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   in terms of accent (stress accent, pitch accent, and tone 
accent) and rhythm (stress-timed, syllable-timed, and mora-timed)1. Although there 
have been comparative studies of specifi c languages, they have not off ered the whole 
picture of prosody including both accent and rhythm in terms of purely acoustic 
parameters, or the ‘acoustic map of prosody’ (Figure , overleaf).

Previous studies have not provided a clear acoustic defi nition of prosodic types. For 
example, concerning accent types, Eady () compared the pitch of Chinese (a tone 
accent language) and English (a stress accent language). Because he analyzed only 
these two languages, pitch accent (e.g. Japanese) is not taken into consideration, and 
it is not clear whether his results refl ect only accent types or they are also aff ected by 
diff erence in rhythm between the two languages. It should also be mentioned that his 
analysis is limited to only global characteristics of pitch. As to rhythm types, Ramus et 
al. () proposed the variations of consonant durations and the proportion of vowel 
durations in speech as measures of rhythm types, based on the analysis of several 
languages, including English, Spanish, and Japanese. However, their analysis is not 
purely acoustic because they assume phonological segments, and phonological judg-
ment intervenes in identifying consonant and vowel intervals in the speech signal. 
Traditionally, the acoustic correlates of rhythm types are controversial.

Th is paper seeks to identify acoustic measures quantitatively representing the 
accent and rhythm types, investigating samples from Chinese, English, Japanese, and 
Spanish. Th e paper presents two proposals on the acoustic analysis of prosodic types. 
Th e fi rst one deals with ‘what to analyze.’ We propose that pitch, intensity, and Har-
monics-to-Noise Ratio () should be analyzed. Such acoustic elements constitute 
the characteristics of prosodic types. Next, we propose ‘how to analyze.’ While some 
of the global characteristics predicted from previous studies seems eff ective; simple 
statistical calculations of acoustic elements, such as mean and standard deviation, do 
not necessarily characterize prosodic types. Specifi cally, we emphasize the importance 
of local characteristics, such as histograms of rate of change in pitch, stylized pitch line 
segments, instantaneous harmonics-noise plots, and average syllables. (Henceforth, 
global and local characteristics are called acoustic characteristics.) Although we have 
not reached a defi nite answer to the question of what the acoustic correlates of pros-
ody are, we propose several prospective methods to analyze such characteristics.
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.    .
.. . Speech data used in this paper, except the samples in Section ., were 
taken from a multilingual speech corpus (Itahashi ). Of the eleven languages 
the corpus includes, Chinese, English, Japanese, and Spanish were used. Th e material 
used was the reading of the text ‘Th e wind and the sun’ in each language, which was 
approximately  seconds long on average. Th e text was read by native speakers of 
each language: Chinese  males and  females, English  males and  females, Japanese 
 males and  females, and Spanish  males and  females. All of these data were used 
unless otherwise noted. Th e data format was  kHz, -bit.

.. . Praat Version .. (Boersma & Weenink ) was used to extract pitch, 
intensity, and Harmonics-to-Noise Ratio () from the speech signal. Th e analysis was 
carried out frame by frame at a time step of  ms. (Henceforth, each analyzed section 
in speech is called a frame; in other words, frames were shift ed by  ms in the analysis 
procedure.) Stylization of pitch by line segments was also conducted using Praat. Th e 
output of Praat was further processed for descriptive statistical calculation and graphic 
representation mainly by scripts in Matlab. If the frames that did not have an amplitude 
above / of the global maximum continued for  ms or more, they were regarded 
as pauses and eliminated from the analyses.

Because this is a pilot study, errors in pitch estimation by Praat were not modifi ed. 
We consider that the errors did not have signifi cant eff ects on our analyses because 
they were not frequent.

.. . We synthesized four types of speech samples from the original speech 
for the discussion in Section :

 . Sounds that retain only the pitch of the original speech. Th ese are expected to 
carry information on accent and intonation.

Figure . Image of an ‘acoustic map of prosody.’ Each dimension should be related to 
one or more acoustic parameters. Th e classifi cation shown in the fi gure is tentative and 
should be further investigated.
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. Sounds that retain only intensity.
. Sounds that retain intensity and . Th e combination of intensity and  is 

expected to provide perceptual cues to phoneme classes.
. Sounds that retain all three, i.e. pitch, intensity, and .

All of these were created by a script of Praat. Th e script fi rst calculated pitch, , 
and intensity of the original speech. Th en it created the four types of sounds based 
on these measures.

Th e sound with only pitch is simply a pulse train with a constant amplitude. Pitch 
was interpolated where it was not available in the original signal, e.g. for voiceless con-
sonants. As noted above, if amplitude less than the threshold continued for  ms 
or more in the original signal, this section was regarded as a pause and suppressed to 
silence in the output sound. Finally, the sound was de-emphasized, i.e. tilted – dB per 
octave, to make it sound like a human voice.

Th e sound with only intensity was made by being driven by white noise. It was 
de-emphasized as well.

Th e sound with intensity and  is a mixture of a pulse train and white noise. 
From intensity and , the amplitudes of a harmonics component and a noise 
component of the original signal were calculated respectively. Th en, a pulse train was 
made based on the amplitude of the harmonics, white noise was made based on the 
amplitude of noise, and they were added together. Th e pulse train had a fl at pitch. 
Finally, the sound was de-emphasized. Th e process of de-emphasizing caused a small 
change in , but this did not make much audible diff erence.

Th e sound with pitch, intensity, and  is the same as the above sound except that 
the pulse train was made so as to keep the pitch of the original sound.

All of these sounds have a spectrum smoothly declining at – dB/oct. Th e sound 
with pitch, intensity, and  corresponds to the ‘source’ of a vocoder or the source-
fi lter theory.

.  . We propose that pitch is associated with accent types and that 
intensity and  are associated with rhythm types.

Accent types are expected to be characterized by pitch, following Eady ().
Rhythm types are, according to Ramus et al. (), characterized by the variations 

of consonant durations, the proportion of vowel durations, etc. We adopted intensity 
and  as acoustic measures indicating the degree of ‘consonantal’ and ‘vocalic.’ 
Intensity is closely related to sonority. Vocalic sections in speech have greater inten-
sity, and consonantal, less intensity.  is the ratio of the amplitude of harmonics 
(i.e., periodic components) to the amplitude of noise (i.e., non-periodic components). 
Vocalic sections have a higher , and consonantal, a lower .

We synthesized the four types of sounds that include the above acoustic elements, 
as described in Section ., for the fi rst  seconds of speech of one male and one 
female from each language. As a trial, we used only one male and one female, and this 
proved the validity of the technique. It was confi rmed that we can distinguish one 
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language from another (i.e., one prosodic type from another) by listening to these 
sounds. (Th e relation of the combination of acoustic elements and the identifi ability 
of specifi c prosodic types is our future research theme.)

.  :   .
.. .
...   ’  (). Several values shown in Eady 
() were calculated for our data:  (the total duration of the speech 
signal),  (the mean F for voiced speech),  (the standard deviation of F 
for voiced speech),  (the average rate of change in F for every -ms interval of 
voiced speech), and  (the average number of fl uctuations per second in the 
F pattern). Of these parameters, Eady’s result showed a diff erence in , , 
and  between Chinese and English.

Our result generally conformed to Eady’s, though not perfectly, and it also gave 
additional insights.  showed a diff erence between Chinese and English, as in 
Eady’s result, and the values of Japanese and Spanish were located between Chinese 
and English. Th is suggests that  is an important characteristic of accent types. 
 showed a diff erence between Chinese and English, but the diff erences 
between speakers’ genders in Japanese and Spanish were equally large. It should also 
be noted that  seems to be susceptible to its calculation algorithm.  
and  did not show a clear diff erence across languages.  showed a clear 
diff erence across languages, but it is likely to be the refl ection of the lengths of the 
texts read rather than of prosodic types. It should be noted that  and  are 
related to local shapes of pitch contours, although they are globally averaged values. 
Th e results together suggest that how pitch changes locally is important rather than 
its global values.

...       . Because the importance of local 
characteristics was suggested, we scrutinized  more in detail, even though Eady 
gave only the average values of . Figure  shows the distributions of . (We 
used  males and  females for each language to balance the number of speakers rep-
resented in each graph.) Th e asymmetry of positive and negative values is seen in all 
of the four languages, which indicates that pitch falling is more frequent than pitch 
rising in any language. Another important observation is that this asymmetry is larger 
in Chinese and Japanese than in English and Spanish. Th is may be relevant to the fact 
that pitch bears the function of distinguishing words in Chinese and Japanese.

...       . Further, local shapes of 
pitch change were investigated. Original pitch contours were stylized by line segments 
(resolution:  semitones), as illustrated in Figure . Figure  shows the distribution of 
stylized line segments ( males and  females for each language). Each dot represents 
a line segment. Dots with larger values of time (x-axis) indicate longer line segments; 
that is, pitch changes slowly or does not change for a long period of time. Dots with 
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larger values of F change (y-axis, positive or negative) indicate a quicker change of 
pitch (rising or falling). Note that extreme values of pitch change (e.g., greater than  
or less than – in y-axis) may have been caused by pitch estimation errors.

Figure . Histograms of . x-axis: Pitch change per  ms (log₂[Hz]); y-axis: 
Number of frames.
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Figure . Stylization of pitch. x-axis: Time; y-axis: Pitch.
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 Figure  shows that Chinese has many rapid changes in pitch. In contrast, English 
has many slow changes. Japanese shows a characteristic between Chinese and English. 
Spanish seems similar to English, but may have more quick and small changes.

..   -- .
...    . Means and standard deviations of intensity 
and  were calculated for each language. Th e results did not show a clear diff er-
ence among the languages. Japanese showed a slightly larger standard deviation in 
intensity, which was contrary to our expectation that Japanese would show a smaller 
standard deviation because it sounds more monotonic than the other languages. 
Such results suggest that the global analysis of intensity and  does not capture the
prosodic diff erence.

...    -. Ramus et al. () claim 
that languages of diff erent rhythm types have diff erent proportions of consonant and 
vowel durations in speech. Hence, we plotted the amplitudes of harmonics and noise 
to see the distribution of ‘consonantal’ and ‘vocalic’ frames ( males and  females for 
each language). In Figure , dots higher and to the right in each graph indicate frames 
of greater intensity. Th ose located toward the top left  indicate frames that have lower 
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Figure . Distribution of stylized pitch line segments. x-axis: Duration of line segments 
(sec); y-axis: Pitch change of line segments (log₂[Hz]). Darker dots indicate frames 
from male speakers; less dark, female speakers.
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 (more consonantal), and those toward the bottom right indicate higher  
(more vocalic). Th ree auxiliary straight lines in each graph indicate  of , ,  
dB, respectively.

 Th ese graphs clearly support the claim of Ramus et al. () that English has 
the lowest proportion of vowel durations, Spanish has the next, and Japanese has the 
largest. Th e inverted triangle shape of the distribution of dots in the English graph 
clearly shows that English has a larger proportion of consonantal frames than vocalic 
ones. Th e Japanese graph shows that Japanese has a more equally balanced distribu-
tion of consonantal and vocalic frames. Th e shape of the distribution in Spanish falls 
between English and Japanese. Th e shape in Chinese, which is not analyzed in Ramus 
et al., may look similar to Japanese or Spanish, but it is not clear.

.     .
..      - . In this section, we 
present an example indicating that a local characteristic is smeared in a long-term analy-
sis, which shows the importance of the time alignment of characteristics in analysis.

Chinese English

Japanese Spanish
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Figure . Instantaneous intensity of harmonics-noise. x-axis: Amplitude of harmonics 
(dB); y-axis: Amplitude of noise (dB). Th ree auxiliary straight lines in each graph 
indicate HNR of , ,  dB, respectively. Darker dots indicate frames from male 
speakers; less dark, female speakers.
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Figure  shows the interaction of intensity and pitch in the voiced section of the 
word pat. (Speech data is from our own recording.) In this example, intensity goes up 
from a low value, reaches a peak, and goes down, while pitch continuously goes down. 
If the amplitude is diff erentiated, it shows a strong correlation with pitch, such that 
the faster the amplitude goes up, the higher the pitch is; the faster the amplitude 
goes down, the lower the pitch is (see the right panel). Th e same characteristic was 
observed also in other words, such as clap and splash. Th is characteristic may be 
related to the nature of stress accent in English.

 However, when the same analysis is applied to a whole continuous speech sample, 
such a characteristic is totally smeared, as shown in Figure . (Speech data are from 
Chino .) To capture such syllable-wide characteristics, simple global statistical 
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calculations are inadequate, and some operations for the time alignment of local 
characteristics are necessary.

..  . Figure  shows averaged contours of intensity, harmonics 
amplitude, and noise amplitude (dark lines, medium lines, pale lines, respectively), 
which show the averaged shapes of syllables. Each graph shows averaged contours 
from three speakers (Hence, there are three lines for each type of contour).

Th ese contours were calculated in the following way: First, an automatic algorithm 
selected from the speech signal  ms sections ( frames) whose center is a local 
peak of the contour of harmonics amplitude. Next, the contours of intensity, harmon-
ics amplitude, and noise amplitude were averaged across these sections. Th e result is 
that these contours are time aligned at the peaks of harmonics amplitude that can be 
regarded as syllable centers.

A universal characteristic of syllables is observed in these contours. See the Chi-
nese graph (top left  panel) for illustration. In the x-axis,  (the th frame) is the 
center of the averaged syllables. In the region of – in the x-axis, intensity is 
smaller and noise is greater than in – in the x-axis. Th is indicates that the syllable 
onset tends to have more consonantal elements, and that the syllable coda tends to 
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Figure . Averaged syllables (Female; Intensity, harmonics amplitude, and noise 
amplitude). x-axis: Frame number ( frame =  ms); y-axis: Amplitude (dB). Th e 
darkest lines indicate intensity contours; medium lines, harmonics amplitude; palest, 
noise amplitude.
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have more vocalic elements, such as the ending part of diphthongs, nasals, etc. Such a 
tendency can be observed in other languages, too.

Such representation also shows cross-linguistic diff erences. In Japanese, clearly 
there are bumps before and aft er the center peak (around the th and th frames). 
Th is indicates that Japanese syllables occur fairly regularly in time. Such bumps are 
also observed in Spanish, although they are less clear. (Th ey are not well seen in Figure 
, but are clearer in a graph of males that is not included due to space limitations.)

Figure  shows the averaged contours of pitch. Chinese shows a tendency to 
large pitch falling within a syllable, and Japanese shows a smaller falling. English 
does not show such a tendency. In Spanish, it may be even considered that pitch 
tends to rise across consecutive syllables in some speakers. Such cross-linguistic 
diff erence is congruent with the asymmetry of positive and negative values of  
mentioned in Section ...

.  . First, we proposed that pitch, intensity, and  are acous-
tic elements related to prosodic types.

Next, we have extracted local characteristics (histograms of , stylized line 
segments of pitch, and instantaneous intensity of harmonics-noise) as well as global 
characteristics (mean, standard deviation, and others of Eady’s parameters). We pro-
posed methods to analyze these local characteristics. We have shown the importance 
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Figure . Averaged syllables (Female; Pitch). x-axis: Frame number ( frame =  ms); 
y-axis: Normalized pitch (log₂[Hz]).
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of local characteristics, or the ‘distribution of parts’, while indicating that some global 
characteristics, such as , may be useful as well. Finally, we proposed averaged 
syllables, which show the cross-linguistic diff erence of ‘partial shapes’ of acoustic ele-
ments as well as universal characteristics.

We have therefore extended Eady’s F analysis on stress and tone languages to 
other prosodic types and proposed a more acoustic-natured measure than Ramus 
et al.’s rhythm analysis based on the phonological segmentation. We also introduced 
methods of analysis for local prosodic features; although we have not extensively dis-
cussed it in this paper, the literature suggests their importance (see Th ymé-Gobbel & 
Hutchins , etc.).

1 We thank John T. Hogan and Lois M. Stanford for their comments. Th is research was 
partially supported by Gakunai Kyodo Kenkyu of Sophia University (Akira Ishikawa 
–).
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