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Abstract 
This study examines prominence-boundary interactions as they 
relate to the perception of durational cues in Tokyo Japanese. 
We tested if the lexical pitch accent (lexical prominence) status 
of a word mediates the effects of a prosodic boundary in the 
perception of contrastive vowel length. We implemented a two-
alternative forced choice perception task in which listeners 
categorized a vowel duration continuum as a phonemically 
short or long vowel, while we manipulated pitch accentuation 
and phrasing as contextual cues. We first replicated a recent 
finding (Steffman & Katsuda [1]) that listeners require longer 
phrase-final vowel durations (as compared to phrase-medial) to 
perceive vowel as phonemically long: a compensatory 
perceptual adjustment for final lengthening. We further find 
that this boundary effect is mediated by pitch accent, consistent 
with recent speech production results (Seo et al. [2]) which 
show that a pitch accent reduces the magnitude of final 
lengthening in a word (i.e., unaccented words undergo greater 
final lengthening). Our perception results indicate that listeners 
accordingly require even longer vowel duration for a long 
vowel percept when a target word is both phrase-final and 
unaccented. Overall, our results show that listeners take both 
prominence and prosodic boundaries into consideration when 
they compute vowel length: a perceptual analog to intricate 
prominence-boundary effects in speech production.  
Index Terms: speech perception, speech prosody, contrastive 
vowel length, pitch accent, Tokyo Japanese. 

1. Introduction 
To comprehend a speaker’s intended message, a listener needs 
to identify both the individual segments and the prosodic 
structure of an utterance. However, the acoustic cues that 
crucially distinguish segments can systematically vary based on 
the prosodic structure in which a segment occurs [3-6]. One 
clear case of this is evident if we consider the critical role of 
prosodic structure in organizing durational patterns in speech. 
A well-known and cross-linguistically common example is that 
of domain-final, or phrase-final, lengthening [e.g., 7]. This 
refers to the phenomenon whereby linguistic units (syllables, 
segments) at the right edge of a phrasal domain are lengthened 
in duration. Given that the duration of acoustic events is also 
critical for cuing phonological contrasts in language (e.g., voice 
onset time, vowel duration), we can conceptualize both 
segmental and prosodic structure as jointly shaping the duration 
of speech sounds, with prosodic factors (e.g., prosodic 
boundaries) potentially introducing overlap in the distributions 
of (durational) cues to phonological contrasts.  

      A specific example of this pattern is vowel duration in 
Tokyo Japanese (henceforth “Japanese”), a language in which 
vowel length is contrastive (e.g., /toko/ ‘bed’ vs. /tokoo/ 
‘travel’).  Additionally, vowels are generally longer phrase-
finally due to final lengthening [e.g., 8,9]. This creates overlap 
in the distribution of contrastive vowel length categories, in 
particular between phrase-final short vowels ([…o]phrase) and 
phrase-medial long vowels ([…oo…]phrase) [10].  
      Patterns such as this raise a key question: do listeners 
integrate information about phrasal prosodic structure (here, 
phrasing) in their perception of phonemic contrasts? In the 
specific case of Japanese mentioned above we could rephrase 
this question to ask: do Japanese listeners take phrase-final 
lengthening into account in their perception of phonemic vowel 
length? Steffman and Katsuda [1] examined how the perception 
of prosodic structure modulates the perception of vowel length 
in Japanese along these lines. Specifically, they tested whether 
the perception of vowel length is systematically influenced by 
whether the vowel is located phrase-finally or phrase-medially. 
They conducted a 2AFC (two-alternative forced choice) 
perceptual categorization task in which listeners categorized a 
target sound from a vowel duration continuum as phonemically 
long or short. Results showed that listeners required longer 
duration to perceive the vowel as phonemically long in the 
phrase-final position than in the phrase-medial position, 
suggesting that listeners take prosodic structural context into 
consideration when they compute vowel length. This result, 
among other recent studies [3-6], suggest listeners’ fine-grained 
sensitivity to the effects of phrasal prosodic structure on 
segmental realization, which lead to a shift in perceptual 
responses based on phrasal prosodic context.   
      Adding some nuance to the picture however, phrasal 
prosodic effects on segment duration have been documented to 
interact with lexical prosodic features, including lexical 
prominence (e.g., lexical stress, lexical pitch accent).  Japanese 
is a pitch accent language, in which a pitch-accented mora is 
phonetically realized with a fall in f0 [11]. Words can contrast 
based on the location of pitch accent (e.g., hási ‘chopsticks’ vs. 
hasí ‘bridge’, where an acute accent mark indicates a pitch 
accent) and the presence or absence of pitch accent (e.g., hási 
‘chopsticks’ vs. hasi ‘edge’). Seo et al.’s [2] recent production 
study revealed an interaction between pitch accent and final 
lengthening, such that unaccented disyllabic words (e.g., taka 
‘hawk’) exhibit greater final lengthening than disyllabic words 
with an initial pitch accent (e.g., táka, a personal name). They 
argue that prominence of the accented mora is preserved by 
suppressing final lengthening. Analogous prominence-
boundary interactions are also observed in stress accent 
languages (e.g., [12,13]). 
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      Given these intricate interactions between (lexical) 
prominence, and phrasal boundaries, one unanswered question 
is the extent to which such interactions are relevant in 
perception. In other words, do listeners calibrate their 
perceptual responses (of the sort described in [1, 3-6] above) in 
relation to both phrasal prosodic and lexical prosodic 
(prominence) features? In the case of Japanese specifically, we 
can ask if Japanese listeners expect more phrase-final 
lengthening on unaccented words, as compared to pitch-
accented words, and bring this to bear on perception of 
contrastive vowel length. If confirmed, this would constitute a 
perceptual analog of the interaction between lexical prominence 
and phrasal boundaries shown in [2]. 
      Steffman & Katsuda [1] in fact tested both accented and 
unaccented minimal pairs in their speech perception 
experiments. They used minimal pairs in which the members of 
each pair can be distinguished by the length of the word-final 
vowel: shísho ‘librarian’ (司書) versus shíshoo ‘master’ (師匠) 
for accented words (their Experiment 1), and dookyo 
‘housemate’ (同居) verusus dookyoo ‘townmate’ (同郷) for 
unaccented words (their Experiment 2). They found that the 
unaccented minimal pair exhibited larger positional effects than 
the accented minimal pair, which is consistent with [2]’s 
production results showing that pitch accent reduces the degree 
of final lengthening. However, Steffman and Katsuda’s 
conclusion regarding this mediating effect of pitch accent was 
only speculative, mainly because their accented and unaccented 
minimal pairs were not directly comparable due to their 
segmental differences, and further because the two pairs were 
tested on different sets of participants (i.e., in a between-
subjects design). It thus remains an open question if prominence 
boundary interactions of the sort described in [2,12,13] play a 
role in speech perception.  
      The present study addresses this question by directly 
comparing positional effects observed in segmentally matched 
accented and unaccented minimal pairs using a within-subject 
design. The findings thus contribute to our understanding of the 
relevance of prominence-boundary and lexical-phrasal 
prosodic interactions in speech perception, and how these 
factors impact perception of phonological contrasts.  

2. Methods 
We implemented a 2AFC task in which listeners categorized a 
target word with the duration of the word-final vowel drawn 
from a vowel duration continuum. The target word was 
categorized as one that contained a phonemically long or short 
vowel.  
      To directly compare accented and unaccented minimal 
pairs, we prepared a quadruplet which contrasted length of the 
word-final vowel, and the pitch accent status of the word. The 
four items used are  jísyu ‘voluntary’ (自主), jísyuu ‘next week’ 
(次週), jisyu ‘surrender onself’ (自首), jisyuu ‘self-study’ (自
習). These words are almost equally frequent based on word 
counts in the Balanced Corpus of Contemporary Written 
Japanese [14]: 1.46 for jísyu, 1.68 for jísyuu, 1.79 for jisyu, and 
1.63 for jisyuu. These four words constituted the continuum 
endpoints in our experiment, with the vowel duration 
continuum ranging between jísyu ~ jísyuu on one hand and jisyu 
~ jisyuu on the other. The target was thus categorized as jísyu 
or jísyuu in the accented condition, and as jisyu or jisyuu in the 
unaccented condition. 

      In describing the prosodic structural manipulations in our 
experiment, we adopt the autosegmental-metrical (AM) model 
of Japanese intonational phonology developed by [11,15-17]. 
Specifically, we assume that there are two tonally-defined 
prosodic groupings above the word level: the accentual phrase 
(AP) and the intonational phrase (IP). The AP is the domain of 
pitch accent realization (i.e., only one pitch accent is realized in 
an AP) while the IP consists of one or more APs and its left 
edge is marked by a low boundary tone (L%) in statements.  
      The target was embedded in the same frame sentence, 
shown in (1). Crucially, the frame can be phrased with either 
one IP or two IPs, shown by bracketing in (1), without a 
substantial semantic difference (AP-phrasing is omitted as it is 
not relevant here). The first phrasing in (1) positions the target 
IP-medially, while the latter positions the target IP-finally.  
 
(1) wátashitachi-wa x (target) désukara shimpai-iri-mas-én 

We-TOP x (target) because/therefore worry-need-be-NEG 
IP-medial: [ Because we are x (we are) fine ]IP

 

IP-final:    [    We are x.   ]IP [  Therefore (we are) fine ]IP 
 
      In sum, we have three independent variables: vowel 
duration (see 2.1), pitch accent (accented or unaccented), and 
prosodic boundary (IP-medial or IP-final). 

2.1. Stimuli 

Stimuli were created by manipulating the speech of a ToBI-
trained male speaker of the Tokyo dialect of Japanese. The 
speaker was first recorded at 44.1 kHz in a sound-attenuated 
room, using an SM10A ShureTM microphone and headset. 
Stimuli were manipulated in Praat [18]. As in Steffman and 
Katsuda, the goal of stimulus manipulation was to manipulate 
fundamental frequency (f0) cues only (i.e., without changing 

Figure 1: Waveforms and overlaid pitch tracks for the 
four conditions in the experiment. The dashed box 
encompasses the final syllable of the target and the 

following syllable /de/ (see topmost panel for 
transcription). Note that the first syllable of the target 

additionally varies based on pitch accent (top two 
panels versus bottom two panels).   

 

watáshitachi-wa       (target)      désukara    shim    pai     -iri-mas-én 
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temporal context) to signal a target sound as either IP-medial or 
IP-final. As shown in Figure 1, the IP-final condition (the 
second and fourth from the top) was characterized by a L% on 
the target vowel (i.e., /u/~/uu/) and a high tone associated with 
the pitch accent on the first syllable of the conjunction désukara 
‘because/therefore’. On the other hand, the IP-medial condition 
was marked by a relatively high f0 on the target vowel, due to 
lack of L%. Additionally, the pitch accent on the post-target 
syllable dé is only realized after the unaccented target (top) 
while it is reduced/deleted after the accented target (third from 
the top). This is because the target word in the IP-medial 
condition forms an AP with the following conjunction désukara 
(i.e., IP-medial is also AP-medial), and if an AP contains more 
than one underlying pitch accent only the leftmost one is 
realized [19-21].    
      The starting point for creating the stimuli was a naturally 
produced IP-medial production with an accented target word 
and phonemically long target vowel (i.e., jísyuu). We first 
inserted 50 ms of silence between the target vowel and the 
following syllable, which is compatible with both IP-medial 
and IP-final conditions. We then created an eight-step vowel 
duration continuum of the target vowel ranging from 20 to 
140ms. We then excluded the shortest and longest steps, 
resulting in six-step vowel duration continuum ranging from 35 
to 125ms. These six tokens were used as accented IP-medial 
stimuli. To create IP-final stimuli, f0 of the target vowel and the 
following syllable was manipulated for each continuum step: 
the f0 of the target vowel was lowered by 30Hz while that of 
the following syllable was raised by 45Hz. The resulting tokens 
were used as accented IP-final stimuli. The unaccented IP-final 
stimuli were created based on the accented IP-final stimuli. 
Specifically, the f0 of the first syllable of the target word (i.e., 
ji in jisyuu) was lowered by 30Hz and that of the target vowel 
was flattened and raised by 5 Hz. Finally, the unaccented IP-
medial stimuli were created by manipulating the unaccented IP-
final stimuli: the f0 of the target vowel was raised by 35Hz and 
that of the following syllable is lowered by 10Hz.   

2.2. Predictions 

Given this experimental design and the conditions described 
above we can make the following predictions. We first expect 
that, following [1], overall longer phrase-final vowel durations 
should be required by listeners for a long vowel response, 
evident empirically as decreased long vowel responses in the 
final conditions. Additionally, if pitch accent status mediates 
this effect, we should see a further difference between phrase-
final accented words and phrase-final unaccented words, with 
unaccented words showing further decreased long vowel 
responses as compared to accented words (in line with greater 
final lengthening in unaccented words). Note this also entails a 
larger difference between medial and final unaccented words, 
as compared to medial and final accented words. We did not 
predict any difference between medial accented words and 
medial unaccented words. Thus, statistically, we expect an 
interaction between pitch accent and boundary variables in our 
model.  

2.3. Participants and procedure  

A total of 42 native speakers of the Tokyo dialect of Japanese 
(17 males and 25 females; mean age 34) participated in the 
experiment remotely. All participants were native Japanese 
speakers from the greater Tokyo area. Participants provided 
informed consent to participate and were paid for their time. 

      During the experiment, participants were instructed to use 
their own headphones and take the experiment in a quiet room. 
Participants were presented with orthographic representations 
of the target words on either side of the screen. Participants 
were instructed to indicate which word they heard via key press, 
using ‘f’ for the word on the left side of the screen while ‘j’ for 
the word on the right side of the screen, on their computer. 
Trials were blocked based on accent condition, with block order 
counter-balanced across participants.  Stimulus presentation 
was totally randomized within each block. The side of the 
screen on which each word appeared was also counter-
balanced. Listeners categorized 12 instances of each unique 
stimulus for a total of 288 (12×24) trials. The experiment took 
approximately 30 minutes to complete.    

2.4. Statistical Modeling 

We analyzed the results using a Bayesian logistic mixed-effects 
regression model, implemented in [22]. We fit the model to 
predict listeners’ categorization response (a short vowel  
response mapped to 0, a long vowel response mapped to 1), as 
a function of vowel duration (scaled and centered),  pitch 
accent,  and boundary.  Both of these categorical predictors in 
the model were contrast-coded (accented mapped to -0.5, 
unaccented mapped to 0.5; phrase-medial mapped to -0.5, 
phrase-final mapped to 0.5). The model was fit with these fixed 
effects and all interactions between them. Random effects in 
the model were specified as random intercepts for speaker, with 
random slopes for all fixed effect and interactions. We fit the 
model with weakly informative priors for the intercept and 
fixed effects. We specified the prior for the fixed effect of 
vowel duration as normal(2,1.5) in log-odds (that is, a prior 
expectation that increasing vowel duration will increase the 
log-odds of a long vowel response, though with a very wide 
distribution). All other fixed effects and the intercept were 
specified as normal(0,1.5), encoding no prior expectation of an 
effect (and for the intercept, the prior expectation of 50% long 
vowel responses in the middle of the vowel duration 
continuum, given that the vowel duration variable was 
centered). We report the full model summary in Table 1, 
including median estimates and 95% credible intervals (CrI) 
for an effect. The credible interval characterizes the location of 
the bulk of the posterior distribution and the range of estimates 
for the effect. When CrI include the value 0, this suggests the 
model shows substantial variation in the estimated 
directionality of an effect and produces a non-trivial amount of 
estimates near zero (no effect). Thus, when 95% CrI exclude 
zero, we have reliable evidence for the presence of an effect. In 
reporting the results, we also include the “probability of 
direction” (pd) metric, computed with [23], which gives the 
percentage of the posterior distribution for an effect which has 
a given sign and corresponds more intuitively to a frequentist 
p-value. When the value of pd > 95% we can take this as 
reliable evidence for an effect, that is, a consistently estimated, 
and clearly non-zero, effect directionality.  

3. Results 
Table 1 shows a summary of fixed effects in the model. Figure 
2 plots the results. We first find an expected effect of vowel 
duration, whereby increasing vowel duration along the 
continuum increases listeners’ long vowel responses (pd = 
100%). This can be seen clearly in Figure 2A, as listeners’ long 
vowel responses increase from left to right along the x axis. We 
additionally find a main effect of boundary, whereby a phrase-
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final context shows decreased long vowel responses (pd = 
100%). This effect is clear in Figure 2A in the separation of the 
solid (phrase-medial) and dashed (phrase-final) lines, and 
across the two panels in Figure 2B, with phrase-final targets 
showing overall fewer long vowel responses. This finding 
replicates [1] and shows that listeners need longer acoustic 
vowel duration to perceive a vowel as phonemically long when 
phrase-final, effectively accounting for phrase-final 
lengthening. There was not strong evidence for a main effect of 
prominence (pd = 92). Importantly, we find a credible 
interaction between boundary and prominence (pd = 98%), 
which we examined further using [24] to test the effect of the 
pitch accent manipulation in each boundary condition. This 

examination confirms an effect of prominence in the final 
condition (β = 0.52, 95%CrI = [0.11,0.92], pd = 99%), and finds 
no effect in the medial condition (β = -0.05, 95%CrI = [-
0.47,0.36], pd = 60%). The interaction is visible in Figure 2 as 
the separation between accented and unaccented conditions 
only when the target is phrase-final, with essentially no 
difference between the conditions when the target is phrase-
medial. This interaction supports the predictions laid out above, 
suggesting that listeners evidence an expectation of 
asymmetrical lengthening effects based on pitch accent.  

Table 1: Model summary for fixed effects, “:” 
indicates an interaction 

Effect  Est (Err) 95%CrI pd 
(Intercept)  0.37(0.17) [0.02,0.71] 98 
vowel dur. 3.68(0.23) [3.24,4.14] 100 
prominence -0.23(0.16) [-0.55,0.08] 92 
boundary -1.80(0.15) [-2.10,-1.50] 100 
prom.:boundary -0.58(0.27) [-1.09,-0.06] 98 
vowel dur.:prom.  -0.26(0.21) [-0.69,0.13] 90 
vowel dur.: boundary 0.27(0.18) [-0.05,0.65) 95 
vowel dur.: 
boundary: prom. 

0.05(0.31) [-0.56,0.64] 57 

 

4. Discussion 
The present study first replicated [1]’s finding that Japanese 
listeners require longer phrase-final vowel durations to perceive 
a vowel as phonemically long. By comparing the accented and 
unaccented conditions directly, it additionally showed that 
listeners’ sensitivity to prosodic structure in segmental 
perception is more fine-grained. Listeners required even longer 
phrase-final vowel durations for a long vowel percept when the 
target word was unaccented as opposed to accented, mirroring 
the mediating effect of lexical prominence on final lengthening 
observed in production [2].  
      To our knowledge, this is the first study to explicitly 
examine perception effects based on prominence-boundary 
interactions, whereas previous perception studies have 
examined effects of prosodic structure on segmental perception 
based on either phrasal boundaries [1,3-5] or phrasal 
prominence [6]. The present study thus provides evidence for a 
fine-grained and interactive view of various prosodic 
dimensions in speech perception. The results highlight the 
importance of examining prominence-boundary interactions to 
get a more comprehensive picture of the elasticity of speech 
perception, and the way in which different pieces of prosodic 
information are integrated. Future work will benefit from 
testing perceptual effects related to prominence-boundary 
interactions in other languages, and from expanding the set of 
cues under consideration (e.g., pauses, voice quality changes, 
etc.) to test how multiple cues to prosodic structure are 
weighted and combined.  
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Figure 2: Categorization responses along the 
continuum (panel A) and pooled by continuum step 
(panel B) in all four conditions. Panel A shows the 

means for each condition as points with lines showing 
a logistic function fit. Error bars in both panels show 

95% confidence intervals from the empirical data.  
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