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ABSTRACT 

Phonetic and acoustic properties of speech segments have 
been claimed to be reinforced at domain-initial position.  
The study investigates domain-initial strengthening effect 
by examining differences in acoustic and articulatory 
properties of consonants /t/ and /n/ across different prosodic 
positions in Japanese.  Domain-initial strengthening is 
examined using acoustic and articulatory data obtained by 
electropalatography (EPG).  It is found that the duration of 
the consonants in higher prosodic domains is longer than 
that in lower prosodic domains.  Amount of linguopalatal 
contact is greater in higher prosodic domains than in lower 
prosodic domains.  Results show that the domain-initial 
strengthening effect is present in Japanese.  Nevertheless, 
the effect appears to be less consistent and less systematic 
in Japanese.  

1. INTRODUCTION 

Individual speech segments have been found to be sensitive 
to high-level linguistic structure such as prosody.  Some 
researchers have observed that phonetic and acoustic 
properties of individual speech segments vary according to 
high-level linguistic structure such as their prosodic 
position (e.g., [1]). Some have further observed that 
acoustic-phonetic and articulatory properties of sounds are 
greater domain-initially [2, 3, 4].  The articulation of 
consonants at the beginning of higher prosodic domains 
had more linguopalatal contact and thus a more constricted 
place of articulation than consonants at the beginning of 
lower prosodic domains.  This domain-initial strengthening 
effect was found in several languages including English, 
French, Taiwanese and Korean [2], but it was not realised in 
the same manner.  For instance, Korean showed 
domain-initial strengthening most consistently and most 
clearly among the language studied, which indicates some 
aspects of domain-initial strengthening may be language 
specific.  In Korean, the left edge of prosodic domain is 
reinforced, thus domain-initial segments are enhanced.  
This could, then, contribute to the strong domain-initial 
strengthening effect found in the language.  The findings of 
previous studies indicate that domain-initial strengthening 
may be associated with kinds of prosodic organisation in a 
given language and thus might be realised in different ways 
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ferent languages.  Therefore, there might be a 
ility that other typologically-similar languages 
 also show similar domain-initial strengthening effect 
rean.  One way to test this would be to examine 
ese as it has similarities in its linguistic and prosodic 
ures (e.g., a predicate and head-final language, an 
tual phrase level) to Korean.  If the effect of 
n-initial strengthening is linguistically driven, then it 
ected that Japanese shows a similar strengthening 

 to Korean.  The purpose of the present study is, 
ore, to examine whether domain-initial strengthening 
ed to type of prosodic structure in a given language 

swering the following questions: does domain-initial 
thening occur in Japanese; how is domain-initial 
thening realised in Japanese and does Japanese show 
lar strengthening effect to Korean.   

2. METHODS 

ATERIAL 
aterials used for this study consisted of sets of test 
ces, each containing the target consonants /t/ and /n/ 

e different prosodic levels.  The target consonants 
mbedded in real words and placed at the beginning of 
prosodic domain: that is, utterance-initial (Ui), 
tional phrase-initial (IPi), accentual phrase-initial 

, word-initial (Wi) and mora-initial (Mi) positions.  In 
st sentences the consonants were preceded and 
ed by the same vowel, /a/, and placed at the same 
count position to factor out possible declination 

s [2].  Since it was difficult to construct meaningful 
rammatical sentences for all the prosodic domains 
he consonants being in the same mora count position, 
rpus for each consonant included two subsets.  Ui, IPi, 
nd Wi positions are grouped together as Subset 1, and 
d Mi positions as Subset 2.  The (phonetic) context 
nding the target consonants were controlled as far as 
le in keeping with the need to formulate meaningful 
ces.  A set of examples is listed in Table 1. 

UBJECTS AND PROCEDURE 
peech samples were collected from two female 

ers of standard Japanese.  The stimuli were presented 
subjects one sentence at a time, in blocks.  Each block 
ned test sentences for all the prosodic positions for 
onsonant.  Each target sentence was repeated 5 times 



before moving on to next prosodic position.  The blocks 
were repeated twice, with the sentences in the second block 
given in reverse order to avoid list effects.  Thus, each 
sentence was repeated at least 10 times in total giving a 
minimum of 230 tokens per subject. 

The speech data was recorded in a sound-treated studio at 
the Speech Hearing and Language Research Centre, 
Macquarie University.  Acoustic and articulatory data were 
recorded simultaneously using the Laryngograph EPG3 
electro-palatograph and a Carstens Electromagnetic 
Articulography system.  The acoustic data was sampled at 
20 kHz and quantized to a 16-bit number.  The data was 
segmented and labeled phonetically according to standard 
acoustic labelling criteria such as those described in [5], 
using the EMU speech data management system [6].  
Auditory analysis revealed that the intended prosodic 
structure was achieved for all utterances.  This will be 
further verified using Japanese ToBI system [7].    

Articulatory measures were linguopalatal contact which 
shows the degree of oral constriction, and jaw and lip 
movement.  Acoustic measures including duration of the 
target consonants /n/ and /t/, voice onset time (VOT) of /t/, 
and duration of surrounding vowels were also taken from 
the acoustic data.  Only the results of acoustic and EPG data 
are reported here.

Table 1: The /t/ test sentences used in the experiment.  The 
target consonant and surrounding vowels are underlined. 

3. RESULTS 

3.1  ACOUSTIC MEASURES 
Table 2 summarises the results of duration data.  The 
statistical analysis was performed by a one-way analysis of 
variance (ANOVA) and post-hoc Scheffe tests at the .05 
level of significance in order to determine effects of the 
prosodic positions on acoustic and articulatory 
measurements.  For Subset 2, with only two levels for 
comparison, two-tailed t-test at the .05 level of significance 
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Domain Test Sentence
Subset 1 (Ui, IPi, APi and Wi level)
Ui Koko wa Hamadera. Takenoko ga yuumei 

desu. 
‘Here is Hamadera.  This is famous for bamboo 
shoots.’     

IPi Koko wa Hamadera, takenoko no sanchi desu. 
‘Here is Hamadera, (which is) a producing 
district of bamboo shoots.’ 

APi Koko de wa tashika takenoko o tabemasu. 
‘People here probably eat bamboo shoots.’ 

Wi Koko wa Hamadera takenoko ga yuumei desu. 
‘Here is famous for “Hamadera-bamboo 
shoots”.’ 

Subset 2 (Wi and Mi level) 
Wi Arisa wa nureta tatami o fukimashita. 

 ‘Arisa wiped a wet tatami mat.’ 
Mi Risa wa nureta tatami o fukimashita. 

 ‘Risa wiped a wet tatami mat.’ 
arried out.  The statistical analysis was conducted for 
peaker for each consonant. 

coustic measurements are taken to see whether 
nt prosodic positions affect acoustic properties of the 

 consonants and surrounding sounds.  As seen in 
 1, there was a trend for consonant durations to 
e longer in higher prosodic domains.      The duration 

 entire /t/ consonant and the /t/ closure was found to 
se from lower prosodic domains to higher prosodic 
ns.  The total duration of /t/ and /t/ closure in 

r-level domains (Ui and IPi) was found to be 
icantly longer than that in lower-level domains (APi 

i) for both speakers except that the distinction 
en IPi and APi was not made for Speaker 2.  Instead, 
r Speaker 2 was distinguished from Ui.  For Subset 2, 
Wi position had significantly longer total /t/ duration 

i position for Speaker 2, there was no significant 
nce in the /t/ closure duration between Wi and Mi for 

speakers.  The duration of /n/ also increased from 
 prosodic positions to higher prosodic positions.  The 
ration was significantly longer for Ui than for IPi, 
 was in turn significantly longer than APi and Wi for 
peakers.  However, difference between Wi and Mi 

ot significant for both speakers. 

own in Table 2, there was no reliable effect of 
dic position on VOT.  Speaker 1 showed only 
ction between Ui and Wi for Subset 1.  For Subset 2, 
was found to be significantly different between Wi 
i positions for only Speaker 2.  This little effect of 

dic position on VOT was also found in other 
ges except for Korean which showed significantly 
nt VOT at all higher levels above the word (cf. [2]).   

 2 showed that, like the consonants, vowels preceding 
nsonants (V1) were found to be longer in higher 

dic domains than in lower prosodic domains.  Ui and 
sitions had significantly longer V1 durations than Wi.  
 APi was also significantly longer in duration than V1 
 for Speaker 2 and for Speaker 1, AP-initial V1 was 
icantly shorter than Ui and IPi.  This trend was found 
bset 1 for both consonants.  V1 was also observed to 
ger for Wi than for Mi but significant difference was 
ound for Speaker 2’s /t/.   

owels following the consonant (V2), however, no 
l pattern was observed for their duration.  For the 

nant /t/, there was a trend for V2 to be shorter in 
 prosodic domains and increased towards lower 

dic domains.  Statistical analysis showed significant 
nce in these durations especially for Speaker 1.  Both 

ers showed significantly different V2 durations 
en IPi and Wi.  Speaker 1 further distinguished 
en Ui/APi and Wi, and between Wi and Mi.  On the 
ry, for the consonant /n/, although there was a trend 
2 to be longer in higher prosodic positions, the 
on of V2 did not vary substantially across different 
dic positions.  This progressive decrease of V2 
on for /t/ and progressive increase of V2 duration for 
s also observed in the Korean data [cf. 8]. 



Prosodic DomainDuration (ms) 
Ui IPi APi Wi Wi Mi 

total /t/ 155.3 (21.6) 167.8 (35.2) 94.4 (20.2) 81.2 (9.8) 78.9 (5.9) 72.3 (9.1) 
[t] closure 121.2 (18.8) 136.9 (34.2) 63.5 (13.1) 56.4 (9.7) 56.4 (7.0) 54.7 (8.4) 
VOT 34.1 (12.3) 30.8 (6.7) 30.9 (10.3) 24.8 (8.7) 22.4 (4.6) 17.5 (5.7) 
V1 91.0 (24.4) 77.2 (24.7) 56.1 (18.6) 45.8 (7.1) 60.3 (6.8) 26.5 (9.0) 
V2 41.0 (9.6) 33.6 (6.1) 31.7 (9.5) 50.8 (8.2) 43.9 (14.8) 61.4 (8.8) 
/n/ 273.0 (88.8) 114.5 (42.9) 59.1 (6.7) 53.6 (16.0) 62.0 (11.2) 43.6 (8.4) 
V1 93.4 (17.9) 93.4 (16.7) 52.9 (11.3) 71.3 (12.3) 70.0 (10.1) 68.6 (10.1) 

Spk 1 

V2 75.2 (6.7) 75.9 (7.5) 80.3 (10.6) 72.7 (12.5) 71.6 (13.3) 64.3 (8.9) 
total /t/ 204.6 (103.1) 152.5 (26.2) 144.3 (44.1) 95.1 (13.1) 78.7 (16.7) 68.6 (12.7) 
[t] closure 166.9 (100.2) 114.0 (27.1) 108.8 (42.2) 60.0 (6.8) 56.5 (10.7) 53.2 (12.1) 
VOT 37.7 (13.4) 38.5 (7.4) 35.4 (13.0) 35.0 (10.9) 22.2 (7.8) 15.3 (3.1) 
V1 110.6 (28.0) 105.3 (28.1) 128.0 (30.7) 48.1 (5.0) 51.1 (11.1) 30.4 (17.4) 
V2 34.2 (8.8) 30.0 (9.0) 32.1 (11.2) 39.3 (10.9) 42.9 (12.9) 54.7 (13.3) 
/n/ 455.6 (137.3) 327.2 (156.8) 110.1 (47.3) 57.7 (12.2) 56.1 (6.9) 45.7 (7.8) 
V1 107.8 (23.3) 111.5 (22.4) 119.2 (36.3) 65.5 (10.9) 69.0 (7.4) 61.0 (8.9) 

Spk 2 

V2 72.9 (11.2) 76.8 (12.7) 77.1 (18.8) 70.5 (18.6) 59.1 (11.9) 59.8 (8.2) 

Table 2: Mean duration of /t/ and /n/ and neighbouring vowels, and standard deviation (in parenthesis) in different 
prosodic positions.
In summary, for most of durational measures taken here, 
domain-initial strengthening was observed: that is, the 
higher the prosodic position, the longer the duration. 

3.2 ARTICULATORY MEASURES 

Figure 1: Maximum linguopalatal contact (averaged  
across all tokens) for each consonant. 

Linguopalatal contact was measured from the EPG data.  A 
maximum contact point for each test consonant was 
identified by measuring the number of electrodes contacted 
in each data frame.  Then, the total number of electrodes 
contacted at the maximum contact point was taken and its 
percentage over the whole palate was calculated.  Figure 1 
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ts average of linguopalatal contact at maximum 
t point for each consonant.  In general, more overall 
t was found in the higher prosodic domains than in 
wer domains for both consonants.  The post-hoc
 indicated that linguopalatal contact for the consonant 
Pi was significantly greater than that in Wi position.  
peaker 2, linguopalatal contact in APi was also 

icantly greater than one in Wi position.  For Subset 2, 
er, there was no significant effect of prosodic 

on on linguopalatal contact.  Differences in amount of 
palatal contact across prosodic domains were more 

us for /n/ than for /t/ by showing the strengthening 
 for both subsets.  For example, for Speaker 1, /n/ in 
sition was produced with significantly greater contact 
ne in other prosodic positions (IPi, APi and Wi), and 
tial /n/ was produced with greater contact than 
itial /n/.  For Speaker 2, Wi also had significantly 
contact than Mi, and less contact than other prosodic 
ons (Ui, IPi, and APi).  

 of gravity (COG) index, which is a measure of the 
ntration of linguopalatal contact across the palate [9], 
ken to see distribution of linguopalatal contact.  A 
OG value indicates that a place of articulation is 
towards anterior region while a low COG value 
ents a place of articulation is towards posterior of the 
.  Table 3 shows that the consonant /n/ in higher 
ns had more linguopalatal contact in the front region 
ne in lower prosodic domains.  COG value for /n/ was 
icantly smaller in Wi position than in other positions 
i and APi) for both speakers.  Speaker 1 further had 

icant difference in COG value between Wi and Mi.  
he consonant /t/, COG values did not differ 
icantly either in higher prosodic domains (Ui, IPi, APi 
i) or in lower prosodic domains (Wi and Mi).  Only 

icant differences were found for Speaker 1 between 
-level domains (Ui and IPi) and Wi.   



Table 3: Mean COG values and standard deviation (in 
parenthesis) of the consonants /t/ and /n/ in different 
prosodic positions. 

A strong correlation between linguopalatal contact and 
acoustic duration was found in Korean [8].  Therefore, to 
see whether there was a similar relationship in Japanese, the 
correlation between acoustic duration and linguopalatal 
contact was tested using a non-parametric Spearman’s rho 
correlation coefficient with a one-tailed test at the .05 level 
of significance.  Like Korean, Japanese /t/ showed 
significant positive correlations between maximum 
linguopalatal contact and the total durations of /t/, /t/ 
closure, and V1 for both speakers.  Speaker 1 also had 
strong correlation between linguopalatal contact and VOT, 
and negative correlation between linguopalatal contact and 
V2 for Subset 1.  For Subset 2, there were further strong 
positive correlations between linguopalatal contact and 
both total /t/ duration and /t/ closure, and negative 
correlation between linguopalatal contact and V1 for 
Speaker 2.  The consonant /n/ also showed significant 
positive correlations between linguopalatal contact and 
both /n/ duration and V1 duration for Subset 1.  Similarly, 
strong correlation was found between linguopalatal contact 
and /n/ duration for Subset 2.  For Speaker 2, further strong 
correlation was found between linguopalatal contact and 
V1.  This suggests that, in Japanese, differences in 
linguopalatal contact are closely related with differences in 
duration as in Korean in such a way that greater 
linguopalatal contact could result from longer duration.  
Similarly, significant correlation was also found between 
COG and linguopalatal contact for both speakers for both 
consonants except for /n/’s Subset 1.  The strong correlation 
between linguopalatal contact and COG suggests that 
greater linguopalatal contact in higher prosodic positions 
resulted from more contact in the front region in those 
positions.  

4. CONCLUSIONS 

The results of this study show that prosodic positions affect 
articulatory and acoustic properties of the target consonants 
in Japanese.  Acoustic duration and linguopalatal contact 
varied according to prosodic positions.  Most of durational 
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Prosodic 
Domain

Spk 1 Spk 2 Spk 1 Spk 2 
Ui 4.99 

(0.13) 
4.71

(0.85) 
5.00

(0.08) 
4.89

(0.16) 
IPi 5.00 

(0.09) 
4.90

(0.13) 
4.98

(0.13) 
4.85

(0.12) 
APi 4.96 

(0.13) 
4.96

(0.13) 
4.87

(0.12) 
4.86

(0.12) 
Wi 4.84 

(0.20) 
4.86

(0.18) 
4.57

(0.43) 
4.65

(0.17) 
Wi 4.64 

(0.12) 
4.69

(0.20) 
4.76

(0.15) 
4.49

(0.10) 
Mi 4.70 

(0.22) 
4.71

(0.26) 
4.35

(0.66) 
4.52

(0.43) 
res were longer in higher prosodic domains than in 
 prosodic domains and linguopalatal contact was 
r in higher prosodic domains than in lower prosodic 
ns, regardless of consonant type.  These suggest that 
n-initial strengthening is present in Japanese.  
rmore, strong correlations between linguopalatal 
t and durations were also found.  Nonetheless, 

ared to Korean, fewer distinctions were made by the 
ers, especially distinctions among higher-level 
ns (Ui, IPi, and APi).  This indicates that the degree 
main-initial strengthening effect found in Japanese 
ess than in Korean despite the fact that they have 
r linguistic properties.  This has been a preliminary 
igation of domain-initial strengthening in Japanese.  
 it requires further work in order to describe more 
domain-initial strengthening effect in Japanese.  In 
per other physiological measures such as jaw and lip 

ment are not examined.   An analysis on these aspects 
 to be carried out in order to verify the results of 
t study.  Examining these would allow us to discover 
ge specific aspects of articulatory organisation in 

ese with regards to domain-initial strengthening. 
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