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Abstract

Domain-initial Strengthening

and Vocal Effort

Ka, Heechang
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The Graduate School

Seoul National University

This paper aims to investigate Domain-initial Strengthening

from the perspective of vocal effort. By examining vowels after

different types of prosodic boundaries, the present study verified

whether vowels are strengthened domain-initially, and whether

there is an acoustic effect.

In the formant analysis, domain-initial onsetless vowels are

marginally articulated in the vowel space compared to

domain-initial vowels in /pV/, but when the onset condition is

the same, no significant difference was found in the comparison

of vowels in different prosodic positions.

Under the premise that more vocal effort would be expended

when speakers pronounce initially strengthened vowels, spectral

tilts and Cepstral Peak Prominence analyses were also
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conducted. However, these two acoustic measures did not show

any systematic difference across various boundary conditions,

and neither did a vowel duration analysis.

These consistent results from four different acoustic measures

lead to the conclusion that even though the DIS effect on

consonants is robust across various kinds of languages, it is

not evident at least in Korean vowels.

Keyword : Domain-initial Strengthening, prosodic boundary,

vocal effort, spectral tilts, CPP

Student Number : 2013-20030
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1. Introduction

There have been several studies that show phonemes are

articulatorily strengthened at the onset of the prosodic domains. This

phenomenon is called Domain-initial Strengthening, which was first

proposed in Fougeron & Keating (1997), and hereafter abbreviated as

DIS. In this paper, we will examine whether the DIS effect is found

on vowels in Seoul Korean, and whether vowels are strengthened

even after consonants from the perspective of formant frequencies

and vocal effort. The main focus of this study is the first two

syllables of Korean accentual phrases.

1.1. Domain-initial strengthening

Languages have several prosodic domains, which are identified by

their own properties, and the domains are organized hierarchically

(Keating et al., 2003)1). Domain-initially, segments are strengthened

cumulatively depending on the type of the preceding boundaries, and

this DIS effect on consonants has been attested in various kinds of

languages (e.g., in English, Fougeron & Keating, 1997; Cho &

Keating, 2009, in Korean, Cho & Keating, 2001, in English, French,

Taiwanese Chinese, and Korean, Keating et al., 1999). Plosives are

articulated with longer VOT and higher burst intensity, and fricatives

with longer duration and louder frication noise. Coronals are

1) The authors recommend reviewing Shattuck-Hufnagel & Turk (1996) for

a thorough account of the theories of prosodic hierarchies.
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pronounced with more and longer linguopalatal contact when they are

strengthened. However, the DIS effect on vowels had been rather

obscure until Lehnert-LeHouillier et al. (2010) was published. In their

paper, they pointed out that the evidence for the DIS effect on

vowels was sparse because the vowels investigated in the previous

studies were preceded by consonants. They compared the vowels in

‘egg’, ‘keg’, ‘auk’, and ‘chalk’ after three different prosodic boundaries

(IP, AP, Wd), and showed that the DIS effect is highly local, which

means it only affects the initial segment regardless of whether it is a

consonant or a vowel.

Nevertheless, a series of studies were published which showed that

the DIS effect on vowels was present even after an onset consonant

in English (Kim & Cho, 2012) and Korean (Cho et al., 2011; Cho et

al., 2014). Kim & Cho (2012) is only about English /æ/, and it was

found to be strengthened domain-initially even after /h/ or /p/. Cho

et al. (2011) provides formant and Electromagnetic Articulography

(EMA) analyses for Korean vowels /a/, /i/, and /u/ after /p/, and

each of these three vowels were proven to be strengthened

domain-initially. The details of this research will be reviewed in

Section 2, but what must be stated at the outset is that there is a

discrepancy between Kim & Cho (2011) and Kim & Cho (2012)

concerning whether the English vowels are strengthened after an

onset consonant. Kim & Cho (2011) investigated whether English /i/

and /ɪ/ show the DIS effect both in an onsetless syllable and after
/h/ or /p/. No significant DIS effect was found when the vowels

were preceded by consonants, which is contradictory to Kim & Cho

(2012)’s findings about English /æ/. If the results of these two papers

are valid, then it must be said that the DIS effect on English vowels

is dependent on the type of the vowels, or the DIS effect on English
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vowels is not as robust as that on Korean vowels (found in Cho et

al., 2011). Kim & Cho (2011) introduces Barnes (2002) which

suggests the possibility that the rather weak DIS effect on English

vowels is attributed to the fact that English has lexical stress where

the vowels undergo strengthening. That is to say, in English, vowel

strengthening is mainly associated with stressed vowels, which

hinders the DIS effect, whereas in a language without lexical stress

such as Turkish and Korean, the DIS effect on vowels is free to

arise significantly.

1.2. Prosodic domains in Korean

As proposed in Jun (1998), it has been widely accepted that

Korean has five hierarchical prosodic domains from utterance to

syllable as shown in (1) below.

(1) Prosodic structure of Korean2)

2) Adapted from Jun (1993), and Beckman & Jun (1996) with utterance level

added in Cho & Keating (2001).
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Adapting the intonation framework developed by Pierrehumbert and

her colleagues, Jun (1998) asserts Korean has at least two prosodic

domains marked by intonation, which are Intonational Phrase (IP) and

Accentual Phrase (AP). The IP is widely found in various kinds of

languages and marked by the boundary tone at the end of the

phrase, whereas the AP is a prosodic domain found in languages

such as Korean, French, and Japanese. The AP in Korean and French

is distinctive in that it "has only phrasal tones not specific to its

component words" (Jun, 1998).

In addition, there are two types of phrasal tones, or tonal patterns,

in Seoul Korean AP, which are LHLH and HHLH. Basically, the

tonal pattern is determined by the phonetic feature of the first

segment of the phrase. If the phrase-initial segment is a tense,

aspirated consonant, /h/, or /s/, the tonal pattern is HHLH, otherwise,

it is LHLH (Jun, 2007).

1.3. Research questions

Under the premise that DIS affects vowels, this paper aims to

provide empirical evidence that domain-initial vowels preceded by

consonants are strengthened when compared to the domain-medial

vowels. In particular, to strictly control the phonetic factors, the

present study will use nonce words (reiterant syllables) in the test

sentences, and focus on the first two syllables in the AP. If the DIS

effect is significant when comparing the first two syllables, which are

alleged to be the two most prominent syllables in the Korean AP, in
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terms of pitch and intensity (Jun, 1995), this paper shall offer solid

evidence for the DIS effect on Korean vowels.

Additionally, given the assertion that listeners utilize the DIS effect

for parsing prosodic domains (Cho & Keating, 2001), it is reasonable

to hypothesize that the DIS effect on vowels, if one exists, can be

attested by examining acoustic cues including formant frequencies,

and, hopefully, spectral tilts and Cepstral Peak Prominence (CPP),

which allegedly reflect the degree of vocal effort in pronouncing

vowels. As a result of the DIS effect on vowels, it is expected that

more vocal effort is required when pronouncing vowels at the higher

prosodic boundaries. These last two acoustic cues will be discussed

in detail in Section 2.

1.4. Hypotheses

The present study assumes that, in Korean, domain-initial

onsetless vowels are most strengthened by the DIS effect, followed

by domain-initial vowels preceded by consonants, while

domain-medial vowels are least affected by the DIS effect.

We first predict that domain-initial onsetless vowels are articulated

marginally in the vowel space compared with domain-initial vowels

preceded by consonant (Hypothesis 1). By comparing formant plots in

these two different environments (domain-initial /#V/ vs. /CV/), how

DIS affects vowels in the vowel space can be visualized. Considering

Lehnert-LeHouillier et al. (2010), it would be relatively

straightforward to verify formant differences in the comparison of

these two environments. Based on this observation, the present study
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will examine whether this kind of formant difference is found in the

comparisons of vowels at the onset of different prosodic boundaries.

We expect that utterance-initial vowels in /CV/ are strengthened

more than AP-initial vowels with the same syllabic structure

(Hypothesis 2). However, given that both types are expected to be

strengthened but to differing degrees, and the DIS effect on vowels

would be attenuated in the /CV/ syllables, they might fail to show

significant difference. Lastly, we expect that domain-initial vowels in

/CV/ are articulated marginally in the vowel space compared to

domain-medial vowels in /CV/ (Hypothesis 3).

Moreover, if systematic and hierarchical formant differences are

found between vowels in different prosodic environments, it is

expected that these differences would be supported by other acoustic

cues such as spectral tilts and CPP, which are affected by the degree

of articulatory efforts in vowel pronunciation (Hypothesis 4). The

more strengthened the vowels are, the more affected these two

acoustic cues would be. Vowel duration is also inspected.

The rest of this paper is organized as follows. Section 2 examines

previous literature concerning the DIS effect on vowels and the two

acoustic cues that reflect articulatory efforts (spectral tilts and CPP).

Section 3 describes the experiment’s design and analysis, while

Section 4 discusses the results of the experiment, which validate the

hypotheses suggested above. The conclusion follows in Section 5.
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2. Literature review

2.1. DIS effect on vowels

Contrary to the DIS effect on consonants, that on vowels has been

less evident in previous literature. Fougeron & Keating (1997), one of

the pioneering works, investigated both consonants and vowels in

different prosodic positions by recording reiterant utterances in which

the meaningless syllable /no/ is repeated. They collected data using

Electropalatography (EPG), and analyzed linguopalatal contact for

consonants and vowels preceding or following various kinds of

prosodic boundaries. One of the key findings is that phrase-final /o/s

have less linguopalatal contact compared to those in other positions,

presumably due to phrase-final lengthening, but the study failed to

find any consistent results for domain-initial vowels. Cho (2005) also

tried to verify the DIS effect on vowels for English /i/ and /a/ by

analyzing formants and Electromagnetic Articulography (EMA) data,

but he failed to find any consistent formant difference in the

domain-initial context, and the EMA data provided rather weak and

inconsistent support for the DIS effect on vowels.

In contrast, as mentioned in section 1.1, Lehenert-LeHouillier et al.

(2010) pointed out that previous studies only analyzed vowels in /CV/

syllables, where, they asserted, the DIS effect does not permeate

through the onset consonant into the vowel. Through an ultrasound

imaging analysis, they discovered that vowels in /#VC/ syllables are

strengthened compared to those in /CVC/ syllables, such that /ɛ/ and
/ɔ/ in /#VC/ syllables are articulated with the dorsum lowered
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further.

Kim & Cho (2011) investigated both DIS effect and accent on

English vowels /i/ and /ɪ/ using EMA. They compared EMA data
collected from these vowels in /Vt/, /hVt/, and /pVt/ syllables placed

in different boundaries and accent conditions.3) In this research,

IP-initial onsetless /i/ and /ɪ/ showed higher tongue positions in the
EMA analysis, whereas those in /hVt/ and /pVt/ did not. They

concluded that the DIS effect on vowels is evident, but it is localized

to the adjacent segment to the boundary, namely the domain-initial

onsetless vowels. However, judging from their experiment design,

there is a possibility that IP-medial /Vt/ tokens were more affected

by the preceding vowel /a/ than IP-initial /Vt/ tokens, which may

have resulted in lower tongue positions.

(2) An example of speech material from Kim & Cho (2011)

a) IP-initial, accented

... THEY say ‘Diana,’ # ‘EAT again’ will be ...

b) IP-initial, unaccented

... THEY say ‘Diana,’ # ‘eat again’ will be ...

c) IP-medial, accented

... But to say ‘Diana # EAT again’ with me ...

d) IP-medial, unaccented

... But to say ‘Diana # eat again’ with ME ...

3) The four combinations of IP-initial/medial(2) x accented/unaccented(2)
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As shown in (2), IP-medial ‘eat’ is preceded by ‘Diana’ without an

IP-boundary, so it is likely that high vowels in this position are

pronounced with a comparatively lower tongue height owing to

V-to-V coarticulation, while IP-initial ‘eat’ is less affected due to the

IP-boundary. However, Kim & Cho (2012) used the same experiment

design, changing the target vowel to /æ/, and they reached the same

conclusion, though only in the unaccented condition. IP-initially,

onsetless /æ/ was pronounced with lower tongue height than

IP-medial onsetless /æ/, which reduces the possibility that V-to-V

coarticulation may have affected the result found in Kim & Cho

(2011). A more important observation made by Kim & Cho (2012) is

that they found the DIS effect in /hVd/ and /pVd/, too. English /æ/

was found to be strengthened, that is to say, pronounced with lower

tongue height domain-initially, not only in ‘add’ but also in ‘had’ and

‘pad’. This research contradicts the idea that the DIS effect on

vowels is limited to domain-initial onsetless vowels, asserting that

the distance between the prosodic boundary and the target vowel

determines the degree of the DIS effect. It is strongest in

domain-initial onsetless vowels, for they are placed right next to the

prosodic boundary, and attenuated in domain-initial vowels preceded

by an onset consonant. However, Kim & Cho (2011) failed to find the

DIS effect on vowels in words such as ‘Pete’, ‘pit’, ‘heat’, and ‘hit’ in

the same experiment design, so it remains unknown whether the DIS

effect on vowels in /CV(C)/ depends on the vowel quality. Further

research is required to explain this discrepancy.

Cho et al. (2011) is the first research to investigate the DIS effect

on Korean vowels. They analyzed how different speech styles,

prosodic boundaries, and focus conditions affect domain-initial /ph/

and the first two vowels, but the discussion here will be limited to
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only the DIS effect on vowels. In their experiment, three disyllabic

words, /phaʧʌn/, /phipu/, and /phutiŋ/, were placed in carrier sentences
across various prosodic conditions as in (3) below. Formant analysis

results showed that IP-initial vowels are articulated marginally in the

vowel space. Domain-initially, F1 for /a/ and F2 for /i/ are

significantly higher, but only a non-significant mean difference was

found in F2 for /u/.

(3) An excerpt of speech material from Cho et al. (2011)

a) IP-initial /pha/: Focused

ani, hjoli-nɨn ʌnʧena, [ IP phaʧʌn-hako sul-ɨl mʌkʌ] .
No, Hyori-Top, always pancake-and wine-Acc. eat

b) IP-initial /pha/: Unfocused

ani, hjoli-nɨn ʌnʧena, [ IP phaʧʌn-hako sul-ɨl mʌkʌ] .
No, Hyori-Top. always pancake-and Wine-Acc. eat

c) IP-medial /pha/: Focused

ani, hjoli-nɨn ʌnʧena, [ IP kokuma phaʧʌnjoli-laŋ soʧu-lɨl mʌk-ʌs*ʌ] .
No, Hyori-Top. always sweet potato pancake dish-and soju-Acc.

eat-Past

d) IP-medial /pha/: Unfocused

ani, hjoli-nɨn ʌnʧena, [ IP kokuma phaʧʌnjoli-laŋ soʧu-lɨl mʌk-ʌs*ʌ] .
No, Hyori-Top. always sweet potato pancake dish-and soju-Acc.

eat-Past

Under the premise that vowels are strengthened domain-initially

regardless of whether they are preceded by a consonant or not, the
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non-significant difference in the formant analysis of /u/ may be

attributed to the possibility that a ceiling effect arises when /u/ is

strengthened. It is possible to hypothesize that it takes more effort to

move the tongue body further backward for strengthened /u/ than it

does to move it further forward for strengthened /i/ or to open the

mouth further for strengthened /a/. If this is the case, then the

non-significant mean difference between /u/s in different prosodic

boundaries can be explained.

Interestingly, even though Cho et al. (2011) found no significant

difference in duration or peak intensity between the first vowels in

different prosodic conditions, the second vowels of the disyllabic

target words showed significant difference in both duration and peak

intensity. This implies that the DIS effect even appears even on the

second vowel of the phrase. Moreover, considering the possibility that

the longer VOT of initially strengthened onset /ph/ keeps the nucleus

from being lengthened, the non-significant difference in duration

between the first vowels is understandable.

However, there is also a possibility that Cho et al. (2011)’s

findings were affected by unintended factors in the experiment

design. They stated these systematic differences found in the

IP-initial positions are due to the DIS effect, but that might be due

to the prosodic features of Korean AP. That is, they compared the

first two syllables of IP-initial APs with those in AP-medial

positions, which may have triggered significant differences in formant

values and vowel duration. Judging only from the speech material

itself, the target words in IP-medial sentences can be AP-initial or

AP-medial. For example, for native speakers of Korean, [IP kokuma

phaʧʌnjoli-laŋ ...] can intuitively be parsed into [IP [AP kokuma] [AP
phaʧʌnjoli-laŋ] ...] or [IP [AP kokuma phaʧʌnjoli-laŋ] ...]. But, this
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paper specifies that the IP-medial condition is the Word boundary

condition, so the latter way of parsing is the assumed case

throughout the experiment. Thus, the comparison was between the

first two syllables of the IP-initial AP and the fourth and fifth

syllables of the 8-syllable AP.4)

According to Jun (1995), in a Korean AP with at least 4 syllables,

there is a tendency for the intensity and duration of each syllable to

reach a peak at the second syllable, decreases gradually until the

penultimate syllable, and then reach another peak at the last syllabl

e.5) Therefore, other things being equal, it is very likely that the

fourth and fifth syllables in an 8-syllable AP have lower intensity

and shorter duration compared to the first two AP-initial vowels.

Some might argue that this is also a consequence of the DIS effect

on vowels within an AP, for the first two syllables are louder and

longer than the syllables in the middle of AP. Nevertheless, given

that the first peak usually arises at the second syllable, not the first

syllable, and there is another pitch and intensity peak at the end of

the AP, it is more reasonable to say that this is just a property of

the AP itself associated with the AP tonal pattern. This gives a

direct explanation for their observation that the second syllable of the

target word in IP-initial position has a higher intensity and longer

duration compared to that in IP-medial position. The former is the

loudest and longest syllable in the AP, and the latter is in the middle

4) A Korean AP consisting of eight syllables is not common. According to

Jun (1998), Korean APs generally have two to five syllables. She stated that

among 165 APs examined in Kang (1996) and Korea Telecom (1996), only

seven to eight percent had more than six syllables, and no AP had more

than nine syllables .

5) These two peaks are associated with the H tones of the Korean AP tonal

patterns. See the detailed discussion on this in Section 1.2.
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of the trend line of decreasing intensity and duration toward the

penultimate syllable of the AP. Moreover, if the first syllable of an

AP is louder and longer than the fourth syllable of a 8-syllable AP

owing to the AP’s own prosodic property mentioned above, this might

have resulted in the more extended vowel space of the IP-initial

vowels in their experiment. In this regard, further studies with

different experiment designs are required to investigate the DIS effect

on vowels after onset consonants.

Additionally, Cho et al. (2014) provides articulatory evidence that

supports Cho et al. (2011). In this study, they measured consonant

and vowel durations in various prosodic boundaries (IP-initial/medial)

and syllable structures (m#V or #mV) using the 2D Electromagnetic

Midsagittal Articulography, and found that IP-initial vowels are

significantly longer than IP-medial vowels not only in /m#V/ but also

in /#mV/. The lengthening effect is greater in the former syllable

structure, so they concluded that the DIS effect on vowels is evident

especially when the vowel is the initial segment of the phrase, but

vowels preceded by initial consonant also undergo strengthening

domain-initially, though to a lesser extent. Yet, Cho et al. (2014) has

the same issue that Cho et al. (2011) has concerning the experiment

design in that they compared an IP-initial syllable with the seventh

syllable in an 8-syllable AP. So, as before, it is not clear whether

those durational differences are triggered by the DIS effect on vowels

or merely by the Korean AP’s own prosodic characteristics.

To summarize, previous literature has validated the DIS effect on

vowels and showed that the effect is attenuated as a function of the

distance from the prosodic boundary to the target vowel. But studies

on Korean vowels need to be supplemented with new experiment

designs to make a fair comparison between IP-initial and IP-medial
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syllables. So, this study examines the DIS effect on vowels in the

/CV/ condition by investigating experiments in which syllable

positions within an AP are controlled. Also, to verify the DIS effect,

the analysis shall primarily be based on the formant comparison

between vowels in different prosodic positions, and to support the

possible formant difference, spectral tilts and CPP, which purportedly

reflect the degree of force of articulation, are to be analyzed. A vowel

duration comparison is also conducted.

2.2. Spectral tilts and CPP

2.2.1. Spectral tilts

Basically, spectral tilts are correlated with voice quality, and the

Open Quotient (OQ) has played a major role in discussions regarding

spectral tilts. The Open Quotient represents the ratio of the open

glottis phase to the whole glottal cycle, so a high OQ means the

amount of time during which the glottis is open is longer. In modal

phonation, the time when the glottis is open is comparable to the

time when the glottis is closed, so the OQ is approximately 0.5. In

breathy phonation, the OQ is greater than 0.5, as the glottis is open

relatively longer in the glottal cycle, while in creaky phonation, it is

less than 0.5, for the glottis is open for a small amount of time in

the whole glottal cycle (Johnson, 2011).

Moreover, the speed with which the vocal cords are closed links

the Open Quotient with spectral tilts. Small OQ means the vocal

folds are closed in a relatively small amount of time, which implies a
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higher velocity of vocal fold closure. The faster the vocal cords are

closed in each glottal cycle, the stronger the energy is in the higher

frequencies in the spectrum (Keating & Esposito, 2006). As a

consequence, the overall slope of the spectrum decreases because the

relative level of the harmonics in the higher frequencies increases,

and the spectral tilts can represent this change in the overall spectral

slope of the spectrum. There are four measures of spectral tilts―

H1-H2, H1-A1, H1-A2, and H1-A3. Each of them indicates the

amplitude of H2, A1, A2, and A3, respectively, compared to H1. H1

and H2 stand for the amplitudes of the first and second harmonics,

and A1, A2, and A3 represent the amplitudes of the highest harmonic

peaks near each of the first three formant frequencies. Namely, A3

means the amplitude of the harmonic peak near the F3 frequency.

See (4) for the visualization of spectral tilts.

(4) An example of spectral slice and the spectral tilts

In short, in breathy phonation, OQ is largest, the vocal folds are
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closed slowest, and the spectral slope is steepest. In creaky phonation,

all the acoustic cues are exactly opposite, and those in modal

phonation are placed in the middle of these two extremes. So, the

spectral tilts are largest in breathy phonation, then those in modal

phonation follow, and they are smallest in creaky phonation.

Spectral tilts are also related to the force of articulation. When

speakers make more vocal effort in vowel articulation, it results in a

higher velocity of vocal fold closure (Sluijter & Heuven, 1996). Thus,

just like in the case of creaky phonation, the energy in the higher

frequencies gets relatively stronger, and the spectral tilts get smaller.

Therefore, spectral tilts are functions of voice quality and force of

articulation, and if voice quality is controlled, we can expect spectral

tilts work as the indicators of vocal effort. Previous research

proposes two more ways to measure the relative prominence of

acoustic energy in the higher frequencies. One is spectral emphasis,

and the other is spectral balance. The former is “the difference (in

dB) between the overall intensity of a signal and the intensity of the

signal low-pass filtered at 1.5 times the f0” (Heldner, 2003). The

corner frequency of 1.5 times the f0 means all the harmonics besides

the first harmonic are filtered out by low-pass filtering. Therefore,

the spectral emphasis indicates how much the harmonics other than

the first harmonic contribute to the overall intensity. The larger the

spectral emphasis is, the more vocal effort there is. Spectral balance

is about the comparison between the intensities in dB of four

different frequency bands―0-0.5kHz, 0.5-1.0kHz, 1.0-2.0kHz, and

2.0-4.0kHz (Sluijter & Heuven, 1996). Howeer, all three measures

mentioned so far are equally based on the fact that more vocal effort

results in relatively more acoustic energy in the higher frequencies,

so previous literature using different spectral measures can be
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understood to be in line with each other.

Sluijter & Heuven (1996) investigated disyllabic Dutch words

which only differ in the position of lexical stress and a reiterant

version of these words by replacing each syllable of the original

words with ‘na’ to create nonce words ‘nana’. They put these four

words in different accent conditions (+ Focus / - Focus) and

examined formant frequencies, spectral balance, duration, and overall

intensity to find out which acoustic cues are best correlated with

stress and focus. In conclusion, duration and spectral balance turned

out to be the two most reliable cues, whereas formants and overall

intensity were found to be the poorest cues. Sluijter et al. (1997)

conducted perception tests by manipulating spectral balance and

overall intensity to confirm which acoustic cues are more salient in

stress perception. They increased the intensity of the frequency bands

above 0.5kHz of original tokens in three 3dB steps, and increased the

overall intensity of the same original tokens in three 3dB steps to

make a comparison. The perception tests revealed that spectral

balance is a stronger cue for stress perception than overall intensity.

Heldner (2003) compared spectral emphasis and overall intensity to

figure out how Swedish focal accent affects these two acoustic cues,

and which is the better predictor of the accent. They concluded, as

well, that spectral emphasis is more closely correlated with accent

than overall intensity is.

At this point, it is necessary to clarify why studies have

investigated spectral measures by comparing them with overall

intensity, and why the former is more reliable than the latter.

Traditionally, overall intensity has been thought to be closely related

to stress and accent, in which cases more force of articulation is

required. There is plenty of literature that has proved this is really
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the case. However, overall intensity, or loudness, is easily and greatly

influenced by factors that are encountered in real life, but that are

strictly controlled in the recordings in laboratory environments, where

it is sound-attenuated, the mouth-to-microphone distance is usually

kept constant, and so on. Sluijter & Heuven (1996) pointed out that

overall intensity drops greatly by turning the head, or passing a hand

in front of mouth while speaking. Heldner (2001) also illustrates the

fact that it is dependent on the distance from the mouth to the

microphone. For these reasons, even though it is intuitively legitimate

to think overall intensity is an indicator of vocal effort, it might not

be a good indicator of vocal effort perception considering our daily

speaking environment. On the contrary, spectral measures are not

affected by these factors. The relative energy distribution by

frequency range remains unchanged even though loudness itself

decreases by environmental factors. In this regard, we assume if DIS

affects vowels in a way that strengthened vowels are articulated with

more force of articulation, then spectral tilts, rather than overall

intensity, would show more systematic and evident difference.

Therefore, this paper resorts to spectral tilt analysis to examine

degree of vocal effort in various prosodic environments. Previous

literature reviewed so far supports this idea in that all the

experiments showed spectral measures are better than overall

intensity for predicting and detecting stress or accent, and in some

cases, overall intensity is proven to be a poor cue.

Among the four kinds of spectral tilts mentioned above, the

present study will use H1-A3 in the spectral analysis. Callier (2013)

provides a methodological and theoretical background for this.

According to this dissertation, even though these four measures are

highly correlated with each other, H1-H2 is primarily associated with
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the Open Quotient, H1-A1 with the bandwidth of the first formant,

and the other two measures, H1-A2 and H1-A3, with the velocity of

the vocal fold closure. And he asserts that, in particular, H1-A3 is

correlated with the ratio of the open phase to the closing phase citing

a study by Esling & Edmonson (2011). Based on this reasoning, it is

expected H1-A3 would reflect vocal effort best among the four

spectral tilt measures.

Lastly, spectral tilts are affected by the type of vowels. Ito et al.

(2001) investigated the effect of the whole spectral shape on Japanese

vowel perception. The main goal of this study was to prove that

vowel perception is not exclusively dependent on formant frequencies,

and the whole spectral shape can also play an important role, which

is not relevant to the goal of the current study. But they also provide

empirical data that different vowels have different overall spectral

slopes. Therefore, when it comes to interpreting spectral tilt data, the

direct comparison has to be limited between the same vowels in

different prosodic positions.

2.2.2. CPP (Cepstral Peak Prominence)

One of the pioneering studies that deals with Cepstral Peak

Prominence (CPP) was conducted by Hillenbrand et al. (1994), and

this methodology also started as a way of analyzing voice quality.

The basic motivation for introducing the concept of CPP comes from

the idea that by analyzing cepstrum, which is the spectrum of a

spectrum, or the second spectrum, we can find the cepstral peak, or

the strongest component in the cepstrum, and measure the amplitude

of the peak above the normalized noise components (Hillenbrand &
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Houde, 1996; Keating & Esposito, 2006). See (5) for an example of

CPP analysis.

(5) An example of Cepstral Peak Prominence analysis

In cepstrum6), a certain component that corresponds to a specific

quefrency, which is a reciprocal of frequency, or the period,

demonstrates the amplitude of all the components whose frequencies

are multiples of that certain frequency in the spectrum. In the

spectrum of a vowel, harmonics have frequencies that correspond to

multiples of the same frequency, namely f0, so these harmonics

altogether constitute a single peak in the cepstrum. This peak

coincides with the cepstral peak, because periodic harmonics take up

the biggest portion of the overall amplitude in vowel pronunciation. In

short, CPP is determined by how loud the amplitude of the harmonics

6) The term cepstrum comes from a word play on the word spectrum, and

quefrency from frequency.
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are compared to the noise components in the signal, i.e., the more

periodic the vocal signal is, the higher the CPP becomes (Keating &

Esposito, 2006). Accordingly, it is higher in modal phonation, and

lower in breathy or creaky phonation, for the noise increases and the

periodicity decreases owing to the breathiness or creakiness in these

two phonation types. See Hillenbrand et al. (1994) and Fraile &

Godino-Llorente (2014) for detailed technical backgrounds.

Section 2.2.1 stated that spectral tilts reflect not only voice quality

but also vocal effort. The same is true of CPP. More effort in vowel

pronunciation leads to more periodic glottal pulse, which results in

higher CPP (Garellek & White, 2015). Thus, it is expected that by

analyzing both spectral tilts and CPP it would be possible to compare

the degree of vocal effort in pronouncing vowels in different prosodic

positions under the condition that voice quality is controlled.

Furthermore, there is a benefit to be obtained from using these

two acoustic cues together. Theoretically, as long as the voice quality

is constant, these two correlates are expected to covary in the same

direction with the degree of vocal effort. But, as explained above, in

creaky phonation, they change to the opposite directions. H1-A3

decreases monotonously from breathy to modal to creaky phonation,

while CPP increases from breathy to modal phonation, but decreases

from modal to creaky phonation. If a discrepancy between these two

is found in the spectral analysis, then it can be suspected that the

creakiness was not controlled enough. However, this is not the case

in this study, and these two cues showed almost identical results, as

described in the following section.
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3. Experiments

3.1. Subjects

Five male speakers of Seoul Korean age 21 to 27 participated in

this experiment. They were randomly recruited with a flyer posted in

the Seoul National University (SNU) campus and paid for their

participation. Only one of them was a linguistics major, another was

a liberal arts major, and the others were engineering majors.

Female speakers were excluded in this experiment because of their

relatively high fundamental frequency, which would affect results as

follows. Basically, spectral tilts are defined as the amplitude difference

between two harmonics. In the case of H1-A3, it is the difference

between the amplitude of the first harmonic (H1) and that of the

harmonic with maximum amplitude around the third formant

frequency (A3) (Callier, 2013). However, when the fundamental

frequency is close to the first formant frequency, it is likely that the

H1 might be at least a bit boosted because of the adjacent F1 (Chen,

1997). So, in the case of females speakers’ high vowel analyses,

where the f0 is high and the F1 is low but a bit higher than the f0,

the H1-A3 measurements are expected to be larger than they should

be due to the boosted H1.
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3.2. Speech materials

To minimize unintended C-to-V and V-to-V coarticulation, all the

target words consist of reiterant nonce words. In the literature such

as Fougeron & Keating (1997) (English), and Jun (1995) (Korean),

reiterant nonce words were used to control unintended phonetic

factors. Test sentences are made up of three words―the first nonce

words followed by the nominative marker /-ka/, the second nonce

words followed by the accusative marker /-ɾɨl/, and the predicate
/po-at-ta/ (saw) at the end, as in (5) below.

(5) Illustrations of test sentences

Carrier

sentence

[AP C1V1C1V1C1V1-ka] [AP C2V2C2V2C2V2-ɾɨl] po-at-ta.

[AP word1-NOM] [AP word2-ACC] saw

Vowels /a/, /i/, /o/

Consonant /p/, /ʧ/, /p*/, /ɾ/7)

Examples

1. /papapa-ka ʧoʧoʧo-ɾɨl po-at-ta/
2. /p*op*op*o-ka ɾiɾiɾi-ɾɨl po-at-ta/
3. /ipipi-ka apapa-ɾɨl po-at-ta/8)

7) In Korean phonology, /p/ is a bilabial lenis stop, /ʧ/ is a
post-alveolar lenis affricate, /p*/ is a bilabial tense stop, and /ɾ/ is an
alveolar flap.
8) To compare domain-initial onsetless vowels with domain-initial vowels

with onsets, /pV/ sentences without domain-initial /p/ were added.
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In this experiment design, it is hypothesized that the participants

read the sentences as a single Intonational Phrase, in other words,

without an IP boundary after the first AP. The participants were told

to read the materials without any pause in the middle of a sentence,

because a pause indicates an IP boundary, and in the data analysis,

the pitch contours of each sentence were manually checked to see

whether there is an LH rising pitch pattern at the last two syllables

of APs, which denotes an AP boundary (Jun, 1998). However, there

is a possibility that the participants optionally put an IP boundary in

the middle of a sentence without a pause. In this case, we can filter

out these tokens by examining the duration of the last syllable of the

AP. According to Jun (1998), IP-final syllable is affected by the

phrase-final lengthening, whereas the effect on AP-final syllable is

not substantial. But, due to the technical and methodological

difficulties in distinguishing between IP- and AP-boundaries solely

based on the phrase-final lengthening effect, this paper assumes that

all the tokens were pronounced without an IP boundary in the middle

of a sentence, which is a limitation of this research.

To regulate AP tonal patterns, the number of syllables of the

target words are set to three, so that each of the first two APs have

four syllables including case markers. In this way, the four tonal

targets in either LHLH or HHLH are assigned to each syllable of the

APs one by one.

The vowels in question are /a/, /i/, and /o/. To illustrate the

vowel space in the formant analysis, the three Korean vowels

articulated in the extreme positions of the vowel space are selected.

/a/ is the lowest, /i/ is the highest and frontest, and /o/ is the

backest. Even though /u/ is generally considered to be the backest in

the vowel space across languages, in Seoul Korean today, /u/ is more
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fronted than /o/. In Yang (1992), the formant analysis of 20 Korean

speakers showed only a slight F2 difference between /o/ and /u/ in

males speakers.9) However, according to Igeta & Arai (2011), /u/ has

a significantly higher F2 (876Hz for males, 1096Hz for females) and

than /o/ has (666Hz for males and 743Hz for females). Considering

the time span between these two studies, it can be hypothesized that

young Seoul Korean speakers would show a vowel distribution close

to the result of Igeta & Arai (2011). Yoon & Kim (2015) analyzed the

vowel formants of the Korean speakers in their twenties and thirties

from the Seoul Corpus, and the results showed /u/ has a higher F2

than /o/ has. Thus, /o/ is selected as the backest vowel in this

study.

/p/, /ʧ/, /p*/, and /ɾ/ are selected as the onsets in this experiment,
the former two for the formant analysis, and the latter two for the

spectral tilts and CPP analyses because of the reasons listed below.

To make a fair comparison between domain-initial onsetless vowels

and domain-initial vowels after an onset, all the other factors should

be equal, including the tonal pattern of the AP. As explained in

Section 1.2, domain-initial onsetless vowel triggers the LHLH tonal

pattern, so the domain-initial onset of the counterpart should not be a

tense, aspirated consonant, /h/, or /s/. Moreover, vowels can be

devoiced when surrounded by tense, aspirated obstruents or voiceless

fricatives, in which case formants are hard to measure. Among the

other candidates, nasals are excluded owing to the nasal poles and

zeros which makes formant comparison unreliable. Lastly, non-lingual

consonants are expected to minimize C-to-V coarticulation effects on

the tongue body movement of the following vowels, so a bilabial

9) For males, 981Hz for /u/, and 945Hz for /o/, and for females, 1021Hz for

/u/, and 1029Hz for /o/.
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lenis stop, /p/, is selected. And, as mentioned in the literature review,

Cho et al. (2011) could not show a statistically significant formant

difference between domain-initial /u/ and domain-medial /u/. This

might be because it is relatively harder for speakers to move tongue

body further back or higher when pronouncing domain-initial back

vowels. Figuratively speaking, they might be stuck in the dead end

with nowhere to go. But, it is widely known that in the [+cor]___

environment, back vowels are fronted (Dang et al. 2004; Harrington

et al. 2008; Harrington et al. 2012; Oh 2002,). So, in the hopes of

finding a significant difference in the formants of the back vowels

after different prosodic boundaries, /ʧ/ is chosen to trigger back
vowel fronting.10) These two consonant environments will provide

acoustic data to verify the Hypotheses 1 and 2 proposed in Section

1.4.

However, neither of these environments is an eligible environment

for the spectral tilts nor CPP analyses. Domain-initially, Korean lenis

obstruents make the following vowel breathier (Cho et al., 2002),

which directly affects these two acoustic cues. So, among the

consonants that do not affect the breathiness of the following vowel,

/p*/ and /ɾ/ are added in the consonant list considering the possibility
that the different tonal patterns (/p*/ triggers HHLH, whereas /ɾ/
triggers LHLH) might affect these two acoustic cues. However, to

the best of our knowledge, this has not been attested in previous

literature. Among the consonants that trigger the LHLH tonal pattern

in Korean, there is no other option available except for /ɾ/, because
lenis obstruents affect breathiness, and nasals are devastating when it

10) In the pilot study, /ʧ/ showed the greatest degree of back vowel
fronting among /ʧ/, /s/ and /t/. Presumably because /ʧ/ is a post-alveolar,
whereas the other two are alveolars.
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comes to measuring spectral tilts due to the following reasons. First,

nasals induce vowel nasalization. When vowels are nasalized, the

amplitude of the first harmonic is expected to rise due to the

adjacent nasal pole in the low frequency.11) In addition, according to

Yoshida (2014), Korean nasals undergo domain-initial denasalization.

If a domain-initial nasal is denasalized, then the following vowel is

less nasalized12) compared to a domain-medial vowel surrounded by

nasals. This kind of differing degrees of nasalization might affect

spectral tilts in an unpredictable and uncontrollable way.

Combining all the factors listed in (5), there are a total of 300 per

participant (3 vowels x 5 consonant contexts x 20 repetitions). All

the target nonce words in the first and second APs are randomized

independently via Microsoft Excel.

3.3. Recording

Recordings for the five participants were made individually in a

sound-attenuated booth in the SNU Linguistics Phonetics Laboratory

at a sampling rate of 16bit / 44.1 kHz using a super-cardioid Shure

11) Chen (1997). Based on this reasoning, she proposed the difference

between A1 (the amplitude of the nearest harmonic peak to the F1) and P0

(the highest harmonic peak below F1) as one of reliable nasal correlates.

She asserts that owing to a nasal pole in the low frequency band, P0 is

boosted in nasal vowels. Even though the highest harmonic peak is usually

the second harmonic, not the first, it is more reasonable to say H1 is also

boosted by the nasal pole, rather than to say only the second harmonic is

boosted while the first harmonic remains intact.

12) Still, vowels in this context will be nasalized to some degree, for even if

the preceding nasal is denasalized, they are followed by another nasal.
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Beta87A condenser microphone and a SoundDevices USBPre2 audio

interface, which was directly connected to a laptop computer. Praat

(Boersma & Weenink 2015) was used to record the acoustic data.

When recording, the built-in low cut filter of the USBPre2 device

was enabled, and the subjects were asked to maintain a stable

mouth-to-microphone distance between 8-12 inches to prevent the

proximity effect.

The speech materials were presented to the participants via a

Samsung GALAXY Tab Android tablet, for in the pilot test, the

participants unanimously preferred this to conventional handouts.

Generally, participants tend to turn the pages while reading the last

sentence of each page, and the microphone can pick up this noise,

too. But by using a tablet instead of physical handouts, this source of

noise can be eliminated.

Participants were told to take a break whenever they wanted to,

and each of the participants took a couple of breaks in the middle of

recording for about two to three minutes. Including breaks, it took 22

to 27 minutes for each participant to finish recording.

3.4. Measurements

The onsets and offsets of the vowels in the spectrogram were

determined as follows. First, all the boundaries are marked at the

zero-crossing of the upward sinusoidal cycle in the waveform. The

onset of each vowel was labeled at the point where the first

periodicity of the vowel starts, as long as the periodicity resembles

that found in the steady-state part of the vowel. However, there
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were several cases where it was hard to define the boundary

between a consonant and a vowel with this criterion only. In these

cases, the onset of the visible F2 or f0 in Praat was also considered

and the point where the overall intensity dramatically changes13)

helped, too. In particular, the latter was useful when deciding

flap-vowel boundaries. The offsets were determined analogously to

the criteria of the vowel onsets.

After labelling, all the acoustic cues were measured at the vowel

midpoint using Praat scripts. Praat scripts written specifically for this

study were used to measure formant frequencies, duration, and CPP,

while Bert Remijsen14)’s open-source script15) was used to calculate

spectral tilts. Part of this script was modified to improve efficiency,

and a few lines were added to enable it to save the output files

automatically in a given directory. However, the core algorithm of the

script was kept intact.

3.5. Data analysis

All the formant frequencies from the participants were normalized

and drawn in a single formant plot. The normalization was conducted

using the Sociolinguistic Archive and Analysis Project (SLAAP) tool

13) Jongman et al. (2000), p.1255. In this paper which investigates English

fricatives, they considered vowel periodicity and intensity together to decide

the fricative-vowel boundaries.

14) A chancellor’s fellow in the Linguistics & English Language, University

of Edinburgh

15) The original script is available on his website.

http://www.lel.ed.ac.uk/~bert/msr&check_spectr_indiv_interv.psc
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provided by the University of Oregon LVC Lab website16), and the

Labov ANAE17) (speaker extrinsic) method was chosen among the

nine options available on that website. This normalization method is

based on Nearey’s method, and Labov (2001) stated Nearey "used the

logmean of all formants of all vowels to develop a uniform scaling

parameter" (Lavov 2001). By using this normalization method, it is

expected that the between-speaker differences due to the different

lengths of vocal tract would be minimized. Adank (2003) and Adank

et al. (2004) provide a detailed comparison between various kinds of

formant normalization methods.

After normalization, formant values in Hz were converted into Bark

scale18). Repeated measures analysis of variance (RM ANOVA) was

carried out on formant frequencies, spectral tilts, and CPP for the

statistical analyses to verify the DIS effect on vowels. In all RM

ANOVAs, p-values less than 0.05 were considered to reach the

statistical significance. R (R core team, 2015) is used to run all the

statistical analyses and to draw formant plots and boxplots of

spectral tilts and CPP.

16) http://lvc.uoregon.edu/norm/norm1.php

SLAAP is normally hosted at NC State University, but due to a

maintenance issue, it is currently hosted at the University of Oregon.

17) Labov et al. (2006)

18) Bark = 13*arctan(0.00076*Hz) + 3.5*arctan((Hz/7500)2)
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4. Discussion

4.1. Formant analysis

4.1.1. Phrase-initial /#V/ vs. /pV/

Utterance-initial onsetless vowels are expected to undergo the

greatest DIS effect, and the strengthening effect is expected to be

mitigated when the vowels are preceded by onset consonants. See (6)

for the formant comparison between these two conditions.

(6) The formant plot of utterance-initial /#V/ vs. /pV/

The reasoning behind this comparison is that the DIS effect on
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vowels is a function of the phonetic difference from the prosodic

boundary to the target vowel. Formants from the five participants are

normalized by the Labov ANAE method and drawn together in a

single formant plot. Each ellipse in the formant plot represents one

standard deviation of one hundred tokens for each vowel.

All three vowels in /#V/ syllables are articulated marginally in the

vowel space, showing a statistically significant difference from their

counterparts in /pV/ syllables in the RM ANOVA analysis (For /a/,

F1: F(1,4)=18.6, p<0.05, F2: F(1.4)=25.4, p<0.01, for /i/, F1: F(1,4) =

31.4, p<0.01, F2: F(1,4)=8.1, p<0.05, and for /o/, F2: F(1,4)=8.4

p<0.05). /o/ failed to show significant difference in F1, but it is

understandable because /o/ is a mid-high vowel. Additionally, when

examining each participant’s formant plot individually, they

unanimously showed an identical pattern of vowel space expansion.

The same comparison of the AP-initial vowels of the second AP is

made. Because the utterance-medial AP is preceded by /ka/, the last

syllable of the first AP, it is hard to clearly decide the offset of the

first AP when the second AP starts with a vowel. Therefore, the

following rules were applied consistently to determine boundaries

between these two vowels. First, a dip at the waveform envelope

was examined. The acoustic signal is loudest in the middle of the

vowel, and the intensity is lower at the onset and the offset. So the

present study supposed even when two vowels are adjacent to each

other, there would be a dip both in the waveform envelope and in the

overall intensity. Second, the last syllable of the first AP has H tone,

whereas the first onsetless syllable of the second AP has L tone, so

the pitch transition is also considered. The boundary was marked

after the pitch contour starts to fall at the preceding vowel and

before it is stabilized at the following vowel. Inevitably, it was not
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always possible to find a discernible boundary, but in most cases this

method worked. See (7) for an example of marking a boundary

between /-ka/ and /a/.

(7) An example of a boundary between two /a/s

In the utterance-medial AP-initial condition, too, all the vowels in

/#V/ are articulated marginally in the vowel space compared to those

in /pV/. /a/ showed near-significant difference in F1 (F(1,4)=7.3,

p=0.054) and reached significance in F2 (F(1,4) = 12.1, p<0.05), /i/

both in F1 and F2 (F(1,4)=30.9, p<0.01, F(1,4)=11.2, p<0.05,

respectively), and /o/ showed significant difference only in F2 again

(F(1,4)=12.4, p<0.05). See (8) for the formant plot comparison in this

prosodic position.
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(8) The formant plot of AP-initial /#V/ vs. /pV/

This experiment confirmed that phrase-initial vowels in /#V/ are

articulated in the outer edge of the vowel space, which is in line

with Lehenert-LeHouillier et al. (2010). Yet, a question about the

validity of this experiment design can be raised. Even though

non-lingual /p/ is used as the onset consonant to minimize the

C-to-V coarticulation, that might have affected the pronunciation of

the following vowels in such a way that they are centralized in the

vowel space in the /pV/ condition. If this is the case, then the

seemingly more strengthened vowels in /#V/ may not be the result of

DIS. Kim & Cho (2012) provided data worth considering. In this

paper, they examined lip opening, jaw opening, tongue height, and

tongue frontedness when pronouncing ‘add’, ‘had’, and ‘pad’. When

they are placed in the same prosodic position, more lip and jaw

opening, and more tongue frontedness are observed in the

pronunciation of ‘add’ and ‘had’ than in that of ‘pad’. So, it is
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plausible to think English /ph/ makes the following /æ/ articulated

with less lip and jaw opening, and with a less fronted tongue.

Logically, the same might be true of Korean /p/, too. But,

interestingly, in that study, they could not find a significant difference

in the tongue height. Because that research does not include formant

analysis, it is not clear whether the differences in lip and jaw

opening would lead to the first formant difference when there is no

significant difference in terms of tongue height, and how much of

difference can be made. However, it would be safer to think the

formant difference found above is at least partially attributed to the

coarticulatory effect from the onset consonant /p/. So, it is necessary

to look at other prosodic positions, which are dealt with in the

following sections.

4.1.2. Utterance-initial vs. AP-initial

If the DIS effect on vowels is cumulative depending on the

hierarchical levels of prosodic boundaries, it is predicted that

utterance-initial vowels are more strengthened compared to AP-initial

vowels. Both vowels in /#V/ and those in /pV/ in these two different

prosodic positions were compared to verify this prediction.

Nevertheless, contrary to expectation, no significant difference

between these two prosodic conditions was found in any vowel

regardless of the syllabic structures. See (9.a) for the comparison

between utterance-initial vowels and AP-initial vowels in /#V/

condition and (9.b) for the /pV/ condition.
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(9) Formant plots of utterance-initial vs. AP-initial

a. Vowels in /#V/ b. Vowels in /pV/

This result contradicts the hypothesis that the DIS effect on

vowels would also show a cumulative effect just like that on

consonants. It also seems to contradict Kim & Cho (2011 and 2012)

in that they found IP-initial English /æ/, /i/, and /ɪ/ are more
strengthened in the /#Vd/ and /#Vt/ conditions compared to their

IP-medial counterparts. But these seemingly incompatible results can

be construed as consequences of different experiment designs. In the

previous literature, they compared target words after an IP boundary

with those after a word boundary. But this study compared target

words after an utterance boundary with those after an AP boundary.

So, this result is understandable, to some extent, if the DIS effect on

vowels is not as cumulative as that on consonants, such that there is

not a huge difference above the AP level. On the other hand, this

result may cast doubt on the DIS effect on vowels itself in that no

difference was found between Utterance-initial and AP-initial

positions. To determine which assertion is more plausible, the

phrase-initial vs. phrase-medial comparison in Section 4.1.3. has to be
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examined.

4.1.3. Phrase-initial /CV/ vs. Phrase-medial /CV/

In this section, phrase-initial /CV/ means the first syllable of each

of the prosodic phrases, namely, the first syllable of the utterance,

and the first syllable of the utterance-medial AP. Phrase-medial /CV/

means the second syllable of the prosodic phrase. See (10) for the

formant plots in /pV/ condition.

(10) Phrase-initial vs. phrase-medial in /pV/ condition

a. Utterance-initial two vowels b. AP-initial two vowels

In the /pV/ condition, only a slight mean difference was found

between the first two vowels of the prosodic phrases. Most of the

pairs fail to reach significance level. The only exception was the first

two AP-initial /o/s in F1 frequency (F(1,4)=17.21, p<0.05). As

discussed, if DIS affects vowels preceded by onset consonants, then

the first two syllables of a prosodic phrase are expected to show
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formant difference. In particular, the vowel of the utterance-initial

syllable is predicted to be most affected by DIS, so it was the most

promising candidate to show noticeable difference from the vowel of

the following syllable. But as it turned out, this was not the case.

As mentioned in Section 3, /ʧ/ was included in the consonant list
of the experiment design to determine whether back vowel fronting

triggered by this coronal consonant can improve the formant

difference between /o/s in different prosodic positions. It was

successful utterance-initially, such that /o/s in the first syllables have

a lower F1 than those in the second syllables. And, unexpectedly, the

formant difference between /i/s was also improved (For /i/,

F(1,4)=10.2 p<0.05, for /o/, F(1,4)=14.9, p<0.05). Utterance-initial /a/

has a higher mean F1 than its counterpart has, but it is far from

reaching the significance level. Though, AP-initially, only /i/ showed

significant difference (F(1,4)=11.32, p<0.05). See (11) for the formant

plots.

(11) Phrase-initial vs. phrase-medial in /ʧV/ condition

a. Utterance-initial two vowels b. AP-initial two vowels

One of the main reasons why the phrase-initial and phrase-medial



- 39 -

vowels failed to show systematic formant difference is that two

participants (SPK2, and SPK4) out of five have reversed tendency in

some cases. The other three participants (SPK1, SPK3, and SPK5)

show quite a consistent trend where high and mid-high vowels have

a lower F1, and low vowels have a higher F1 phrase-initially.

However, in the production of SPK2, regardless of the consonant

condition, phrase-initial /a/ consistently has a lower F1 than

phrase-medial /a/. Similarly, in the production of SPK4, phrase-initial

/i/ has a higher F1 and a lower F2 than phrase-medial /i/.

(12) Formant comparison between SPK2 (top) and SPK3 (bottom)

for /a/

a. Speaker2

b. Speaker3
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As seen in (12), SPK3 shows quite a consistent trend in which

phrase-initial /a/ has a higher F1 compared to its phrase-medial

counterpart across various consonant conditions, whereas SPK2 shows

the reversed trend. Interestingly, his /i/ and /o/ show the same trend

as other participants’ vowels, as in (13). At the moment, no account

can be made as to why this inconsistency arises between speakers,

but it can be said that the DIS effect on vowel formants does not

seem to be robust across speakers.

(13) Formant plot of SPK2 in utterance-initial /pV/ condition

In summary, vowel space expansion due to the DIS effect on

vowels is not robust. The only case that showed consistent and

systematic formant difference is phrase-initial /#V/ versus
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phrase-initial /pV/, which can be at least partially affected by the

coarticulatory effect from the onset /p/. But, still there is a possibility

that spectral cues, such as H1-A3 and CPP, can detect a systematic

difference caused by the DIS effect on vowels. The following section

explores this possibility.

4.2. Spectral tilts and CPP analysis

This section deals with spectral analyses to figure out whether

these cues can detect the DIS effect on vowels, for these purportedly

reflect vocal effort. Basically, this section examines the same

comparisons discussed in the previous section, but due to the fact

that the voice quality has to be strictly controlled to make a fair

estimation of vocal effort with these cues, only vowels in /p*V/ and

/ɾV/ conditions are examined in this section.
Before moving on to the detailed discussion, we would like to

briefly mention the correlation between these two acoustic cues.

Theoretically, these cues are functions of voice quality and vocal

effort, so they are expected to correlate with each other depending on

the degree of vocal effort. Table 14 is the Pearson’s correlation

coefficient table by speakers and consonant conditions. Generally, they

are moderately correlated with each other, but there seems to be a

slight between-speaker difference, such that SPK4 shows relatively

weak correlation. Table 15 and 16 illustrate the H1-A3 and CPP

comparisons of the first speaker.
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(14) Pearson's correlation coefficients between H1-A3 and CPP

Overall SPK1 SPK2 SPK3 SPK4 SPK5

/p*V/ -0.40 -0.68 -0.48 -0.35 -0.23 -0.44

/ɾV/ -0.51 -0.43 -0.61 -0.40 -0.30 -0.50

(15) Boxplots of H1-A3 for SPK1 (with reversed y-axis)

(16) Boxplots of CPP for SPK1
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4.2.1. Utterance-initial /CV/ vs. AP-initial /CV/

In both /p*V/ and /ɾV/ conditions, none of the three vowels in
question reached significance level in RM ANOVA tests for H1-A3

or CPP values. In other words, under the premise that these cues

reflect the degree of vocal effort, no significant difference was found

between utterance-initial /CV/ and AP-initial /CV/ in terms of vocal

effort. This result goes against the hypothesis that DIS affects

vowels even in /CV/ syllables, and the effect is cumulative.

(17) Summary of RM ANOVAs: Utterance-initial vs. AP-initial

/p*V/ /ɾV/
H1-A3 CPP H1-A3 CPP

/a/
F(1,4)=0.307

p=0.609

F(1,4)=0.137

p=0.73

F(1,4)=0.705

p=0.449

F(1,4)=0.339

p=0.592

/i/
F(1,4)=0.208

p=0.672

F(1,4)=1.719

p=0.26

F(1,4)=5.533

p=0.078

F(1,4)=1.8

p=0.251

/o/
F(1,4)=0.468

p=0.532

F(1,4)=0.286

p=0.621

F(1,4)=6.382

p=0.065

F(1,4)=1.816

p=0.249

4.2.2. Phrase-initial /CV/ vs. Phrase-medial /CV/

As (15) and (16) show, there seems to be a global trend that in

the /p*V/ condition, the vocal effort decreases from the initial syllable
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to the following syllable, whereas in the /ɾV/ condition, the opposite
pattern appears. This is something that was not expected in the

earlier stage of this experiment, and it seems to be related to Korean

APs’ intrinsic features, rather than DIS. The falling pattern in the

/p*V/ condition might be construed as a consequence of DIS, but the

consistent rising pattern in the /ɾV/ condition gives the impression
that the tonal pattern of Korean APs might have affected these

acoustic cues systematically. But without any further investigation, it

is inappropriate to make such a hasty conclusion. In any case, see

(18) for the statistical analyses of H1-A3 and CPP. Data collected

from /p*V/ condition are omitted because none in that condition

reached significance level. This will be discussed later.

(18) Summary of RM ANOVAs: Phrase-initial vs. Phrase-medial

(in /ɾV/ condition only)

Utterance level AP level

H1-A3 CPP H1-A3 CPP

/a/
F(1,4)=0.854

p=0.408

F(1,4)=13.97

p=0.020*
F(1,4)=0.218

p=0.65

F(1,4)=44.23

p=0.003*

/i/
F(1,4)=8.158

p=0.046*
F(1,4)=10.58

p=0.031*
F(1,4)=20.17

p=0.011*
F(1,4)=28.38

p=0.006*

/o/
F(1,4)=14.11

p=0.012*
F(1,4)=11.52

p=0.027*
F(1,4)=0.511

p=0.514

F(1,4)=1.471

p=0.292

Overall, in the /ɾV/ condition, the second vowel of the phrase
tends to have a lower H1-A3 and a higher CPP, which means more

vocal effort, compared to the preceding vowel. Five out of six vowels

in the utterance-initial AP, and three out of six vowels in the
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utterance-medial AP reached significance level. This result might

shed light on the research investigating Korean APs from the

perspective of vocal effort, though it does not support the reasoning

of this paper.

As previously mentioned, in the analysis of vowels in the /p*V/

condition, neither of the cues showed a statistically significant

difference in any vowel between phrase-initial and phrase-medial

positions. That is at least partly due to between-speaker difference.

SPK1, SPK2, and SPK4 showed the same falling trend, whereas

SPK3 showed the opposite, and SPK5 is in the middle. See (19) for

the boxplots of CPP for SPK3. A consistent rising pattern appears

regardless of the consonant and vowel conditions.

(19) Boxplots of CPP for SPK3 in /p*V/

In summary, spectral tilts and CPP analyses did not detect

consistent differences in vocal effort across various kinds of prosodic

positions.
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4.3. Vowel duration

Lastly, we will briefly review vowel duration. So far, the formant

and two other spectral measures did not show a robust DIS effect,

but given the expectation that strengthened vowels are articulated for

a longer duration, it is worth examining vowel duration to verify the

DIS effect. Cho & Keating (2001) suggested that DIS is closely

related to lengthening, such that in weaker positions undershoot

occurs due to the relatively shorter duration. Among four consonant

contexts, /p*/ and /ɾ/ are selected again for this analysis, because in
Korean, /p/ and /ʧ/ are voiceless phrase-initially, and voiced

intervocalically, which makes phrase-initial vowels shortened.

(20) Boxplots of vowel duration in /p*V/



- 47 -

As seen in (20), there is no consistent difference in vowel duration

across different prosodic positions. RM ANOVA analysis conforms

with this. The same is true of the vowel duration comparison in the

/ɾV/ condition as in (21). All the vowel pairs, such as

utterance-initial vowel and AP-initial vowel, or the first two vowels

in an AP, failed to reach the significance level, too.

(21) Boxplots of vowel duration in /ɾV/

Additionally, the vowel duration of the third syllables in the AP

were examined and compared with that of the preceding two vowels.

However, in the /p*V/ condition, the third syllable is followed by a

voiced consonant, either [g] or [ɾ], so it is natural for it to be longer
than the preceding two vowels surrounded by [p*]. Thus, the present

study focused on the /ɾV/ condition.
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Still, in the RM ANOVA tests for the first three vowels in the

AP, only /ɾiɾiɾi/ in the utterance-medial AP reached significance level
(F(2,8)=5.144, p=0.037), while all the others failed. In the post-hoc

test, in utterance-medial /ɾiɾiɾi/, the vowel in the second syllable is
significantly longer than that in the third syllable. To summarize, in

the vowel duration analysis, too, solid evidence for the DIS effect on

vowels was not observed.
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5. Conclusion

In this paper, we examined whether domain-initial strengthening

(DIS) affects Korean vowels by investigating formant frequencies,

spectral tilts, CPP, and vowel duration, expecting that different

prosodic positions trigger different degrees of DIS effect on vowels,

and that this effect can be detected in the measures mentioned above.

In the formant analysis, the onsetless domain-initial vowels show

consistent and significant difference from vowels in /pV/ conditions in

the same prosodic position. So, it might be possible to say that

domain-initial vowels in /#V/ are more strengthened compared to

their counterparts in /pV/. However, there is a chance that the onset

consonant might have triggered a coarticulatory effect in such a way

that vowels in /pV/ are articulated with less lip and jaw openings,

and so on. If this is the case, then the robust formant difference

found in this comparison cannot be solid evidence for the DIS effect

on vowels.

On the contrary, vowels in /CV/ conditions do not show consistent

and robust differences across different prosodic positions, such as

utterance-initial versus AP-initial, and phrase-initial versus

phrase-medial. But, a rather weak tendency was found in which

phrase-initial vowels are articulated more marginally than

phrase-medial vowels in the formant space. Nevertheless, there is a

between-speaker difference in a way that some of the participants

showed the reversed trend for some of the vowels in question.

Therefore, it cannot be said that a phrase-initial vowel is initially

strengthened compared to the following phrase-medial vowel solely
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based on this result.

Spectral tilts and CPP analyses were also carried out to determine

whether there are different degrees of vocal effort on vowels in

different prosodic positions. In accordance with the results from the

formant analysis, neither H1-A3 nor CPP provide evidence that

supports the DIS effect on vowels. No significant difference across

various types of prosodic positions was found in the RM ANOVA

tests. Additionally, the vowel duration comparison did not reveal a

DIS effect, either.

To conclude this paper, the domain-initial strengthening effect on

Korean vowels is not detected between utterance-initial and

AP-initial positions, nor between the first two phrase-initial vowels

when analyzing formant, spectral tilts, CPP, and vowel duration.
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국문초록

이 연구에서는 모음에 나타나는 운율 영역 초 강화 효과를 포먼트 분

석, 스펙트럼 기울기 분석, CPP 분석, 모음 길이 분석을 통해 검증하였

다. 운율 영역 초 강화 효과에 의해 모음의 조음 노력이 증가할 것으로

예상하여 지금까지의 운율 영역 초 강화 효과에 대한 선행연구에서 다루

지 않았던 조음노력을 반영하는 음향실마리 분석을 추가적으로 도입하여

한국어 모음에 나타나는 운율 영역 초 강화 효과를 검증하였다.

포먼트 분석결과, 운율경계에 위치하는 초성이 없는 모음은 동일한 운

율 위치에 놓인 초성이 있는 모음보다 모음 공간 바깥쪽에서 조음됨이

확인되어 운율 경계로부터의 음성적 거리에 따라 운율 강화효과의 정도

가 점차 감소한다는 선행연구들의 결과와 일견 일치하는 양상을 확인하

였다. 그러나 초성 자음의 유무로 인해 발생한 동시조음 효과의 차이가

모음 포먼트에 영향을 미쳤을 가능성이 예상되므로, 운율 영역 초 강화

효과를 뒷받침하는 강력한 증거로 주장하기는 어렵다. 이에 반해, 초성

자음을 가진 모음끼리의 포먼트 분석에서는 운율경계의 종류에 따른 일

관된 포먼트 차이를 보이지 않아 모음에 나타나는 운율 영역 초 강화 효

과를 뒷받침 하는 증거를 찾을 수 없었다.

스펙트럼 기울기와 CPP 분석을 통해 포먼트 분석에서는 포착해내지

못한 모음에 나타나는 운율 영역 초 강화 효과에 대한 증거를 조음 노력

의 관점에서 찾을 수 있기를 기대하였으나, 이 두 음향실마리 역시 운율

경계의 종류에 따른 일관된 차이를 보여주지 못하여 모음에 나타나는 운

율 영역 초 강화 효과에 대한 증거를 보이지 못하였다.

마지막으로 진행한 모음 길이 비교에서도 위의 세 가지 음향실마리와

동일하게 운율 경계의 종류에 따른 유의미한 차이를 발견할 수 없었는

데, 이러한 일관된 분석결과에 따라 자음과는 달리 적어도 한국어 모음

에서는 운율 영역 초 강화 효과가 뚜렷하게 나타나지 않을 가능성을 제

기한다.
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