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ABSTRACT

A production study of the Korean three-way
contrast of tense, lenis and aspirated obstruents
was conducted that included all manners. In
this paper, psychoacoustic roughness as a measure
of laryngeal constriction was used to explore the
phonetic acoustic properties of tense obstruents.
Because it is a perceptual attribute, it may have
stronger correlation with laryngeal constriction than
spectral tilt. In addition, the behavior of the
Korean laryngeal contrast among the fricatives and
affricates was explored.

Tense obstruents correlated with increased
roughness and reduced spectral tilt at the following
vowel onset. In addition, tense fricatives had longer
frication duration than aspirated fricatives; tense
stops and affricates had longer closure duration
than other obstruents; lenis obstruents had shorter
closure duration. Closure and frication duration
differences in stops and fricatives, respectively,
were larger than in affricates, suggesting they play
a more important role in producing the contrast in
stops and fricatives.

Keywords: Korean obstruents, laryngeal setting,
psychoacoustic roughness

1. INTRODUCTION

Korean has a three-way contrast (lenis vs. tense vs.
aspirated) among stops and affricates. The inventory
of Korean obstruents is shown in Table 1. Each cell
in the table shows the possible laryngeal settings for
each combination of place and manner.

Type Labial | Coronal | Dorsal

Stops pppt| tt [ kK K"
Affricates tftf tf
Fricatives s’s

Table 1: Korean obstruents by place & manner

This contrast shown in Table 1 has received much
attention with most of that attention focused on
the stop series [1, 2]. Previously, Seoul Korean
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speakers produced these obstruents with different
voice-onset times (VOTSs) [3, 4]. However, current
speakers produce lenis stops with a large positive
VOT, just like the aspirated series. Word-initially,
a contrast in fO of the following vowel has been
observed, with lenis obstruents preceding low fO and
aspirated obstruents preceding high O [5, 6, 7, 8].
Despite this shift in cues from VOT to {0, the
tense series still has a shorter VOT than lenis and
aspirated [5]. Some research has found that VOT for
lenis stops may have an intermediate value between
tense and aspirated [3], and may perceptually not be
distinguishable from the other two [9]. Kim et al.
[10] showed that cues on the following vowel alone
were necessary and sufficient in perception of the
lenis category.

While this previous research has mostly focused
on stops, there is less research on the status
of affricates and fricatives. Some past research
suggests affricates pattern with the stops [11].
Unlike stops and affricates, there is only a two-
way contrast among the fricatives. In [12], frication
duration was found to be longer in tense fricatives,
but no fO difference was found.

Laryngeal setting is also involved in the three-way
contrast, and has been measured via spectral tilt.
At higher frequencies, intensity drops relatively less
in creaky voice than in modal voice [13], resulting
in reduced values for spectral tilt measures like
H1*—H2* with tense obstruents. On the other hand,
lenis stops are often noted to involve breathiness,
which are associated with significantly reduced
intensity at higher frequencies [14, 12, 6].

The goals of this research are (1) to use
psychoacoustic roughness to identify coarticulatory
phonation types associated with the laryngeal
contrast, in particular with (a) the tense series
and (b) among fricatives and affricates; and (2) to
assess which cues could be involved in the laryngeal
contrast, based on the acoustic findings.
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2. METHODS
2.1. Consultants

A production experiment was run with 24 Seoul
Korean speakers between the ages of 20 and 27 (14
females). Most speakers spoke some English and all
speakers except one reported no problems affecting
their speech at the time of the recording.

2.2. Stimuli

A list of 66 CVCV bisyllables was created (most
nonce), with all fourteen obstruents represented in
the first consonant (C1), which was the focus of the
main research question. All vowel positions were
filled with the low vowel [a]. With labial and dorsal
Cl (p, p’, ph, k, k’, kh), only the three lenis stops
(p, t, k) were used in the second consonant (C2),
yielding 18 words. With coronal C1 (t, t’, th), the
three aspirated (ph, t, kM) and the three lenis stops
(p, t, k) were used in C2, yielding 48 more words,
for a total of 66 words. More coronals were used
because the analysis of fricatives is only done among
coronals. A separate analysis of the tense series is
done with all places though. As such, more coronals
were needed to achieve the same relative statistical
power among the places of articulation.

2.3. Procedure

Each word was embedded into a Korean carrier
sentence, @o] X = F<& %9171 Q72, meaning
"What does the word X mean?" The 66 sentences
were arranged in a random order and presented
twice via slides displayed on a screen. Five practice
items were included. Participants wore a head
mounted Shure WH-30 microphone connected to a
Tascam MK-2 with an XLR cable. A native Korean-
speaking experimenter advanced the slides, noting
any pronunciation errors. The resulting audio files
were saved as mono wav files at a sampling rate of
44.1 kHz.

All files were automatically segmented and
labeled using a Korean forced alignment tool [15].
Further annotation of the audio files was done using
Praat [16]. Additional segments were labeled for
consonant closure, frication, and aspiration. All
boundaries were automatically moved to the nearest
Zero-crossing.

2.4. Data extraction

Laryngeal constriction (here, spectral tilt and
psychoacoustic roughness) at the onset of a
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following vowel, VOT, closure duration, frication
duration, and fO in the vowel following C1 were
measured. VoiceSauce [17] was used to measure
spectral tilt, fO and duration. Formant-normalized
spectral tilt was measured via HI1*—H2%,
H1*—A1*, and H1*—A2*. FO was normalized
within each speaker relative to that speaker’s
median 10, to account for higher- and lower-pitched
voices. FO and spectral tilt measurements were
made during the entire vowel, at 10 ms intervals. FO
was converted to cents (hundredths of a semitone).
Duration measures included closure duration for
stops and affricates, frication and aspiration duration
for affricates and fricatives, and VOT for stops.
Release duration (frication plus aspiration) was also
included for affricates and fricatives.

Psychoacoustic roughness is defined as a sensory
attribute related to rapid changes on the amplitude
envelope of a sound (15-300 Hz). It was
found to correlate positively with creaky tones
in Burmese [18]. As such, it can provide a
psychoacoustic measure of creakiness, like loudness
or pitch for intensity and fO, respectively. Since
it relates to perception, it may relate more
closely to phonological differences, so if laryngeal
constriction is used as a cue to distinguish tense from
lax, roughness may correlate more strongly with
this difference than spectral tilt. Roughness was
measured in Aspers in the vowel following the first
consonant using the Matlab routine from Villegas et
al. [18].

2.5. Analysis

FO, spectral tilt and roughness were plotted via
smooth scatterplots using geom_smooth with either
the gam or loess method automatically chosen in R’s
ggplot2 library [19, 20].

Linear mixed models were constructed for all
duration measures with random intercepts for
speaker. Fixed effects for obstruent type, place of
articulation and manner were included with mutual
interactions, when relevant. Type III ANOVAs with
Satterthwaite’s method were used to confirm fixed
effect significance, with any insignificant effects
removed in the final models. The model intercepts
are lenis alveolar stops, unless otherwise noted.

3. RESULTS

The combined results are plotted in the following
figures by laryngeal setting (tense is light grey or
with long dashed lines, aspirated is dark grey or with
short dashed lines, and lenis is solid black). Results
for VOT are not illustrated as they conformed with
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previous findings [5] (effect sizes in linear mixed
model: lenis (intercept): 73.0 ms; tense: —64.0 ms;
aspirated: —7.5 ms, all differences significant with
p < 0.001).
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Figure 1: Stops. Spectral tilt in dB, (a)
HI1*—H2*, (b) HI*—Al*, (c) HI*—A2* and (d)
psychoacoustic roughness in Aspers by laryngeal
setting in the initial 25% of the vowel (normalized
time on the x-axes)
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Figure 2: Coronals. f0 in cents relative to
speaker median by laryngeal setting and manner
(normalized time on the x-axes)
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Figure 3: Fricatives. Spectral tilt in dB, (a)
H1*—H2*, (b) H1*—Al*, and (c) H1*—A2%,
and (d) psychoacoustic roughness in Aspers by
laryngeal setting in the initial 25% of the vowel
(normalized time on the x-axes)

3.1. Laryngeal constriction and f0 in tense obstruents

Laryngeal setting was measured among the stop
series via spectral tilt and psychoacoustic roughness,
as shown in Fig. 1. In tense stops, reduced
spectral tilt and raised roughness was seen at vowel
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Figure 4: Affricates. Spectral tilt in dB, (a)
H1*—H2*, (b) HI*—Al*, and (c) HI1*—A2*,
and (d) psychoacoustic roughness in Aspers by
laryngeal setting in the initial 25% of the vowel
(normalized time on the x-axes)

Figure 5: (a) Frication duration, (b) release
duration, and (c) closure duration, all in ms, by
manner and laryngeal setting

onset, indicating the presence of coarticulatory
creaky phonation. This effect extended throughout
the initial 25% of the vowel for HI*—A1*, and
H1*—A2%*, but only for about the first 5% to 10%
for H1*—H2* and roughness. On the other hand,
aspirated and lenis stops induced raised spectral tilt,
indicative of breathiness. Additionally, roughness
increased over the initial 25% of the vowel following
a lenis stop. This is likely due to the lowered
fO of the lenis stop (see Fig. 2); roughness has
been found to correlate inversely with fO during
modal phonation in Thai for example [21]. Despite
this, roughness is actually reduced at vowel onset
where coarticulatory effects of the lenis obstruent
are expected. Like spectral tilt, roughness results
also indicate the presence of laryngeal constriction
following tense stops.

Fricatives and affricates showed the same pattern
as the stops: The tense series had reduced
spectral tilt difference and increased roughness
at the following vowel onset (see Fig. 3 for
fricatives and Fig. 4 for affricates).  This
effect extended throughout the initial 25% of the
vowel for HI*—A1*, and H1*—A2%*, but only the
initial 10% for H1*—H2* and roughness, like the



