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Some Notes on Articulatory Correlates of Three-way Bilabial Stop

Contrast in /Ca/ Context in Korean: An Electromagnetic Articulography

(EMA) Study

Son, Minjung!) - Cho, Taechong?

ABSTRACT

Recently, we have launched a large-scale articulatory study to investigate how the three-way contrastive stops (i.e., lenis,
fortis, and aspirated) in Korean are kinematically expressed (i.e., in terms of articulatory movement characteristics) in various
contexts, using a magnetometer (Electromagnetic Articulography). In this paper, we report some preliminary results about how
the three-way bilabial series /p,ph,p*/ produced in /Ca/ context in isolation are kinematically characterized not only during the
lip closure but also during the following vocalic articulation. Some important notes could be made from the results. First, the
degree of lip constriction (as measured by the lip aperture between the upper and lower lips) was smaller for the lenis /p/ and
larger for the fortis/aspirated /p*,ph/, showing a two-way distinction during the closure. Second, the tongue lowering for the
following vowel was more extreme after the lenis /p/ than after the fortis/aspirated /p*,ph/. Regarding this vocalic articulatory
difference in the tongue height, we discussed the possibility that the articulatory tension associated with the fortis/aspirated
stops is further reflected in the lingual vocalic movement maintaining the tongue position to a certain level for the following
vowel /a/, while the lenis consonant does not impose such articulatory constraints, resulting in more tongue lowering. Finally,
the temporal relationship between the release of the stop closure and the lowest tongue position of the following vowel
remained constant, suggesting that CV coordination is invariantly maintained across the consonant type. This pattern was
interpreted as supporting the view that the consonant and vowel gestures are coordinated in much the same way across

languages.

Keywords: Korean bilablal stops, lenis, fortis,
Articulography, EMA, CV coordination

1. Introduction

Korean has three-way contrastive stops: lenis, fortis and
aspirated stops as in /pul/ ‘fire’, /p*ul/ ‘horn’, and /phul/ ‘grass'.

Phonetic studies on the Korean stops documented in the literature
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aspirated, kinematics,

supralaryngeal articulation, Electromagnetic

in the last half century have shown that the phonetic
manifestation of the three-way stop contrast is evident primarily
in laryngeal settings (Kim, 1965, 1970; Han & Weitzman, 1970;
Abberton, 1972; Abramson & Lisker, 1973; Hardcastle, 1973;
1974; Hirose, Lee & Ushijima, 1974; Dart, 1987,
Ladefoged & Maddieson, 1996; Jun, Beckman & Lee, 1998; Cho,
Jun & Ladefoged, 2002; Silva, 2006;

k*/ have been known to be

Kagaya,

among others). For
examples, fortis stops /p*, t¥,
produced with stiff vocal folds, constricted glottis, and heightened
subglottal pressure during the closure (but low transglottal airflow
at the release), while none of these laryngeal characteristics are
involved in production of lenis counterparts /p, t, k/ (see Cho,

Jun & Ladefoged, 2002 for a review). Aspirated stop series /p",
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", K are primarily different from fortis or lenis stops in that
they are produced with spread glottis during the closure and
substantial transglottal airflow at the release. The fortis and the
aspirated stops, however, are often grouped together as strong or
tense consonants (e.g., Kim, 1965) as opposed to lenis (weak)
stops, as fortis and aspirated stops share, among others, the
heightened subglottal pressure and laryngeal tension.

Such differences in laryngeal settings between consonants are
generally known to be reflected in several parameters in acoustic
dimension such as VOT (longer for the aspirated, intermediate for
the lenis and shorter for the fortis stops), HI1-H2 (higher for the
lenis stop due to its breathiness and lower for the fortis stop due
to its creakiness associated with stiff and constricted glottis), FO
(higher for fortis and aspirated stops due to their laryngeal
tension), Intensity Rise Time (more abrupt intensity build-up due
to its respiratory strength) (e.g., Kim, 1965; 1970; Han &
Weitzman, 1970; Hardcastle, 1973; Cho et al, 2002, among
others). Previous studies have thus provided ample phonetic
evidence for the importance of laryngeal configurations for
differentiating the three-way contrastive stops in Korean, and
phonological descriptions of the stop contrast have therefore often
been based on laryngeal features such as [spread glottis],
[constricted glottis], [stiff vocal folds], or [tense] (e.g., Halle &
Stevens, 1971; Lombardi, 1991; Han, 1996; Cho, et al., 2002).

The three-way stop contrast, however, can also be considered
in terms of its suparlaryngeal articulatory characteristics. For
example, lip muscular activities are stronger for fortis and
aspirated labial stops /p*, ph/ than for lenis /p/ (Kim, 1965); the
linguopalatal contact (the contact between the tongue and the
palate) is larger for fortis and aspirated /t*, t"/ than for lenis /t/
(Shin, 1997; Cho & Keating, 2001); the articulatory constriction
duration is longer for fortis /k*/, intermediate for aspirated K"
and shorter for lenis /k/ (Brunner, Fuchs & Perrier, submitted);
and V-to-V coarticulatory resistance is greater for fortis and
aspirated stops than for lenis stops (Shin, 1997). These studies
thus suggest that supralaryngeal articulatory characteristics are
other important phonetic correlates of the three-way contrastive
stops in Korean. But only a handful of systematic articulatory
studies have been conducted up until now, and our understanding
of the stop contrast at the supralaryngeal level has been extremely
limited, especially in terms of their dynamic aspects of
articulatory movement characteristics.

In an effort to obtain a more comprehensive understanding of
the supralaryngeal characteristics of the three-way stops in

Korean, we have launched a large-scale articulatory phonetics
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project, using a magnetometer (EMA, Electromagnetic
Articulography). In this paper, we report some preliminary results,
focusing on the articulatory characteristics of labial stop series /p,
ph, p*/ produced in isolation in CV context where V was limited
to /a/. In what follows, we will discuss three specific research

questions to be addressed in this report.

1.1 Research questions

The first question is how the labial stops in /pa, pha, p*a/ are
articulatorily manifested during the lip closure. As discussed
above, some studies have reported that denti-alveolar stop series
i, ", t%/ are produced with differential constriction degrees as
measured by linguopalatal contact (e.g., Cho & Keating, 2001). In
the present study, in order to understand how the three-way
contrast is reflected in the lip constriction, we will measure the
lip constriction degree as a function of the consonant type by
examining lip compression between the upper and lower lips.

The second question is whether, and how, the labial stop
contrast is further reflected kinematically (i.e., in terms of the
movement characteristics) during the vocalic movements of the
following vowel. In the literature, many of the acoustic correlates
of different laryngeal configurations for Korean stops have been
found in the following vowels (e.g., H1-H2, Intensity Rise Time,
FO), but to our best knowledge, few studies have investigated the
kinematic (movement) characteristics associated with the following
vocalic gesture in connection with the preceding stop contrast.
Given that consonantal characteristics are likely to influence
vocalic articulation (Ohman, 1967; Recasens, 1984, 1987), we will
therefore explore whether the vocalic articulation is indeed
constrained by the identity of the preceding consonant, and if so,
how the constraint is kinematically reflected in the vocalic
articulation.

Finally, we ask whether or not C-V gestural coordination
(intergestural timing relationship between the consonantal gesture
and the vocalic gesture) is maintained similarly across the
consonant type in the context of /pa, pha, p*a/. Looking at the
data obtained with English and Japanese in an articulatory study,
Lofqvist (2006) found invariant relative timing of intervocalic C
with respect flanking V-V sequences. For example, related to CV
articulation in Japanese, he found that the temporal interval
between the stop closure release and the target of the tongue
body movement for the following vowel remained invariant even
though the stop closure duration varies as a function of
mono-moraic versus bi-moraic consonant type. In the present

study, we will further examine CV coordination patterns in
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Korean, so that we can discuss whether the invariant CV
coordination in the articulatory dimension can be considered as

universally-applicable versus language-specific phenomenon.

2. Method

Kinematic data of the lips and the tongue body were obtained,
using an EMA (Carstens Articulography AG200) at the Hanyang
Phonetics and Psycholinguistics Lab (HPPL). The magnetometer
device is equipped with a three-transmitter assembly built in a
plastic helmet, being lined up in the midsagittal plane: one on the
front, the other on the rear, and the third on the top as can be
seen in the left panel of Figure 1. For all speakers, five pellets
(sensors) were attached inside the vocal tract as shown in the
right panel of Figure 1: three on the tongue at an approximately
equal distance from each other (a-c: the tongue dorsum, the
tongue midsection, the tongue tip) and two on the maxillary and
mandibular central incisors (d-¢). Three more transducers were
attached outside the vocal tract. One was attached on the bridge
of the nose (h) and two on the upper and lower lips (f-g). The
two pellets on the lips were vertically separated by approximately
1 cm when the lips were comfortably closed. All pellets were all
aligned in the midsagittal plane for each subject’s vocal tract.
Among them, two pellets (the one at the nose ridge (h) and one
at the maxillary central incisors (d)) were used as reference points

so that head movements inside the helmet could be corrected.

Figure 1. Locations of pellets: (a) the tongue dorsum; (b) the
tongue midsection; (c) the tongue tip; (d-e¢) the maxillary (upper)
and mandibular (lower) central incisors; (f-g) the upper and lower

lips; and (h) the nose bridge.

The obtained raw data were then rotated to match the x axis
with the occlusal plane and the y axis perpendicular to it. For
this, a flat plastic bite plate was used with two extra pellets
attached to it, so that the maxillary occlusal plane obtained by
the two coordinate points on the bite plate became the horizontal

(x) axis of the data, and the y axis became perpendicular to the

occlusal plane (see Westbury 1994; de Jong, 1995; Tabain, 2003
and Cho, 2005, for similar data processing procedures). All the
filtering and rotation processes were performed by the TAILOR
program (Carstens’ data processing program).

Note that the alternating voltages generated by the pellets
(attached to articulators) were inversely proportional to the
distance to the three-transmitters (attached to the helmet). These
voltages were converted into sample-by-sample positions in a
Cartesian coordinate system, providing the positional information
of each pellet. The voltage outputs of each sensor coil were
sampled at 200Hz. After smoothing the pellet position data by a
low pass filter at 20Hz, dynamic correction of unwanted head
movement was conducted by using the two reference points. The
output of data was further smoothed at a low pass filter at 25Hz
using MVIEW (Tiede, 2005), a software for data processing and

measuring developed by Haskins Laboratories.

2.1 Participants

Seven native Seoul-Korean (four male and three female)
speakers voluntarily participated. All subjects were naive to the
purpose of the experiment and none had suffered from any
speech impairment. They were either undergraduates or graduates,
ranging from early-twenties to mid-twenties. All subjects were

paid for their participation.

2.2 Speech materials

Bilabial three-way contrastive stops /p/, /ph/, and /p*/ were
used as test consonants in an /a/ context: /pa/, /pha/, and /p*a/.
They were presented to speakers on a computer screen in random
order. Speakers were instructed to read a target word on the
computer screen as comfortable and natural as possible. Each
word was repeated four times except for one speaker, who
produced each word three times due to technical errors that
occurred in the middle of the experiment. Each speaker produced
a total of twelve tokens, except for one speaker who produced 9

tokens, resulting in 84 tokens for further analysis.

2.3 Measurements

We analyzed lip aperture and vertical tongue body movement
with MVIEW which helps identify important gestural landmarks
such as constriction maxima, lip opening onset, peak velocity, and
lip opening target.

Lip aperture. The lip opening and closing movement data were
obtained by combining horizontal and vertical position signals for

the upper and the lower lip pellets into one dimension—i.e., Lip
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Aperture (Byrd & Saltzman, 1998; Byrd, 2000; Cho, 2006, 2008;
Son, Kochetov, & Pouplier, 2007). The Euclidean distance
between the two lip pellets was used as an index of Lip

Aperture. As shown in Figure 2, there were two areas in which
lip kinemetics were measured: during the constriction (closure)

and during the lip opening movement. The relevant kinematic

measures are as follows:
(a) Constriction maxima during the lip constriction (Fig. 2a).

(b) Constriction degree at the lip opening onset (the right edge
of the constriction) (Fig. 2b).
(¢) Peak velocity of the lip opening movement (Fig.2c).
(d) Amount of lip opening (Lip Aperture) at the target
achievement of the lip opening movement (Fig. 2d).
(e) Lip opening maxima after the target attainment (Fig. 2e).
(f) Displacement as the spatial difference between the lip
opening onset and lip opening target (Fig. 2f).
(g) Time-to-peak velocity (acceleration duration) from the lip
opening onset to the peak velocity of the movement (Fig.
29).
(h) Deceleration duration from the time point of the peak
velocity to the lip opening target (Fig. 2h).
(i) Movement duration as the temporal interval from the lip

opening onset to the target of the movement (Fig. 2i).
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Figure 3. Schematized vertical tongue body movement trajectory
with measurement points in alignment with articulatory landmarks
of the lip opening movement. (a)-(d) are the points in which the
tongue position values were taken; and (d) is the interval between
the lip opening onset and the lowest tongue body position.

(a) The vertical tongue position (the tongue height) at the lip
opening onset (Fig. 3a)
(b) The vertical tongue position (the tongue height) at the peak
velocity of the lip opening movement (Fig. 3b).
(c¢) The vertical tongue position (the tongue height) at the lip
opening target (Fig. 3c).
(d) The lowest tongue body position value that has been
reached during the following vowel for /a/ (Fig. 3d).
(e) The temporal interval between the onset of the lip opening

movement and the lowest tongue body position (Fig. 3e).

Kinematics of the tongue body movement at some gestural
landmarks. We made some spatial and temporal measurements of
the tongue body movement at some gestural landmarks of the lip
opening movement in order to examine the change of the vertical

tongue posture (the tongue height) for /a/ as the lip opening
movement progresses. A set of kinematic measures for tongue

body movement is shown in Figure 3.
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Figure. 2 Schematized lip aperture trajectory in lip opening

movement (/p/).

2.4 Statistical analysis
In data analysis, repeated measures analyses of variance
(henceforth, RM ANOVA) were employed. In this model, each

data point corresponds to the mean score of stop consonant types

for each subject. F-ratios and p-values generated from
Huynh-Feldt corrected degrees of freedom (cf. Huynh & Feldt,

1970) and error terms are reported in RM ANOVAs at the

significance level of 0.05. Posthoc pairwise comparisons were

conducted, whenever it was necessary to determine the difference
between levels within a factor at the significance level of p<0.05.
In some cases, Pearson product-moment correlation and linear
regression analyses were conducted in order to examine
spatio-temporal relationship between two dependent variables, for
example, how the lowest tongue body position of /a/ (the spatial
magnitude) is related to the temporal interval between the lip

opening onset and the lowest tongue body (the temporal distance).
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3. Results

3.1 Kinematics of the lip movement

The degrees of constriction both at the constriction maximum
point and the lip opening onset (the right edge of the
constriction) generated significant effects of Consonant Type (F[2,
12]=10.12, p=0.003; F[2, 12]=7.01, p=0.01, respectively). As
shown in Figure 4, the lenis /p/ was less constricted than the
aspirated and fortis /p", p*/ at both measurement points during
the lip closure (Figure 4). However, no significant consonant
effect was found for the degrees of lip opening amount during
the lip opening movement such as those measured at the time
points of the lip opening peak velocity, the target attainment and
the lip opening maxima (F(2, 12)=2.44, F[1.4, 8.3]=1.85, F[1.6,
9.6]=1.99, respectively, all at p>0.05).
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Figure 4. Effects of Consonant Type on constriction maxima and
lip opening onset. (Note that ** refers to p<0.01.)
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Figure 5. Lip opening kinematic variables as a function of
Consonant Type in (a) movement duration, (b) peak velocity, and
(c) displacement.

All other kinematic measures such as movement duration,
time-to-peak velocity, deceleration duration, displacement as
shown in Figure 5 (movement duration, time-to-peak velocity,
deceleration duration, displacement) did not generate any

significant effect of Consonant Type at all.

3.2 The kinematics of the tongue body with reference to
some lip movement landmarks

Figure 6a shows the vertical tongue body positions (the tongue
heights) at four different measurement points: at the lip opening
onset (the right edge of the lip closure), at the peak velocity of
the lip opening movement, at the lip opening target attainment
point and at the lowest tongue body position. As can be seen
from the figure, there were no effects of Consonant Type on the
vertical tongue position at the first two measurement points (i.e.,
at the lip opening onset and at the peak velocity), but the
consonantal effect became significant at the last two measurement
points (i.e., at the lip opening target attainment and at the lowest
F[1.4,8.6]=5.11,  F[1.6,9.7]=6.78,
respectively, both at p<0.05). The consonantal effect was due to

tongue  body  position;

the fact that the tongue body position was significantly lower
after the lenis /p/ than after the aspirated and fortis /p",p*/.
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Figure 6. Effects of Consonant Type on (a) tongue body position,
(b) interval between the lip opening onset and lowest tongue
body position, and (c) covariate relation between lowest tongue
body position and interval between two time points in (b). (Note
that * refers to p<0.05.)
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Given the significant consonantal effect on the tongue body
position at later times during the vocalic articulation, we further
examined whether the consonantal effect was driven by a
durational factor—i.e., whether the lower tongue position was due
to a longer time given for the tongue lowering movement. As
shown in Figure 6b, there was no significant effect of Consonant
Type on the interval between the consonantal release (the onset
of the lip opening) and the lowest tongue body positoin
(F[1,12]=1.95, p>1). Furthermore, the results of regression
analyses showed that there is no significant correlation between
the tongue position and the interval (R’=0.008, F[1, 79]=0.65"%,
r=-0.091) (Figure 6.c). These two additional measures showed that
the lower tongue position associated with the lenis /p/ in /pa/

context was not ascribable to the amount of the given time.
4. Summary and Discussion

In the present study, we investigated some kinematic
characteristics of CV articulation for /pa, pha, p*a/ produced in
isolation. In the following subsections, we will summarize and
discuss some important points that have emerged from the results
of the articulatory (EMA) study with special reference to each

research question that was introduced at the outset of the paper.

4.1 Are the stops in /pa, p'a, p*a/ differentiated by the

constriction degree during the closure?

As for the degrees of constriction estimated with Lip Aperture
values, results showed that aspirated and fortis stops /ph, p*/ were
produced with a greater degree of constriction during the lip
closure than the lenis /p/, while no additional kinematic
differences of the consonants were found in the course of the lip
opening movement. These results showed that the constriction
degree makes at least a two-way distinction demarcating the weak
consonant, the lenis /p/ (less constricted), versus the strong
consonants, the aspirated and fortis /ph, p*/ (more constricted),
but the latter two consonants were not differentiated from each
other. This result is in line with previous results obtained by an
EPG study (Cho & Keating, 2001) which showed that the
linguopalatal contact between the tongue and the palate was
smaller for the lenis /t/ and larger for the aspirated and fortis ",
t*/, while the latter two were again not differentiated by the
linguopalatal contact amount. This result, however, failed to show
a three-way distinction of A'/>t%/>/t/ in the linguopalatal contact
reported in Shin (1997). Given that Shin (1997)'s data were

collected in VCV context embedded in a frame sentence, it still
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remains to be seen how invariantly the three-way distinction is
made in constriction degree during the stop closure across

different context and place of articulation.

42 Are the stops in /pa, p'a, p*a/ further differentiated

kinematically during the vocalic movements?

For the wvocalic articulation, we have included kinematic
measures in two dimensions, the lip opening movement dimension
and the tongue height dimension.

In the lip opening movement dimension, kinematic measures
did not reveal any significant difference as a function of
consonant type, suggesting that the consonant type does not
influence the lip opening movement at least in /pa, pha, p*a/
contexts produced in isolation.

In the tongue height dimension, however, the consonantal
differences were further reflected during the vocalic articulation—
i.e., the tongue position was lower after lenis /p/ than after
aspirated and fortis /ph, p*/. This result thus confirms the view
that the stop contrast, which has been traditionally known to be
characterized mainly by the difference in the laryngeal settings, is
indeed further differentiated in the course of the vocalic
articulation at the supralaryngeal articulatory level, although the
distinction between the two strong consonants, the aspirated and
the fortis stops, is still observable in the current data.

Now a question arises as to why the tongue position was
lower after the lenis stop than after the fortis or the aspirated
stop. One might consider it in terms of the spatio-temporal
relationship—i.e., the longer the vowel duration, the more closely
the vowel reaches its target, which can be linked to the theory of
Target Undershoot (Lindblom, 1963; Moon & Lindblom, 1994).
But recall that we found no effect of consonant type on the
vocalic interval (between the release of the closure and the lowest
tongue body point), nor did we observe any correlation between
the interval and the tongue height. This indicates that the vocalic
duration factor was not the driving force for the tongue height
difference as a function of consonant type.

Another possibility is that the difference in the tongue position
is driven by the difference in the articulatory tension associated
with the lenis versus the aspirated/fortis stops. Some researchers
have indeed suggested that both the aspirated and the fortis stops
have been considered as tense consonants not only due to the
tension of laryngeal muscles but also due to the tension of the
supralaryngeal articulators (e.g. Kim, 1965, 1970; see Cho, et al.,
2002, for a review). It is then possible that the muscular tension

of relevant supralaryngeal articulators such as the jaw and the
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tongue body arises with the tense (fortis/aspirated) consonants
(e.g. Kim, 1965, 1970). Such an articulatory tension have an
effect of constraining the movement of the jaw and the tongue to
remain at a certain level, whereas lax consonants may impose no
such articulatory constraints coming from tension, resulting in
more lowered tongue position. But note that this explanation
again must be considered with caution, because the data examined
in the present study were limited to /pa, pha, p*a/ contexts in

isolation.

4.3 Do the different CV sequences /pa, p'a, p*a/ lead to

invariant CV coordination?

Acoustically, the vowel duration is in general inversely related
with the preceding consonant duration (Halle & Stevens, 1971;
Chen, 1970; Lisker, 1974; Maddieson & Gandour, 1976;
Maddieson, 1997). The three-way contrastive stops in Korean
often pattern with the acoustic duration of the following vowel
(Cho, 1996; Broersma, 2010), showing a tendency that the vowel
is longer after the fortis stop, intermediate after the lenis stop and
shorter after the aspirated stop. However, the results of our
articulatory study showed that the articulatory vocalic duration
(measured as the interval between the release of the lip closure
and the lowest tongue body position) does not vary as a function
of preceding consonant type.

The invariant vocalic interval implies that, although the stops
may be differentiated at both the laryngeal and supralaryngeal
levels, the consonant-vowel coordination remains invariant. More
broadly, this in turn supports the universally-applicable hypothesis
of CV coordination invariance, that the temporal CV coordination
remains invariant regardless of the consonant type as found in

English and Japanese (Lofqvist, 2006).
4. Conclusion

In this paper, we have reported some results from a large-scale
articulatory study that has launched to investigate supralaryngeal
articulatory characteristics of the three-way stop contrast in
Korean. In this paper, we have focused on how the bilabial stops
produced in CV in isolation (/pa, p'a, p*a/) are kinematically
differentiated both during the consonantal closure and during the
following vocalic articulation. The results showed that the bilabial
stops are largely divided into the lenis versus the fortis/aspirated
stops in terms of its supralaryngeal articulatory characteristics. Lip
constriction degree (lip compression) was smaller for the lenis

than for the fortis/aspirated stops, and the tongue body for /a/

was lower after the lenis stop. These results build on the existing
articulatory data on Korean stops, suggesting that Korean stops
are indeed differentiated at the supralaryngeal level, not only
during the consonantal articulation but also during the vocalic
articulation. Furthermore, the results showed that the intergestural
CV coordination remained constant, supporting the invariant view
of CV coordination that may be applicable cross-linguistically.
However, this study has failed to show a clear-cut three-way
kinematic distinction between labial stops. Given that we have
reported results limited to CV context produced in isolation, it
appears premature to make any decisive conclusions, but it is our
hope that as we investigate more data in various contexts
including those that are produced in VCV contexts embedded in
frame sentences, we will be able to fill the empirical gap on the
articulatory properties of Korean stops and their influence on
adjacent vocal gestures, so that we can achieve balanced-out
knowledge of the typologically unusual Korean stops at both
laryngeal and supralaryngeal articulatory levels.
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