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Phrase boundaries lacking word prosody: An articulatory
investigation of Seoul Korean

Jiyoung Jang1,a) and Argyro Katsika2

1Hanyang Institute for Phonetics and Cognitive Sciences of Language, Hanyang University, Seoul 04763, South Korea
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ABSTRACT:
This electromagnetic articulography study explores the kinematic profile of Intonational Phrase boundaries in Seoul

Korean. Recent findings suggest that the scope of phrase-final lengthening is conditioned by word- and/or phrase-

level prominence. However, evidence comes mainly from head-prominence languages, which conflate positions of

word prosody with positions of phrasal prominence. Here, we examine phrase-final lengthening in Seoul Korean, an

edge-prominence language with no word prosody, with respect to focus location as an index of phrase-level promi-

nence and Accentual Phrase (AP) length as an index of word demarcation. Results show that phrase-final lengthening

extends over the phrase-final syllable. The effect is greater the further away that focus occurs. It also interacts with

the domains of AP and prosodic word: lengthening is greater in smaller APs, whereas shortening is observed in the

initial gesture of the phrase-final word. Additional analyses of kinematic displacement and peak velocity revealed

that Korean phrase-final gestures bear the kinematic profile of IP boundaries concurrently to what is typically consid-

ered prominence marking. Based on these results, a gestural coordination account is proposed, in which boundary-

related events interact systematically with phrase-level prominence as well as lower prosodic levels, and how this

proposal relates to the findings in head-prominence languages is discussed. VC 2024 Acoustical Society of America.
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I. INTRODUCTION

A primary role of prosodic structure is governing pro-

sodic constituency (e.g., grouping syllables into words and

words into phrases). This is achieved through several pho-

netic dimensions, in which one is the temporal profile of the

utterance. Indeed, phrase-final or pre-boundary lengthening
is a phonetic dimension of the most widely attested effects

of prosodic structure. These terms capture the phenomenon

that speech units immediately preceding a prosodic bound-
ary, i.e., at the end of a prosodic phrase, present longer dura-

tions than their phrase-medial counterparts (e.g., Byrd et al.,
2006; Turk and Shattuck-Hufnagel, 2007; see Fletcher,

2010). The phenomenon is so prevalent in oral and signed

speech (Wilbur, 2009) that it is considered a language uni-

versal (e.g., Vaissière, 1983; Tyler and Cutler, 2009).

Despite the effect’s prevalence and expansive attestation,

the stretch of speech affected, i.e., the scope of the effect,

remains understudied and unclear. Given how fundamental

prosodic boundaries are for language processing, acquisi-

tion, and communication (see Gussenhoven and Chen,

2020) and how ubiquitous the presence of pre-boundary

lengthening is at those boundaries, examining the effect’s

scope can shed important light onto the factors that define

prosodic boundaries and what this means for the grammati-

cal structure of prosody and speech planning.

Based on the scarce work on the matter, two opposing

theories have been proposed. On the one hand, the effect

might be determined by a possibly language-specific, pro-

sodic domain such as the phrase-final syllabic rhyme (Oller,

1973; Wightman et al., 1992) or foot (White, 2002) or even

word (Kohler, 1983). Alternatively, the effect might not tar-

get a well-defined grammatical domain but, instead, scope

over a fixed interval at the boundary (Byrd and Saltzman,

2003). Regardless, stress is a factor that further fine-tunes

the effect: It is initiated earlier in phrase-final words with

earlier stress (e.g., Byrd and Riggs, 2008; Katsika, 2016;

Kim et al., 2017; see also Turk and Shattuck-Hufnagel,

2007; White, 2002). However, positions that bear stress, i.e.,

the marker of word prosody, are conflated with positions

that can carry phrase-level prominence as the latter is

marked by phrase pitch accents on stressed syllables of

accented words. It is, thus, unclear which function of stress

contributes to the scope of phrase-final lengthening: the

marker of word prosody or the anchor for phrase-level

prominence. Recent work on Japanese finds that lexical

pitch accent shows patterns similar to those of lexical stress

(Tsai and Katsika, 2020; Tsai, 2023), enhancing the hypoth-

esis that word prosody determines the timing of boundary

effects (see also Seo et al., 2019). Yet, in that work (Tsai

and Katsika, 2020; Tsai, 2023), phrase-level prominence

was not considered.

Here, we turn to Seoul Korean, a language that can help

us isolate the contribution of phrase-level prominence toa)Email: jiyoungljang@hanyang.ac.kr
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boundary marking. This is because Seoul Korean lacks word

prosody and marks phrase-level prominence (e.g., focus) by

the means of boundary tones at the edges of relatively small

phrases, called Accentual Phrases (APs; Beckman and

Pierrehumbert, 1986; Jun 1993). This property warrants

Korean its characterization as an edge-prominence language

(cf. Jun, 2014). In parallel, the initial boundary tone of APs

in edge- (and head/edge-) prominence languages shares an

important function with lexical stress—but not phrasal pitch

accent—in stress languages, that of facilitating word seg-

mentation (e.g., stress, Cutler and Norris, 1988; AP in

Korean, Kim, 2004; Kim and Cho, 2009; AP in French,

Welby, 2007; AP in Japanese, Warner et al., 2010). For this

reason, the study reported here is designed to examine the

effect of marking phrase-level prominence/focus on the

scope of phrase-final lengthening in Korean separately from

that of word demarcation.

By the means of this investigation, we hope to extend

the field’s understanding of what factors determine the

scope of phrase boundaries and how the latter interact with

other grammatical domains/prosodic levels such as the syl-

lable, prosodic word (PWd), and AP. Knowledge will also

be gained as to how speech planning works to interweave

different sources of prosodic and lexical/segmental informa-

tion (cf. Keating and Shattuck-Hufnagel, 2002 vs Levelt,

1989). Moreover, implications can be drawn regarding how

prosodic structure interfaces with information structure, spe-

cifically, focus. To better understand the kinematics of

phrase boundaries, how they differ from prominence (cf.

Cho, 2006), and the dynamic patterns that might give rise to

them, a derived goal of this investigation is to examine dura-

tion along with position and velocity, as well as the relation-

ship among these kinematic dimensions, following the

assumptions of Articulatory Phonology (Browman and

Goldstein, 1992) and the pi-gesture model of prosodic

boundaries (Byrd and Saltzman, 2003), within which the

current work is couched. Our ultimate goal is to contribute

to a more comprehensive definition of the prosodic compo-

nent of grammar and its role in linguistic cognition.

A. Prosodic structure

Theories of prosody assume that the prosodic structure

is organized hierarchically with higher-level prosodic units

consisting of one or more lower-level units (e.g., Beckman

and Pierrehumbert, 1986; Hayes, 1989; Nespor and Vogel,

1986; Selkirk, 1984). For example, in the prosodic structure

model proposed by Beckman and Pierrehumbert (1986), syl-

lables constitute PWds; PWds constitute intermediate

phrases (ips); and ips constitute intonational phrases (IPs).

Prominence is marked at different levels of the structure: At

the lexical level, prominent syllables are marked with stress,

which indicates relative salience of these syllables compared

to the unstressed syllables. At the phrasal level, accented

syllables are marked with a pitch accent, which indicates

that these syllables are rhythmically or conceptually more

prominent than others in the phrase. Finally, prosodic

structure includes information on tonal events of constituent

boundaries: phrase accents marking the edges of ips and

boundary tones marking the edges of IPs. These tonal mark-

ings, along with pitch accents, describe the overall intona-

tion of the utterance.

Although there is general agreement in the structural

view of prosody, models disagree in the number of hierar-

chical levels that they propose (see Shattuck-Hufnagel and

Turk, 1996, for a review). Also, different languages are

reported to exhibit distinct prosodic structures. For instance,

languages, such as Japanese and Korean, are assumed to

have an additional phrasal level, referred to as AP, the size

of which is equal to or larger than the PWd (Beckman and

Pierrehumbert, 1986; Jun, 1993). Moreover, languages may

have different word prosody and phrase-level prominence

systems (e.g., Jun, 2014). At the word prosody level, some

languages may employ lexical stress, others may use lexical

tone or lexical pitch accent, while others may not use any

type of word prosody at all. At the phrase prosody level, lan-

guages are broadly categorized into head- and edge-

prominence languages, where prominence is marked by a

pitch accent on the head of the phrase at some phrasal level

(e.g., ip) in the former and by a boundary tone at the edge of

the phrase at some phrasal level (e.g., AP) in the latter.

Hybrid systems have been proposed at word prosody and

the phrase prosody level.

B. Korean prosody

This section summarizes key properties of Korean pro-

sodic structure related to the current study. Korean, specifi-

cally Seoul Korean (also known as “Standard Korean” or

“Pyojuneo,” based on the Korean spoken in Seoul and

Gyeonggi province), is an edge-prominence language

known for lacking lexical stress, lexical tone, or lexical

pitch accent (Jun, 1993, 2005). AP serves as the basic into-

national unit, which, as proposed by Jun (1993, 2005), has

an underlying tonal pattern of THLH, with H referring to

High tone and L referring to Low tone. The realization of

the initial tone (T) tends to depend on the laryngeal configu-

ration of the AP-initial segment1 (see Jun, 2005; Jeon and

Nolan, 2017). This tonal pattern of AP is “not specific to a

lexical item but is a property of the phrase (Jun, 1993).”

Here, we adopt Jun’s view that specifies the AP and IP lev-

els above PWd in Korean (Jun, 2005, 2000). Some proposals

include an intermediate ip level between the AP and IP, but

as there has not been much investigation on this level and

detecting it is not straightforward (Jun, 2005), we do not

consider this level.

Phrase-level prominence in Korean is known to be

marked by prosodic phrasing with the focused word consis-

tently initiating an AP or higher phrase (Jun, 1993, 2005).

AP boundaries between the focused item and the right edge

of the IP are assumed to undergo elimination or possibly

attenuation, a process referred to as dephrasing (e.g., Jun,

1993). Limited work on the phonetic correlates of promi-

nence in Korean reports that under focus, articulatory

constriction movements become longer, larger, and faster
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(Shin et al., 2015; Jang and Katsika, 2019; Jang, 2023).

These effects vary with focus type, increasing from broad to

narrow and eventually to contrastive focus (Jang, 2023).

They are also stronger on the initial gesture of the focused

AP and decrease with distance from AP’s onset, affecting

several syllables and, depending on the type of focus, even

crossing word boundaries (Jang, 2023). Interestingly, IP

boundaries at the right edge of the prosodic domain appear

to have the same effects as those of prominence in Korean,

i.e., longer, larger, and faster gestures (Kim et al., 2019).

This pattern, which differs from the expectation of longer,

larger, but slower gestures at boundaries based on observed

data (cf. Cho, 2006) and the predictions of the pi-gesture

model (Byrd and Saltzman, 2003), has been attributed to the

edge-prominence property of Korean: Korean boundaries

present the kinematic signature of prominence because

Korean uses edges, i.e., boundaries, to mark prominence

(Kim et al., 2019). We will return to this point below as

more background information on the kinematics and model-

ing of prosodic boundaries is provided.

C. The phonetics of boundaries

As phrase boundaries are one of the most robust pro-

sodic landmarks, a number of studies have looked at the

phonetic events observed at or across them. Phrase-initially,

constriction gestures have been reported to be temporally

and spatially expanded (i.e., greater constriction for conso-

nants and larger opening for vowels) under the notion of

domain-initial strengthening (e.g., Fougeron and Keating,

1997; Cho and Keating, 2001, 2009; Keating et al., 2004).

Evidence indicates that the effect is cumulative, i.e., increas-

ing with boundary strength (e.g., acoustic studies, Cho and

Jun, 2000; Fougeron, 2001; articulatory studies, Byrd et al.,
2006; Fougeron and Keating, 1997; Keating et al., 2004).

The scope of this effect has been regarded to be limited to

the initial segment, primarily based on articulatory data

(Byrd et al., 2006; Katsika, 2016; Byrd and Saltzman,

1998).

Lengthening is the most well-known characteristic on

phrase-final gestures, found in many different languages

(e.g., American English, Oller, 1973; Turk and Shattuck-

Hufnagel, 2007; British English, White, 2002; Campbell

and Isard, 1991; Korean, Kim et al., 2019; Japanese, Seo

et al., 2019; Tsai and Katsika, 2020; Dutch, Cambier-

Langeveld, 1997; Greek, Katsika, 2009, 2016). Similar to

domain-initial strengthening, phrase-final lengthening is

also cumulative: the higher that the prosodic boundary is,

the greater that the effect is (e.g., Byrd, 2000; Byrd and

Saltzman, 1998; Cambier-Langeveld, 1997; Cho, 2006;

Krivokapić, 2007). Phrase-final positions demonstrate larger

and less overlapped gestures (Byrd and Saltzman, 2003;

Byrd et al., 2000; Cho, 2005, 2006). However, studies on

the spatial effects of phrase-final lengthening are not only

scarce but also tend to show much variation across speakers

and phonemes examined (Byrd et al., 2005, 2006; Fougeron

and Keating, 1997). Finally, gestures slow down at

boundaries, as indicated by findings on peak velocity (Cho,

2006) and time-to-peak velocity (Byrd, 2000). Nonetheless,

there are findings of faster movements phrase-finally, not

only from Korean as discussed in Sec. I B, but also from

English, albeit on a speaker- and token-specific basis

(Edwards et al, 1991; Byrd and Saltzman, 1998). Notably,

in these studies, these faster movements were also larger.

Byrd and Saltzman characteristically describe the patterns in

Byrd and Saltzman (1998) as follows: “our own experimen-
tal data have patterned variously in this regard, tending at
boundaries to show slower peak velocities for comparable
displacements but faster peak velocities when displacements
increase, as they often do” (p. 170).

D. The scope of phrase-final lengthening

As introduced earlier, phrase-final lengthening is a

well-studied phenomenon and, yet, the scope of the effect

and what determines it are still unclear issues. Cumulative

work on this phenomenon suggests that the greatest and

most reliable lengthening is found on the rhyme of the

phrase-final syllable (e.g., Edwards et al., 1991; Wightman

et al., 1992; Byrd et al., 2006), but lengthening might affect

earlier parts of the phrase-final word depending on factors

such as the quality of the phrase-final vowel (Cambier-

Langeveld, 1997) and the position of lexical stress (Oller,

1973; Berkovits, 1994; Katsika, 2016; Katsika et al., 2014).

The effect is progressive, i.e., strongest at the boundary and

gradually decreasing with distance from it (see Campbell

and Isard, 1991; White, 2002, among others).

Studies that specifically explore the effect of stress and/

or focus-marking pitch accent on the scope of phrase-final

lengthening detect systematic interactions. For instance, in

Greek, the earlier the stress is within the phrase-final word,

the earlier boundary tones and phrase-final lengthening are

initiated, even in de-accented phrase-final words (Katsika,

2016; Katsika et al., 2014). Similar effects of lexical stress

on pre-boundary lengthening are also found in English: In

an articulatory study, Kim et al. (2017) show that phrase-

final lengthening begins earlier in the final word when lexi-

cal stress is nonfinal as opposed to final (but see Byrd and

Riggs, 2008), whereas in an acoustic study, Turk and

Shattuck-Hufnagel (2007) detect phrase-final lengthening

on the final syllable as well as on the stressed/accented syl-

lable, leaving intervening syllables unaffected (see also pat-

terns in British English, White, 2002). This work provides

great insight on the possible factors determining the activa-

tion of phrase-final lengthening, such as the marker of word

prosody within the phrase-final PWd and/or the location of

focus in the phrase as denoted by the nuclear pitch accent.

As research on this topic has mainly focused on stress lan-

guages, in which the positions of word prosody markers and

pitch accents in principle coincide, a separation of the con-

tribution of these two factors is difficult to draw. This task

becomes more problematic when considering that stress and

accent, when phonetically marked, might carry the same

kinematic signature of longer, larger, and faster gestures
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(see Katsika and Tsai, 2021, and references therein).

Moreover, stress, in addition to marking a structural position

and attracting pitch accents, has also been shown to function

as a cue to word segmentation (Cutler and Norris, 1988),

suggesting that it might not be word prosody or phrasal

prominence that affects the onset of boundary marking but

whichever dimension denotes in the given language “this is
the last word in the phrase.” In edge- (and head/edge-)

prominence languages, this dimension is the initial boundary

tone of APs (e.g., Korean, Kim, 2004; Kim and Cho, 2009;

French, Welby, 2007; Japanese, Warner et al., 2010). In a

recent articulatory study of Japanese, a language with lexical

pitch accent, a direct examination of the scope of phrase-final

lengthening as a function of lexical pitch accent position in

the word detected an effect similar to that of lexical stress:

lengthening is initiated earlier the earlier the pitch accent

(Tsai, 2023; Tsai and Katsika, 2020; cf. acoustic data com-

paring initial-accented to unaccented words in Seo et al.,
2019). We note, however, that in this study, demarcation and

focus were not directly controlled.

Altogether, we take these results to have typological

implications, suggesting that any of the following factors

might be the main driver of or a contributor to the phonetic

activation of prosodic boundaries: word prosody (e.g., lexi-

cal stress/lexical pitch accent), word demarcation (e.g., lexi-

cal stress/AP tones), and focus location (nuclear pitch

accent/AP tones of focused AP). Here, we turn to Seoul

Korean, capitalizing on the typological advantage of looking

at a language in which word prosody is missing, disentan-

gling itself from phrase-level prominence. We examine the

role of the latter by manipulating the location of focus in the

phrase while we control for the length of the final AP as an

index of where the final word demarcation cue is. As men-

tioned above, Korean prosodic boundaries have been previ-

ously researched kinematically (Kim et al., 2019). In that

study, lip movements over disyllabic words were measured,

and it was found that phrase-final lengthening was distrib-

uted across both syllables of the phrase-final word regardless

of their information status (background vs new information)

or their vowels’ intrinsic duration (/a/ vs /i/). As a reminder,

lip movements were also found to be larger and, contrary to

expectations, faster.

E. Articulatory Phonology and the pi-gesture
framework

The patterns of longer, larger, slower, and less over-

lapped gestures at prosodic boundaries have been modelled

by the means of pi-gestures (Byrd and Saltzman, 2003). The

pi-gesture model is couched within Articulatory Phonology

(Browman and Goldstein, 1992; for a comprehensive

review, see Iskarous and Pouplier, 2022) and extends the

view that phonological units are inherently dynamic to the

prosodic level (Byrd and Riggs, 2008). Within Articulatory

Phonology, the atomic units of phonology are gestures.

Constriction gestures are specified for abstract linguistic

tasks (e.g., lip closure), executed by coordinated actions of

the speech articulators (e.g., the lips, tongue tip, tongue

dorsum, velum, and vocal folds), and triggered by internal

oscillators that are coupled to each other either in-phase or

anti-phase, forming syllables and words (Goldstein et al.,
2006). Mathematically, constrictions gestures are defined as

critically damped second-order dynamical linear systems,

which are, thus, characterized by two constants, namely, the

target of the linguistic task (e.g., constriction degree –2 for

lip closure) and stiffness, which controls how fast the goal is

achieved. Two indirect measures of the abstract dimension

of stiffness have been proposed in the literature: time-to-

peak velocity (the shorter that the time-to-peak velocity is,

the higher the stiffness and the faster the movement are;

Byrd and Saltzman, 1998; used in, e.g., Cho, 2002, 2006;

M€ucke and Grice, 2014) and normalized peak velocity over

displacement (capturing the observation that peak velocity

increases as displacement increases; Munhall et al., 1985;

Ostry and Munhall, 1985; used in, e.g., Beckman et al.,
1992; Hawkins, 1992; Roon et al., 2007). Recent proposals

of nonlinear dynamical models for gestures have been put

forward, but these will not be discussed here further because

they have not, yet, been integrated to the rest of the theory

(e.g., the prosodic model). The oscillators to which gestures

are associated are mathematically expressed as limit cycle

oscillators.

Unlike constriction gestures, pi-gestures are not related

to specific articulators, and their task is to locally slow down

the clock that controls the global pace of the utterance (Byrd

and Saltzman, 2003). The mathematical expression of pi-

gestures relates the amount of this slowing down to the

strength of the pi-gesture, thus, being able to capture the

phonological concept of prosodic levels. On the basis of lon-

ger time-to-peak velocity indicating a lowering of the ges-

tures’ stiffness parameter in the vicinity of the prosodic

boundaries (Byrd and Saltzman, 1998; Byrd, 2000;

Beckman et al., 1992), first discussions of pi-gestures

involved control of the stiffness parameter. However,

change in stiffness parameter alone proved to be insufficient

to capture the comprehensive kinematic variation at phrasal

boundaries (Byrd and Saltzman, 2003; Saltzman and Byrd,

2000). Clock-slowing, on the other hand, provides an over-

arching account.

Clock-slowing occurs locally because it is determined

by the activation interval of the pi-gesture, represented by

the gray-shaded box in Fig. 1(a). Pi-gestures modulate the

temporal properties of (the part of) constriction gestures that

overlap with their activation interval, as shown in Fig. 1(a).

Thus, in this framework, the scope of pre-boundary length-

ening refers to the activation interval of a pi-gesture. The

activation of pi-gestures reaches its maximum, the value of

which depends on its strength, at the prosodic boundary and

decreases with distance from it over a continuous domain,

capturing the progressive and cumulative nature of bound-

ary lengthening, which is discussed in Secs. I C and I D. As

a consequence of the clock-slowing, gestures also become

slower and less overlapped with each other. The larger ges-

tures at boundaries, on the other hand, are the result of this

reduction in overlap.
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Another dimension that might determine the scope of

pi-gesture’s effect is its coordination with other gestures. In

the original model (Byrd and Saltzman, 2003), pi-gestures

were not coordinated with constriction or other gestures.

However, recent work (Katsika, 2016; Katsika and Tsai,

2021) suggests that incorporation of pi-gestures and all mod-

ulation gestures, in general, in coupling relationships with

the other gestures could capture the systematic effects of

factors, such as the position of the final stress and/or accent

on the scope of phrase-final lengthening (see Sec. I D), as

well as typological distinctions in terms of word- and

phrase-level prosody. Under the original proposal, the effect

of phrase-final lengthening that emerges from the pi-gesture

does not coincide with a grammatical domain but lasts for a

specific interval at the boundary. In the coupling-based pro-

posal, on the other hand, pi-gestures are coordinated with

other phonological units and, thus, grammatical domains.

However, the mode of coordination (e.g., anti-phase) along

with competition from multiple coupling connections of the

pi-gesture might result in the scope of the lengthening effect

not corresponding to a specific grammatical domain.

Modulation gestures, called mu-gestures, essentially

extend the concept of pi-gestures to incorporate prosodic

modeling of the spatiotemporal effects of stress, accent, and,

in general, prominence (Saltzman et al., 2008). Two types

of modulation gestures have been proposed, i.e., temporal

and spatial. The goal of the temporal gestures is to modulate

the evolution of time as determined by the global clock of

the utterance, whereas the goal of the spatial gestures is to

affect the target parameter of concurrent constriction ges-

tures. However, only the temporal gestures have been

defined mathematically; they are determined by the same

differential equation as the pi-gesture. Although mu- and pi-

gestures are fundamentally the same object, in the remainder

of this text, modulation gestures related to IP boundaries

will be referred to as pi-gestures, and those related to focus

will be referred to as mu-gestures.

Returning to the issue of pi-gesture coordination, it has

been proposed that pi-gestures in Greek are coordinated

with the phrase-final V (vocalic) gesture and the last stress-

instantiating mu-gesture (Saltzman et al., 2008). This com-

petitive dual coordination accounts for the differences in

scope that phrase-final lengthening has as a function of

stress in Greek. In stress-final words, the two coordination

nodes—phrase-final V gesture and mu-gesture—coincide in

the final syllable. However, this is not the case in words

with nonfinal stress, in which the stress-related mu-gesture

pulls the pi-gesture toward the stressed syllable, initiating

phrase-final lengthening earlier in words with nonfinal stress

as opposed to words with final stress [Fig. 1(b)].

F. Research questions and predictions

The first and main question (Q1) addressed here is:

What is the scope of phrase-final lengthening in Seoul
Korean, and is it fine-tuned by the position of phrase-level
prominence and the word demarcation function of the
phrase-final AP, or both? In terms of general patterns, we

expect that Korean will present phrase-final lengthening,

which might span over the last two syllables or the whole

phrase-final word, as shown in Kim et al. (2019). The effect

should be progressive, where the rhyme of the final syllable

is affected the most (Byrd et al., 2006; Krivokapić, 2007;

Katsika, 2016; see also acoustic studies, Berkovits, 1994;

Cambier-Langeveld, 1997; Oller, 1973; Wightman et al.,
1992). As previous work has mainly dealt with stress lan-

guages, the effect of phrase-level prominence and/or word

demarcation function of final AP on the scope of phrase-

final lengthening in Korean, which is a language free from

the multi-functionality of lexical stress (i.e., word-level

prosody marker, word demarcation cue, and anchor for

phrasal pitch accent), constitutes an exploratory question.

Under the assumption that the location of phrase-level

prominence affects the onset of phrase-final lengthening,

pre-boundary lengthening should be initiated earlier the ear-

lier the focus is in the IP. If the dimension of word demarca-

tion plays a role, lengthening will begin earlier in long as

opposed to short final APs because in the former, the word

FIG. 1. (a) Schematic representation of a pi-gesture is shown (adapted from

Byrd and Saltzman, 2003). The gray-shaded boxes represent the effect of

pi-gesture with the darker box corresponding to the pi-gesture’s maximal

activation. (b) Schematic representation of the dual coordination of pi-

gestures with phrase-final V and mu-gestures in trisyllabic stress-initial

(top), stress-medial (middle), and stress-final (bottom) words are displayed

(adapted from Katsika, 2016).

J. Acoust. Soc. Am. 155 (5), May 2024 Jiyoung Jang and Argyro Katsika 3525

https://doi.org/10.1121/10.0026081

 19 Septem
ber 2025 06:38:11

https://doi.org/10.1121/10.0026081


demarcation cue connected to the AP’s left edge is farther

away from the IP boundary. Finally, a pattern in which the

scope of the effect is not adjusted with respect to either AP

length or focus position would suggest that it is the marker

of word prosody within the phrase-final word per se that has

been found to affect the span of phrase-final lengthening in

the previously reported languages (e.g., lexical stress in

Greek and English and lexical pitch accent in Japanese).

The second question (Q2) of this study is: What is the
displacement and velocity profile of IP boundaries in Seoul
Korean? We predict that phrase-final gestures will be larger

(Cho, 2006; Kim et al., 2019). However, it is unclear

whether they will be faster as previously reported for

Korean and assumed to be a characteristic of edge-

prominence (Kim et al., 2019; but see also English data in

Byrd and Saltzman, 1998) or slower (Byrd, 2000; Cho,

2006), as predicted by the pi-gesture model, especially when

their displacement is taken into consideration as suggested

in Byrd and Saltzman (2003).

Extending Q2 and to specifically address the latter

point, i.e., the relationship between displacement and veloc-

ity, we include a third question (Q3): How is the relation-
ship between kinematic parameters modulated by IP
boundaries vs prominence? We include this question for

two reasons: first, to understand the relationship between

kinematic dimensions and the dynamical systems potentially

responsible for the modulation at IP boundaries, as well as

the modulation under prominence (although secondarily as

the kinematic profile of prominence is not the main topic of

this paper), and second, to evaluate the conflicting predic-

tions regarding the velocity profile at IP boundaries, specifi-

cally, whether IP-final gestures are faster or slower in

Korean as in Q2. It has been established that (a) duration

increases as stiffness (measured either as normalized peak

velocity over displacement or time-to-peak velocity)

decreases, and (b) displacement increases as peak velocity

increases (e.g., Byrd and Saltzman, 1998; Munhall et al.,
1985). Nonetheless, what remains to be seen is how these

relationships are affected by the prosodic-structural modula-

tions. Of particular interest is examining what happens

when one source is predicted to modulate the gestures to

move slower (e.g., IP boundary) while the other requires

them to move faster (e.g., prominence). Thus, we aim to

bring together the two effects and investigate how each

modulation interacts kinematically with the other.

II. METHODS

A. Participants

Seven native speakers of Seoul Korean (five females

and two males) in their 20s (agemean¼ 24.5 years old;

agemedian¼ 23 years old) participated in the present study.

Data collection could not be extended due to COVID-19.

Six participants were affiliated with the University of

California Santa Barbara (UCSB) as graduate or exchange

students or postdoctorate researchers at the time of the

experiment, and one participant was a family member of a

UCSB-affiliated researcher. The speakers were naive as to

the purpose of the study and had no self-reported speech,

hearing, or vision problems. They gave informed consent,

approved by the UCSB Institutional Review Board, and

received financial compensation for their participation.

B. Experimental procedure

Before the experiment, the participants went through a

short, 15-min long, training session to be familiarized with

the speech materials and the experimental procedure. To

contextualize the speech materials, participants were

instructed to imagine a context in which they were preparing

a school play with friends, and the target words were intro-

duced as names of roles in the play. This setup allowed par-

ticipants to naturally produce the AP phrasing and place the

focus contrast as intended (see Sec. II C for details on the

experimental design and stimuli).

For the experimental session, kinematic data were col-

lected using the AG501 3D electromagnetic articulograph

(Carstens Medizinelektronik, Bovenden, Germany) at UCSB

SPArK (Speech, Prosody, and Articulatory Kinematics

Laboratory). Ten receiver coils were attached to the partici-

pants’ head and vocal tract as follows: tongue dorsum, tongue

tip, midway between tongue dorsum and tongue tip, upper lip

and lower lip, upper and lower incisor, left and right ear, and

nose. The last five sensors served as references. Audio record-

ings were performed simultaneously with the kinematic

recordings by means of a Sennheiser shotgun microphone

(Wedemark, Germany) set at a sampling rate of 16 kHz and

positioned 1 ft away from the participant’s face. Speech mate-

rials were presented on a computer screen, placed roughly 3 ft

away from the participant using custom software, which was

developed by Mark Tiede (Haskins Laboratories, New

Haven, CT). The acquired articulatory data for each trajectory

were smoothed and corrected for head movement by using

the reference sensors. Then, they were rotated to align the X
and Y axes to the participants’ occlusal plane. To help appro-

priate focus placement, a prompt sentence preceded each tar-

get sentence. Prompt sentences were presented 1 s before

their corresponding target sentence and read silently by the

participant. Target sentences were read aloud. All target sen-

tences had the form of a question, which participants were

instructed to read as if they were talking to a friend.

C. Experimental design and stimuli

The scope of phrase-final lengthening was examined

across the test PWd /nE.ma˛.mi.nam/ [a compound noun

that means “a handsome guy from Nemang (name of a vil-

lage)”], which was placed in the final position of the target

IP. Two sets of test stimuli were constructed. One set (set A)

consisted of three IPs as follows: adverbial phrase (AdvP)

#IP two noun phrases (NPs) #IP verb phrase (VP; # indicates

prosodic boundaries; see Table I). The target IP is the sec-

ond IP with the two NPs. The AdvP in the first IP was

always /tˆintˆ*a?/ (“Really?”). We refer to the IP-final NP

of the target IP as the ultimate and to the IP-penultimate NP
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as the penultimate. See Table I for a list of the example

stimuli for set A. Another set of stimuli (set B) were con-

structed as to be identical with set A, except that they had an

additional one-word NP /pi.mil.pu/ (“the secrecy club”) at

the beginning of the target IP, i.e., the target IP contained

three, instead of two, NPs: AdvP #IP three NPs #IP VP. For

instance, the equivalent in set B of the set A stimulus listed

first in Table I would be /pimilpu minamigomobuga

nEma˛minam? sˆntaekhangˆja?/. Again, the target IP is the

second IP with the three NPs. Stimulus set B was con-

structed to increase variability in the stimuli as well as to be

analyzed as part of a parallel study on AP boundaries

reported in Jang and Katsika (2023).

In the test stimuli, the target IPs were followed by an IP

boundary and then a VP, which constituted its own IP.

For instance, the first example listed in Table I illustrates that

the target IP /minamigomobuga nEma˛minam?/ is followed by

a VP /sˆntækhangˆja?/, which is an IP. A set of control stimuli

included the test word in IP-medial position. Control stimuli

involved the same sequence of words as their respective test

stimuli but differed in that there was no IP boundary following

the test word, which also gave rise to a difference in meaning

(compare the first stimulus to the second stimulus in Table I).

The test word was purposefully selected to include nasal

consonants to avoid segments whose laryngeal configurations

would cause tonal effects (e.g., Jun, 1998). The goal was to

elicit a typical AP tonal pattern of Seoul Korean, i.e., LHLHa

where LHa marks the end of an AP (Jun, 2005). IP-finally,

boundary tones in Seoul Korean are analyzed as overriding

the final tone of the AP (Jun, 2000). To construct IP-final

stimuli that is comparable to the typical LHLH pattern of the

AP, interrogative sentences were used as these require a high

boundary tone (H%), which, thus, matches in terms of pitch

movement the high tone on the right side of the AP (Ha),

resulting in LHLH% (Jun, 2000). In addition, the H% of

interrogatives allowed for boundary tones to be detected and

analyzed as part of a parallel investigation on boundary tone

coordination (Jang and Katsika, 2022).

To assess the interaction between position of focus and

phrase-final lengthening, each NP of the target IP was

focused and manipulated: contrastive focus was either on the

ultimate or the penultimate NP. To assess whether the onset

of IP-final AP affects the timing of phrase-final lengthening,

the IP-final NP was either four or seven syllables long. The

decision to construct the shorter NP to contain four syllables

was made based on the observation that typically APs contain

3–5 syllables, where APs containing four syllables are more

likely to yield a full AP tonal pattern (i.e., THLHa, with each

syllable bearing a tone; Jun, 2000). For the longer AP, it was

crucial that its length differed from the short AP but only to

an extent that allowed it to be produced in a single AP.

Therefore, the longer AP was constructed to contain two

PWds yielding seven syllables (Jun, 2003). Analysis of the

elicited data confirmed that the participants produced the

long NPs (seven syllables) within one AP with initial LH

tone (of LHLHa) falling on the initial two syllables and LHa

tone (of LHLHa) falling on the final two syllables (see Fig. 2,

although the Ha of final AP tone is overridden by H%). We

refer to the two levels of the final NP length factor as short
(i.e., consisting of four syllables) and long final NPs (i.e.,

consisting of seven syllables). It is crucial to note that if

dephrasing (following the focused linguistic unit) results in

complete deletion of AP boundaries, this difference in final

AP length should hold only for IPs focused on the ultimate

NP. In IPs focused on the penultimate NP, the final AP

should be 11 syllables long as a result of dephrasing.

The stimuli included two IP positions (IP-final, IP-

medial), two focus locations (penultimate, ultimate), and

two final NP lengths (short, long) in two- and three-NP long

IPs, resulting in 16 stimulus sentences. Eight stimulus

blocks were constructed, each containing 1 repetition of the

16 stimulus sentences in a randomized order. These blocks

were intermixed with blocks containing stimuli constructed

for other experiments. Note that for one speaker, five blocks

were collected because of technical reasons. In total,

848 tokens were collected for the analyses reported here.

TABLE I. Example stimuli with Penultimate focus are organized by Final

NP length (short, long) and IP Position (IP-final, IP-medial). Measured

PWds are underlined, focused NPs are displayed in bold. All sentences

were preceded by an AdvP /tˆintˆ*a?/ (“Really?”).

Test sentence (#¼ IP boundary)

Penultimate focus, Short final NP, IP-final

(Prompt: It’s not uncle Junseok.)

[NP minami gomobuga] [NP nEma˛minam] # [VP sˆntækhangˆja]

Minam uncle-NOM Nemang handsome guy decide-INT

Uncle Minam from the secrecy club is the handsome guy from Nemang?

Is it decided?

Penultimate focus, Short final NP, IP-medial

(Prompt: It’s not uncle Junseok.)

[NP minami gomobuga] [NP nEma˛minam] [VP sˆntækhangˆja]

Minam uncle-NOM Nemang handsome guy decide-INT

Uncle Minam from chose the secrecy club is the handsome guy from

Nemang?

Penultimate focus, Long final NP, IP-final
(Prompt: It’s not Junseok.)

[NP minamiga] [NP matˆimak nEma˛minam] # [VP sˆntækhangˆja]

Minam-NOM last Nemang handsome guy decide-INT

Minam is the last handsome guy from Nemang? Is it decided?

Penultimate focus, Short final NP, IP-medial

(Prompt: It’s not Junseok.)

[NP minamiga] [NP matˆimak nEma˛minam] [VP sˆntækhangˆja]

Minam-NOM last Nemang handsome guy decide-INT

Minam chose the last handsome guy from Nemang?

FIG. 2. (Color online) Example tonal configurations of (a) short final AP

(four syllables) and (b) long final AP (seven syllables) with focus on the

ultimate NP are displayed. L and H refer to low and high tones, respec-

tively, and H% indicates boundary tone (Jun, 2000).
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The acquired data were checked for their prosodic rendition,

i.e., focus placement and appropriate AP and IP phrasing,

using K-ToBI (Jun, 2000) principles by J.J. Either due to

focus placed on unintended locations or boundaries inserted

before the target word, 16 tokens were removed.

D. Measurements

With the exception of the coda /˛/ in the second sylla-

ble, all the consonant (C) gestures of the test PWd

/nE.ma˛.mi.nam/ (“a handsome guy from Nemang”) were

measured using semi-automatic custom software called

mview, developed by Mark Tiede (Haskins Laboratories).

The coda /˛/ was not included in the measurements because

of its degree of blending with the neighboring vowel. The

remaining five consonants, i.e., the onset consonant of each

syllable and the coda consonant of the final syllable, are

referred to here as C4, C3, C2, C1, and C0, where C0 is the

C gesture at the end of the word and, consequently, adjacent

to the IP boundary, and C4 is at the beginning of the PWd

and the most remote from the boundary.

For C1 and C4, both of which are /n/, C (consonant) con-

strictions were detected on the tongue tip vertical displacement

trajectory. For C0, C2, and C3, which were all /m/, lip aperture

was used. The labelling procedure detected the following kine-

matic timepoints in each C gesture: onset, time of peak veloc-

ity, target,2 constriction maximum, release, and offset (Fig. 3).

These timepoints were identified based on velocity criteria,

i.e., peak velocity for the homonymous timepoints, velocity

minima for constriction maxima, and velocity plateaus for the

other timepoints. Velocity plateaus were detected based on a

set threshold of 20%—the default in mview—of the velocity

range between two consecutive alternating velocity extrema

(i.e., one minimum and one maximum). Each gesture consisted

of two phases: the formation (F), which corresponded to the

interval between onset and release, and the release (R), mean-

ing the interval between release and offset (see Fig. 3).

On the basis of these timepoints, the following mea-

sures were calculated:

(1) duration of gestural formation (i.e., time difference from

onset to release) and duration of gestural release [i.e.,

time difference from release to offset; in ms; see Figs.

3(a) and 3(b), respectively];

(2) gestural displacement to target [i.e., the spatial differ-

ence between onset and maximum constrictor position;

in mm; see Fig. 3(c)];

(3) gestural peak velocity to target [in cm/sec; see Fig.

3(d)]; and

(4) normalized peak velocity over displacement (i.e., peak

velocity divided by displacement) as an approximate of

stiffness (Munhall et al., 1985; Ostry and Munhall, 1985;

used in, e.g., Beckman et al., 1992; Hawkins, 1992;

Roon et al., 2007), based on Articulatory Phonology’s

model of articulatory gestures as a critically damped

second-order linear dynamical systems. This approxima-

tion to stiffness was used here instead of the alternative

measure of time-to-peak velocity because it is derived

from the other two kinematic measures calculated here,

allowing for a more direct comparison between the

assessed kinematic dimensions. However, preliminary

analysis also examined the other measure of stiffness,

i.e., time-to-peak velocity, and the two analyses reached

similar conclusions. Note that stiffness was analyzed as

a continuous predictor included in the model, rather than

as a dependent variable (see Sec. II E for details.)

E. Statistical analysis

The retrieved data were Box-Cox transformed (Gurka

et al., 2006) to conform to the normality assumption for lin-

ear mixed-effects analysis and analyzed by linear mixed-

effects analysis using lme4 package (Bates et al., 2015) in R
(R Core Team, 2023). For assessing Q1 (i.e., the scope of

pre-boundary lengthening and the effects of focus position

and final AP length on it), the dependent variables of the

models were formation duration and release duration,

respectively. For each of the dependent variables, separate

linear mixed-effects models were fitted for each segment

(C4, C3, C2, C1, and C0). The independent variables were

IP position (IP-final, IP-medial), final NP length (long,

short), and focus location (penultimate, ultimate). The maxi-

mal models included three-way interactions, and drop1
function in lmerTest package (Kuznetsova et al., 2017) was

used to determine which interactions and/or factors were to

be eliminated to yield the optimal model. The maximal

model included random intercept of speaker and IP length

(longer, shorter IPs) and random slopes of IP position, focus

location, and final NP length as long as the model con-

verged. In case of significant interactions, pairwise compari-

sons were assessed by the emmeans package (Lenth, 2020)

with Bonferroni adjustment. To answer Q2 (i.e., the dis-

placement and velocity profile of IP boundaries), we used

the same model structure as described above for Q1, but the

dependent variables were displacement and peak velocity.

For the purpose of the present study, results that are directly

related to the research questions, i.e., main effects of IP posi-

tion and/or interactions involving it, are reported. To under-

stand the relationship between kinematic dimensions and the

dynamical systems that might account for them and also

assess the contradictory predictions in terms of the velocity

profile (i.e., faster vs slower IP-final gestures in Korean) as

targeted by Q3, a second set of linear mixed-effects models

were fitted. The data corresponded to the stimuli with short

ultimate NPs such that C4 would coincide with the beginning

of the AP when the ultimate NP is focused. As the focusFIG. 3. Schematized constriction gesture with kinematic measurements.
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effect in Seoul Korean is found to be the strongest at the ini-

tial syllable of the focused linguistic unit and decreases with

distance (Jang, 2023), the long ultimate NPs would not be

suitable for examining the focus effect as the measured inter-

val starts from the fourth syllable of the NP. The models

included Box-Cox transformed (Gurka et al., 2006) formation

duration, displacement, and peak velocity as dependent varia-

bles and the following continuous predictors, respectively,

following the methodology applied in Katsika and Tsai

(2021): (a) stiffness (i.e., normalized peak velocity over dis-

placement) for the models of formation duration and release

duration, (b) peak velocity for the models of displacement,

and (c) displacement for the models of peak velocity. To

decode the locus of focus- vs boundary-related effects over

the test word, IP position (IP-final, IP-medial), focus location

(penultimate, ultimate), and consonant position (C4, C3, C2,

C1, and C0) were also included as fixed factors. Random

intercepts of speaker, trajectory, and IP length and random

slopes of IP position, focus location, and consonant position

were included in the model as long as the model converged.

III. RESULTS

A. Scope of phrase-final lengthening

Figure 4(a) summarizes the main effects of IP position on

formation and release duration in each gesture, demonstrating

the general scope of phrase-final lengthening regardless of

other focus- or NP-length-related factors. Phrase-final lengthen-

ing affected the C gestures of the phrase-final syllable, extend-

ing to C1 formation [C0 formation, F(1,6)¼ 53.2, p< 0.001; C0

release, F(1,5)¼ 12.3, p< 0.05; C1 formation, F(1,797)¼ 32.0,

p< 0.001; C1 release, F(1,829)¼ 525.0, p < 0.001]. That is,

the effect of IP-final lengthening goes beyond the final rhyme

to the onset of the final syllable. Lengthening was greater in

the coda (C0) as compared to the onset (C1) with 42 and

18 ms of lengthening, respectively, in the formation and

release of C0, but 5 ms and 11 ms, respectively, for the for-

mation and release of C1. In parallel to lengthening, effects

of shortening were observed at earlier gestures of the PWd:

C2 release [F(1,832)¼ 45.6, p< 0.001], which is in the onset

of the syllable before lengthening begins, and C4 formation

[F(1,5)¼ 8.8, p< 0.05] and release [F(1,15)¼ 5.2, p< 0.05],

which compose the onset of the word-initial syllable, are

shorter IP-finally as compared to IP-medially. Similar find-

ings of pre-boundary shortening have been reported previ-

ously in the literature, albeit scarcely (English, Byrd et al.,
2006; Greek, Katsika, 2016).

Figure 5 summarizes the results of pairwise compari-

sons for significant IP position and focus location interac-

tions. Significant two-way interactions between IP position

and focus location (penultimate, final) were detected on the

measures of formation duration [F(1,823)¼ 6.7, p< 0.01] for

C0, i.e., the boundary-adjacent consonant [Fig. 5(A)]. C0

gesture was longer in words medially in IPs with final as

opposed to penultimate focus (p< 0.05). This, in turn, indi-

cates that C0 gestures undergo stronger boundary effects

(i.e., longer gestures) when focus was on the penultimate as

opposed to the ultimate NP, as illustrated in Fig. 5(A).

Final NP length also interacted with IP position, as plotted

and summarized in Fig. 5(B). Such interactions were detected

on C0’s formation duration [F(1,821)¼ 12.7, p< 0.001].

According to the pairwise comparisons, this interaction was the

result of C0 formation being longer when belonging in long as

opposed to short NPs IP-medially (p< 0.001). IP-finally, there

was no difference in terms of formation duration between the

long and short final NP conditions of C0. Taken together, this

means that the amount of IP-final lengthening on C0 was greater

in short than in long final NPs. In earlier consonants, IP position

and final NP length interactions were significant in C2 release

[F(1,832)¼ 16.1, p< 0.001] and C4 formation [F(1,802)¼ 8.5,

p< 0.01]. The interactions were related to the IP-related short-

ening or compression effect, which was systematically observed

in the short but not in the long final NPs. Specifically, C2 release

and C4 formation was significantly longer IP-medially as com-

pared to IP-finally only in short final NPs (p< 0.001, in C2

release and C4 formation). In long final NPs, IP-related shorten-

ing was observed only in C2 release (marginally significant,

FIG. 4. (Color online) Formation and release duration (in ms) of the test C

gestures (C4, C3, C2, C1, and C0) in /nEma˛minam/ “a handsome guy from
Nemang” (as a reminder, /˛/ is excluded from the analysis) by IP position. C0

is the consonantal gesture immediately adjacent to the IP boundary and C4 is

the most distant from it. Asterisks mark significance from the model with

Box-Cox transformed data. (***¼ p< 0.001, **¼ p< 0.01, *¼ p< 0.05.)

FIG. 5. (Color online) (A) Predicted duration for significant IP position � focus location interaction in (a) C0 formation duration and (B) predicted duration

for significant IP position � final NP length interactions in (a) C0 formation duration, (b) C2 release duration, and (c) C4 formation duration are shown

(footnote 3). (***¼ p< 0.001, **¼ p< 0.01, tr.¼ 0.05< p< 0.07, n.s.¼ p> 0.09.)
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0.05< p< 0.07), and not in C4 formation (p> 0.09). Note that

C2 and C4 are the initial consonants of each noun in the com-

pound noun that consist of the final PWd (/nEma˛/ “Nemang

(name of a village)” þ /minam/ “a handsome guy” in /

nEma˛minam/ “a handsome guy from Nemang”).

In sum, the scope of IP-final lengthening extends to the

onset of the phrase-final syllable with greater lengthening

observed in the coda as compared to the onset consonant.

Focus location systematically affects the IP-final lengthening:

The lengthening effect of the IP-final gesture was greater when

focus was further away from the IP boundary. The length of

the phrase-final syntactic phrase also matters but not as pre-

dicted. As a reminder, we expected that the length of the final

NP would interact with pre-boundary effects only when that

NP would be focused and, thus, would be equal to the final AP

of the phrase as well, bearing an initial AP tone that functions

as a word demarcation cue (e.g., Kim, 2004; Kim and Cho,

2009). Instead, our findings show that regardless of whether

the final syntactic phrase bears AP tones or not (or else regard-

less of whether it is dephrased or not), phrase-final lengthening

and boundary-related shortening are greater in short as opposed

to long NPs. Interestingly, the shortening effects were observed

on the consonants that coincided with the beginning of each

noun component of the compound noun. We take these find-

ings to suggest that dephrasing, even if it removes the intona-

tional contour of the dephrased APs, might not eliminate other

aspects of the AP boundaries, and a discussion of short vs long

NPs is, in fact, a comparison of APs.

B. Displacement and velocity of IP boundaries

Displacement and peak velocity, as illustrated in Figs.

6(a) and 6(b), respectively, showed a main effect of IP only

in the IP boundary-adjacent consonant [C0 displacement,

F(1,6)¼ 119.7, p< 0.001; C0 peak velocity, F(1,5)¼ 30.0,

p< 0.01]. C0 gestures under the effect of IP boundary were

larger and faster than their IP-medial counterparts. The

result of faster IP-final gesture is in agreement with previous

findings in Korean (Kim et al., 2019; see also Edwards

et al., 1991; Byrd and Saltzman, 1998 for English).

Figure 7(a) summarizes the results of pairwise compari-

sons for significant IP position and focus location interactions

on displacement and peak velocity. Significant two-way inter-

actions between IP position and focus location (penultimate,

final) were detected on boundary-adjacent C0 displacement

[F(1,825)¼ 6.6, p< 0.05] and peak velocity [F(1,794)¼ 6.9,

p< 0.01]. IP-medial C0 gesture was larger and faster when

focus location was final as opposed to the penultimate NP

(displacement, p< 0.001; peak velocity, p< 0.001). This, in

turn, indicates that C0 gestures show stronger boundary

effects (i.e., larger and faster gestures) when focus was on

the penultimate as opposed to the ultimate NP, which is

similar to the effect found for C0 formation duration in

Sec. II A.

Final NP length also interacted with IP position, as plotted

and summarized in Fig. 7(B). Interactions were detected on C0

peak velocity [F(1,796)¼ 9.4, p< 0.01] and C1 displacement

[F(1,792)¼ 5.9, p< 0.05]. According to the pairwise compari-

sons, the interaction on peak velocity was the result of C0 being

slower in IP-medial long as opposed to short NPs (p< 0.01),

which goes hand in hand with it being longer (Sec. II A). In

addition, C1 was larger IP-medially as opposed to IP-finally

(marginally significant, 0.05< p< 0.08) only in the short NPs.

In sum, phrase-final C gestures in the coda were larger

and faster. Focus location systematically affects the dis-

placement and peak velocity of IP-final gesture: The

strengthening effect—larger and faster—of the IP-final ges-

ture was greater when focus was further away from the IP

boundary, which is similar to the effect found for IP-final

lengthening. Final NP length also affected the kinematic

profile such that boundary-related compression is greater in

short than in long NPs.

C. Relationships between kinematic parameters
modulated by IP boundaries and prominence

This section reports the results of the linear mixed-

effects analysis, considering the relationship between

FIG. 6. (Color online) (a) Displacement (in mm) and (b) peak velocity (in

cm/s) of the test C gestures (C4, C3, C2, C1, and C0) in /nEma˛minam/ “a
handsome guy from Nemang” (as a reminder, /˛/ is excluded from the anal-

ysis) by IP position are shown. C0 is the consonantal gesture immediately

adjacent to the IP boundary and C4 is the most distant from it. Asterisks

mark significance from the model with Box-Cox transformed data.

(***¼ p< 0.001, **¼ p< 0.01.)

FIG. 7. (Color online) (A) Predicted results are shown for significant IP position � focus location interaction in (a) C0 displacement and (b) C0 peak veloc-

ity. (B) Predicted results are displayed for significant IP position � final NP length interactions in (a) C0 peak velocity and (b) C1 displacement.

(***¼ p< 0.001, **¼ p< 0.01, tr.¼ 0.05< p< 0.07, n.s.¼ p> 0.09.)
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kinematic dimensions. The predicted relationship between

each measurement and continuous factors for each conso-

nant are plotted by IP position in Fig. 8 and focus location

in Fig. 9. As predicted, formation duration and stiffness (i.e.,

normalized peak velocity over displacement) showed an

inverse relationship such that formation duration increased

with decrease in stiffness [F(1,2052)¼ 931.2, p< 0.001].

Three-way interactions of IP position, consonant position,

and stiffness were significant for formation duration

[F(4,2049)¼ 6.7, p< 0.001]. As illustrated in Fig. 8(a), pair-

wise comparisons on predicted regressions revealed that the

slope values of the regressions were significantly different

in IP-final vs IP-medial positions for C1 and C0 gestures

(p< 0.001 for both C’s). In particular, the slope of the

regressions in IP-final C0 is slightly steeper than that in IP-

medial position. That is, given the same decrease in

FIG. 8. (Color online) Predicted

regression lines are displayed for (a)

Box-Cox transformed formation dura-

tion and stiffness (i.e., normalized

peak velocity), (b) Box-Cox trans-

formed displacement and peak veloc-

ity, and (c) Box-Cox transformed peak

velocity and displacement as a func-

tion of IP position by consonant posi-

tion. Back-transformed duration (in

ms), displacement (in mm), and peak

velocity (in cm/s) are indicated on the

right y axis. p-values mark significant

pairwise comparisons on slopes of

each condition.

FIG. 9. Predicted regression lines are

shown for (a) Box-Cox transformed

formation duration and stiffness (i.e.,

normalized peak velocity), (b) Box-

Cox transformed displacement and

peak velocity, and (c) Box-Cox trans-

formed peak velocity and displacement

as a function of focus location by con-

sonant position. Back-transformed

duration (in ms), displacement (in

mm), and peak velocity (in cm/s) are

indicated on the right y axis. p-values

mark significant pairwise comparisons

on slopes of each condition.

J. Acoust. Soc. Am. 155 (5), May 2024 Jiyoung Jang and Argyro Katsika 3531

https://doi.org/10.1121/10.0026081

 19 Septem
ber 2025 06:38:11

https://doi.org/10.1121/10.0026081


stiffness, the increase in duration is greater when the gesture

is followed by an IP boundary than when it is not.

Moreover, for C0 and C1, at average stiffness, formations

were longer in IP-final than in IP-medial position (p< 0.001

in both C’s). C4 was shorter IP-finally than IP-medially

(p< 0.01), albeit difference in slope was not detected. There

was also a marginally significant three-way interaction of

focus location, consonant position, and stiffness for forma-

tion duration [F(4,2049)¼ 2.2, 0.05< p< 0.07]. Pairwise

comparison revealed that the regressions for ultimate vs

penultimate are marginally different in C4 and significantly

different in C1 (0.05< p< 0.06; p< 0.01, respectively), as

shown in Fig. 9(a). At average stiffness, gestures were longer

when focused (i.e., in ultimate) as opposed to unfocused (i.e.,

in penultimate) in C4 and C0 (p< 0.001; p< 0.01, respec-

tively), which are the gestures at the edges of the target PWd.

For displacement, there was a positive relationship with

peak velocity such that displacement increased with increase

in peak velocity, as expected [F(1,2024)¼ 3584.9, p< 0.001].

There was significant three-way interaction between IP posi-

tion, consonant position, and peak velocity for displacement

[F(4,2139)¼ 4.1, p< 0.01]. As shown in Fig. 8(b), regression

lines for IP-final and IP-medial were significantly different

in C1 (p< 0.001). Although the slopes for IP-final and IP-

medial C0 gesture were not different, the regression line for

IP-final C0 is above that for IP-medial, indicating that dis-

placement in C0 is consistently larger in the vicinity of an

IP boundary regardless of its peak velocity. At average peak

velocity, C0 was larger IP-finally than IP-medially

(p< 0.001), but C1 and C4 were smaller IP-finally than IP-

medially (p< 0.001; p< 0.05, respectively). There was also

a significant three-way interaction of focus location, conso-

nant position, and peak velocity for displacement

[F(4,2139)¼ 2.4, p< 0.05]. As demonstrated in Fig. 9(b), the

regression lines for ultimate and penultimate focus location

conditions were significantly different in C4 and C0

(p< 0.05 for both C’s), which are gestures at both edges of

the target PWd. At average peak velocity, gestures were

larger in ultimate than penultimate conditions in C4, C3,

C2, and C0 (p< 0.05, p< 0.001, p< 0.001, and p< 0.05,

respectively). The results on duration and displacement are

in accordance with the findings in Secs. III A and III B,

which showed that gestures are longer and larger when pre-

ceding an IP boundary. Additionally, in these gestures, we

see distinct slopes of IP-final and IP-medial conditions in

the relationships between the parameters, i.e., duration to

stiffness and displacement to peak velocity.

Finally, an interesting result is detected for the peak

velocity measure. There was a significant IP position, conso-

nant position, and displacement interaction for peak velocity

[F(4,2135)¼ 12.5, p< 0.001]. Whereas peak velocity, in gen-

eral, shows expected positive relationship with displacement

(i.e., peak velocity increases with increase in displacement),

as shown in Fig. 8(c), the interaction reveals that steeper

slope value for IP-medial C0 gestures than IP-final gestures

(p< 0.001), suggesting that given the same increase in dis-

placement, the increase in peak velocity is less in IP-final

than in IP-medial positions. Thus, at average displacement,

peak velocity of IP-final C0 is lower (i.e., slower) than its IP-

medial counterpart (p< 0.001), confirming the hypothesis

stated in Byrd and Saltzman (2003). There was a significant

three-way interaction between focus location, consonant

position, and displacement [F(4,2135)¼ 2.8, p< 0.05], where

slopes for regressions are significantly different between ulti-

mate and penultimate conditions for C3 (p< 0.05) and C2

(p< 0.001) as can be observed in Fig. 9(c). In particular, the

slopes of the regressions in C3 and C2 are slightly steeper in

penultimate than in ultimate condition. At average displace-

ment, no significant pairwise comparison was detected.

This co-analysis of kinematic dimensions has offered

important insights for our understanding of the kinematic

profile of prominence and boundaries, as well as how these

interact: First, it helped us see that there is slowing IP-

finally, as predicted. This slowing interacts with a parallel

increase in peak velocity due to increase in displacement (as

indicated by the finding that peak velocity increases with

displacement), and the strength of this interaction is such

that when peak velocity is viewed independently of dis-

placement, as in Sec. III B, IP-final gestures appear faster

than their counterparts. The interaction further indicates that

IP-final gestures become larger, not solely by virtue of less

overlap with adjacent gestures, but also from an independent

prosodic source, which is presumably related to prominence

(more on this in Sec. IV). This conclusion is enhanced by

the patterns driven by focus: Under focus, we observe lon-

ger, larger, and faster articulatory movements (Kim et al.,
2019). Importantly, although the effect spans over several

syllables, it is mainly located on the gestures on both edges

of the focused word. Finally, the distinct slopes that are

related to either focus or IP boundaries call the attention of

attempts to dynamical modeling of prosody on the possibil-

ity of different set of values for the constants of targets and

stiffness by prosodic position, pertaining also to the discus-

sion of how continuous vs categorical these positions are. It

is also crucial to note that although the current analysis did

not account for individual variance, future work examining

how speaker-specific signatures of boundary-related modu-

lations emerge would be informative.

IV. DISCUSSION

A. The scope of phrase-final lengthening in Korean

One of the main goals of the present study was to exam-

ine the scope of IP boundary lengthening in Korean (Q1).

Our findings indicate that IP-final gestures are longer than

their counterparts in IP-medial positions, as expected (e.g.,

Byrd et al., 2006; Edwards et al., 1991; Fletcher, 2010).

Lengthening extends over the phrase-final syllable, where the

rhyme is affected the most (as in, e.g., Byrd et al., 2006; Byrd

and Riggs, 2008; Krivokapić, 2007; Katsika, 2016; see also

acoustic studies, e.g., Berkovits, 1994; Cambier-Langeveld,

1997; Oller, 1973; Wightman et al., 1992). This pattern

slightly diverges from previous work on Korean in which

lengthening was found to affect both syllables of disyllabic
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words (Kim et al., 2019). This difference in pattern most

likely arises from the different prosodic and rhythmic struc-

tures of the stimuli. In addition to that, it is unclear how

much of this discrepancy is caused by natural limitations of

this type of work. For example, our results are based on data

from seven speakers of Seoul Korean, focusing on alveolar

and labial consonants of utterances produced in a question

intonation. Extensions of this line of research should consider

a wider range of segment combinations, intonation contours,

and population. Regardless, we can conclude that phrase-

final lengthening in Korean influences a relatively long

stretch of speech, extending over at least one syllable.

B. The interaction of phrase-final lengthening
with phrase-level prominence

As part of Q1, we examined whether the IP-final length-

ening is fine-tuned by the position of phrase-level promi-

nence. The position of focus in the phrase affects the degree

of lengthening. The effect is greater when focus is further

away from the boundary as opposed to when it is boundary

adjacent. The direction of the effects is like that of lexical

stress in stress languages in which IP-final lengthening is

greater the earlier the stress in the phrase-final word

(Katsika, 2016; Katsika et al., 2014). In previous work, the

effect of stress was accounted for through a dual coordina-

tion of the pi-gesture with the final syllable’s V gesture and

the mu-gesture triggering lexical stress by making the

stressed gestures longer, larger, and faster [see Fig. 1(b)].

Competition between these two coordination relationships

causes the earlier initiation of IP boundary-related events in

nonfinal-stressed words compared to final-stressed words.

This account can be extended to Korean. Focus in

Korean is marked by kinematic patterns similar to those of

lexical stress and phrasal accent in head-prominence lan-

guages, i.e., by longer, larger, and faster gestures (Jang and

Katsika, 2023; see also Sec. III C). The effect is stronger at

the left edge of the focused AP and wanes out with distance

from it. Note that the profile of stress is similar: Stressed syl-

lables are affected the most while effects also spillover to

neighboring syllables. It can, thus, be assumed that the

effects of focus in Korean can rise from a mu-gesture coor-

dinated in-phase with the focused AP’s initial syllable

because the kinematic effects of prominence are first and

mainly observed there. In turn, the pi-gesture, i.e., the modu-

lation gesture associated with the IP boundary, has a dual

coordination, i.e., in-phase coordination with the phrase-

final syllable (as the whole syllable is affected) and, possi-

bly, anti-phase coordination with the mu-gesture (the reader

is directed to Katsika and Tsai, 2021 for a discussion of the

possible coordination types and their strengths of pi-/mu-

gestures and explanatory power on typology). Competition

between these two coordination relationships causes attrac-
tion of the pi-gesture toward the focus-marking mu-gesture.

As the pi-gesture is attracted away from the IP boundary, it is

activated earlier and, consequently, it reaches its level of

maximum activation earlier with respect to the constriction

gestures, which means that a larger part of the affected

constriction gestures would overlap with that maximum level

and, thus, lengthen more (see Fig. 10).

Furthermore, the analyses in Sec. III C show that focus

has a second, very local, domain of influence: The initial

and final gestures of the focused AP are also systematically

affected on all three kinematic dimensions of duration, dis-

placement, and velocity (see Dimitrova and Turk, 2012 for

effects of focus on word edges in English). On the basis of

these findings, which present systematic kinematic effects at

the beginning and end of the focused AP, we propose that

focus in Korean is related to two mu-gestures, one on each

edge of the focused AP. The question would then be why
two mu-gestures?. The hypothesis that we put forward is

that the ultimate function of prosodic modulation gestures

(mu-/pi-gestures) is the incorporation of tone and intonation

in the utterance; the kinematic effects emerge from the pro-

cess. This is essentially what pi-gestures do in the account

of stress-boundary interactions: They trigger boundary tone

gestures (Katsika et al., 2014; Katsika, 2016). Two mu-

gestures, each on both sides of the AP, correspond well with

the intonational contour of Korean APs, which posits initial

and final AP tones, and because AP is the level in which

focus is marked in Korean, the edges of the focused constit-

uent coincide with AP boundaries with dephrasing occurring

in between. That the right AP boundary coincides with the

IP boundary results in overlap between the AP-final mu- and

pi-gestures, yielding what is described as “overriding” of

the AP tone by the boundary tone, resulting from coarticula-

tion of the two tones and, also, the conflicting effects on

velocity, which were detected in Sec. III C: The pi-gesture

slows down motion during the same time that the mu-

gesture accelerates it. Thus, depending on the point of view

one takes via the methods that they apply, IP-adjacent ges-

tures might appear either slower or faster, with both conclu-

sions being accurate (compare, e.g., Sec. III B to Sec. III C).

We argue that the analysis applied in Sec. III C is a tool that

can assist in separating these concurrent opposing forces.

FIG. 10. Schematic representation of the dual coordination of pi-gestures

with the onset C gesture of the phrase-final syllable and the focus-marking

mu-gesture. The gray-shaded boxes indicate the effect of pi-gesture with

the darker box representing stronger activation. Only C gestures are pre-

sented because V gestures have not been analyzed yet.
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Therefore, in the account provided here, the kinematic

signature of prominence found in the boundary-adjacent

gestures is attributed to intonational dimensions in this case

of the AP level and may not be a feature specific to edge-

prominence marking. For instance, the larger and faster

movements that have been reported by some studies for

English (Edwards et al, 1991; Byrd and Saltzman, 1998)

might be related to the phrase accent of ips. Under this

hypothesis, languages that use AP to mark focus but do not

involve an AP tone on the right edge of the AP are not

expected to show these prominence-like kinematic effects at

the IP boundary. That mu-/pi-gestures might be associated

with phrase-level tonal events in Korean is further supported

by the fact that boundary tones have been found to undergo

a similar influence by focus as phrase-final lengthening. In

other words, boundary tones in Korean are initiated earlier

the earlier the focus is in the IP (Jang and Katsika, 2022). It

is, however, important to note that this is specific to a

boundary tone contour, i.e., H%, examined in the current

study. Further studies are called for to further test and

expand the proposed account.

C. The interaction of phrase-final lengthening
and word demarcation in Korean

Another component of Q1 examined whether the word

demarcation function of the phrase-final AP affects phrase-

final lengthening. The length, as indexed by the number of

syllables, of focused phrase-final APs did not further affect

the scope of boundary, suggesting that the demarcation

function of the AP-initial accent might not be at play here.

Instead, robust effects of the length of focused and deph-

rased APs were detected with the shorter APs presenting the

more extreme effects. These patterns indicate that dephrased

APs, despite losing their tonal specification, might maintain

other prosodic dimensions (in terms of kinematics and gen-

eral timing patterns) that still characterize them as APs.

Assuming that dephrased APs maintain their AP status

allows us to account for the observed boundary effects

through prosodic hierarchy because we expect that lengthen-

ing decreases with size of prosodic constituent (Lehiste,

1972). This would also work well within a view of prosody

as a network of nested oscillators, in which it is not only the

case that higher-level oscillators affect lower-level oscilla-

tors, but also vice versa, i.e., lower-level oscillators, AP in

this case, affect the duration of higher oscillators (e.g., Nam

et al., 2008). Evidence for this type of relationship also

comes from the PWd level, which is found to be the domain

of boundary-related shortening, as further discussed below.

D. IP boundary-related shortening

A small but significant IP-related shortening effect was

detected on the earlier C gestures of the phrase-final word.

IP boundary-related shortening effects have previously been

reported in the literature on either side of the boundary

(Byrd et al., 2006; Katsika, 2016; Kim et al., 2017). Post-

boundary, the shortening effect has been shown to be

systematic and characterized as compensatory in nature.

Pre-boundary, shortening has been found to be less system-

atic and speaker specific (Katsika, 2016). Furthermore, in

Greek, the location of the shortening effect was also related

to the position of lexical stress in the phrase-final word

(Katsika, 2016) and, for that reason, the effect was consid-

ered a by-product of the coordination between the stress-

instantiating mu-gesture and the pi-gesture, which attracted

the two gestures toward each other. In our data, the effect is

consistently found on the initial consonant of each noun in

the compound noun that consist of the final PWd

(/nEma˛minam/ “a handsome guy from Nemang (name of a

village)”). Another factor associated with boundary-related

shortening is the length of the AP (dephrased or not), with

the effect being more enhanced in shorter as opposed to lon-

ger APs, a phenomenon that falls in the account provided in

Sec. IV C. These results in combination may suggest that

the lexical items that feed into the domain of the PWd are

accessible early to prosodic speech planning (cf. Keating

and Shattuck-Hufnagel, 2002 vs Levelt, 1989).

E. The kinematic profile of prosodic boundaries

As a response to Q2 that assesses the displacement and

velocity profile of IP boundaries in Seoul Korean, we can con-

clusively say that gestures at the IP boundary are larger.

Whether they are faster or slower, though, depends on one’s

methodological point of view. Sections III C and IV B present

arguments that this mismatch on the velocity profile stems

from concurrent, competing demands on velocity in IP-final

gestures. These gestures are affected simultaneously by a mu-

gesture to trigger the AP tone and a pi-gesture to trigger the

boundary tone. This competition yields gestures with velocities

that increase as their target increases, but the rate of this

increase is slowed down in IP-final positions. This observation

also has another important consequence: The enlargement of

gestures at boundaries cannot be solely the outcome of less

inter-gestural overlap. The mu-gesture associated with the AP-

final tones may better account for these larger movements.

V. CONCLUSION

The present study examined the articulatory correlates of

IP-final boundary in Seoul Korean using electromagnetic

articulography (EMA) with the goal to investigate the scope

of the boundary-related effect and how it interacts with other

grammatical domains and/or prosodic levels. At IP bound-

aries, gestures in Korean are, in general, longer, larger, and,

considering their displacement, slower as well. Pre-boundary

lengthening systematically affected the phrase-final syllable

with focus location fine-tuning its manifestation. The amount

of IP-final lengthening was greater the further away focus was

from the boundary. Furthermore, the effect was sensitive to

the size of constituents at the AP and PWd levels. The results

have implications for our understanding of the prosodic

effects exerted by boundaries and phrase-level prominence.

They suggest that effects of boundary-related lengthening

reported in previous studies are not driven by word-level
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prosody per se (Katsika, 2016; Katsika and Tsai, 2021), but

they involve phrase-level prominence as well, presumably

because of the requirement for incorporation of phrase-level

tones that IP boundaries and focus-marking pose.
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