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Measurements were made of intraoral air pressure and oral flow of ten native speakers uttering
word pairs contrasting Korean fortis and lenis voiceless stop consonants in initial position. The
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release, yet a lower oral flow after release, than corresponding lenis stops. Possible reasons for
this difference were exnlored with the use of a comnuter imnlemented aerodvnamic madel.
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giving an output of air pressure and flow. Input parameters were adjusted in accordance with
known or hypothesized variations in glottal area function, vocal tract wall tension, respiratory

muscle force, and supraglottal cavity volume, as given in the literature. In addition to the
previously known differences in glottal area, it is inferred from the results of the modeling
experiment that fortis stops are produced with greater vocal tract wall tension than lenis stops.
Speaker-specific production strategies such as larynx lowering and heightened subglottal
pressure during fortis stops and differences noted between word pairs are also discussed.
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INTRODUCTION

Techniques developed for the measurement of the aero-
dynamic properties of speech provide data which can also be
used to study other physiological properties. Phonetic dis-
tinctions which might be thought to involve only the laryn-
geal level may be seen to involve elements from the subglot-
tal and supraglottal regions as well. In such a case, the
aerodynamic properties of the segments in question (i.e.,
subglottal and oral air pressure and glottal and oral airflow)

will reflect the state not only of the glottis, but also of the

subolottal and sunraslottal svstems, giving an indication of
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how these areas of the vocal tract contribute to the produc-
tion of contrasting segments, if technigues can be found for

distinguishing these various contnbutxons One case in
which this kind of analysis is invaluable is in the much debat-
ed phonetic nature of the phonemic distinction in Korean
initial voiceless stop consonants. Korean has a three-way
contrast between voiceless stops in initial position. These are
exemplified in the following minimal triplet: [p*an]
“bread,” where the initial stop is said to be unaspirated and
“tense” or “fortis”; [pan] “room” with a “slightly aspirat-
ed” (or “lenis”) stop; and [ phan] “bang!,” where the stop is
heavily aspirated. At first glance, this would seem to be a
simple difference in voice onset time as indicated by the
labels “‘unaspirated,” “slightly aspirated,” and ‘heavily
aspirated,” and, certainly, the heavily aspirated stop may be
distinguished on this basis alone (cf. Han and Weitzman,
1967, 1970). Although the VOT of {p] is, on the average,

longer than that of [p*], these two stop types have been

chawn in came studiee (Kim 1067 Ahrameon and @ickear
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1971; Han and Weitzman, 1967, 1970) to have overlapping
VOT values. Perception tests (Han and Weitzman, 1967,

1970) have seemed to indicate that duration of aspiration is -

not the only, or perhaps even the most crucial, cue which
distinguishes these two stops. Both a shorter amplitude rise
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time and greater intensity at voice onset in [p*}], for exam-
ple, have been suggested as important factors (Han and
Weitzman, 1967, 1970). It is in reference to these other di-
mensions in the distinction that investigators speak of [p*]
as “strong” or “*forced” and [p] as a “weak’ stop, or refer to
them, respectively, as “fortis” and “lenis” articulations. This
paper is based on the assumption that VOT differences aione
are not enough to distinguish these two stop types and that,
nnnnnnnnnnn Farotlnme fcawranbicmdioe do masmzziead fada
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possible ways in which they differ significantly from each

other. Henceforth in thic paper, T will nge the snver tarme
OLner, menceiortn, 1 s paper, 1 Wi use tne oover ierms

“fortis” and “lenis” to refer to these stops. In doing so, how-
ever, I do not intend to make anv claims for the precise
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meanings of the terms, nor do I necessarily, by using them,
mean to equate the Korean stop distinction with fortis—lenis
contrasts discussed in other languages.

The present study is mainly concerned with the aerody-
namic properties of the Korean fortis—lenis distinction. The
only previous work in this area has been Kim’s (1965) sepa-
rate measurements of intraoral pressure and oral flow, Lee
and Smith’s (1972) study of intraoral and subglottal pres-
sure, and Hardcastle’s (1973) oral flow records. All three
studies dealt with only one subject each. They will be re-
ferred to where appropriate in later sections. In the present
experiment, more conclusive evidence is shown by the simul-
ianeous pressure and fiow recordings of ten subjects. This
evidence is further utilized to explore possible causes for the

Ppressure and flow differences wuuu, uy' aucmpuug to simu-
late them on a computerized aecrodynamic model.

Rafnre diccniecinn af the nracant warle it ic neafinll taer
DCIOrC GISCUSSIOn Of LN prasent work, 1118 usCitll 1O sumi-

marize the major findings on the nature of the Korean fortis
and lenis stops,; in order to give a background for further

speculation. Prevnous studies have drawn from three major
areas of investigation: acoustic records, direct observation of
laryngeal vibration and glottal area, and EMG records of
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FIG. 1. Glottal adjustment on an arbitrary scale for fortis (triangles), lenis
(solid points), and aspirated (squares) stops in Korean, after Kagaya
(1974). Circle indicates articulatory release.

muscle activity. Acoustic studies have examined phenomena
such as the intensity and fundamental frequency of the voic-
ing just after release of the stop (Han and Weitzman, 1965,
1967, 1970; Hardcastle, 1973). It was found that after fortis
stops the intensity was greater and the fundamentai frequen-
cy was higher than after corresponding lenis stops
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folds began with Kim (1967) who, in his cineradiographic

ad # Tt +h 1 €Alda Aus
study, measured the distance between the vocal folds uunng

utterance of the three stop types. He found the distance sig-

nificantly greater in lenis stops at release than in fortis stops,

a finding that was reinforced by the results of Kagaya's
(1974) fiberscopic study. Kagaya photographed the vocal
folds during Korean stop production with the use of a fiber-
scope, revealing very different laryngeal adjustments for the
three stop types. It can be seen in Fig. 1 (after Kagaya, 1974)
that the maximum glottal opening during occlusion was lar-
gest for the aspirated stop, intermediate for the lenis stop,
and least of all for the fortis stop. The timing of the closing
gesture relative to articulatory release also varied between
stops. For the aspirated stops, release generally occurred
near the moment of maximal glottal opening. With lenis
stops, although the glottis was still quite open at release,
there was a more or less continuous decline in giottal area
throughout the occlusion. During the fortis occlusion, on
ale o d PRty I N, [ P . ST a. gy | |

- ) g
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fore release.
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Abberton (1972), in her laryngographic study, found
waveforms resembiing those of creaky voice (fry register) at
the onset of voicing, following fortis stops, i.e., with a long
closed phase and a siow opening phase. This is compatibie
with the observed smaller glottal area in fortis stops.

Hardcastle (1973) referred to “isometric muscular ten-

sion,” i.e., the tensing of a muscle which does not undergo

shortening as a result, present in the vocal folds and the walls

of the pharynx during articulation of the fortis stop. He sup-
ported his claim by acoustic evidence such as the higher fre-
quency of vocal fold vibration at the onset of voicing follow-
ing fortis stops (an indication of tension in the vocal folds)
and the sharper formant structure and more clearly defined
harmonic partials which might indicate general tension in
the walls of the supraglottal cavity. EMG studies (Hirose et
al., 1974) of the intrinsic laryngeal muscles partially support
this view, showing a marked increase in lateral cricoaryten-
oid and vocalis muscle activity just prior to release in fortis
stops, presumably resulting in tension of the vocal folds and
constriction of the glottis. As far as I know, there have been
no direct measurements of muscle activity in the pharyngeal
and oral cavities during Korean stops, although Kim ( 1965)
has reported greater muscle activity at the lips during fortis
bilabials.

To summarize the findings thus far, we can assume that
the articulation of fortis stops differs from that of lenis stops
in two major ways: The vocal folds are closer together during
occlusion and release and there is, perhaps, greater tension in
the vocal folds and supraglottal cavity walis. The major
problem, however, with all of the abovementioned studies
was the lack of a sufficient number of subjects. One cannot
oonﬁdently generalize from EMG data on one speaker, fi-
berscopic data on two others, and x-ray studies of yet an-
other single speaker. It is not surpnsmg that some conflict-
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number of speakers, it is difficult to separate salient general-
izations from speaker-specific idiosyncracies. Indeed, as will
be shown, speakers do differ in certain systematic ways that
would make interpretation of single-subject studies difficult.

In the present study, intraoral air pressure and oral air
flow measurements were taken of ten subjects using a tech-
nique described below (see also Javkin and van der Veen,
1983). Since both oral pressure and flow are influenced by a
change in glottal adjustment, one can infer a certain amount
about the glottal state by measurement of these parameters.
These inferences must be made, of course, with some cau-
tion, since other factors besides glottal state can influence
oral pressure and flow (for example, changes in subglottal
pressure, tension in the vocal tract walls, active expansion of
the vocal tract, etc.).
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Oral (and nasal) airflow was recorded using a modified
respiratory mask with a fine stainless steel gauze which ex-
hibits a known amount of resistance through which the out-
going air musi pass (as described by Rothenberg, 1973). The
flow was calculated from the pressure difference across the
canzra A (aaltan nothatar ties seagqiiea tenna Avrmne srnn teann
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ed through a hole in the mask designed for that purpose. The
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FIG. 2. Schematic diagram of the experimental apparatus.
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inside the mouth, without touching the walls of the oral cav-
ity and without being hit by any of the moving articulators
( for this reason, the consonants were limited to bilabials).
After each session, the air pressure and flow devices were
calibrated, the pressure by the use of a standard U-tube ma-
nometer and the flow by introducing a known voltage (the
flow mask is regularly checked to insure that it registers 0.98
V for a flow of 1000 ml/s).

The pressure and flow were monitored on an oscillo-
scope and recorded on an oscillomink inkwriter with a flat
frequency response to 800-1000 Hz. As an aid to segmenta-
tion, an audio recording was made simultaneously on an-
other channel. In order to get a higher quality acoustic
record (since the mask muffled the sound somewhat) a sepa-
rate recording was aiso made in a soundproof booth of the
same words. The frequency response for the recording
equipment was flat to 13 kHz + 1 dB with a signai-to-noise
ratio of 60 dB. Figure 2 is a schematic representation of the

avmarimmantal meanadsae
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In addition to these recordings, an F-J electroglotto-
aph recording was made of one of the subiects, from which

TABLE 1. Korean word pair test utterances.

[ ST -
LEnis rorus

(1a) [pja] “rice”
(2a) [pay] “room”
(3a) ['pis] “empty”

(4a) ['pea} “soak throngh”

(1b) [p*ja] “bone”
(2b) [p*an] “bread”
(3b) ['p*i>] “sprained”
(4b) ['p*ca] “pull out”
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FIG. 3. Oscillomink traces of oral air pressure and flow during the produc-
tion of two different Korean word pairs by two different speakers. Arrows

exemplify points measured.

the pitch was also calculated. The electroglottograph con-
sists of two small metal plates attached to a strap around the
subject’s neck. The plates were positioned on either side of
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them. The variation in the impedance provides an indication

of the dearee to which the vocal folds are adducted (since
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when they are together, the electric current passes through
easily).

Ten native speakers of Korean were recorded, six males
and four females, all between the ages of 18 and 26. Seven
were speakers of the Seoul dialect, two of the Kangwon Do
dialect, and one of the Kyonsang Nam Do dialect. Their
residency in the United States ranged from 1 to 8.5 years,
with the mean being 5.5 years. The dialectal differences
(chiefly for the Kyonsang Nam Do dialect which has pitch-
accent and no fortis—lenis distinction in fricatives) were not
judged to affect the pronunciation of the test words, especial-
ly as all speakers were educated in a standard Korean. Varia-
tions found between speakers did not correspond to dialectal
differences.

Four minimal word pairs were repeated by each subject
six times, three times in the order lenis—fortis and three times

ravares ~rdar To tha fAllAacring wiae ey ahla T tha

in reverse order. In the 1On0OWIIE words given in Table Ly LGC
asterisk represents the fortis nature of the stop.
A fvnmal examnle of an oscillomink printout is mw-m in

L Yt bttt S S S
Fig. 3. The arrows indicate the points measured. Measure—
ments were made of peak oral pressure during the occlusion

and peak oral flow immediately after articulatory release.

Il. RESULTS AND DISCUSSION

The relationship between the fortis and le

each speakeris shown graphically in Fig. 4, where peak flow

nis means for
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FIG. 4. The relation between airflow (ordinate) and pressure (abscissa)
agenciated with the conconants in the four word nmm ag cml{en by ten

subjects. In general, the lenis member of each pair (ﬁlled dla.monds) has a
greater airflow despite having a lesser pressure than the corresponding for-
tis member (unfiiied diamonds).

on the ordinate (in 1/s) is plotted against peak pressure (in
cm H,0) along the abscissa for each word pair. Each point
represents an average of the six tokens of the word indicated
recorded from a single speaker. The filled diamonds repre-
sent lenis stops and the unfilled diamonds their fortis coun-
terparts. A solid line connects the two points representing
the word pair for each speaker.

As can be seen in the graphs, there is a great deal of
variation among speakers in absolute value of pressure and
flow. For each speaker, however, there exists a clear distinc-
tion between the two sounds. Although 97.5% of the means
in Fig. 4 show hlgher pressure for the fortis stop (the one
exception is speaker 5 in word pair 3) and 87.5% of the
means show higher flow for the lenis stop (speaker 8 in word

naire 1 1 and A and enaalare 2 and 7 in word nair 2 chaw
pairs i1, 5, and 4, ans spLakels s and / i WOIG pair 5 sidw

reversed values), the percentages in terms of individual
word nmr tokens are smaller, alfhmmh still mnte emmﬁ-

cant: 76.8% of the pairs show a higher pressure value for the
fortis stop and 77% of the pairs show a higher flow for the

lenis stop. Thus the general tendency is for fortis stops to
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have higher pressure and lower flow values than lenis stops
in the same environment; 55.8% of the data showed both
these tendencies in the same word pair token. An analysis of
variance testing the significance of the fortis—lenis distinc-
tion across speakers shows that both flow [F(1,9) = 13.573,
0.005 < p<0.01] and pressure {F(1,9) = 37.703,
0.0001 < p<0.005] are signiﬁcant in the distinction. The

PR 2 amrmes dlea O Y- AP RS, RN A amn

same lb true across the tour UlllCl CIIL WUIU pairs, WllClC Pr [

sure is highly significant [ F(1,3) = 248.373, p<0.0001] and
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0.01 < p<0.025]. Flow variation between word pairs will be

diccnccad in a later caction. While it ic claar that hath nrec.
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sure and flow reflect important articulatory differences in
the production of these stops, speakers appear to differ in
which parameter has more importance in the distinction.
Speakers 1 and 2, for example, appear to make the distinc-
tion more on the basis of flow than pressure in most of the
word pairs. Speakers such as 8 and 9, on the other hand, have
less of a flow difference and more of a difference in oral
pressure. Yet others appear to use different production
strategies in different word environments. The results of an
analysis of variance testing the fortis/lenis ratio variation
between speakers against the pooled within speaker token
variability show it highly significant for both flow
[F(9,200) = 14.288, p<0.0001] and pressure
[F(9,200) = 7.83, p<0.0001].

It is interesting to consider for a moment the individual
variation shown by the ten speakers. When considered pair-
wise, 23.75% of the word pairs showed reversed or equal
pressure values (i.e., either the lenis stop had a hlgher pres-
sure or the two pressures were equal) and 23% of the word
pair tokens showed reversed or equal flow values. Only five
wnrd natrtalbane (007 ~ftha data) chawad savarcad valizag 10

wuilu lJCI.ll- LURVILY \ & /0 Ul LIV UAQLA ] DLHIUWLAL LUV UIOWAL valuco 111

one measure and equal values in the other (none was re-
verged for bhoth),

LSV AL DO

from the flow mask, a perception test could not be performed
on these tokens to see if they remained distinguishable.) Out
of the 75 tokens with one measure reversed in value, how-
ever, 60 (80%) had the other measure showing a greater
than average distinction for that particular speaker. In other
words, reversed values were generally compensated for in
ways which made the distinction in the other measure more
salient.

For purpose of discussion of the differences between in-
dividual speakers, we can divide them provisionally into two
groups: those who seemed to make the distinction in a way
which emphasized the flow difference and those who made
the distinction in a way which emphasized the pressure dif-
ference. Figure 5 gives a visual representation of these
speaker-specific production strategies, showing the average
percent ratios of fortis to lenis in flow (ordinate) and pres-

..... R P ekt o Aot oo ’
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_and fortis flow/lenis flow X 100) for each of the test words.

Tha imhare rafar ta thae individnal gnaalrare Tinoao ara
111€ NUMoErs reier 1o inc ingivigGua: Speaxkers. Lines are

drawn at the 70th percentile as a means of clarifying the
divisions discussed. Tt can be seen that eneakerc 1,2,5,and 6

tend to have very little difference between lems and fortis
pressures (the fortis pressure is under 140% of the lenis for

all word pairs). Speakers 8 and 9, on the other hand, make a
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larger pressure difference (fortis pressure is over 145% of
the lenis pressure) and very little, if any, flow difference.
Other speakers, such as 3, 4, and 7, seem to change strategy
with different word pairs, while speaker 10 makes a sizable
differentiation in both pressure and flow for all word pairs.

i 1icac i nd acnnetio
The question arises as to what articulatory and acoustic

differences are associated with the observed differences in
aerodynamic measures. One might expect that large flow
differences would correspond to differences in VOT caused
by significant variation in glottal aperture at release, such as
that found by Kagaya (see Fig. 1). Pressure differences, on
the other hand, could presumably come from the state of the
glottis or from tension in the walls of the vocal tract as pro-
posed by Hardcastle (1973). These hypotheses will be tested
in the following section with the aid of the aerodynamic
model. To begin with, an explanation is required of possible
subglottal, laryngeal, or supraglottal adjustments that could
lead to the observed higher pressure yet lower flow in fortis
stops, since, all other things being equal, one would expect
higher intraoral pressure before release of the stop to lead to
a higher rate of airflow at release.

Iil. AERODYNAMIC MODEL

In order to understand the nossible articulatorv and

understand the possible articulatory and
glottal differences in stop production which result in the ob-
served pressure and flow differences, an aerodynamic circuit
model was used. Using such a model forces one to consider
every variable in determining input values and helps to nar-
row down the possibilities for realistic interpretations of the
data. Once set up for the known values, the model can serve
as a testing ground for hypotheses concerning the less well-
understood components of an articulation, and, in turn, the
comparison with measured values of real speech tests the
capabilities of the model.

The aerodynamic model used is a computer implemen-
ted electrical analog derived from Rothenberg (1968), simi-
lar to the model described by Miiller and Brown (1980) and
Westbury (1983) (for a detailed descrlptlon of the model,
sec Keating, 1984). Voltage is taken to be the analog of air
~ pressure, and current is the analog of volume velocity air-

flow. The model gives as its output oral pressure, subglottal

pressure, flow through the glottis, and flow through the
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mouth opening. For simplicity in calculation, some of the
input parameters are regarded as invariant during a given
simulation, including some of the glottal dimensions, oral
iraci Wau impcuunbc, VO(.d.l tract vmumc ana bquCC area.
Other input parameters may vary over time, notably resplra-
tory muscle force, distance between the articulators, dis-
tance between the vocal folds, and active expansion of the

supraglottal cavity. Vocal fold vibration as such is not simu-

lated by the model. Voicing is represented by maintaining a
constant glottal area which approximates the average glottal
area during vowel production. Voice onset time is deter-
mined by the difference in subglottal and supraglottal air

pressures when the glottal aperture is set for voicing.

IV. INPUT VALUES TO THE MODEL AND RESULTS

The model was uged to trv to gsimulate the oheerved pres-
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sure and flow data reported in the previous section. Input
values for the present study were estimated from results re-
ported in the literature of fiberoptic and x-ray studies of glot-
tal opening, x-ray studies of larynx height and pharynx
width, and from acoustic measurements of VOT values for
the Korean fortis-lenis distinction. In order to get an input
for the model appropriate to the present experiment, the clo-
sure durations were measured from the data of all ten speak-
ers. Closure was considered to begin as the oral pressure
curve began to rise and to end at the beginning of flow rise at
release.’ It was found that the fortis closures were consider-
ably longer than the lenis closures. This result did not differ
significantly between word pairs or between speakers. The
average closure duration of all lenis stops was 133.5 ms and
that of ail foriis stops was 188.25 ms. For modeling pur-
poses, the lenis stop was given a duration of 135 ms and the
[ ave.py domon zrsa ctmamas s PRV [N, PP

fortis 190 ms. Bach StOp was glv'cu a 20-ms oral release gcs-
ture from fully closed to fully open values.

A. Glottal area function

Figure 6 illustrates the input values for the model, given
the above difference in closure duration and the difference in
lattanl nwnn v b mo actieteandad Lomean mmmnrale £ TOTAN

£ H 5 -y
HlulLdai dalva huiuiion ad odiliiatcd 1ol l\dgdyd > L17/%)

data. It is generally agreed that during fortis stops the vocal

folds come fairly closely together well before articulatory

release. After release the folds gradually return to a position
closer to that of normal voicing. The increase in vocal fold
tension was modeled, as can be seen in Fig. 6, by a narrowing
of the distance between the vocal folds. The model has no
parameters directly reflecting vocal fold tension. It was pre-
sumed that greater tension would have the effect of bringing
the vocal folds closer together and that by this substitution,
similar results (i.e., decreased flow through the glottis)
would be obtained. The hypothesized tension in the vocal
folds is also supported by the results of the glottograph pitch
record in the present study which showed consistently a
higher pitch immediately after release of the fortis stop. The
glottal area function for the lenis stop is given as a dotted
line. Not only is the initial glottal opening greater than that
during the fortis stop, but the vocal folds do not become
adducted for voicing until approximately 40 ms after release..

Thic ig a tynical averaca VOT far lanic gtnnmg anle

- 2115 18 @ Lypicar average VUi 10T ienis siops, not quy’ in

Kagaya’s study, but also in the present experiment where
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FIG. 6. Input values for the aerodynamic model simulating glottal area

function and closure duration differences for Korean fortis {solid lineg) and
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lenis (dotted lines) stops.

VOT was measured from spectrograms made from the high-
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If these differences in glottal area function and closure
duration are modeled as shown in Fig. 6, without changing
any other variables, the pressure and flow produced are as
shown in Fig. 7. The peak values for the lenis stop are 5.7-cm
H,O pressure and 411-ml/s flow with corresponding fortis
values of 6.6-cm H,O pressure and 357-ml/s flow, giving
percent differences of 115% pressure and 86% flow. Refer-
ring back to Fig. 5, we can see that the pair simulated would
fall at the edge of the space occupied by the points, and has
neither a large enough pressure difference to place it in with
speakers 8 and 9 (who tended to make large pressure differ-
ences and small flow differences), nor a large enough flow
difference to place it in with speakers 1, 2, 5, and 6 (who
tended to make a large flow difference and a small pressure
difference). Let us for a moment concentrate on the produc-
tion of speakers 1, 2, 5, and 6. For these speakers, the pres-
sure of the fortis stop averaged 116% of the lenis stop, i.e.,
slightly more, but not appreciably so. The difference in flow,
however, was far greater, the fortis fiow averaging only
48.3% of the lenis flow for all tokens. Clearly, other differ-
ences in the two siops besides gloital area funciion must be

postulated to give realistic flow values for these speakers.

B. Vocal tract wall tension

Wi s10LEN el -y L I T
Kim L1y00), ncu'qu.suc \l, IJ}, dﬂu Oouncers nave bl.lg'

gested that the fortis stop is characterized by greater muscu-

Toe dmemnsie 2o n wannl tennt wralla ~lehnceole i Atend et

1al WilIdiIVil 1k I-}ic vyuLval Liavt Wd-l.lb, auuuusu 110 GiIcCL Tvi~
dence was shown. Figure 8 shows the results of modeling

ann"l a tancinn tllﬁ"nrnnr\n |n ﬂ'\ie case AWA:\}A{‘ ku mu"“l Iovnr
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values to the lenis stop, since the default wall tension values
of the model are alrearlv mntp tense. The output values of

pressure and flow for the lems stop are now 5-cm H,0 and
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FIG. 7. Output of the acrodynamic model from the input values given in -
Fig. 6. Shown are subglottal pressure, intraoral pressure, transglottal flow,
and oral flow for fortis (solid lines) and lenis (dotted lines) stops.

486 ml/s, respectively, showing that a greater degree of vo-
cal tract wall tension leads to an increase in oral pressure and
a decrease in peak flow value. The pressure increase can be
understood as a result of stiffening the walls, which is effec-
tively the same as decreasing supraglottal cavity volume,
since it calls for a reduction in the possibility of passive vocal
tract expansion. This decrease in elasticity of the cavity walls
also contributes to a lower peak flow by decreasing the
amount of elastic recoil of the walls and thereby slowing
down the initial flow velocity at release. These values, while
still not corresponding exactly to the average values from the
measured data, show a difference in the desired direction of
the observed general tendency of increased pressure and de-
creased flow in the fortis stop, providing further indirect
evidence for the hypothesized vocal tract wall tension. Com-
paring the results in Fig. 8 with the fortis stop in Fig 7 we

now have a fortis pressure which is 132% of the lenis pres-

sure and a fortis flow which 1s 61.72% of the lenis flow. The

chanee in wall tension, then, has created a laroer difference
L1ATAR O1%, LACH, X alge 1ECICICE

in both pressure and flow between the two stop types, having
proportionately more effect on the flow. This has brought
the flow to a realistic percentage, but now the pressure differ-
ence is too great to faithfully illustrate the speech of speakers

1,2,5,and 6.

C. Heightened subglottal pressure

In addition to the differences in peak values, however, a

21 QOO W A CACI A0 B Pl Vallls;

distinct difference in oral pressure curve shape was also not-
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FIG. 8. Output values from the aerodynamic model inputs given in Fig. 6,
showing the lenis stop as in Fig. 7 (dotted lines) compared to a lenis stop
with the addition of lax vocal tract wall values (solid lines).

ed between the two stop types, as can be seen by referring
back to the oscillomink traces given for speaker 6 in Fig. 3.
Not only was pressure during the fortis stop generally higher
than that during the lenis, but the top of the fortis curve was
rounded before release, while pressure during the lenis stop
went up linearly to a point at release and then dropped off
abruptly. The combination of the timing differences in the
release of the oral constriction, plus glottal area and vocal
tract wall tension differences, did not produce these differ-
ences in oral pressure curve shape and, accordingly, some
other input changes must be postuiated.

Kim (1965) and Kagaya (1974) have hypothesized
heighiened subgioiial pressure during the foriis stops, both
relating it to observed vertical movement of the larynx In
Kim’s study, larynx raising during the occlusion of fortis
stops was considered as a result of heightened subglottal

Ao % mants noad olattic F ad th e
pressure (which, meeting a closed glottis, forced the entire

larynx upwards). Kagaya, however, regarded the height-
ened pressure as a result of larynx lowering, which was ob-
served in one of his two subjects. These two views, then,
require different inputs for modeling. The former would be
modeled by a more rapid increase in respiratory muscle force
than is normally generated by elastic recoil alone and the
latter by active expansion of the supraglottal cavity.
Larynx lowering, modeled as active expansion of the
supraglottal cavity and shown in Fig. 9 (solid lines), caused
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FIG. 9. Output vaiues of the aerodynamic model comparing a fortis stop as
in Fig. 7 (dotted lines) to the same stop with the addition of supraglottal
cavity expansion to simulate larynx lowering (solid lines), modeled as indi-
cated in the top part of the figure.

a lowering of the pressure curve just before release which
was more typical in speakers such as subject 6 in Fig. 3 and,
in general, all the speakers who made a large difference in
flow and a small difference in pressure. The model was not
set up to vary subglottal cavity volume over time and thus it
was not possible to represent larynx lowering as a simulta-
neous inecrease in supraglottal and decrease in subglottal cav-
ity volume. To correct this, we may assume a slight rise in
subglottal air pressure corresponding to the decrease in
subglottal cavity volume, realizing that the difference thus
created will be comparatively small because of the very large
volume and surface area of the subglottal system. The only
direct measurement of subgloital air pressure in Korean
stops that I know of is Lee and Smith (1972), which showed
a slightly higher average pressure at release of the foriis stop
for the one speaker tested. When we compare the pressure

e } o 2on Q weolslb
and flow values illustrated by the simulation in Fig. 9 with

the measured values of speakers 1, 2, 5, and 6, we see that

Fia Qnot nnlu illustrates the oghserved pressure curve shaﬁn’

but also the small pressure difference (fortis pressure is
120% that of lenis pressure) and large flow difference (fortis
flow is 61.3% that of lenis flow) observed in those speakers.

We may now turn to speakers such as 8 and 9 who make
the distinction in a way which resulted in a large pressure
difference and a minimal, if any, flow difference between the

two stop types. Obviously, they must use a different strategy
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from the other speakers observed. Clues as to the nature of
this strategy can be gleaned from close observation of the
data obtained. In the first place, only 33% of the fortis to-
kens of speakers 8 and 9 showed a rounded pressure curve
like that just discussed, compared to 81% of the tokens ob-
tained from the speakers who made a large flow difference.
This can be seen in the example glven from speaker 9 in Fig.
3. We may suppose then, that larynx lowering is not a major
factor for these speakers Figure 10shows the results of mod-
eling a more rapid increase in respiratory muscle force dur-
ing the first 150 ms of the stop closure. Such a strategy in-
creases pressure and results in the convex, but not rounded,
curve which is typical of speakers 8 and 9.

A .~ -
Another difference noted between the two groups of

speakers was that the lenis VOT, measured from spectro-
grams of speakers 8 and 9, was about half or less of the lenis
VOT measured from speakers 1, 2, 5, and 6. In fact, slight

overlap in VOT for the two stop types was observed for these
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FIG. 10. Output values of the aerodynamic model comparinga fortis stop as
in Fig. 7 (dotted lines) to the same stop with the addition of a more rapid
increase in respiratory muscle farce (solid lines), as shown in the top part of
the figure.
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two speakers. To make the simulation more realistic, time to
adduction for the vocal folds after release was shortened in
the lenis stop from 40 to 20 ms. The output from this simula-
tion is shown by the solid lines in Fig. 11. The peak values for
the lenis stop thus shown are 4.75-cm H,O pressure and 431-
ml/s flow, compared to S-cm H,O pressure and 456-ml/s
flow in the lenis simulation with lax walls in Fig. 8 (shown
again in Fig. 11 by the dotted lines), illustrating that short-
ening the glottal gesture results in a lowering of both pres-
sure and flow. Final percentages comparing the fortis stop
with a more rapid increase in respiratory muscle force in Fig.
10 to the lenis stop with shorter VOT in Fig. 11 are 162.5%
pressure and 94.6% flow, which are quite close to the aver-
ages of speakers 8 and 9 of 150.5% pressure and 87.7% flow.
The previously discussed simulations suggest the fac-
tors that could be involved in the speaker-specific produc-
tion strategies observed. The rapid increase in respiratory
muscle force in the fortis stop (Fig. 10) and small VOT
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FIG. 11. Output values of the aerodynamic model comparing the lenis stop
with lax wall values in Fig. 8 (dotted lines) to the same stop with a shorter
time to adduction (solid lines), modeled as shown in the top part of the
figure.
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difference between stops gave a large pressure difference and
a small flow difference, whereas the expansion of the supra-
glottal cavity (Fig. 9) resulted in a large flow difference and
a small difference in oral pressure. These figures correspond
to measured differences within the tokens for singie speak-
ers.

V. VARIATION BETWEEN WORD PAIRS

It was also noted that, to a certain extent, typical pres-
sure and flow differences between lenis and fortis stops var-
. ied from one word pair to another. An analysis of variance
testing the between word pairs effects against the pooled
within speaker token variability shows that the variation in
fortis/lenis ratios between word pairs is significant for flow

[F(3,200) =8.132, p<0.0001], but not for pressure
[F(3,200) = 1.908, 0.10 <p<0.25]. In all, the word pair
which showed the least differentiation between fortis and
lenis flow was word pair 3, [ 'pia]-['p*i>]. Referring back to
Fig. 4, we can see that for most of the speakers the reason
‘seems to lie in an unusually low flow for the lenis member of
the pair. Indeed, for speakers 3, 7, and 8, the lenis flow is
actually lower than the fortis flow. We couid hypothesize
that this is due to the following stressed high front vowel. It
has been ciaimed that high vowels have more orai voiume
than low vowels because of greater pharyngeal width (Smith
and Westbury, 1975). This wouid mean greater surface area
in the vocal tract and a corresponding decrease in the initial

A~ 1A ha ahaonchad b
uuw rate dl- lClCdbC, muw MOIe 1IOW WouU1G 0T aosSOroca Uy

the elasticity of the vocal tract wall tissue. Another factor

which miocht inflirance flow rata ic tha daoree of lin onening
YY ARAWAL .lll.b‘lb ALLLAWANUIAW Y A4V YY ALAVWw AD WwAAW uvolw A ‘lv vt’v lllll °

which is smaller in high vowels than in low. A smaller oral
constriction would allow less air throngh and congeauentlv

SAFIAS L atwvalran LRRAE QaAAUNY IGSS Q2% AalUepAs SRS RS eARSS

decrease the flow rate after release. The same effect could be
attributed to the narrow palatal tongue constriction in the
high front vowel. A combination of these factors could de-
crease the flow in this particular word pair.

We might also expect to see a lowered flow in the lenis
member of word pair 1 [pis]-[p*ia] because of the presence
of the high front glide [j]. In fact, ¢ tests comparing lenis and
fortis flow for all speakers in each word pair show that al-
though the flow difference is significant for all word pairs
(p<0.0005 for word pairs 1, 2, and 4 and 0.0005 < p<0.005
for word pair 3), the ¢ values for word pairs 1 and 3 are,
respectively, 5.758 and 3.086, both lower than the ¢ values
for word pairs 2 (¢ = 7.227) and 4 (¢ = 7.962, DF for all the
above = 59). It appears from this that word pair 1 is similar-
ly affected, but to a lesser degree than word pair 3. The flow
difference is least in word pair 3, presumably because the
high front vowel is stressed whereas, in word pair i, the glide
itself is not stressed and therefore is not as likely to reach its
“targei” value.

The problem of why the flow decreases should show up
mairu.y cu“wn the lenis st 516ps was cnpxuu:d 'l.iSiﬁs the a.cxuu_y-

namic model. By simulating a high front vowel following the

ctnn fia mndalinea an increaca in ennraclatinl cavitv vnlo
ult\l..’ \..UO, ulw\'luls Gl LIAWAWCAON, 111 ouyl“slv'ttul U“".‘J AAYZ)

ume and a decrease in the area of oral constriction represent-
ing the lip opening), a decrease in flow was observed in both
the lenis and fortis stops. The decrease was slightly greater,
however, in the case of the lenis stop. This is perhaps due to

the fact that the lenis stop was modeled with lax vocal tract
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wall values which, with the increase in supraglottal cavity
volume, gave effectively a greater volume increase because of
the elasticity of the walls.

VI. CONCLUSION

To summarize, Korean fortis stops can be said to be
generally characterized aerodynamically by higher oral
pressure and lower oral flow than their lenis counterparts,
although speakers tend to differ in their tendency to adopt
articulatory measures which give more emphasis to the flow
or to the pressure difference. The differences noted in these
measurements are due, in part, to the closely adducted vocal
folds before release of the fortis stop which has been ob-
served with the aid of a fiberscope (Kagaya, 1974). In addi-
tion, evidence from modeling leads us to postulate tenser
vocali iraci walis for ihe foriis siop. For some speakers, iar-
ynx lowering or other supraglottal cavity expansion appears
t0 occur just before release of ihe fortis siop. Other speakers
may show a more rapid increase in respiratory muscle force
d‘dﬂﬁg the closure and, at least as was found in the p plcwnl.
study, these same speakers may have a smaller VOT differ-

anca hatwaan tha cton tunae affactad hu a chartar hmn fr\
Wil VW Y Wil LS \,l\lll bly\'n) A A U, &8 DAEUSL LWL LA RN

adduction of the vocal folds in the lenis stop.
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