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Abstract 
Boundary tones mark major phrase boundaries and are 

expected to be coordinated with speech gestures adjacent to 
boundaries. Research on Greek has indeed shown that the onset 
of the boundary tone (BT) gestures co-occurs with the gestural 
target of the phrase-final vowel. Interestingly, this coordination 
is modulated by lexical stress even in the absence of phrasal 
pitch accent. The present electromagnetic articulography study 
examines the coordination between BT and constriction 
gestures in Seoul Korean, a language with no lexical prosody 
and an edge-prominence system, and further investigates 
whether focus-related prominence affects this coordination. To 
this end, the distance of the prominent linguistic unit to the 
boundary is manipulated in a variety of ways. Results indicate 
that the onset of BT gestures in Korean is most proximate to the 
peak velocity of the phrase-final vowel gesture, but suggest that 
a c-center account is also viable. Prominence fine-tunes this 
coordination: BT gestures are initiated earlier in Intonational 
Phrases (IPs) with non-final focus as opposed to IPs with final 
focus. Importantly, this pattern is detected in short IP-final 
Accentual Phrases (APs), but not in relatively long IP-final 
APs. Based on these results, implications on the relationships 
between lexical and phrasal levels are discussed. 
Index Terms: boundary tones, gestural coordination, 
prominence, focus, prosodic structure, Korean 

1. Introduction 
Boundary tones refer to the movement of pitch marking the end 
of major phrases and they are expected to occur within syllables 
adjacent to the boundaries ([1], [2]). In the framework of 
Articulatory Phonology, tonal events are viewed as gestures, 
called tone gestures, and are similar to constriction gestures, as 
they are specified for a linguistic task or goal, develop in time 
and are coordinated with other gestures (see [3]). For instance, 
in Mandarin Chinese, lexical tone gestures were found to be 
coordinated with their syllable’s constriction gestures such that 
they were in anti-phase coordination (i.e., sequentially timed) 
with the onset C (consonant) gesture and in in-phase 
coordination (i.e., synchronously timed) with V (vowel) gesture, 
resulting in a c-center effect ([4]). In this way, lexical tones 
showed similar timing patterns to C gestures in complex onsets 
([5]). In Viennese German and Catalan, phrasal pitch accents 
were found to be in-phase coordinated with their syllable’s V 
gesture, but not coupled to the C gesture at the onset of the 
syllable ([6]). In [7], gestural peak velocity was suggested to 
determine the timing of high (H) nuclear accents in Neapolitan 
Italian.  

Specific to boundaries, a study of Greek ([3]), a stress 
language, investigated the coordination of boundary tone (BT) 

gestures with constriction gestures. It was found that the onset 
of BT gestures co-occurred with the gestural target of the 
phrase-final vowel, supporting an account of anti-phase 
coordination between the BT and the phrase-final V gesture. 
Interestingly, this coordination was modulated by the position 
of lexical stress. When the word had non-final stress, the 
boundary tone was initiated earlier within the phrase-final 
syllable compared to when the word had final stress. This 
pattern was found regardless of the presence or absence of 
phrasal pitch accent, indicating that tonal crowding could not 
be the only source of this modulation. Note that a similar effect 
was found for phrase-final lengthening in Greek ([8]). 

The present study aims to investigate the coordination of 
boundary tone in Seoul Korean, a language without lexically 
marked prosody. Seoul Korean is an edge-prominence language, 
which does not employ lexical stress, lexical tone or lexical 
pitch accent. In head-prominence languages with lexical stress, 
phrasal prominence is marked by pitch accents associated with 
the stressed syllable of the prominent word (cf. [2]). Instead, in 
Korean, phrasal prominence is marked by the means of 
Accentual Phrases (APs). APs serve as the basic intonational 
unit that is marked by a particular pitch contour (see [9], [10]). 
AP’s proposed underlying tonal pattern is THLH, where the 
realization of the initial tone (T) tends to depend on the 
laryngeal configuration of the AP-initial segment (see [9], [10], 
[11], [12]). Phrasal, focus-related prominence in Korean is 
marked by the means of AP phrasing; the focused word 
consistently starts an AP or a higher phrase, and any following 
AP boundaries up to the end of the Intonational Phrase (IP) 
often undergo elimination, or possibly attenuation, referred to 
as dephrasing ([11], [13]).   

The current study uses an Electromagnetic Articulography 
(EMA) to assess (1) the coordination of boundary tone gestures 
with respect to constriction gestures in Seoul Korean, and (2) 
whether this coordination is fine-tuned by the position of 
phrasal, focus-related prominence in the utterance. Two 
dimensions pertaining to phrasal prominence position are 
considered: distance of the focused AP from the right IP 
boundary and the length of the phrase-final AP. 

We expect that BT gestures in Korean will be initiated 
within the phrase-final syllable ([14]), and we test the following 
hypotheses: (1) The BT gesture is coordinated in-phase with the 
V gesture and anti-phase with the onset C gesture, presenting 
the c-center effect, per [4]. In this case, the midpoint between 
the C gesture onset and the BT gesture onset should be co-
occurring with the V gesture onset; (2) Following [6], the BT 
gesture is coordinated in-phase with the V gesture but is not 
coordinated with the C gesture at all. This should be reflected 
in co-occurrence of the BT gesture onset with the V onset; (3) 
the BT gesture is in anti-phase coordination with the phrase-
final V gesture, similarly to BT gestures in Greek ([3]). This 
means that BT gesture’s onset should be co-occurring with V 
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gesture’s target; and (4) The BT gesture is initiated concurrently 
with the peak velocity of the phrase-final V gesture (cf. [7]).  

Based on the findings of the effects of (lexical) prominence 
on BT gesture coordination in Greek, we expect BT gestures in 
Korean to be initiated earlier within the phrase-final vowel (1) 
when focus is on the penultimate AP as opposed to the final one, 
and (2) when the final AP is long as opposed to short. 
Interaction effects between focus location in the IP and length 
of the final AP could also be detected, such that any effects of 
the former are found only when the final AP is relatively short; 
long final APs might distance the focused item from the IP 
boundary to an extent that any interaction between the two 
dissapears. Finally, we might not see any effects of prominence-
related factors, since Seoul Korean does not have any marker of 
lexical prosody, contrary to the languages previously examined 
for that matter. 

 

2. Method 
2.1. Participants and experimental procedure 

Six native Seoul Korean speakers (5F, 1M; mean age = 24; age 
range = 21-28) participated in the study. The participants were 
naïve as to the purpose of the current study, had no reported 
speech, hearing, or vision problems, and received financial 
compensation for their participation. 

Prior to the experiment, the participants went through a 
short 15-minute training session in order to be familiarized with 
the speech materials and the experimental procedure. In the 
experiment session, ten receiver coils were attached to the 
participants’ tongue dorsum (2 receiver coils), tongue tip, upper 
and lower incisor, upper and lower lip, left and right ear, and 
nose. Kinematic data were collected using the AG501 3D 
electromagnetic articulograph (Carstens Medizinelektronik). 
Audio recordings were performed simultaneously to the 
kinematic recordings by the means of a Sennheiser shotgun 
microphone positioned approximately one foot away from the 
participant’s mouth and set at a sampling rate of 16 kHz. Speech 
materials were presented on a computer screen placed roughly 
3.5 feet away from the participant. Participants were asked to 
read target sentences (see Section 2.2) as if they were asking 
questions to a friend. To help appropriate focus placement, each 
target sentence was preceded by a prompt sentence. Prompt 
sentences were presented 1s before their corresponding target 
sentence and were read silently by the participants. 

2.2. Stimuli 

To examine the boundary tone, the test sequence 
/nɛ.maŋ.mi.nam/ was embedded in interrogative frame 
sentences that yielded H%. H% overrides the final Ha in the 
AP’s LHLHa tonal pattern, resulting in LHLH% ([14]), which 
allows detecting the onset of the boundary tone at the turning 
point from L to H%. This expectation is drawn from empirical 
data that shows L% overriding Ha, resulting in LHLL%, in 
Korean ([15]). Note that similar effects of the boundary tone 
overriding the AP final Ha tone without forming contours is 
found in Tongan ([16]). Test words were selected as to include 
only nasal consonants in order to prevent any tonal effects from 
the laryngeal configuration (e.g., [12]). Test sentences consisted 
of 11 syllables, grouped into two APs, with the length of the 
final AP being either 4 or 7 syllables long. Focus location was 
also varied, with either the initial (AP1) or the final AP (AP0) 
being focused. Eight repetitions of each condition were 

collected, with the exception of one speaker, by whom five 
repetitions were recorded due to technical reasons. The 
acquired data were checked for their prosodic rendition, i.e., 
focus location and appropriate AP and IP phrasing. Tokens that 
failed to show pitch movements at locations of interest were 
excluded from the analysis (excluded tokens: 7%).  

Table 1: Example sentences with the long (7-syllables) 
final AP condition presented by focus location (AP1 vs. 
AP0). Measured intervals are underlined, focused 
words are shown in bold.  

Focus Test sentence 

AP1 

[tɕin.tɕ*a ]? # [mi.na.mi.go.mo.bu.ga 
nɛ.maŋ.mi.nam]? # [sʌn.tæk.han.gʌ.ja]? 
Really? Uncle Minam is ‘the handsome guy 
from Nemang’?   Is it decided? 

AP0 

[tɕin.tɕ*a]? # [mi.na.mi.go.mo.bu.ga 
nɛ.maŋ.mi.nam]? # [sʌn.tæk.han.gʌ.ja]? 
Really? Uncle Minam is ‘the handsome guy 
from Nemang’?   Is it decided? 

 

2.3. Data analysis 

Kinematic labeling was performed using custom software in 
Matlab (Mark Tiede, Haskins Laboratories).  

 
Figure 1: Sample measurements of the onset C, V and BT 
gestures of the phrase-final syllable. TTz and TDz stand 
for tongue tip and togue dorsum vertical displacement 
respectively. Boxes correspond to C and V gestures, with 
their external borders  indicating gestural onset (left 
edge) and gestural offset (right edge), and their internal 
(filled) borders indicating constriction target (left edge) 
and constriction release (right edge). BT onsets were 
measured as the turning point of L to H%, shown by the 
vertical line labeled with L. 

The onset C and the V gestures of the phrase-final syllable 
were semi-automatically labeled for the following kinematic 
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timepoints using velocity criteria: onset, peak velocity, target, 
release and offset. The onsets of boundary tone (BT) gestures 
were labelled at the F0 turning point from L to H%, detected 
based on F0 velocity criteria (Figure 1). On the basis of the 
labelled timepoints, the intervals between the BT onset to the 
following constriction gesture timepoints were calculated 
respectively: C onset (C-ONSET), C peak velocity (C-
PKVEL), C target (C-TARGET), V onset (V-ONSET), V peak 
velocity (V-PKVEL), V target (V-TARGET). 

The retrieved data were analyzed by linear mixed effects 
analysis using lmerTest package in R ([17]). In case of 
significant effects, pair-wise comparisons were assessed by the 
emmeans package ([18]) with Holm adjustment. 

 

3. Results 
3.1. Boundary tone coordination 

Figure 2 shows the gestural scores for the final syllable. Each 
solid box represents (onset) C, V and BT gestures of the phrase-
final syllable. In the figure, closed solid boxes for C and V 
gestures mark onset and offset of consonantal and vocalic 
gestures, respectively. Solid vertical lines crossing C and V 
boxes indicate peak velocity timepoints. Boxes with dashed 
outlines within C and V boxes mark the gesture’s target and 
release. The BT box marks the onset of the BT gesture and does 
not have a right border as information about the offset of BT 
gesture is lacking. 
 

    

Figure 2: Gestural score of the phrase-final syllable, 
including the onset C, V and BT gestures. 

Here, we test the four hypotheses laid out in the beginning 
of this paper, i.e., whether the BT gesture is (1) in-phase with 
the V gesture and anti-phase with the C gesture, or (2) in-phase 
with the V gesture and not coordinated with the C gesture, or 
(3) anti-phase coordinated with the V gesture, or (4) is initiated 
concurrently with the peak velocity of the V gesture. For any 
pair of these events to be considered lawfully timed, the interval 
between the two should be short (indicating that the events are 
proximate to each other) and consistent (i.e., stable). Therefore, 
our analysis used the intervals between BT onset and the 
following gestural landmarks: V-ONSET (for hypothesis 2), V-
PKVEL (for hypothesis 4), V-TARGET (for hypothesis 3). 
Also, C-CENTER, calculated as the interval between (a) the 
midpoint of C-ONSET to BT and (b) V-ONSET, was included 
to test hypothesis (1). 

Figure 3 illustrates mean intervals by gestural landmarks. 
To see which gestural landmark timepoint was the most closely 
coordinated with BT onset, the above-mentioned intervals were 
submitted to a statistical analysis with LANDMARK (levels: 
V-ONSET, V-PKVEL, V-TARGET, and C-CENTER), 

FOCUS (levels: AP1, AP0) and LENGTH (levels: long, short) 
as fixed factors and speaker as a random factor. Vowel duration 
(VOWEL) was added as a control factor. The model suggests a 
two way interaction between LANDMARK and VOWEL 
(F(3)=45.72, p<0.001). Post-hoc analysis indicated that at 
average vowel duration (138 ms), V-PKVEL had the shortest 
interval (-4.85 ms), followed by C-CENTER (20.97 ms), V-
ONSET (54.71 ms) and V-TARGET (-57.25 ms). All levels 
were significantly different from each other (p<0.001). Thus, 
from this analysis, both hypothesis 4 about V gesture’s peak 
velocity timing and the hypothesis about the c-center effect 
(Hypothesis 1) emerge as viable. Discussion of these two 
options will follow in Section 4. 

LANDMARK did not further interact with either FOCUS 
or LENGTH, indicating that the pattern found holds regardless 
of focus location or length of the final AP. However, FOCUS 
and LENGTH interacted with each other as well as with 
VOWEL. Detailed descriptions of the three-way interactions 
and the effects of prominence-related factors will be discussed 
in the following section (Section 3.2). 
 

 

Figure 3: Mean intervals by gestural landmark of the 
phrase-final vocalic gesture.  

To evaluate which of the gestural landmark was the most 
stably coordinated, the standard deviations of the intervals were 
submitted to a statistical analysis with LANDMARK, FOCUS 
and LENGTH as fixed factors and speaker as a random factor. 
The analysis did not detect any landmark as being more stably 
timed with the onset of the BT gesture, since no significant 
effect of LANDMARK was found (F(3)=2.33, p>0.06). No 
effect of FOCUS or LENGTH was found either. 

3.2. Interaction with prominence 

Figure 4 shows the gestural scores of the phrase-final syllables 
(including the onset C, V and BT gestures) arranged by focus 
location and final AP length. The previous analysis revealed a 
three-way interaction between FOCUS, LENGTH and 
VOWEL (F(1)=15.4, p<0.001). Pair-wise comparisons 
indicated that intervals between the landmarks and BT onset 
were significantly shorter (i.e., the boundary tone was initiated 
earlier) when focus fell on the penultimate AP (AP1) as 
opposed to the ultimate AP (AP0) only when the final AP was 
short (AP1 < AP0 in short, with β = 16.33, SE = 2.18, p < 0.001; 
AP1 = AP0 in long, β = 4.03, SE = 2.19, p > 0.06). As for the 
effect of final AP length, the BT gesture was initiated earlier 
within the phrase-final vowel when the final AP was long 
compared to short. This effect of final AP length was greater 
when focus was on the ultimate AP as opposed to the 
penultimate AP (long < short in AP0, with β = 16.94, SE = 2.13, 
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p < 0.001; long < short in AP1, β = -4.64, SE = 2.22, p < 0.05). 
This three-way interaction did not show further interaction with 
LANDMARK, suggesting that the effects hold across V-
ONSET, V-PKVEL, V-TARGET and C-CENTER. 
 

 

Figure 4: Gestural scores of the phrase-final syllable by 
focus location and final AP length. The gestural scores 
include the onset C, V and BT gestures.  

 

4. Discussion 
The present study examined boundary tone gesture 
coordination with the constriction gestures in Seoul Korean. We 
tested three hypotheses, namely BT gestures will be (1) in-
phase with the V gesture and anti-phase with the C gesture, 
showing the c-center effect, (2) aligned with the V onset (in-
phase) and not coordinated with the C gesture, or (3) aligned 
with the V target (anti-phase), or (4) co-occurring with the peak 
velocity of the V gesture. Based on the results, we see that the 
most proximate alignment is found between the boundary tone 
onset and V gesture’s peak velocity (-4.85 ms). The interval 
between the c-center (i.e., the midpoint between the onsets of 
the C and BT gestures) and the onset of the V gesture (C-
CENTER) also showed close alignment (20.97 ms) compared 
to the intervals involving vowel onset (54.71 ms) or target (-
57.25 ms). Moreover, the analysis on stability of coordination 
did not distinguish any single interval as being significantly 
more stable than others. Our result suggests that boundary tone 
gestures in Korean might be initiated along with the peak 
velocity of the phrase-final vowel. This is in accordance with 
[7] that articulatory peak velocity may be phased with laryngeal 
events. Although significantly longer than the interval between 
BT onset and V gesture’s peak velocity, the interval between 
the c-center and V onset also showed relatively short lag, 
indicating a possible c-center effect. Note that intervals of 
around 20 ms have been interpreted as showing synchronous 
timing (i.e., in-phase relationship) in the literature (e.g., [3], [6], 
[19], [20]). Future analyses of our data will examine 
coordination of C and V gestures in phrase-medial syllables 
(i.e., in syllables lacking the BT gesture) in order to shed light 
in what a regular CV lag in Seoul Korean is. Additionally, 
future work on the coordination of boundary tone gestures in 
onset-less syllables will further examine the c-center 
hypothesis. In such syllables, we should only see the in-phase 
coordination of the BT with the V gesture, and there should not 

be any competitive C-to-BT gesrture anti-phase coordination, 
since there is no onset consonants involved. If the c-center 
account is the optimal one, it raises an interesting question 
about the relationship between lexical and phrasal levels, since 
it suggests an interaction between the lexically defined CV 
coordination and the incorporation of the post-lexically 
determined BT gesture (see also discussion in [3] and [6]). 

Another important goal of the present study was to examine 
whether phrasal prominence-related factors affected the 
coordination of boundary tone gestures in Seoul Korean. 
Indeed, our findings suggest that focus location and final AP 
length fine-tune this coordination. Specifically, the boundary 
tone gesture was initiated earlier when the focused linguistic 
unit was further away from the boundary. However, this effect 
was restricted by the distance between the focused element and 
the IP boundary. Specifically, the effect of focus location was 
only present when the final AP was short (i.e., 4 syllables long). 
The effect did not reach significance when the final AP was 
longer (i.e., 7 syllables long), although we see the same 
tendency in terms of numeric values.  Our results are in line 
with previous findings in Greek, in which lexical stress  earlier 
in the phrase-final word was correlated with earlier onset of the 
boundary tone gesture. We note that lexical stress is a marker 
of lexical prominence that also carries the potential of phrasal 
prominence depending on focus assignment. Similarly, in 
Korean, focus-related phrasal prominence earlier in the phrase 
was correlated with earlier onset of the boundary tone gesture. 
As each of the tone gestures in the final AP (LHLH%) is, in 
theory, coordinated with one syllable in the stimuli used in the 
present study, the results do not leave much room for a tonal 
crowding account. Nonetheless, future analysis will directly 
explore the account of tonal crowding, by examining the 
coordination of AP-marking tones. In parallel, investigation of 
the patterns of phrase-final lengthening in the current dataset is 
underway, exploring the possibility that the coordination of 
boundary tone gestures with constriction gestures is facilitated 
by the boundary-related temporal events, as proposed in [3]. 

 

5. Conclusions 
In conclusion, the time that the phrase-final V gesture reaches 
its peak velocity seems to coincide with the onset of the BT 
gesture. However, a c-center effect account is both viable and 
theoretically better-motivated, since it is unclear what type of 
coupling could give rise to the co-occurrence between one 
event’s initiation and another event’s peak velocity (see [5] for 
coupling modes related to speech gestures). A c-center account, 
in turn, implies that phrasal tonal events can interfere with intra-
syllabic coordination, raising significant points about the 
interaction between the lexical and the phrasal level. Finally, 
our results offer evidence that focus-related prominence and IP 
boundaries interact in Seoul Korean. These patterns parallel 
previous findings on stress languages, which suggest that 
lexical stress, and thus potential focus-marking pitch accent 
positions, affects the timing of IP boundary-related events (both 
tonal and temporal).      
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