodynamic requirements for turbulent noise production during the aspirated

stop or fricative segment.

PACS numbers: 43.70.Bk, 43.70.Ve, 43.70.Ny

INTRODUCTION

It has been universally recognized that the larynx
plays the major role in accomplishing the phonemic
distinction of voicing, Although some issues remain
concerning the details of voicing onset and offset as
well as the narticination of other articulators. the
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approximation and separation of the vocal folds are con-
sidered crucial conditions among other physical and
aerodynamic factors determining the initiation, main-
tenance, and cessation of vocal fold vibrations (e.g.,
Fant and Scully, 1977). Many studies, using various
techniques such as photo-electyic glottography and
fiberoptic endoscopy, have confirmed that the precise
degree and timing of the glottal opening and closing
gesture relative to the supraglotfal articulatory move-
ments are critically linked to the manifestation of the
distinctive feature of voicing, and also aspiration in
languages where the presence or degree of aspiration
is phonemic (Frgkjaer—Jensen et al., 1971; Kagaya,
1974; Dixit, 1975; Kagaya and Hirose, 1975; Iwata
and Hirose, 1976; Pétursson, 1976).

Furthermore, the phonetic variation of aspiration in
stop consonant production in English and Swedish has
been shown to be based on different time courses of
the glottal opening gesture (Lisker et gl., 1969;

1070 T.indavict 19079« T Afavict 1976).

1970; Lindgvist, 1972; Lofqvist,
As for nondistinctive variations in voicing, the vowel
devoicing phenomenon in Japanese, for example, has
also been demonstrated to be accompanied by an open
glottis, which is chiefly responsible for unvoicing in
this particular allophonic variation (Sawashima, 1971).
Although the /h/-voicing phenomenon in Japanese,

Sawashima,
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another type of phonetic variation in voicing, cannot

be 'v'vvu—cnqu:.ucd av}cxy' in terms of sxuu.cu apenure

(Yoshioka, 1979), the dimension of glottal opening and
closing has, at least in most voiced versus voiceless
pairs, proved to be substantially correlated with quasi-
periodic excitation at the glottal level.

The electromyographic work of the past decade has
further confirmed that the degree and timing of the
glottal opening are controlled, at least in gross terms,
by reciprocal activity patterns of the abductor and
adductor muscle groups of the larynx (Hirose and Gay,
1972). Although functional differences among adductor
muscies have not been well investigated in reilation to
glottal movements, the activity pattern of the posterior
ericoarytenoid muscle,
tor, has been shown to be most critical for determina-
tion of the glottal aperture in general (Hirose, 1976).
Thus experiments simultaneously recording both elec-
tromyographic and movement parameters have re-
vealed that the contrast of voiced versus voiceless,
as well as that of aspirated versus unaspirated, is
accounted for in terms of the under Lymg neuromuscuiar
control of these muscles, except for the /h/-voicing
phenomenon in Japanese, mentioned above.

considered to he the snle ahdue-
consigereg 1o pe the Sglie avgue

These investigations, however, have dealt mainly

N s 1 n ino
with gsimple speech materials such as the alternating

phoneme sequences, /CVCV/, /CVCVC/, or /VCV/

(C =consonant and V =vowel). Such studies have been
directed towards the understanding of laryngeal control
in voicing distinctions and/or variations under circum-
stances of minimal mutual interaction between adjacent
phones with respect to voicing. Since vowels are
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usually voiced and most of the consonants in many lan-
guages seem to be clearly specified by either a voiced
(1ax) or a voiceless (tense) feature, and indeed are
binary in this sense (e.g., Jakobson et al., 1951),
coarticulatory phenomena at the glottal level would not
be very likely to appear in these contexts. Inthis con-
nection, the study of vowel devoicing can be interpreted
as aiming at the exceptional cases where laryngeal co-
In contrast, many other coar-
ticulation studies, most of which deal with supralaryn-
geal articulations, have focused on observing coar-
ticulation during sounds specified as “neutral” with
regard to certain features such as lip rounding and
nasalization,

articulation does occur.

In addition to examining laryngeal coarticulation in
regularly alternating phoneme combinations, it is also
interesting to find out how phoneme sequences homo-
geneous with respect to voicing are organized at the
level of the glottis in terms of their neurophysiological

carrelateg

Ll lTliates,

The present paper is intended to clarify

& 110 paTSTLL ol LS lleliseC Clal

the temporal change of the glottal opening gesture and
its neuromuscular control during the production of
clusters of voiceless obstruents in American English.
We believe that these kinds of studies, focused on
sequential voiceless sounds, may provide insight into
coarticulatory phenomena at the level of laryngeal
adjustments as well as provide additional information
on the biomechanical properties of the opening and
closing movements of the vocal folds from a kinesiolo-
gical viewpoint. Another purpose of the study is to
explore the phonetic effect, it any, of word boundaries
on laryngeal articulation, since some voiceless )
phonemes and voiceless sequences in American English
may occur in a variety of linguistic situations, i.e.,
they may be preceded, followed, or interrupted by a

4ah A
word boundary.

The experiment was conducted in two parts; one is an
electromyographic (EMG) study of the larynx and the
other is a movement study using the combined techniques

of photo-electric glottography and fiberoptic endoscopy

of the glottis.
The EMG data were obtained using bipolar hooked-
wire electrode techniques (Basmajian and Stecko, 1962;

Hirano and Chala, 1969), The electrodes, consisting

of a pair of platinum—tungsten alloy wires (50 u in diam-

eter with isonel coating), were inserted perorally into

the posterior cricoarytenoid muscle (PCA) under indirect

laryngoscopy with the aid of a specially designed curved
probe (Hirose et al., 1971), Before the insertion, topi-
cal anaesthetic was applied to the mucous membrane of

+ha her .
the hypopharynx using a small amount of 4% lidocaine

spray (Xylocaine). The interference voltages of the
EMG signals were recorded on an FM multichannel data
recorder in parallel with the acoustic signal, These
action potentials were then fed into a digital computer
system and sampled at a rate of 200/s after being recti-
fied and integrated over a 5-ms time window, for further
processing to obtain the muscie activity patterns for
single and/or ensemble-averaged tokens (Kewly—-Port,
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1977). The figures to be presented in this paper
represent activity patterns aligned with reference to
particular acoustic events, and smoothed with a time
constant of 35 ms, before ensemble averaging.

For the movement data, the glottal view through a
flexible laryngeal fiberscope (Olympus VF-O type,
4.5 mm in outer diameter) was photographed with a
cine camera at a rate of 60 frames /s, Both the audio
signal and the synchronization signal were registered
on the FM recorder tape to identify each frame. Then,

frame-by-frame analyses were made with the aid of

a minicomputer to calculate, on each frame, the dis-
tance between the vocal processes, The distance is
considered as one of the indicators of the glottal width
(Sawashima and Hirose, 1968; Sawashima, 1976).

The cold dc light source (Qlympus CLS), providing
illumination of the upper glottal area, also served as the
light source for the photo-electric glottography.! The
amount of light passing through the glottis was sensed by
a photo-transistor (Philips BPX 81) placed on the neck
just below the lower edge of the cricoid cartilage. The
electrical output of the photo-transistor also was re-
corded on another channel of the FM tape. These three
signals were samnled at 200/q and nrocessed in the

pidls =24IINECQ al AU a4l ploceasxtcd

digital system, they will be shown with a 5-ms integra-
tion-time constant.

A native male speaker of standard American English
served as the subject. Among the possible voiceless
phoneme seéquences in American English, the combina-
tion of /s/ and /k/ is optimum in forming the greatest
possible number of meaningful contexts, Therefore, as
is shown in Table I, “sentences” containing the phonemes
/b/ and /n/ in many combinations were selected for
the test utterances., The abbreviated phonemic trans-
criptions indicate the types of clusters with which the
experiment is concerned. In the first EMG session, the
subject was asked to produce the 24 utterance types,

12 times each, in random order. For the movement
study, simultaneous recordings of photo-electric output
and fiberoptic cine film were made during the first two
repetitions of each utterance type, followed by 12 addi-
tional recordings of only the photo-electric signal. Dur-
ing the session, the glottal image was constantly moni-
tored through the fiberoptic view finder. Although no
particular instruction was given to the subject about the
vocal intensity or the speaking rate, a gross survey

of audio waveforms and acoustic envelopes revealed

TABLE I, Test utterance types.

1. I may aid /v#v/ 13. I mask aid /sk #v/
2. I may sale /v#8/ 14. I mask sale /skgs/
3. I may cave /v#k/ 15, I mask cave /sksk/
4. I may scale /v#8k/ 16. I mask scale /8K § sk/
5. 1 make aid /k#v/ 17. He makes aid /ks#v/
6. I make sale /k# 8/ 18. He makes sale /ksg 8/
7. I make cave /k#k/ 19. He makes cave  /ks#k/
8. I make scale /k#s8k/ 20. He makes scale /ks #sk/
9, My ace alds /ssv/ 21, He magks aild /eksgv/
10. My ace sales /s#8/ 22. He masks sale /sks# s/
11. My ace caves /s4k/ 23. He masks cave /sks#k/
i12. My ace scales /s#8k/ 24. He masks scale /sks#sk/

Yoshioka et a/.: Laryngeal action in consonant production 1616
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that the intra-session variability for each utterance
type is comparable with that across sessions,

1. RESULTS

Figure 1 contains the glottographic patterns for eight -
tokens of three utterance types, where the place of
the word boundary in the /sk/ sequence varies. In each
graph, the vertical dotted line corresponds approximate-

v tn the onsot nf tha (gl sagmarnt whinh ganwvad ag tha
1y T0 e ONSEL 07 Ind |8 Ssegmein, winiCa Se€rvea as ine

line~-up point for the sampling and averaging. More
specifically, the acoustic reference was determined by
identifying the voicing offset for the preceding vowel

in the audio waveform of each utterance type. ‘An
overall survey of Fig. 1 reveals that, although there
are some variations within each utterance type particu-
larly in the peak values for type 11, the glottograms
for type 4 and type 13 show one single opening gesture

of tha olottig for the voiceless seoments asky 4 thn
CE1e85 segmems, while those

Vi wic gl

for type 11 clearly demonstrate two separate opening
gestures for the same phoneme sequences.

veas> 10X uu.« UL

In order to illustrate the corresponding activity pat-
terns of the abductor muscle (DCA)

A WS QRRLRULLR HNUS VLT (S wiagy

most responsible for the glottal aperture, Fig. 2 shows
the averaged electromyographic curves for this muscle
for the same three utterance types. In addition, for
each utterance type, a representative plot of glottal
width as a function of time drawn from fiberoptic data
(GW1) is included along with a glottographic curve re-
corded simuitaneously by transiliumination (GWt). Also,

for both electromyographic and glottal width data, the

al ionad
algiicQ

which ic nragumahlye
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corresnondine audio envelope curves (AE)
corresponaing ope (72909 N

with reference to the onset of [s], are shown for gross
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FIG. 1. Glottographic patterns for eight productions of three

utterance types containing the /sk/ sequence in various con-
texts.
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FIG. 2. Averaged electr OIMyograms of PCA, averaged audio

envelopes, representative plots of glottal width using fiber-
optics, corresponding glottograms, and audio envelopes for
the same three utterance types as in Fig. 1.

segmentation of the acoustic events.? These curves
further confirm that the difference in the number of
peak openings among the productions of the /sk/ com-
bination is inherently linked to an underlying difference
in the activity nattern of the ahductor musele, with

23 A0 QURIVALY pPesRel il O LAC QDGR InUusSLLe, wWiia

some time lead: T wo distinct peaks in the PCA activity
curve are found for type 11, where a word boundary
intervened within the /sk/ sequence, but there is only
one peak for the utterance types without the boundary.
Note that the PCA activity pattern for the /s # k/ se-
quence in utterance type 11 shows complete relaxation
down to the noise level, preceded by a peak around the
line-up and followed by reactivation., The extra small
peaks found in the PCA curves for utterance types 11

and 13 correspond to the release of the glottal attack
for word-initial vowels in the frame sentences, [?e] in
“My ace caves” and [?e] in “I mask aid,” respectively
(Hirose and Gay, 1973).

A closer comparison of the acoustic signals at the
bottom, with the corresponding time courses of the
glottal width, reveals that the local maximum openings
of the glottis are always reached during the fricative
segment [s] and aspirated stop [k"] if any. No specific
opening gesture may be detectable for the unaspirated
stop [k] in wterance types 4 and 13. Rather, the glottal
articulation during this particular allophone seems to be
merely a continuation of the ¢losing phase of the glottal

gesture for the preceding [s] segment, since the curves

. are almost symmetrical with regard to their peak tim-

ing. The peak glottal openings for utterance types 4 and
13 are quite comparable. The velocity of the glottal
movement appears to be a little faster for the word-
final /sk/ cluster than for word-initial /sk/ sequence

gince the friecation

in hoth ananine and elngina nhaseg
Since e rication

Al WOl UpCilllly allua VUGl puiascs,

duration is usually shorter in word-final position. In
contrast, neither of the local maximum values in the
glottal width curve for utterance type 11 is as high as
those for theother two utterance types. Taken together,
the fact that both {s] and {k"] require certain amounts of
glottal opening also means that such a temporary closing
1617
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FIG. 3. Glottographic patterns for eight productions of three
utterance types containing the fricative /s/ in various con-
texts.

movement (shown as a dip between peaks in type 11)

should not be- interpreted simply as the presence of a
prolonged pause by the word boundary, but as a con-
trolled narrowing in this particular context.

Figures 3 and 4 compare the produetions of the phoneme

/s/ in various contexts including a geminate combination.

It should be mentioned here that, as is indicated by the
acoustic signals, the geminated sound /s # s/ was pro-

duced with prolonged continuous frication noise.
averaged abductor activity curves (shown in Fig. 4) as

M
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well as the glottographic patterns for the iirsi eignt
tokens (shown in Fig. 3) among these three utterance
types are all characterized by one single opening peak,
regardless of the word boundary position. The detailed
patterns of the curves, however, differ in several as-
pects, besides the additional small peaks in the PCA
curves, which correlate with the glottal attack of word-
initial vowels: The maximum opening for word-final
/s/ is generally smaller than that for the work-initial
/s/, and the frication period is shorter in final position.
Consequerntly, the velocity of the opening as well as the
closing phases does not seem significantly different in
either position. Although the movement curves for both
cases of /s/ are nearly symmetrical around their peaks,
the curve for the geminated case /s # s/ appears to be
characterized by slower velocity of its closing phase.

In other words, the glottal opening during the geminate
sequence reaches its maximum as quickly as during the
atrnela ~wmn $la A vees Ab Annwanana alansles 1smdil &kl

v udh .. T .
S ALLE I UIIUS, uuu. LT WIULIL {ITL1 Cadto JlUWLY Ulivil I.IIU

end of the prolonged frication.

Figures 5 and 6 illustrate the production of the gemin-
ate combination /k # k/ in contrast with the correspond-
ing single voiceiess stops. The acoustic signals re-
vealed that the geminated sound was uttered with a
longer duration of the elosure period followed by a
degree of aspiration comparable to that for a single
aspirated stop [k"]. The curve of the abductor activity
pattern, as well as those of glottal opening for the
geminate, also appears to be characterized by one
single peak similar to that for the word-initial aspirated
[k"], although a word boundary intervenes within the
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FIG. 4. Averaged electromyograms of PCA, averaged audio
envelopes, representative plots of glottal width using fiber-

optics, corresponding giottograms, and audio envelopes for
the same three utterance types as in Fig. 3.
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utterance types containing the stop /k/ in various contexts,
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FIG. 6. Averaged electromyograms of PCA, averaged audio
envelopes, representative plots of glottal width using fiber-
optics, corresponding glottograms, and audio envelopes for
the same three utterance types as in Fig. 5.

~arrows in the graphs of Fig. 5, shows that, at least in
this subject, the glottal opening is at its maximum
during the aspiration period for the single stop, while
it peaks before, or around, the burst for the geminate

Anmbnaal wennd Pimal e/ ia anminlatale
l.ll LCULILL adl, I.llc wul Ll-l.l.llal /R/ 1D LULIPITLTLY

anonab

cOognaie,
different. In the glottographic figures, the pointed
triangles at the left in utterance type 5 correspond to
the implosion of the stop and those to the right indicate
the release for the glottal attack of the following vowel.
The data clearly demonstrate that the word-final stop
/k/ was actually produced with a negligibly small open-
ing gesture of the glottis, presumably due to glottaliza-
tion in this position.

Figures 7 and 8 compare three similar three-phone
combinations. Although the number of peak openings
is not always easy to count, there is a general tendency
for each type of voiceless cluster in these utterances
to be produced with essentially two separate peaks in the
opening gesture both at the electromyographic and the
movement levels. Moreaver, a gross acoustic segmen-
tation, by inspection of the acoustic envelope, makes
it possible to identify the affiliation of each separate
opening gesture: The word-initial /s/ and /k/ appear
to be produced with a single opening gesture, while the
word-final /sk/ and /ks/ are pronounced within another
separate opening of the glottis, It is also evident that

tha 1nnal mavimum Aananinaeg nna attainad durina tha frin_
i€ W0Cal HiaXiIUlLl OPCULLES al'S awallicd QUIiNE uic (Iil=

ative [s] segment and the aspirated (k"] segment regard-
less of utterance type, which is consistent with the pre-
vious results for the various /sk/ combinations,

In mngt nf ¢
A MOSY O &

first peak is larger than the second. There are,
however, several exceptions to this rule; the averaged
PCA curve for utterance type 19 in Fig. 8, the glotto-
gram for the token # 8 of utterance type 14 in Fig. 7,
and those for the token #1, 2, 4, and 5 of utterance
type 19 in Fig, 7. Another closer look reveals that the

firgt 1n0e,al mayimum value af alattal anoaning durine the
IWrST 10Ca1 maximum va:iue QI giolia: gpening quring tne

word-final /ks/ production of utterance type 19 is

1
nese vimogGal BIv
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FIG. 7. Glottographic patterns for eight productions of three

utterance types containing clusters of three voiceless phones,

smaller than those for the word-final /sk/ sequences
of types 14 and 15, despite the fact that peak opening

in type 19 usually occurs later than those in types 14
and 15. The small peak opening for the word-final

/ks/ sequence in type 19 is, therefore, most likely
correlated with the slower velocity of the glottal move- -

ment,

Figures 9 and 10 contain three combinations, each
composed of four phones. The variability in the num-
ber of peaks tends to increase with the number of
sequential voiceless phones; therefore we show here
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FIG. 8. Averaged electromyograms of PCA, averaged audio
envelopes, representative plots of glottal width using fiber-
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the same three utterance types as in Fig. 7.
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FIG. 9. Glottographic patterns for eight productions of three
uiterance types coniaining ciusters of four voiceless phones.
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addition to those of glottography in Fig. 9. These

figures further indicate that each voiceless obstruent or

geminate accompanied by aspiration or frication noise
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FIG. 10. PCA activity patterns for eight productions of the

same three utterance types as in Fig. 9.
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tends to require a single separate opening gesture,
while an unaspirated stop in a voiceless environment
can be produced within the opening gesture attributed
to the adjacent aspirated stop or fricative, Thus, both
EMG and movement curves of the eight productions for
these three utterance types seem to be characterized
as one, two, and three peaks, respectively; although
1dent1f1cat10n is complex and uncertam in some cases.
Observation of the velocity of the glottographic curves
further reveals that the initial opening phase is slower
for the voiceless sequence beginning with /k/ in type
20 than those for the clusters beginning with /s/ in types
16 and 23, resulting in a difference between these two

groups in the magnitude of the first peak: The local

maximum opening for /ks/ intype 20isgenerally smaller
than for /sk/ in types 16 and 23. These findings are
reasonably comparable to those described in Figs. 7 and
8.

Il. DISCUSSION

There are a few experimental reports on laryngeal
articulation during clusters and/or geminates of
voiceless obstruents, but the spoken samples in most
are limited. Frgkjaer-Jensen et al. (1971) stated that
the /s # p/ sequence in Danish subjects showed a two-
peaked shape in slower pronunciation but only a single
peak in normal speech. Lindqvist (1972) observed
glottographic patterns during the Swedish word-initial
/sp/ sequence and found that there was no abduction
gesture specific to the stop production, Fujimura and
Sawashima (1971) described the glottalization of mor-
pheme final [t] in the /t #t/ or /t # d/ sequence in
American English in terms of false cord approxima-
tion, based on qualitative analysis of fiberoptic filming,
From recordings of four Japanese subjects, Sawashima
and Niimi \1.:11-:) reported that the glottal O‘pemﬁg ges-
ture during voiceless segments, including geminates,
showed a rather simple pattern with a single peak,
together with some individual variations —particularly
in the peak values, Their materials did not contain
“pure” voiceless clusters due to the fact that the phono-
logy of Japanese does not allow voiceless clusters other
than geminates. Ligvist (1978) presented simultaneous
recordings of glottograms and certain aerodynamic

3 v, iaoh T cad w1 A md 11 AN
parameters during selected Swedish obstruent sequences

and demonstrated that the peak glottal opening was
found to occur during the fricative in clusters of stop
+ fricative and fricative + stop. Pétursson (1978) in-
vestigated the cluster production in Icelandic, showing
the two peaks for [s # t"], one for [ # st],

The current results are generally in good agreement
with those data, despite differences in the languages
studied and the small subject sample in each study.
These findings appear to be correiated with the aero-
dynamic requirement for obstruent production: A
widely open glottis during these segments is indispens-
able for the egressive air flow that provides the source’
of aspiration or frication noise (e.g., Stevens, 1971),
while this is not necessarily the case for the unaspira-
ted stop.

An overall view of the entire EMG and movement data
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shows some interesting patterns. Figure 11 shows the
relationship between the first local maximum opening

of the glottis and the first peak value of the PCA activ vity
during each of the 23 different combinations of voice-

less obstruents /s/ and /k/, using the averaged glotto-

graphic curves and the averaged EMG activity patterns,
respectively. The plotted characters “S” and “K” stand
for voiceless sequences beginning with /s/ and /k/,
respectively, such as “S” for /sk# k/ and “K” for

/ks #k/. That is, the point “K” means that the X—-¥
coordinates correspond to the initial peak value for
each of the two parameters for combinations which
were initiated by /k/, regardless of the following con-
sonant(s), and even if the first peak was actually
reached during a following [s] segment. Neverthe-
less, it is clearly shown here that, in addition to the
highly positive correlation as a whole, the peak values
of both parameters seem to be categorized according
to the manner of the initial voiceless obstruents : The
first local maximum opening as well as the peak abduc-
tor activitly are generaily larger for the sequences pro-
ceeding from [s] than those from [k]. It should be men-
tioned here that most of the “K” noints, excent for the
three which correspond to the single word-initiai,
word-final, and geminated /k/, are always reached
during the following [s] segments. In addition, pre-
vious reports on single voiceless obstruent production
(e.g., Sawashima, 1970) revealed that there was a large
opening of the glottis for voiceless fricative /s/, and a

Tatival i i ava .
relatively small opening for voiceless stop /k/. There-

fore it is conceivable that these peak values are more
-closely linked, not to the segments during which the
peaks are reached, but to the initial segments from
which those peaks start being reached, as far as the
first opening phase during sequential voiceless obstruent
production is concerned Incidentally, the two points
“S” embedded in the “K’ group correspond to the word-
final /s/ in /s # v/ and /s # k/, while the lowest valued
“K’ 1D Lllc wor u-uluu I/l\// in //l\ if V//
phasized that, in these exceptional cases, the first peak

Té aheweld lun Asma
il DlIUUIU UT Til-

ENGLISH
= 4500
>
< [ - ’
« .
o s
3500t
< x T -
b o x ss
- X
a x S
2 2500+
< £ o8
oy ®
(@] [
L]
s 500t
5
=
x
< z
z wys A A A L
100 150 200 250

MAXIMUM PCA ACTIVITY (uV)

FIG. 11. The relationship between the first local maximum
PCA activity and the first local maximum glottal opening during
voiceleas sequence production. “S?* and «K'’ stand for the
voiceless sequences beginning with /a/and /k/, respectively.
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openings correspond to a single voiceless obstruent /s/
or /k/ which is immediately followed by a word bound-
ary.

Figure 12 presents the timing of the first local
maximum of the glottal opening during voiceless sequ-
ence production, using the averaged glottograms of 12
tokens each. In addition, iwo represeniative time
courses of the original averaged glottograms are shown
hv the dashed lines onlv durine their initial nnnmna

LA KARSACL ANTS Oy QUILIg vacll allliinl Opoiiill

movements up through the first peak. The characters
“8” and “K” are labeled according to the same method
used for Fig. 11. From this figure, we conclude that
the difference in the first local maximum value of the
glottal opening found in the previous figure is related to
a difference in the velocity of the glottal' movement:

The clusters beginning with an |_§j segment are ac-
companied by a rapid initial opening, consequently at-
taining an early and larger local maximum value of glot-
tal aperture. On the other hand, in the clusters begin-
ning with a [k], the movement is gradual up to the first
peak, even though the peak itself is reached during the
following [s] segment if any exist. It thus appears that
a fast separation of the vocal folds is preferable for the
turbulent noise source during fricative segments; for

ston nrnrlunlnnn howaver
SiOp ProGuciion, nOwWover

glottal area seem unnecessary during initial stop closure
to terminate vocal fold vibrations, to allow buildup of
oral air pressure, and to prepare for following aspira-
tion or frication noise, if required.

gunh 2 vanid 1nnrno¢n in
, SUsa & rapic

The current data are also important in explaining
the phonetic realization of a word boundary. Let us
assume for the moment that the word boundary in
American English is manifested at the laryngeal level
by a closing movement at the preceding word ending,
followed by an opening movement at the following word
initiation, A simiiar hypothesis was once proposed by
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The timing of the first local maximum glottal open-
In addition, two
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iflg p4asSc ar'd inlauGsa.

Zero of time axis corresponds to the implosion of the first
obstruent, which served as line-up point for the averaging.
“Sr and K stand for voiceless sequence beginning with /s/
and /k/, respectively.
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Fujimura (1972), although it referred solely to Korean
stop production. Qur speculation could explain, for ex-
ample, why the glottis temporarily narrows in the
vicinity of the juncture during /s # k/ production and
reopens for the following word-initial aspirated stop
production. Moreover, not only the glottalization of the
wnrd_final /Ir/ and tha alattal attasl of the word-initial

word-final /k/ and the glottal attack of the word-initial
vowel production might be accounted for along these
lines, but also the difference in the peak glottal opening
between the word-final /s/ and the word-initial /s/ pro-
duction. Of course, such an interpretation has several
apparent defects; for instance, it does not explain the
findings for the geminate cases, which were produced
with a single opening gesture despite the word boundary,
In addition, the peak value differences between the two

vpnlng gnefnrna in the rr'lnﬂ'ngrnme (ehnvun in 'ﬂ"lcr Q\

and electromyograms (shown in Fig, 10) for /sk #sk/
production are rather contradictory, in that the peak
values for the preceding word-final /sk # / are usually
larger than those for the following word-initial / # sk/.

Another interpretation, which is biomechanical in
nature, is that there is an upper and lower limit on the
velocity of glottal opening and closing gestures during
speech, Here, the lower limit implies that a static
open position of the glottis is unlikely to occur or at
least difficult to maintain in running speech; and the
Tha

A LT

lakHal anan io tharafara anntinnn 3
glottal area is therefore continuously changing,

upper limit simply means that the velocity of glottal
abduction and adduction cannot exceed a certain value.
Under this hypothesis, the general tendency towards
muitiple glottal opening and closing gestures during
most of longer voiceless clusters is due to the lower
limit: Glottal articulation is “cyclical” in nature,
rather than to keep a certain constani opening. On the
other hand, the mono-modal pattern observed in voice-
less geminate production is explained by the upper limit:

If a geminate required two opening gestures and a tem-
porary narrowing were necessary, the glottis would
have to open, close, and reopen very quickly. On
condition that this assumption is eventually demonstrated
as correct across subjects, speaking rate should sub-
stantially affect the number of peaks found in the glottal

wern A
opening curve during sequential production of unvoiced

sounds, as was suggested by Frgkjaer—-Jensen et al.
(1971).
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