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Abstract: Production and perception experiments were conducted to examine whether focus prosody
varies by phrase-initial tones in Seoul Korean. We also trained an automatic classifier to locate
prosodic focus within a sentence. Overall, focus prosody in Seoul Korean was weak and confusing in
production, and poorly identified in perception. However, Seoul Korean's focus prosody differed
between phrase-initial low and high tones. The low tone group induced a smaller pitch increase
by focus than the high tone group. The low tone group was also subject to a greater degree of
confusion, although both tone groups showed some degree of confusion spanning the entire phrase
as a focus effect. The identification rate was, therefore, approximately half in the low tone group
(23.5%) compared to the high tone group (40%). In machine classification, the high tone group was
also more accurately identified (high: 86% vs. low: 68%) when trained separately, and the machine’s
general performance when the two tone groups were trained together was much superior to the
human’s (machine: 65% vs. human: 32%). Although the focus prosody in Seoul Korean was weak
and confusing, the identification rate of focus was higher under certain circumstances, which avers
that focus prosody can vary within a single language.

Keywords: focus prosody; Seoul Korean; tonal contrast; production; human perception;
machine perception

1. Introduction

Focus highlights a particular element in a sentence (Bolinger 1972; Xu and Xu 2005). It is normally
modulated by prosodic prominence to emphasize its importance in communication. However,
prosodic prominence marking focus varies according to each language’s prosodic system. For example,
in English, prominence is marked by a post-lexical pitch accent on the head (i.e., a stressed syllable)
of a word (Beckman and Pierrehumbert 1986; Cohan 2000; Jun 2011; Ladd 1996). Additionally,
prosodic focus in American English is well identified by a machine classifier with a high accuracy
(92%) (Cho et al. 2019). In Mandarin Chinese, it is also cued by the head of a word, but is distinctively
characterized by the tone shape of individual lexical tones (Lee et al. 2016; Liu 2009; Yuan 2004).
However, in Seoul Korean (SK), focus is expressed through prosodic phrasing in which a new phrase
boundary is inserted before the focused word and prominence occurs throughout the entire focused
word (Jun 2011; Lee 2012). Based on Jun’s (Jun 2005, 2014) prosodic typology, English and Mandarin
Chinese belong to head-prominence languages. However, SK is labeled as an edge-prominence
language because prominence is realized by marking the edge of a prosodic constituent. In order
to understand the details of the current study, we first briefly overview SK’s prosodic system. We
then provide a detailed description of how prosodic focus is manifested in SK. Finally, we present our
research goals.
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SK has neither lexical stress nor lexical pitch accents (Ueyama and Jun 1998; Song 2005). Instead,
in default prosodic phrasing, each content word usually forms a small prosodic unit called an Accentual
Phrase (AP) (Jun 1998) that is tonally marked at the post-lexical level. The typical melody of an AP
is either LH-LH or HH-LH, depending on an AP-initial onset segment. The AP-initial tone is high
when the initial onset has the feature [+aspirated/tense], while it is low when the initial onset has
the feature [—-aspirated/tense]. Intermediate H-L tones (either one or both) are omitted from APs that
contain less than four syllables, resulting in several tonal patterns: L-H, L-LH, LH-H, H-H, H-LH,
HH-H. Regarding the AP melody of SK, recent studies (Cho and Lee 2016; Cho 2017) showed that AP’s
pitch target is much higher when it begins with a high-tone inducing segment and the high pitch is
retained toward the final syllable of an AP. The tonal pattern of an AP with a high-inducing initial
consonant even shows a high plateau, particularly when the number of syllables within an AP is two or
three, as demonstrated in Figure 1. This seems to be why the AP with a high-inducing initial segment
does not have a clear HH-LH pattern in Figure 1, unlike the basic melody of TH-LH in SK. Please see
Cho and Lee (2016) for further discussion of the results.
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Figure 1. Mean pitch values of all speakers by the length of the target words. The x-axis shows syllable
positions in the target sentences, and the y-axis shows the mean pitch values. The first three syllables
are for /i.tce.nwun/ ‘now-roric’, and the last four syllables are for /mal.ha.se.jo/ ‘say’ in the carrier
sentence /i.dwenwn ____ malha.sejo/ ‘Now say ./, and the syllables in the middle (inside the
dashed lines) are the target words.! Modified from Cho and Lee (2016).

Figure 2 depicts SK’s focus realizations when a focused word starts with a low-tone inducing
segment. Focus conditions were produced in an experimental setting in which six native speakers of
SK read stimuli in isolation for broad focus and produced the same stimuli in a Q&A dialogue for
discourse-new focus. Each stimulus was repeated six times in each condition by each of the six speakers.
The differences in prosodic realizations between the two focus conditions reveal three noteworthy
features. First, discourse-new focus produces a higher pitch as compared to broad focus, and the pitch
increase clearly spans the entire focused word. Second, the pitch increase induced by focus is fairly
small—just 1.18 extra pitch in semitones (st). The value of 1.18 st is similar to the interval between the C

1 In this study, we used the International Phonetic Alphabet (IPA) symbols for Korean examples.
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and C# pitches of an equal-tempered musical scale. Based on empirical findings, a difference of 1.5 st is
needed in order to recognize a change in prominence of perception (Rietveld and Gussenhoven 1985).
This suggests that when a focused element begins with a low tone, prosodic modulation by focus in SK
is weak and is thus not perceptually salient for listeners. Lastly, focus does not change the AP tonal
pattern; that is, the same pitch contours are observed whether a focused element is present or not.
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Figure 2. Time-normalized pitch contours sampled at ten equidistant points. The shaded area indicates

the phrase containing the focus element minsu. The sentence is minsu-ga mandu-rwl mak-nwinda ‘Minsu

is eating dumplings.” Raw data taken from Lee and Xu (2010).

Prosodic focus in SK has received considerable attention in the literature (Jun and Lee 1998; Jeon
and Nolan 2017; Lee and Xu 2010; Oh and Byrd 2019), yet our understanding of its exact nature is
still incomplete. More importantly, no research has been conducted examining how prosodic marking
of focus interacts with the tonal contrast derived from different laryngeal features of SK’s AP-initial
onset segment. Stimuli designed in previous studies lacked aspirated/tense segments in order to avoid
pitch perturbation (Jo et al. 2006; Jun and Kim 2007; Jun and Lee 1998; Lee and Xu 2010; Lee 2009,
2012). If these previous studies had included aspirated/tense segments, potential differences caused by
tonal contrast may have been observed in marking prosodic focus. We hypothesize that there may be
differences in marking prosodic focus depending on an AP-initial tone. The reason for this hypothesis
will be discussed in detail in the next paragraph.

The AP-initial tonal contrast (low vs. high) is an excellent case for testing whether prosodic
marking of focus varies in different pitch-scaling conditions. Liberman and Pierrehumbert, 1984,
suggested that pitch appears to show downstepping patterns over the course of a sentence toward a
speaker’s baseline (B). This suggests that the scaling of FO values should be evaluated as “baseline
units above the baseline”, where “baseline” represents the bottom of the speaker’s range at a given
level of vocal effort. The scaled intonational value (Int) is represented by the following equation:

Int = (FO — B)/B 1)

or in the other direction
FO=IntxB+B (2)

Based on Equation (2), if B is 100 Hz and Int is 1, we have 200 Hz (FO = 1 x 100 + 100). If focus
scaling is applied to the Int value, then a 30% increase in an Int value of 1 will turn out to be 230 Hz
(FO = 1.30 x 100 + 100), which is 15% higher in pitch (230/200). If the focus scaling is down to 10%,
we may only have 210 Hz (FO = 1.1 x 100 + 100), which is merely a 5% increase in pitch (210/200).
Because focus scaling has a multiplicative effect on the Int value, higher pitches will have a greater
impact than lower pitches, in terms of FO ratios. This leads us to hypothesize that higher pitches more
effectively mark prosodic focus as compared to lower pitches, in both production and perception. Thus,
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prosodic marking of focus for a syllable with [+aspirated/tense] segments will be more effective in
production and also more identifiable in perception than a syllable with [—aspirated/tense] segments.

Although previous research on focus prosody in SK has been based primarily on regular sentences,
the current study examines the focus prosody of telephone numbers. We believe that phone number
strings provide an appropriate experimental setting for assessing the interplay between the AP initial
tonal contrast and prosodic focus, because the individual digits of a phone number string do not
behave like separate monosyllabic words, even though each digit is morphologically one word. That
is, in a phone number string, ten digits tend to be produced in three phrases, (NNN)-(NNN)-(NNNN),
grouping three or four monomorphemic words together. Since the subgrouping of digits in a phone
number string form a tight prosodic unit and each digit does not behave like one word, focusing a
phrase-internal digit does not generate a separate AP. Thus, as observed in Figure 1, when a L-toned
digit is focused in the initial position of a digit string in non-sentence-final positions, the AP begins
with a low tone and typically ends with a high tone, since prosodic realization of focus would differ
by an AP-initial tone (low or high). This means that when a focused element begins with a low tone
in sentence-medial positions, the initial focused digit will not be higher in pitch than the subsequent
digit(s) because it bears a low tone. In this case, the initial low tone would not be high enough to
be perceptually recognized, compared to the subsequent digit(s). We expect that this will make the
focused L-toned digit confusing in perception within an AP, that is, native listeners will have difficulty
in identifying which digit is focused. When an initial H-toned digit is in focus, the AP will begin
with a high tone and the following will also show a high tone because the tonal melody is HH-LH
when an initial segment has the feature [+aspirated/tense]. This indicates that the focused H-toned
digit will be as high in pitch as the subsequent digit(s) within an AP, still rendering the focused
H-toned digit confusing, but to a lesser extent compared to the focused L-toned digit. Therefore,
although both focused L-toned and H-toned digits produce a confusing prosodic marking of focus,
we hypothesize that the focused L-toned digit will be even more confusing, and listeners will have
difficulty identifying it.

Before formulating the hypotheses, it should be noted that previous studies revealed noticeably
distinct trends in focus prosody across languages. Focus prosody was clearly marked in production
and accurately recognized in perception (over 90%) in English (Lee 2015) and Mandarin Chinese
(Lee et al. 2016), but neither clearly marked in production nor accurately recognized in perception
(below 50%) in Tokyo Japanese (Lee et al. 2018) and South Kyungsang Korean (Lee et al. 2019).
The results of this study are expected to indicate an important typological difference between languages
with and without clear prominence of focus prosody which certainly merits broader study.

Based on all of the considerations discussed above, we propose three hypotheses predicting how
SK focus prosody is manifested. First, prosodic marking of focus is weak overall in production, given
the small increase in pitch induced by prosodic focus as shown in Figure 2, but a focused H-toned
digit will show a (relatively) greater impact than its L-toned focused counterpart, in terms of F0 ratios
(Liberman and Pierrehumbert 1984). Second, the prosodic marking of focus in the AP-initial position
is confusing overall in perception because of AP’s tonal melodies, but a focused L-toned digit will
be associated with a greater degree of confusion than a focused H-toned digit. Third, a machine
classifier will have difficulties in correctly identifying prosodic focus in SK due to weak and confusing
prosodic cues, but a focused H-toned digit will be better identified than a focused L-toned digit. To test
these hypotheses, we conducted production and perception experiments with 10-digit phone number
strings and trained a machine learning classifier with prosodic cues that were obtained from the
production experiment.
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2. Production
2.1. Method

2.1.1. Stimuli

Using a Python script, 100 10-digit phone number strings were created in which each digit (i.e., 0-9)
occurred equally in each position, and each pair of adjoining digits (e.g., 01, 87) occurred equally across
each pair of sequences. The target strings were presented to participants in two conditions. In one
condition, for broad focus, the target strings in a carrier sentence were shown in isolation. In the other
condition, for corrective focus, the same strings were embedded in a Q&A form, as shown in below.
In the Q&A dialogue, person A asked if a phone number was correct, and person B answered the
question with the intended target string by correcting one inaccurate digit. The answer with corrective
focus was used for analysis.

A: mina-wi banho-ga 887-412-4699-ja. matgi?
Mina-POSS number-NOM 887-412-4699-DEC right
‘Mina’s number is 887-412-4699. Right?’

B: anija, mina-ufi banho-nwn 787-412-4699-ja.
no Mina-POSS number-TOP 787-412-4699-DEC

‘No, Mina’s number is 787-412-4699."

Table 1 displays SK numerical digits from 0 to 9 and the onset consonant type of each digit.
The digits are classified into two groups—high and low—depending on their AP-initial tonal contrast.
The high tone group includes the following digits: 3 [sham], 4 [sPa], 7 [tehil], and 8 [phal], whose onset
consonants are associated with aspiration/tenseness, as well as 1 [il], which is reported to be produced
with a lexically specified H tone (Cho 2018; Jun and Cha 2011, 2015). The other digits (0, 2, 5, 6, 9)
belong to the low tone group. Since tonal contrast appears AP-initially in SK, we examined AP-initial
digits only for analysis. The bolded AP-initial digits are target digits tested in this study (i.e., NNN),
which is further explained in detail below.

Table 1. The onset consonant type of each digit and the tone group depending on the tonal contrast

that each digit shows.
Digit (IPA) Onset Consonant Type Post-Lexical Tone Group

0 (/kon/) lenis Low
1 (/il/) vowel-initial High

2 (/i) vowel-initial Low

3 (/sam/) aspirated High
4 (/sa/) aspirated High

5 (/o/) vowel-initial Low

6 (fjuk/) glide Low
7 (Jtehil)) aspirated High
8 (/phal/) aspirated High
9 (/ku/) lenis Low

2.1.2. Subjects

Five SK native speakers (two males and three females) ranging in age from 23 to 32 years (mean
age: 29.4 years, SD: 3.8) participated in the production experiment. The participants were recruited
at a university in the US, and they reported that they had been in the US for less than a year at the
time of recording. The participants signed a consent form and received 10 dollars as compensation for
their participation. None of the participants reported any speech or hearing disorder. All subjects gave
their informed consent for inclusion before they participated in the study. The study was conducted in
accordance with the Declaration of Helsinki, and the protocol #818905 was approved by the University
of Pennsylvania IRB #8.
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2.1.3. Recording Procedure

Recordings were made in a sound-proof booth at the same university in the US using a Plantronics
headset microphone, and were saved directly onto a laptop as 16-bit wave files at a sampling rate of
44.1 kHz. Target stimuli were presented to speakers through PowerPoint slides.

Speakers were seated in front of a laptop monitor, wearing the headset microphone. Before
recording each of the broad- and corrective-focus conditions, speakers practiced three sample trials to
introduce them to the recording procedure and to enable them to be aware of the discourse context,
in which a certain digit was wrong and it needed to be corrected in the production. As shown
in Figure 3, in the broad-focus condition, speakers read target stimuli in a carrier sentence, and
in the corrective-focus condition, they first listened to pre-recorded prompt questions (i.e., person
A in the above Q&A dialogue) through headphones and then produced target strings as answers.
Broad-focus readings were recorded first, followed by corrective-focus readings. Recording times were
approximately 15 and 25 min for broad focus and corrective focus, respectively, and there was a short
intermission between the focus conditions.

mul-e] HF7F 887-112-1699 3r=|?
n}o] ¥l E = 787-412-46990F.
Pel e TG0k ot of, vjit}e] W E = 787-412-4699¢).

Figure 3. Screenshots of the production experiment. The left panel corresponds to a broad-focus
condition in which the target sentence means ‘Mina’s number is 787-412-4699” in English. The right
panel corresponds to a corrective-focus condition in which the upper sentence means ‘Mina’s number
is 887-412-4699. Right?’, and the lower sentence means ‘No, Mina’s number is 787-412-4699.".

2.1.4. A Sketch of Pitch Contours

We first describe sample pitch contours that enable us to capture the prosodic differences between
the broad focus and the corrective focus of each tone group. In this study, each digit in each phone
number string was labeled, and pitch contours sampled at ten equidistant points of the labeled digit
were obtained, using ProsodyPro (Xu 2013). When a creak—often occurring at the vowel onset—was
found in labeling each digit, we actually included the portion showing the creak and used the portion
in the acoustic analysis. When a coda consonant was followed by an onset consonant with a single
closure (for example, kku in /fjuk.ku/ ‘six nine’), the closure was divided into two halves, each one
included as a closure of each consonant. Furthermore, when pitch halving or doubling errors were
detected during the inspection of pitch contours, they were manually corrected using a TD-PSOLA
(Time Domain Pitch Synchronous Overlap-Add) technique in Praat. Pitch contours in Hertz were
then converted to semitones (st) using the following equation (Lee et al. 2016; Xu and Wang 2009):
st = 12logyHz. This is because pitch in semitones increases linearly, contrary to the hertz scale that
increases non-linearly (Nolan 2003).

Figure 4 displays the time-normalized pitch contours of broad focus and corrective focus. Since
only one digit is produced with corrective focus, only the phrase containing the corrected digit is
shown here, while the other phrases are omitted for simplicity’s sake. In Figure 4, the numerical
digits in each panel refer to the digits used for the first phrase, and the shaded area represents a focus
position. The digits ‘1" and ‘8’ in the top panels belong to the high tone group, and the digits ‘5" and ‘6’
in the bottom panels belong to the low tone group. Two noticeable features can be seen in Figure 4.
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First, prosodic marking of focus differs strikingly by tonal contrast. It seems that only the digits in
the high tone group are realized with a clearly increased pitch range in the focus position, relative
to those in the low tone group, suggesting that prosodic marking of focus is more salient in the high
tone group than in the low tone group. Second, it appears that focus does not modulate one single
digit for both tone groups. All plots in Figure 4 show that the pitch level of positions 2 and/or 3 are
also increased, although only position 1 was in focus. This indicates that both tone groups produced a
confusing prosodic marking of focus.

a) High Tone Group b) High Tone Group
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Figure 4. Sample pitch contours for the low and high tone groups in the two focus conditions. In panels
(a,b), the digits highlighted in gray belong to the high tone groups, and in panels (c,d), the digits in
the first area refer to the low tone groups. BF and CF are abbreviations for broad focus and corrective
focus, respectively.

2.2. Analyses

To evaluate how prosodic marking of focus varies by tone group, we directly compared the low
and high tone groups in AP-initial focused positions (i.e., NNN) in two focus conditions (broad and
corrective). We first examined 1000 digit strings by spectrogram reading and listening to determine
whether speakers actually phrased at the hyphens in phone number strings. That is, our examination
was focused on identifying whether each digit group demarcated by hyphens was produced as a
separate phrase—here an AP. Unlike the 3-digit groups that were always produced as one phrase in
both broad- and corrective-focus conditions, the 4-digit group was often produced as one phrase (i.e.,
NNNN), but was sometimes divided into two phrases (i.e., NN-NN). This inconsistency was due
to the declarative morpheme (-ja or -ija) attached to the 4-digit group at the end. The choice of the
morpheme depends on the presence of the coda consonant before it. When the coda consonant is
present, -ija is attached; otherwise, -ja is used as a morpheme. To achieve consistency, 4-digit groups
were excluded from further analysis, and only the AP-initial focused position in 3-digit groups was
analyzed. Furthermore, in contrast to the assertion that a new ip boundary is inserted before a focused
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element (Jun and Cha 2015), we did not consider the ip boundary cue because the existence of the ip
has not yet been generally accepted among researchers (e.g., Jeon and Nolan 2017).

In this production experiment, a total of 1000 digit strings (5 speakers X 2 focus conditions x 10
digits x 10 string positions) were obtained. However, because only 3-digit AP groups were included,
the total number of target digit strings was reduced to 200 (5 speakers X 2 focus conditions X 10 digits
x 2 string positions). Classifying the 200 digits by tone group yielded 100 target digits in the low tone
group and 100 target digits in the high tone group. This division is based on the fact that, as previously
mentioned, there are five digits (0, 2, 5, 6, 9) in the low tone group and five (1, 3, 4, 7, 8) in the high tone
group.?

For acoustic measurements, measures of duration in milliseconds (ms), mean intensity in decibels
(dB), and maximum pitch (st) were aggregated in order to observe whether each acoustic cue plays an
important role in marking prosodic focus in SK. Among several pitch-related cues, maximum pitch
was selected because the overall behavior for both tone groups showed an increase in pitch range to
signal prominence for focus. Therefore, we found that maximum pitch best captures the difference
in pitch range between broad focus and corrective focus. The measures of duration, mean intensity,
and maximum pitch were taken from all the target digits and averaged in each focus condition and
each tone group. For the sake of simplicity, we will henceforth refer to duration, mean intensity, and
maximum pitch as duration, intensity, and pitch, respectively.

In the present study, we used three different analyses to determine how corrective focus was
realized differently from broad focus in both tone groups. The first analysis (Section 2.3.1) focused
on AP-initial positions to determine whether corrective focus produced more prominent acoustic
cues than broad focus. Next, based on observations from Figure 4, the second analysis (Section 2.3.2)
addressed whether prosodic modulation by focus spanned the entire phrase as a focus effect in both
tone groups. To do so, focus position was divided into two positions: On-focus and post-focus. Since
position 1 was focused in each AP of a digit string, it was labeled as “on-focus,” and the other positions
were labeled as “post-focus.” Based on this method, the aggregate measures of duration (ms), intensity
(dB), and pitch (st) in each of the two focus positions were calculated by subtracting broad focus from
corrective focus. Finally, in the third analysis (Section 2.3.3), the pitch contours of each position (i.e.,
NNN) were compared at the AP level to identify whether an AP-initial position in the low tone group
was tonally more constrained in marking prosodic focus as compared to the high tone group.

A series of linear mixed-effects model analyses were conducted to statistically test the above three
analyses, using the ImerTest package (Kuznetsova et al. 2017) in R (R Core Team 2020). Fixed effects
were focus (broad, corrective) and tone group (low, high) for the first analysis, focus position (on-focus,
post-focus) for the second analysis, and AP position (initial, medial, final) for the third analysis. In all
three analyses, random effects included speaker (5 speakers), position (1, 4), and digits (0-9), and
dependent variables were the three acoustics cues. The Anova function of the ImerTest package was
used to obtain the significance level of the fixed effects. Furthermore, a series of multiple comparisons
with Bonferroni correction were conducted using the multcomp package (Hothorn et al. 2008) in R.

2.3. Results

2.3.1. On-Focus Effects

Figure 5 shows the mean values of duration (ms), intensity (dB), and pitch (st) in two focus
conditions, separated by tone group. Target digits under corrective focus were produced with increased

A sample size of 200 may not be sufficient to statistically determine the differences in focus prosody between the two tone
groups: Low and high tone. Nevertheless, since digit and position were treated as random samples, we had 50 tokens for
each focus type (broad and corrective) in each tone group. According to Hair et al. (2010), the general rule is to have a
minimum of five observations per variable (5:1), and an acceptable sample size would have ten observations per variable
(10:1). Since we had 50 tokens for each focus type, it should be noted that the ratio in our study was just above the rule
of thumb.
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duration, intensity, and pitch as compared to target digits under broad focus in both tone groups, except
duration in the high tone group. However, different tone groups showed different trends in marking
prosodic focus. Duration and intensity played important roles in the low tone group; however, in the
high tone group, intensity and pitch were crucial in the production of corrective focus. Furthermore,
among all acoustic variables, pitch in the high tone group was most salient in distinguishing corrective
focus from broad focus.

Duration (ms) Intensity (dB) Pitch (st)
, , ; , o6 § _
2404 [
+ 72.54 + 944 +
220+ Focus Focus ‘ Focus
BF 70.01 BF 927 BF
200+
A cF A cF A cF
67.5 909 +
180 [
884
| ! 65.0 1 f f | |
Low High Low High Low High
Tonal Contrast Tonal Contrast Tonal Contrast

Figure 5. Duration, intensity, and pitch of each tone group in two focus conditions (BF: Broad focus,
CEF: Corrective focus; Low: Low tone group, High: High tone group). Points refer to mean values, and
error bars indicate the 95% confidence interval.

Based on Figure 5, we posit that two-way interaction effects between tone group and focus exist
for all three acoustic cues, and therefore it is necessary to initiate examination of these interaction
effects. Results of the linear mixed-effects model show that the interaction effect between tone group
and focus was highly significant for all acoustic parameters (duration: X? = 12.88, df = 3, p < 0.01;
intensity: X? = 19.55, df = 1, p < 0.001; pitch: X? = 64.22, df =3, p < 0.001). The results confirm that the
two tone groups differ from each other in marking prosodic focus, which prompted us to evaluate the
focus effect of the acoustic variables in each tone group.

In the low tone group, the main effect of focus was significant for all acoustic cues (duration:
X2 =9.33,df =1,p < 0.01; intensity: X? =7.65,df =1, p = 0.01; pitch: X?> =7.51,df =1,p = 0.01). In the
high tone group, the main effect of focus showed a clear significance tendency for pitch (X? = 91.72,
df =1, p < 0.001), but focus had no significant effect on duration (X?> = 0.83, df = 1, p = 0.77) and
intensity (X? = 1.36, df = 1, p = 0.24). The results show clear differences in the trends of marking
prosodic focus in both tone groups. The two groups differ in that duration, intensity, and pitch played
an important role in marking focus in the low tone group, whereas only pitch was an important cue in
the high tone group.

Among the three acoustic variables, pitch and duration deserve further attention, since the focus
effect by pitch and duration differed markedly in the two tone groups. In the low tone group, the
estimated pitch value was 88.65 st for broad focus and 89.24 st for corrective focus, which is an increase
of just 0.59 st extra pitch. However, in the high tone group, the estimated pitch value was 93.05 st for
broad focus and 94.66 st for corrective focus, for a difference of 1.61 st between the two focus conditions.
The difference indicates that the pitch increase induced by focus was roughly three times greater in the
high tone group than in the low tone group (i.e., 1.61 st vs. 0.59 st). The opposite pattern appears in
duration between the two tone groups. Duration served as a more prominent cue for focus in the low
tone group, but lacked the same significance in the high tone group.

2.3.2. Focus Effects within APs

Figure 6 displays the mean differences in duration (ms), intensity (dB), and pitch (st) of the focus
positions between corrective focus and broad focus. Overall, both the low and high tone groups show
no clear indication of focus effects in the on-focus positions, when compared to the post-focus positions.
In the low tone group, only the duration cues for on-focus positions were greater than 0 (i.e., corrective
> broad) and the post-focus positions. Although the intensity and pitch cues for on-focus positions
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were greater than 0, the post-focus positions also showed greater intensity and pitch values than 0,
and notably even the post-focus positions produced greater pitch values than the on-focus positions.
This suggests that prosodic marking of focus by intensity and pitch was certainly confusing in the low
tone group within APs. The high tone group also showed a similar level of confusion. The on-focus
position of the high tone group did not have duration values greater than 0 and the post-focus positions.
The intensity and pitch cues for on-focus positions were greater than 0 and the post-focus positions,
but the post-focus positions also produced positive intensity and pitch values. This indicates that,
similar to the low tone group, the high tone group produced a confusing prosodic marking of focus.
Nevertheless, two crucial differences were apparent between the two tone groups: In the Low tone
group, the on-focus and post-focus positions exhibited salient differences in duration, whereas the
High tone group exhibited a higher level of pitch cues for on-focus positions, which is far greater
than 0.

Mean Differences — Corrective Focus Minus Broad Focus
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Figure 6. Mean differences in duration (ms), intensity (dB), and pitch (st) of the two focus positions
between corrective focus and broad focus. The horizontal dotted line at 0 on the y-axis indicates that
the difference between corrective and broad focus conditions equals zero, and values above 0 indicate
that the value of the corrective-focus condition exceeds that of the broad-focus counterpart.

The results of the linear mixed-effects model analysis indicate that—for the low tone group—the
main effect of focus position was significant for duration (X? = 38.45, df = 1, p < 0.001) and pitch
(X2 =531, df =1, p = 0.05), but not for intensity (X* = 1.40, df = 1, p = 0.24). The high tone group
showed a significant effect of focus position on duration (X? = 9.89, df = 1, p < 0.01) and pitch (X? = 8.97,
df =1, p < 0.01), but not on intensity (X? = 0.28, df = 1, p = 0.60). Note that the direction of significance
for pitch is not the same between the two tone groups; the post-focus positions produced a greater
mean difference in pitch than the on-focus position for the low tone group. The statistical outcomes of
both tone groups indicate that the on-focus positions were not clearly distinguished from the post-focus
positions in both tone groups within APs. In the low tone group, pitch and intensity were the cues that
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produced a confusing prosodic marking of focus within APs. In the high tone group, intensity was
such a cue.

2.3.3. SK’s AP Tonal Constraints on Focus Prosody

As can be seen in Figure 7, three positions (initial, medial, final) within an AP are shown on the
x-axis and the aggregated mean of pitch (st) in the two focus positions (broad vs. corrective) is shown
on the y-axis. Figure 7 shows that prosodic marking of focus in SK is affected by AP tonal patterns.
The high tone group in the AP-initial position produced a higher pitch contour in the corrective-focus
condition than in the broad-focus condition. Although higher pitch spanned the entire AP as a focus
effect in the high tone group, the pitch level in the AP-initial position (94.7 st) was higher than that of
the AP-medial (93.3 st) and AP-final positions (93.4 st). In the low tone group, the prosodic marking of
focus in the initial position was marginal and the increase in pitch was also stretched to the entire AP
position as a focus effect, albeit minimally. What is noteworthy in the low tone group is that the pitch
level in the AP-initial position (89.1 st) was significantly lower than that of the AP-medial (91.2 st) and
AP-final positions (92.7 st). Note that focus (broad vs. corrective) was not included as a focus effect in
the model because our goal was to determine whether pitch values were affected by AP tonal patterns
in the same digit string.

Focus on Initial Position

Low Tone Group High Tone Group

94 4
2 924 BF
S
= CF
o

904

Initial Medial Final Initial Medial Final
AP Position

Figure 7. AP (Accentual Phrase) tonal patterns with three digits in two focus conditions (broad vs.
corrective), separated by tone group. BF is shown here for reference only.

AP position had a significant effect on pitch in the low tone group (X? = 139.22, df = 2, p < 0.001).
The results of the multiple comparison analysis are detailed in Table 2, which only includes the
comparisons between AP-initial and AP-medial positions and between AP-initial and AP-final
positions. As shown in Table 2, the AP-initial focused position showed a significantly lower pitch value
than the AP-medial and AP-final positions (2.12 st and 3.64 st lower than the AP-medial and AP-final
positions, respectively) because the AP has a tonal pattern of LHH. This means that prosodic focus
cannot deviate from the tonal pattern and it is realized, conforming to a language’s existing prosodic
system. In the high tone group, the effect of AP position was also significant for pitch (X? = 25.65,
df =2, p <0.001). As shown in Table 2, the AP-initial focused position produced a significantly higher
pitch than the subsequent positions within APs (1.28 st and 1.36 st higher than the AP-medial and
AP-final positions, respectively). This salient focus prosody by pitch clearly distinguishes the high
tone group from the low tone group.



Languages 2020, 5, 64 12 of 19

Table 2. Results of the multiple comparison analysis for AP position in the low tone group (Estimate:
Coefficient estimates, SE: Standard error).

Estimate SE z-Value p-Value

. AP-initial vs. AP-medial -2.12 0.24 -8.94 <0.001
ow tone AP-initial vs. AP-final ~3.64 0.24 ~15.37 <0.001
Hioh tone  AP-initial vs. AP-medial 1.28 0.29 4.46 <0.001
& AP-initial vs. AP-final 1.36 0.29 473 <0.001

3. Human Perception

3.1. Data Collection

We randomly selected 100 phone number strings produced with corrective focus from the
production data of the five speakers (20 strings per speaker). The selected strings were designed to
include 10 numerical digits ranging between 0-9 at every string position, and each digit was equally
focused in every string position (i.e., 10 focused digits x 10 string positions). This design enabled an
equal number of corrected digits to be included for the low and high tone groups. Since only the initial
positions of 3-digit groups (i.e., NNN) were included, 20 corrected digits in AP-initial positions were
employed as target stimuli.

We set up the experiment using a web-browser (Qualtrics) in order to recruit listeners online with
ease of access. Figure 8 shows a screenshot of a part of the survey in Qualtrics. For each question during
the test, participants heard one phone number string with one corrected digit, which was produced by
one of the five speakers in the production experiment, by pressing a play button. It should be noted that
in this experiment, neither fillers with broad focus nor any discourse context was provided. Listeners
heard only the answer part produced with corrective focus with no context. This process enabled
listeners to rely solely on prosodic cues in recognizing the corrected digits. After listening, participants
were asked to select which digit seemed to be corrected among the 10 digits in the phone number string
they heard. The digits in the phone number string were shown as a task with ten-choices in the order
they appeared in the phone number so that the participants could make a selection. In total, 52 native
SK speakers participated in the perception experiment (40 females, 12 males; mean age: 24.2, SD: 3.8).

Penn

* Arts & Sciences

No.1 | *|o0:00 1 00:00 | -l |

T & T 4 1 2 4 g ] g

Nop.2 | *|o0:00 I o0:00 | ool |

1 0 ] g ] 1 2 3 1 g

Figure 8. Screenshot of a part of the survey in Qualtrics.
3.2. Analyses

Our basic strategy was to analyze the perception data in a confusion matrix—a table that
summarizes the performance of a classification accuracy—to gauge the accuracy of each tone group’s
identification of each focus position. For statistical analysis, we conducted a binary logistic regression
model using the ImerTest package (Kuznetsova et al. 2017) in R (R Core Team 2020). Within the
model, tone group was included as a fixed effect, listeners and individual digits as random effects, and
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identification—coded as 0 (incorrect) or 1 (correct)}—as a dependent variable. The Anova function of
the ImerTest package was used to determine the significance level of the fixed effect.

3.3. Results

Table 3 shows a confusion matrix for the identification of corrected digits in each tone group by
the positions within phone number strings. The overall identification rate was 40.0% for the high tone
group, but only 23.5% for the low tone group. These results indicate that tone group and prosodic
focus interact asymmetrically in SK: The identification rate of focus positions in the high tone group
was roughly twice higher than that of the low tone group. The results of the logistic regression model
confirmed that the high tone group had a significantly better identification rate than the low tone
group (x> =5.07,df =1, p <0.05).

Table 3. Confusion matrix of corrective focus perception (percentage values) by position in the digit
strings. Numbers highlighted in gray indicate correct identification rates. (Top panel: Low tone group,
bottom panel: High tone group).

Perceived

I1st 2nd 3rd 4th 5th 6th 7th 8th 9th 10th
Ist 212 204 315 38 12 38 69 12 62 3.8
4h 69 115 138 258 81 185 85 15 42 1.2
Ist 354 192 123 123 73 46 54 23 12 0.0
4h 54 27 104 446 46 85 127 08 100 0.4

Low

Target
High

Table 3 shows that incorrect answers in the first digit phrase usually appeared within each phrase
for both tone groups. For example, in the low tone group, when position 1 was focused, listeners
selected position 2 at a rate of 20.4% and position 3 at a rate of 31.5%. The high tone group also
exhibited a similar confusion rate, but to a lesser extent. When position 1 was focused, listeners chose
positions 2 and 3 at a rate of 19.2% and 12.3%, respectively. However, the location of incorrect answers
in the second digit phrase varied by tone group. When position 4 was focused in the Low tone group,
listeners selected position 5 at a rate of 8.1% and position 6 at a rate of 18.5%. When position 4 was
focused in the high tone group, the confusion did not spread significantly to the following positions
within the same group (4.6% and 8.5%, respectively). Given that listeners chose position 3 at a rate of
10.4%, the last High tone in the previous digit phrase seemed to confuse the listeners. The identification
results shown in Table 3 suggest that the confusion of prosodic modulation hindered the identification
of corrected digits in both tone groups.

4. Automatic Classification

Automatic detection of prosodic focus is particularly important in that it can promote
human-machine interaction. The results of the production and the perception experiments suggest
that the phonetic cues of prosodic focus in SK are weak and confusing. These results raised a question
of how a machine would perform in identifying prosodic focus in phone number strings in SK. Given
that automatic detection of focus resulted in a promising result in American English (Cho et al. 2019),
which had strong and salient prosodic focus, it was questionable if a machine would be able to detect
prosodic focus well in a language like SK, where phonetic cues are not strong and native speakers also
perform poorly.

4.1. Features and Model Training

We used the production data of the corrective condition for three classification tasks. One task
was to identify the position of a focused digit using all training data, and another was to identify the
position of a focused digit using digit strings with H-toned focused digits as training data, and the
other with digit strings containing L-toned focused digits only (n = 250 digit strings for each tone



Languages 2020, 5, 64 14 of 19

group). We trained Support Vector Machine classifiers in all tasks. We used duration, mean intensity,
and maximum pitch of each digit position from a digit string that we obtained from the production
experiment as features for training. Because there were 10 digits in each digit string, the number of
features for each target was 30 (=3 features X 10 digit positions). We standardized all features within
each digit string using a z-score scale for better model performance. For example, we grouped all
intensity values from one digit string and z-scored the values. This standardization preserved the
relative differences between digit positions, yet minimized the problem of having different scales in
pitch (st), intensity (dB), and duration (ms), which could hinder effective learning.

Since there were relatively many features (n = 30) compared to the number of tokens,
we experimented with feature selection techniques. To avoid collinearity affecting the model
performance, we tested correlations among features and dropped the ones that showed a high
correlation, varying the cutoff correlation coefficient (r) from 0.5, 0.6, 0.7, 0.8, 0.9 to 1 (no feature
dropping). We reported the best performance for each classification task after feature selection and
hyperparameter tuning in the section below. In all models, we performed leave-one-group-out
cross-validation, where one group was defined as all tokens produced by one speaker. All training and
testing were done with the scikit-learn package (Pedregosa et al. 2011) in Python.

4.2. Model Performance

Table 4 shows the confusion matrix of the corrective focus of the AP-initial positions in our
models. For all three tasks, the models trained with features selected at r < 0.5 (n = 16) performed
best. The best performance model (C = 2.5, gamma = 0.0625) that was trained with all tone groups
showed 65% of accuracy for AP-initial positions, which is much higher than that of human perception
(about 32%). The accuracy was 64.8% for all positions (macro average precision = 0.66, recall = 0.65,
F1-score = 0.65, AUC = 0.94). The model’s performance was very impressive, given that we included
only three prosodic features and trained each CV fold with a relatively small number of tokens (400 digit
strings). The accuracy increased when the tone groups were trained separately. The model trained
with H-toned focused (C = 3, gamma = 0.065) digits correctly predicted focus positions 86% of the time
for the AP-initial positions. The accuracy was 84% for all positions (macro average precision = 0.85,
recall = 0.84, Fl1-score = 0.84, AUC = 0.98). However, the accuracy for the model trained with L-toned
focused digits (C = 3, gamma = 0.0625) was 68% (16% lower) for the AP-initial positions, which was
lower than the H-toned model. The overall accuracy for all positions in the L-toned model was 71.2%
(macro average precision = 0.71, recall = 0.71, F1-score = 0.71, AUC = 0.96). Consistent with human
perception, the H-toned model had a higher accuracy than the L-toned model.

Table 4. Confusion matrix of corrective focus identification performed by the models. In this table, we
only show the accuracies of the AP-initial positions for the sake of simplicity. Numbers highlighted in
gray indicate correct identification rates. The top panel shows the results of the model trained with
digit strings containing a L-toned focused digit, and the bottom represents the performance of the
model trained with a H-toned focused digit. We calculated the prediction rates from the sum of all CVs.

Predicted
1st 2nd 3rd 4th 5th 6th 7th 8th 9th  10th
L st |52 0 8 8 8 0 16 0 0 8
T W 4th 0 0 0 '8 o 4 8 0 0 4
arget
High 1ot 80 ~ 8 0 4 0 Z 0 0 0 Z
ath 4 4 0 92 o 0 0 0 0 0

5. Discussion and Conclusions

In this study, we examined the focus prosody of SK using telephone numbers by conducting
production and human perception experiments and building machine learning classifiers to test our
three working hypotheses: (a) SK’s prosodic marking of focus is weak, (b) prosodic marking of focus is
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confusing because its focus effect is spread over the entire phrase, (c) a machine classifier has difficulty
correctly identifying prosodic focus in SK due to weak and confusing prosodic cues, but a focused
H-toned digit is better identified than a focused L-toned digit. The methods employed were effective
and provided interesting, novel findings regarding the focus prosody of SK. The production and
human perception results were congruent overall, and the working hypotheses were both verified
by the two experiments. However, we found a striking difference between human and machine in
the detection of prosodic focus; the machine’s performance exceeded the human’s, partly rejecting
our third hypothesis. What follows is a brief summary of the results and an in-depth discussion of
key findings.

The results of the production data demonstrated that the low and high tone groups exhibited
similarities and differences in marking prosodic focus. In the focus positions for the low tone group,
duration, intensity, and pitch played important roles, but pitch was an important cue in the high
tone group. However, the two tone groups produced a confusing prosodic marking of focus because
prominence mainly by intensity and pitch spanned the entire phrase as a focus effect. Furthermore,
while the low tone group was subject to a greater degree of confusion, both tone groups were affected
by SK’s basic tonal melodies within an AP.

One of the key findings of this work was that prosodic marking of focus varied in different
pitch-scaling conditions. As discussed earlier in the Introduction, higher pitches can have a greater
impact than lower pitches in terms of F0 ratios, based on the formula FO = Int X B + B. In the current
study, the high tone group induced higher pitches in marking prosodic focus, whereas the low tone
group induced relatively lower pitches. The higher pitches showed an increase of 1.61 st in marking
prosodic focus, whereas the lower pitches showed an increase of only 0.59 st. We posit that the greater
increase in pitch is one of the main factors that enable listeners to better identify focus in the high
tone group. Furthermore, the claim by (Rietveld and Gussenhoven 1985) that a difference of less than
1.5 st is not sufficient to recognize a change in prominence in human perception was confirmed in this
study. Accordingly, our work affirmed that higher pitches mark prosodic focus more successfully than
lower pitches.

Another key finding was that the focus prosody of SK was found to be weak and confusing for
both tone groups in production, leading to a poor identification rate in human perception. Reasons for
this weak and confusing prosodic marking of focus are discussed below. As discussed earlier, Jun
(Jun 2005) distinguished two types of language: Head-prominence and edge-prominence languages.
In English, which is a head-prominence language, prominence of a word is marked by a post-lexical
pitch accent on the head (that is, a stressed syllable) of the word. A focused word is thus realized by
expressing the stressed syllable with longer duration, greater intensity, and higher pitch. In contrast,
SK, an edge-prominence language, does not have such a head (no lexical stress, lexical tone, or lexical
pitch accent) within a word; no specific syllable carries prominence for prosodic marking of focus.
This prosodic characteristic results in a weak prosodic marking of focus, which leads to the question as
to why prosodic marking of focus was confusing. Prominence of a word in SK is marked by initiating
a new prosodic unit before the focused word, and the entire AP becomes prominent by raising the
H-toned syllables in its tonal pattern. In this study, we found a strong constraint to group the 10 phone
numbers into three or four prosodic units. Although a single digit in the phrase-initial position was
narrowly focused, the digit did not itself form one separate AP; instead, the whole prosodic unit
containing the focused digit became prominent as a focus effect. The prominence spanning the entire
AP features a confusing prosodic marking of focus.

Based on the human perception data, an obvious question to ask is why the high tone group was
perceived better than the low tone group in the perception of corrective focus. Three answers are
possible. First, as stated above, the high tone group produced much higher pitch than the low tone
group, which effectively marked prosodic focus. Second, in the low tone group, the acoustic cues of
prominence were contradictory between duration and pitch; that is, the focused L-toned digit was
longer in duration, but lower in pitch than the subsequent “unfocused” digits, and these conflicting
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acoustic cues of prominence were confusing to the listeners. In contrast, the focused H-toned digit was
longer in duration and higher in pitch than the subsequent digit, which enhanced the prominence
of the focused digit. Third, unlike Mandarin Chinese (Lee et al. 2016) and English (Beckman and
Pierrehumbert 1986), where a low tone syllable can be salient by lowering its pitch target, the pitch
target of the L-toned digit in SK was not lowered in marking prosodic focus.

Considering that prosodic marking of focus was ineffective in SK, our next question is to ask
whether the current results can be generalized to a broader range of languages. According to the
prosodic typology presented in (Jun 2005; Jun 2014), SK is an edge-prominence language—that is, it does
not have any head on the word or phrase, and prominence is realized only by the edge of a word or
phrase. Therefore, focus prosody of telephone numbers was indeed confusing. We expect any language
belonging to an edge-prominence language to behave like SK. In contrast, a head-prominence language,
where prominence is marked by the head of a word or phrase, produces a clear prosodic marking of
focus (see Lee (2015) for more information). In addition, in head/edge-prominence languages (e.g.,
Tokyo Japanese, South Kyungsang Korean), prominence is marked by both the head and edge of a
word or phrase. Recent studies of Tokyo Japanese (Lee et al. 2018) and South Kyungsang Korean
(Lee et al. 2019) demonstrated that the manner in which prosodic focus is encoded in this language
group is confusing because this language group also marks prominence at the edge of a word or phrase.
Similar future studies of more diverse language groups will provide more clarity to understanding
focus prosody in particular and prosodic typology in general.

What's striking about the results is that the identification rate of our model was remarkably high
relative to that of human perception. As stated above, the on-focus positions of the two tone groups
were not more salient than the post-focus positions, leading to native listeners” poor identification in
perception. The high identification rate of the machine performance therefore remains particularly
surprising because corrective focus was neither clearly marked in production nor accurately recognized
by human perception. This makes an interesting contrast to American English, where native speakers’
perception was about 97%, whereas the machine performance was 92% (Cho et al. 2019). Our initial
speculation was that Korean listeners who are already familiar with Korean intonational patterns for
focus prosody were indeed distracted by the two tone groups’ confusing prosodic marking of focus.
For example, as stated above, the focused L-tone digit was longer in duration, but lower in pitch
than the following digit in our production, and these conflicting acoustic prominence cues may have
confused listeners. In contrast, our model, which is naive to the intonational system of Korean, seemed
to find the most optimal cues of corrective focus by analyzing prosodic features without being misled
as much as native listeners. It then identified the most plausible position within a 10-digit string to
contain such focus cues, resulting in a higher identification rate than human perception. Since the
discrepancy in the recognition of prosodic focus between human and machine was observed in only a
single study, more languages should be analyzed to determine the universality of this case.

Although the method employed in this study effectively tested our goals, it is not clear whether
our findings obtained from digit strings can be generalized to regular SK sentences. We expect prosodic
marking of focus would be more effective for regular sentences as compared to telephone numbers.
Since each regular word tends to form an AP by itself, whereas digits in a phone number string tend to
group together to form an AP, a focused word in regular sentences are free from tonal constraints at
the AP level. For example, as shown in Figure 2, the focused word minsu-ga begins with a low-tone
inducing segment. Because the entire focused word instead of a single syllable becomes prominent at
the AP level, its prosodic marking of focus will not be confusing, contrary to the AP-initial focused digit
in a digit string. Therefore, prosodic marking of focus in regular sentences will behave differently and
will be more effective than prosodic marking of focus in telephone numbers. On the other hand, if the
focus is placed to fall on the initial syllable in kim.tcan.guk-wl (to correct the family name of a person, for
example), the focused word in regular sentences will also be bound by tonal constraints at the AP level,
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and prosodic marking of focus would not be effective for this case compared to telephone numbers.’
Additional research is, therefore, necessary to compare telephone numbers to regular sentences, taking
into account two cases—first, where focus is placed on the entire word like minsu-ga and, second, on
the initial syllable as in kim.tean.guk-wil. Furthermore, more speakers must be recruited for future
research in order to ensure more robust data and validate the results of the present experiment. Finally,
we should create a classifier to detect prosodic focus in other languages to compare the perception
performance between human and machine and improve human-machine interactions.

In summary, the results of this study revealed both similarities and differences between the two
tone groups in marking prosodic focus. The similarities included: (i) The low and high tone groups
exhibited a degree of confusion within a phrase as a focus effect, and (ii) the two tone groups were
constrained by AP tonal melodies. The differences included the importance of duration, intensity, and
pitch in the low tone group, in contrast to the importance of pitch only in the high tone group. Moreover,
the focus prosody of the two tone groups was not accurately recognized in human perception, but
the identification rate was approximately twice as high for the high tone group than it was for the
low tone group. In machine perception, misidentifications were also observed more often in the
low tone group than in the high tone group. When comparing human and machine performance,
the machine’s performance was found to be significantly superior to the human'’s, contrary to our
expectation. In this study, although the focus prosody of telephone numbers was weak and confusing,
we observed a high identification rate of prosodic focus under certain circumstances. This study
generated empirical evidence that prosodic marking of focus can vary according to the specific prosodic
system of a language.
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