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Phonetic Study on Phonations in China

KONG Jiangping

The study on phonation has a long history in
China. A story about the production and application of
artificial larynx had been documented in an ancient
Chinese book titled “Mengxi Bi Tan” (writing in the
Mengxi Garden) by Shen Kuo (1031-1095) (Hu, 1957)
in Song dynasty. "Devices made by people from
materials, such as bamboo, wood, ivory and bone, were
called sound generators. A sound generator, which
could be put into the throat and produce speech sound
by whistling, was called a voice generator. A dumb
person, who suffered from injustice, could not argue in
court for himself. The judge let people put a voice
generator in his throat, and asked him to speak. The
speech articulated like puppet talk, but could roughly
make sense. His injustice was finally redressed. The
case is worthy of being documented.” This story
vividly described the production and usge of artificial
larynx in ancient time of China. Along with the
development of speech technology, phonation study
has being carried forward in different fields, such as
linguistics, speech physiology, speech pathology and
speech engineering.

Linguistic study on phonations in the languages of
China started in the 50s of last century and the most of
phonation types were described by Chinese linguists in
the 80s. The phonetic study on phonation types in
languages of China started in 1980s by professor
Ladefoged and Maddieson in UCLA (Maddieson et al,
1985, 1986) and the most of phonetic studies on
phonation types were done by professor Bao Huaigiao
and Kong Jiangping, two Chinese phoneticians in
Chinese Academy of Social Sciences and Peking
University in 1990s (Bao at al, 1990, 1992; Kong, 1993,
1995, 1996, 1997a, 1997b, 1997c, 1998). In addition,
Professor Li Shaoni and Caojianfen studied the
phonation types in Bai lanaguage and Chinese Wu
dialects (Li et al, 1990, 1997; Cao et al, 1992). In this

century, the phonation studies and modeling in
physiology, speech production and oral cultures in
China were done by professor Kong (Kong, 2001a,
2001b, 2003, 2004a, 2004b, 2005, 2007, 2009, 2011a,
2011b) and the phonetic studies on phonation types in
minority languages and Chinese dialects were done by
professor Zhu Xiaonong (Zhu, 2006, 2008, 2009,
2010). In the following sections, the phonation types in
the languages of China, the voice signals and research
methods, the phonetic studies on phonation types and

linguistic discussion are briefly introduced.

1. Phonation in languages of China
There are more than 100 languages in China, in
which about eighty had been identified academically.
Phonation types which are significant in distinguishing
meanings appear in many of these languages.
Phonation as a phonetic phenomenon was found very
early by Chinese linguists in the linguistic study, such
as the "tense" and "lax" vowels in Yi language, the
voice aspiration in Miao language, the tense and lax
vowels and the voiced aspiration in Wa language, the
fricative vowel in Western Yugu language, the Yin and
Yang vowels in Mongolian, the tense and lax
consonants in many language and so on. The phonation
differences are mainly between vowels and sometimes
between voiced consonants and even tones. The studies
show that the phonation types exist in Mongolian,
Tibetan, Uygur language, Bai language, Yi language,
Hani language, Western Yugu language, Zhuang
language, Miao language, Wa Language, Shui
language, Zaiwa language, Jingpo language and so on.
The different phonations which are significant
linguistically are exactly described and used in the
historical linguistic study (Ma, 1948; Hu et la, 1964).
Different phonation types mainly exist in the
Loloish languages. Huni language has 10 tense vowels
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and 10 lax vowels which are very good materials for
phonetic study on the phonation types of vowels (Li &
Wang, 1986). Nu language has 39 vowels, among
which there are 12 modal vowels, 8 tense vowels and
19 nasalized vowels, 3 retroflex vowels, 4 nasalized
retroflex vowels, 1 tense retroflex vowel, and 1 tense
nasalized retroflex vowel (Sun and Liu, 1986). Bai
language has 6 to 8 tones among which 3 tones are with
creaky voice at the end of syllables which higher
pitches comparative with the other tones. Usually there
tones are described as tense tones and lax tones
linguistically. (Xu and Zhao, 1984). Lisu language has
6 tones which have close relationship with the tense
and lax vowels and are usually described as tense tones
and lax tones linguistically. (Xu, Mu and Gai, 1986).
Lahu language has 5 lax tones and 2 tense tones which
are produced by the tense vowels. Usually these tones
are described as tense tones and lax tones linguistically.
(Chang, 1986).

Zaiwa language which belongs to the Burmese
languages, has 5 lax vowels, 5 tense vowels and 68
finals. (Xu, 1984). Miao language which belongs to
Miao-Yao languages, has very complex initials and
very simple finals. Tones in Miao have are
correspondent to Chinese tones (Wang, 1958). Wa
language belongs to Austro-Asiatic languages and has
18 vowels among which there are 9 lax vowels and 9
tense vowels, 28 diphthongs among which there 14
tense diphthongs and 14 lax diphthongs and 4
triphthongs among which 2 are tense triphthongs and 2
are lax triphthongs.(Zhou and Yan, 1984). Mongolian,
which belongs to Mongolian language groups in Altaic
language family, has 12 long vowels which are lax
vowels and 11 short vowels among which 7 are tense
vowels when they appear in the first syllable of a word.
(Daobu, 1983). Western Yugu, which belongs to Turkic
language group in Altaic language family, has 6 vowels
with short fricative property. (Chen and Lei, 1984).
Korean in China is the main language spoken by Korea
people who are distributed in Liaoning, Jilin and
Heilongjiang provinces. Most scholars regard Korean
as a language in Altaic language family. Korea has one
set of lax consonants among which 3 are lax stops, 1

lax affricate and 1 lax fricative, and one set of tense

consonant among which 3 are tense stops, 1 tense
affricate and 1 tense fricative.(Xuan, Jing and Zhao,
1985)

2. Voice signals and research methods
used in China

The research methods of phonation depend on the
signals. The main voice signals are: 1) speech signal, 2)
electroglottography (EGG), 3) signals of air flow and
air pressure, 4) laryngeal electromyography (EMG), 5)
photoglottography (PGG), 6) fiber stroboscope video,
7) high-speed filming (HSF), 8) high-speed digital
imaging (HSDI). In the phonetic study on phonation
types in China, two signals are most popularly used
which are: 1) speech sound by which acoustical
parameters such as ratio of harmonics, voices spectrum
tilt, fundamental frequency (FO), open quotient (OQ)
and speed quotient (SQ) can be extracted to describe
phonations; 2) EGG signal which reflect the contact
area of vocal folds in vibration is captured through
laryngograph. Since long EGG signal from which
physiological parameters such as FO, OQ, SQ, jitter
and shimmer can be extracted for phonation study can
be easily sampled without invasiveness, it can be used
in many research fields. Another signal which is very
important in phonation study is high-speed digital
images captured by high-speed digital imaging system
through endoscope or fiber scope. This kind of signal is
not easily collected, but high-speed images from which
parameters such as glottal area function, areas of left,
right, anterior and posterior glottis, lengths of anterior
and posterior glottis, widths of left and right glottis,
glottal opening instant, glottal closing instant, FO, OQ
and SQ from glottal area function etc. can be extracted
is very useful to explain significances of phonations in
language communication. With these parameters
talked above, different phonation types can be
described and defined and glottal geometrical model
can be established.

The methods usually used in China are: 1)
harmonic analysis, 2) inverse filtering analysis, 3)
electroglottography analysis, 4) spectrum tilt analysis,
5) high-speed imaging analysis, 6) multi-dimensional
voice processing, 7) pitch range analysis and 8) voice



attack time analysis, among which the first three are
often used by Chinese phoneticians. In this section,
some of these methods are briefly introduces.

Harmonic analysis which is a method often used
by phonetician is a simple and easily used method in
research of phonation types, because speech sampling
and spectrum analysis are all very easy with a personal
computer. In the last century, many researches on
phonation types including some phonation types in
languages of China had been done with this method by
the researchers (Ladefoged, 1973, 1988; Laver,1980;
Ladefoged et al, 1987, 1988; Kirk et al, 1984,
Maddieson et al, 1985; Bao, 1990; Kong, 1993).
Harmonic analysis for phonation main depends on the
power or amplitude of different frequencies in a voice.
The acoustical principle is that when a voice has large
power or amplitude in high frequency, the amplitude of
the second harmonic is large than that of the first
harmonic.

Inverse filtering analysis is an easily used method
in the study of phonation types and also often used by
speech engineers, because the speech signal is easily
captured and the signal processing of inverse filtering
is not difficult to implement by a personal computer.
By this way, resonance of the vocal tract can be

eliminated from the speech sound and finally obtain the

W AR TUR 2012

source of speech (Alku P., 1991; Fant G. et al, 1994).
The signal processing used in inverse filtering is LPC
(linear predictive coding). The steps for inverse
filtering are: 1) Calculating LPC coefficients from a
period of speech sound (which is pre-emphasized); 2)
designing an inverse filter by the LPC coefficients; 3)
Filtering the speech sound to get the source of voice.
Electroglottograph analysis is a method by which
parameters are extracted from EGG signal which is
easy to capture in real-time through larngography
simultaneously with speech signal. The parameters
often extracted from EGG signal are FO, OQ, and SQ of
close phase by which properties of different phonation
types can be explained and these parameters also can
be used in voice model establishment. From the

perspective of physical meaning, fundamental
frequency (FO) is the reciprocal of glottal period, open
quotient (OQ) is the ratio of open phase over the whole
glottal period, and speed quotient (SQ) is the ratio of
opening phase over the closing phase. Actually, these
three parameters can be extracted not only from the
EGG signal, but also from the speech source signal. In
Figure 1, the left is the integral of the glottal source
waveform extracted from the speech signal, and the
right is the EGG signal. The definitions of the three

parameters in two cases are also listed in this figure.

FO = 1/glottal preiod = 1/ad
0Q = open phase/glottal preiod = bd/ad

SQ = opening phase/closing phase = bc/cd

PR -
=
3 S

FO = 1/glottal preiod = 1/ad
0Q = open phase/glottal preiod = bd/ad
SQ = opening phase/closing phase = bc/cd

Figure 1. Definitions of FO, OQ, SQ extracted from speech source signal (left) and EGG signal ( right).

3. Phonation types in vowels

There are two sets of vowels one of which is 'lax

vowel' and the other is ‘tense vowel' so called
linguistically in Hani language. The 'tense' and ' lax' are
not as the same as those in English and they are only two
sets of different vowels. From the view point of

physiology, 'The muscles of larynx contract with great

strength and short airflow and the vowels are loud and

clear in perception, when the tense vowels are
pronounced. The muscles of larynx contract with less
strength and long smooth airflow and the vowels are so
loud and clear.' (Li at al, 1986). Professor P. Ladefoged in
UCLA once studied on these two sets of vowels and
found that the ratio of airflow over air pressure of lax

vowel is larger than that of tense vowel (Ladefged et al,
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1987, 1978). They thought that the tense vowels are
glottalized at the offset of vowels.

The tense and lax vowels had been studied
acoustically by professor Kong from the viewpoint of
phonation types, and found that 1) the tense and lax
vowels are produced by different mechanism of larynx
and they belong to different phonation types, the so called
tense vowels are a kind of creaky voice and the lax
vowels are modal voice (Kong, 1996); 2) the two
phonation types remain unchanged through all the vowels
from the onset to the offset; 3) voiced consonants have
two different phonation types which are as same as those
of the vowels. In addition, the muscles of larynx contract
with more strength when pronounce the consonants
before the creaky vowels; 4) the articulation of these two
sets of vowels are almost the same by analysis the first
and second formants in the tense and lax minimum pairs,
and the opening of mouth in lax vowels are little bit larger
than those of tense vowels; 5) the tone contours in tense
and lax vowels are the same and the duration of lax
syllables are longer than those of tense vowels.

The method used in this study is 'harmonic analysis'
in which the ratio or difference of the power or amplitude
of these two harmonics are measured. Usually the
difference of the second harmonic and the first harmonic
is used to describe the properties of phonations,
especially in the phonetic field investigation but it also
has weakness. The main problem is that when the first
formant is low, such as the first formant in vowel /i/, /u/
and /y/, the frequency of first formants is very low, so it
will affect the amplitude of the second harmonic and lead
to wrong parameter. So a phonatician with experience
will usually choose vowel /a/ or /e/, which has large first
formants, to be the experimental samples. In order to
solve the problem, the amplitude ratio of the second
formant and the first or second harmonic is used to
describe phonation types, but the frequencies of the
second formants in different voices should be same or

very close to each other.

4. Phonation and articulation

Different phonation and articulation can often exist
together in a vowel or syllable. So in the phonetic study of
such language, research should pay attention to

distinguish the function of phonation and articulation.
Liangshan Yi language has 5 pairs of vowels, 5 tense
vowels and 5 lax vowels. The 5 lax vowels are regarded
as modal voice and the 5 tense vowels are regarded as
creaky voice. (Maddieson et al, 1985). Meddison also did
an experiment on some of vowels in Liangshan Yi
language by the method of harmonic analysis and found
that the amplitude differences of the second harmonic
minus the first harmonic in some tense vowels are smaller
than those in lax vowels. This result is not very good to
explain the nature of tense and lax vowels in Liangshan
Yi language.

As is well known, there are two features in the vowel
system of Liangshan Yi language, one is phonation and
the other is articulation. According to linguistic study, the
articulations are the same and the phonations are different
in the high vowel. The articulations and phonations are all
different in the middle and low vowels. Based on this,
another phonetic study on Liangshan Yi language had
been done and found 1) the articulation between the five
lax/tense vowels are quite different, the lax vowels have a
closer mouth opening than their tense counterparts; 2) in
the tense vowels, the phonations at offsets are more tenser
than those at onsets; 3) the difference between lax and
tense vowels in Liangshan Yi language lies not only in the
different tension of vocal folds, but also in the different
pharyngeal cavity size and tongue position. As for tense
vowels, voices are creaky, tongue root advances, and the
pharyngeal cavity enlarges. Therefore the tense vowel in
Liangshan Yi language is a comprehensive phonation
type produced by a mechanism of vocal folds, tongue root,
and laryngeal cavity; 4) in harmonic analysis, the ‘h2-h1’
is not appropriate in this case, while the ‘F1-h1’ and

‘F2-h2’ are applicable (Kong, 1997a).

5. Phonation in initials

It is important for the description of a sound system
in language field investigation, if the phonation feature of
an initial can be identified. There are 29 consonants in
which many are voice consonants, 8 pairs of tense/lax
vowels whose articulation quality are the same, and 3
tones which are simple. So they are very good materials
to study on the phonation types of voiced consonants. In
the study, the method of harmonic analysis is used and



found 1) the phonation types are different between the 8
pairs of tense/lax vowels. The tense vowels are a kind of
pressed or creaky voice and the lax vowels are modal
voice; 2) voiced consonants have two different phonation
types which are as same as those of the vowels; 3) the
phonation types of Axi Yi language have relationship
with the articulation but have no great different. 4)
although the 3 tones in Axi Yi language are described as
33, 55 and 21 linguistically, they have close relationship
with the phonation types of vowels. The FO contours in
creaky syllable are higher than those in modal syllable
(Kong, 1997h).

According to the results, the vowels can be
described as two kinds of vowels by different phonation
types linguistically, and the voiced consonants also can be
described as two kinds of consonants by phonation types,
one is creaky voiced consonant and the other is model
voice consonants. At present, linguists in China usually
regarded the phonation features as the properties of
vowels. From the viewpoint of historical linguistics, the
initials and final stops in a syllable usually have
relationship with the two phonation types.

6. Phonation in finals

The finals in most of languages in Loloish language
group consist of single vowels and only few languages
have voiced final endings. There are many voiced final
endings appear in the language of Burmese language
groups. Zaiwa language which belongs to the Burmese
languages, has 5 lax vowels, 5 tense vowels, 3 tones
which is simple and 68 finals among which many have
voiced final endings. There are 3 kinds of final structures,
which are single vowel, main vowel+stop ending and
main vowel+nasal ending (Xu, 1984).

An experiment on phonation types had been done
through the methods of harmonic analysis and the inverse
filtering and the results shows 1) the tense vowels belong
to a king of pressed voice and the lax vowels are modal
voice with a little breathy voice. 2) the phonations types
of different final endings are as same as those of the main
vowels. 3) according to the results, the nasal endings in
Zaiwa language have two different phonation types, one
is pressed voice and the other is model voice. 4) finals
with stop endings are always pressed voice from which
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we can see that phonation types in Zaiwa languae have
close relationship with stop endings. 5) the phonation
types of voiced consonants are as same as those of main
vowels. 6) The pressed voice feature not only appear in
main vowels and voiced initials, but also appear in voiced
final endings and stop endings (Caodao, 1998; Kong,
2001). According to this, the final can be described as a
tense final or tense syllable linguistically.

7. Phonation in tones

When phonation types of languages in Sino-Tibetan
language family are discovered and studied, linguists
China did want to know if phonation features can be a
distinguish feature of tones. Jinpo language belonging to
Jingpo languages in Burmese branch has 31 initials, 4
tones, and 88 finals. There are 4 final structures which are
1) single vowel, 2) main vowel+vowel ending, 3) main
vowel+nasal ending and 4) main+stop ending. If the
different phonation types appear in the four kinds of final
structures simultaneously, the syllabic nature which can
be used to define tone quality can be identified.

After the acoustical analysis on Jingpo language, it
can be found that the tense vowel is a kind of pressed
voice and the lax vowel is modal voice. They are two
different phonation types. While the results also show that
a phonation type which really appears in different
syllables is of syllabic and can be used as a
suprasegmental feature. Jingpo language is a tonal
language. Usually tones are described and defined by
levels and contour forms of FO which produce by
frequency of vocal fold vibration. When articulations of
segments and FO contours in one syllable are the same,
the different phonation types are the distinguish features
which can be defined as tone quality produced by the
different vibration methods physiologically (Kong,
2001,2005). In the latter section, we can see that FO (time
domain), OQ and SQ (frequency domain) can be used to
define tone quality.

8. Phonation of voiced aspiration

Another phonation type often appears in the
languages of China is breathy voice which can be found
in Miao and Wa languages. The breathy voice always has

relationship with voiced aspiration consonants. In this
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section, the breathy voice in Shimenkan Miao is taken as
an example to explain the phonation feature. The voiced
aspiration in Miao has been found many years ago and
was described as voiced aspiration consonant, aspiration
vowel and tones by different linguists for different
purposes (Wang, 1979). Shimenkan Miao has 56
consonants, 21 finals and phonological 8 tone. Usually
the voiced consonants are described as voiceless
consonants, because they are in a complementary
distribution with tone 1, 3, 5 and 7.

The experiment on the voiced aspiration shows: 1)

the voiced aspiration is breathy voice in Shimenkan Miao.

2) Breathy voice which is syllabic appears not only in
voiced aspiration consonant, but also in the whole finals.
3) The tones in syllable of breathy voice are lower than
those in un-breathy voice syllable, which indicate breathy
voice can decrease FO of tones, especially at the onset of
tones (Kong, 1993). According to the results, breathy
voice in Shimenkan Miao can be described as voice
aspiration consonant, voiced aspiration vowel and voiced
aspiration tone phonemically and phonologically for
different linguistic purposes.

9. Phonations in Mandarin tones

Mandarin is tonal language which has 4 basic tones
and 20 diatones including the 4 neutralized diatones. As is
well known, FO in Mandarin tones is significant in
distinguish meanings and the tone perception categories
have been defined by Professor William S-Y. Wang
(Wang, 1983). With the development of speech
technology, speech synthesis and recognition of
Mandarin have been researched and implement systems
have been established. In order to improve speech
synthesis system, it is important to study and improve
phonation model of Mandarin tones. In this section, 3
basic studies on phonation patterns or models are briefly
introduce.

The patterns of tones and diatones of Mandarin were
studied by EGG analysis, in which the parameters of FO,
0OQ and SQ were extracted from EGG signals. The results
show: 1) The FO contour of Tone 1 (Yinping) whose tone
value is 55 by the 5 letter tone system by Chao (Chao,
19xx) is 'high-level', the SQ contour is also ‘high-level'
and the OQ contour is 'rising'. 2) The FO contour of Tone

2 (Yangping) whose tone value is 35 is 'rising’, the SQ
contour is 'falling' and the OQ contour is 'rising' which is
as same as that of tone 1. 3) The FO contour of Tone 3
(Shangsheng) whose tone value is 214 is 'low-level', the
SQ contour is ‘high-level' and the OQ contour is
‘falling-rising'. 4) The FO contour of Tone 4 (Qusheng)
whose tone value is 51 is 'falling’, the SQ contour is
rising' and the OQ contour is 'rising-falling-rising'. The
same method and parameters were used in the study of the
diatones in Mandarin (Kong, 1998).

The phonation model on tones and diatones in
Manadrin were studied by the method of inverse filtering.
Although LPC inverse filtering analysis is a good method
to extract voice source from speech sound, it has
weakness in obtaining voice source, because it is an all
poles model. As is well know, there are zeros
(anti-resonance or anti-formant) in speech sound when
nasal is pronounced (Dang, J., K. Honda, et al, 1994), and
zeros will also appeared in the coupling of vocal tract and
trachea, and the piriformis will also produce
anti-resonance (Dang, J., K. Honda, et al, 1997). In the
phonetic study on phonations in China's languages,
normal vowels, such as /a/ or /e/, are often used as
experimental samples and vowels with lower first
formants are not used, because the power of FO will be
reduced in the inverse filtering. Since this method cannot
extract zeros (anti-formants) for the inverse filtering
design, the inverse filtered acoustical source display
single peak waveform, double peaks waveform and
tri-peaks waveform, when FO deceases gradually (Kong,
2004b). The phonation model was established through
such source waveforms which can be used to improve the
speech Intelligibility and naturalness of speech.

With the development of high-speed imaging, the
vocal fold vibration of tones in Mandarin can been
observed and captured by endo- or fibre-scope through
high-speed video camera. So parameters such as FO, OQ),
SQ and jitter can be extracted from dynamic glottis of
tones for phonation research and modeling. The model of
dynamic glottis can (Kong, 2007) can not only synthesize
different phonation types such as modal voice, falsetto,
vocal fry, creaky and so on, but also synthesize disordered
voices such as diplophonia. To compare the 3 studies

above, we can see that the research sources are not same.



The first is EGG signal, the second is speech signal and
the third is image signal. Although the signals are
different, they all revealed the phonation natures in tones
of Mandarin.

10. Phonation study by high-speed
image

In the 70s last century, the techniques of high speed
imaging developed quickly. This technique was also used
in the study of vibration of vocal folds. With digital image
signals processing, many parameters can be extracted

from the high speed image glottis (Kong, 2007). The
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definitions of parameters display in figure 2.

Figure 2. Parameter definition

There are two plots in the following 3 figure. In figure 3., the left displays 24 vocal fold images of modal voice and

the right displays 13 parameters extracted from dynamic glottis. In figure 4., the left plot displays 24 vocal fold images of

breathy voice and the right displays 13 parameters of this voice. In figure 5., the left displays 24 vocal fold images of

creaky and the right displays 13 parameters of this voice.
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Figure 3. Left plot displays 24 frames of vocal fold images of modal voice. Right plot display 13 parameters of a

TEELL.
teeeee
SLLEL.
EEEET

Figure 4. Left plot displays 24 frames of vocal fold images of a breathy voice. Right plot display 13 parameters of a

breathy voice
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Figure 5. Left plot displays 24 frames of vocal fold images of a creaky voice. Right plot display 13 parameters of a
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creaky voice.

Through the high speed images, vibration of vocal
folds of different phonation types can be observed and
studied both acoustically and physiologically. The
research by high-speed imaging has greatly improved the
research on phonation types in China.

11. Linguistic discussion

According to the principle of acoustics, speech
production consists 3 parts which are speech source
which is correspondent to vibration of vocal folds,
resonance which is correspondent to articulation of vocal
tract and radiation which does not has linguistic
significance in languages. So some phonetics concepts
and theoretical frame work should keep consistent with
the acoustical principles. In this section, the definitions of
model voice, breathy voice, pressed voice and creaky
voice are given and discussed, an acoustical chart of
phonation is introduced, the concept of tone quality is
defined, the concepts of articulation quality and
phonation quality are given and discussed and the 3 kinds
of vowel qualities are defined.

As is well known, phonation changes in oral speech
communication of all languages. From the viewpoint of
linguistic phonetics, phonation types in languages of
China should be of linguistic significance and those
which do not have linguistic significance are not regarded
phonation types even though they are real different
physiological and acoustical phonations. According to the
results and conclusions discussed above, there are at least
3 phonation types which are significant in disguising
meanings. They are "modal voice", "breathy voice" and
"pressed voice" or "creaky voice". The phonation type
which usually has modest FO, modest OQ which is around
55% and modest SQ which is around 200 is regarded as
"modal voice". The phonation type which usually has
relatively small FO, large OQ and small SQ is regarded as
"breathy voice". The phonation type which usually has
relatively large or small FO, small OQ and large SQ is
regarded as "pressed voice". The phonation type which
usually has very small FO, small OQ, very large SQ and
irregular period or large jitter is regarded as "creaky
voice". There phonation types are defined linguistically
based on acoustical parameters.

In linguistic phonetics, acoustical vowel chart is
used to display the tongue position and mouth opening of
a vowel. In the study on phonation types, we have
developed an "acoustical phonation chart" to display
status of wvocal fold vibration of phonations. The
parameters used in this chart which can be 2 dimensions
(2D) and 3 dimensions (3D) are FO, OQ and SQ. See
figure 6 and 7. Figure 6 is a 2D acoustical chart of
phonation whose x axis is OQ and y axis is SQ. It displays
5 phonation types. Figure 7 is a 3D acoustical chart of
phonation whose x axis is FO, y axis is SQ and z axis is
OQ. It displays the phonation distributions of ordinary
speech and chanting of Lama chantings in 3D space.

Acoustic chart of phonation
types
open quotient
70 60 50 40

100
150

250
300

speed quotient

400
450

Figure 6. A 2D acoustical chart of phonation.

SQ(%)

100 120
FO(Hz)

140 40
0Q(%)

Figure 7. A 3D acoustical chart of phonation.

According to the phonation studies in languages of
China, phonation types are often syllabic. If the initials,
finals which may has main vowel and vowel or nasal
endings and tone contours in two single syllable words
which distinguish from the other only by phonation types
are the same, the phonation types can be regarded as "tone
quality”, because the FO contours reflect the phonation
nature of tones in time domain which can be regarded as

"tone pattern” and the phonation types reflect the



phonation nature of tones in frequency domain.

Avowel is produced by both vibration of vocal folds
(speech source) and articulation of vocal tract (resonance)
and it is wrong to think that vowel is produced only by
articulation. So the vowel quality is regarded as
"articulation quality”, when articulation is used to
distinguish meanings and the vowel quality is regarded as
"phonation quality”, when phonation type is used to
distinguish meanings. These two kinds of qualities are
also can be used to describe and define voiced
consonants.

Based on the concepts of articulation quality and
phonation quality, vowel quality has 3 different forms
which are: 1) "articulation quality is same and phonation
quality is not same"; 2) "articulation quality is not same
and phonation quality is same"; 3) "articulation quality
and phonation quality are all not same". These 3
combinations of vowel qualities can all be used to
distinguish meanings in a language.

With development of speech technology, many new
methods are used in phonation research. For instance, the
method of VAT (vocal attach time) is a new method which
is developed in the fields of speech physiology (Baken RJ,
Orlikoff RF.1998). By this method, the hard and soft
voices can be identified. At present, this method is not
widely used in the phonetic study for phonations. A
according to our preliminary study by this method, it can
be found that hard and soft voices indicate some
relationship between tones and initials. We hope that it
can be used to reveal the nature of tone's origin. In a word,
the phonetic and linguistic studies on phonation types in
languages of China are the bases which improve the

research on phonation types in China's speech science.
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A study on multi-speech models of Mandarin

and multi-media learning system

KONG Jiangping

Abstract

This paper introduces the multi-speech modality
research of Mandarin in the department of Chinese
language and literature, Peking University and discusses
the role and possibility in establishing a multi-media
learning system of Mandarin. In the study on speech
production of Mandarin, five basic models which are 1)
the model of vocal fold vibration established by
high-speed digital imaging; 2) the model of dynamic
vocal tract establishes through X-ray and MRI, 3) the
model of lip motion set through video and motion capture,
4) the model of palatal contact studied through
electropalatography and 5) the model of speech aspiration
studied through an respiration belt are introduced. The
advantages and possibility of these models used for
Mandarin learning are discussed including the teaching
and learning for people with hearing and pronouncing
problems. Finally the application prospects in
multi-media teaching and learning system of Mandarin

are talked.

Keywords:

Mandarin, multi models of speech production,

multi-media learning system1. Introduction

With the development of China, the activities of
economics and cultures have been increasing rapidly. So
people of the world have been paying more and more
attention to the learning of Mandarin which is also an
official language used in the United Nations. Mandarin
belonging to the Sino-Tibetan language family is a typical
tonal language and has many speech characteristics in

speech physiology, acoustics and psychology. As a
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standard Chinese spoken language, studying on the
Mandarin speech production physiologically, acoustically
and psychologically is very important for its teaching and
learning.

In the traditional education, people tends to regard
the education as a kind of "art" but not "science" or a kind
of scientific methods. At present, since the speech
technology and internet develop fast, many techniques
and methods are used in establishing e-teaching system
which leads language teaching and learning into a new
field. As to the spoken language teaching and learning,
the study on multi models in speech production
scientifically and technologically can improve the way of
teaching and learning and set up new educational system.

The spoken language acquisition of second language
has its own property which has close relationship with
speech production and the modeling is well benefit from
the new techniques used in recent ten years. In Peking
University, the multi models of Mandarin had been
studied for almost ten years and the models of vocal fold
vibration, vocal tract, lip motion, palatal contact and
speech aspiration were established. In this paper, the
multi-speech models of Mandarin are briefly introduced
and the application prospects in Mandarin teaching and
learning system are discussed.

2. Model of dynamic vocal tract

X-ray was used in studying on vocal tract when it
was just invented. Through X-ray, phoneticians got to
know the activities of human's speech organs and defined
vowels by mouth openings and tongue positions. In China,
only one set of X-ray materials including 250 single
syllables and disyllables of 3 persons, 1 male subject and

2 female subjects, was captured by Professor Bao



Huaigiao in 1970s. Since X-ray is invasive, these
materials are very valuable in studying the movement of
articulation in Mandarin.

With the development of image signal processing, it
is relative easy to process these videos and detect the
edges of vocal tracts and tongues of different vowels. A
database of Mandarin vocal tract was established by
32000 frames of images by which a 2D model of dynamic
vocal tract in Mandarin was set up. In this model, the
speech organs were divided into 6 parts which are: 1) lips;
2) mouth; 3) soft palate; 4) tongue, 5) tongue tip and 6)
vocal folds and 12 parameters were used to drive the
model. See Figure 1. There are 4 plots in figure 1. which
displays the vocal tract of initial /b/, the vocal tract of
vowel /a/, the 3D speech organs by MRI and the separated
3D speech organs.

Figure 1: Vocal tracts of Mandarin captured by
X-ray and MRI

In the teaching of Mandarin pronunciation, pictures
of speech organs are often used in class and the
disadvantage is that they are not able to show the
movement of articulations. Based on the model of
dynamic vocal tract, a teaching system for Mandarin
pronunciation was established, in which the Mandarin
articulation was carefully described by images of real
vocal tracts and videos. It is a very useful and convenient
tool and has plenty of materials for both teachers and
second language learners. In addition, the system is also
useful for Chinese children who have partially hearing or
hearing problems to learn the pronunciation of Mandarin

in the first language acquisition.

3. Model of vocal fold vibration

W AR TUR 2012

Since the vocal folds are in the throat and can't be
easily observed directly, the phonetic study on phonation
types developed much late than that of articulation. Since
the technique of high-speed imaging was used in studying
on phonation types and the vibration procedure of vocal
folds can be observed by eyes, phonation types of
different languages were greatly understood. The
fundamental frequency (F0) and its contours were usually
regarded as the only distinguish feature in Mandarin tones,
and now people found that the phonations, especially the
phonation in the third tone (shang sheng) was a kind of
creaky voice which was significant to intelligibility and
naturalness of Mandarin.

The high-speed image samples of 4 basic Mandarin
tones of 3 males were captured by fiberscope and the
high-speed image samples of 8 persons, 4 males and 4
females, were captured by endoscope, while the speech
sound and electroglottography signal were sampled
simultaneously. After signal processing, three kinds of
parameters can be extracted from these 3 signals. Based
on these parameters, phonation models of Mandarin tones
can be established. See figure 2.. There are 2 plots for
each tone in figure 2 in which the upper display the
parameters of FO and speed quotient (SQ) which is
defined as opening phase over closing phase and the
lower displays the parameter of open quotient (OQ)

which is defined as open phase over period.
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Figure 2: Phonation parameters of 4 basic tones in
Mandarin.

From the phonation patterns of tones, we found that
0OQ and SQ changed along with FO. In the learning of
Mandarin tones, all attention had been paid to the change
of pitch and the phonation had been disregardful. Now we
know that phonations are very important in learning
Mandarin tones, especially the third tone in which creaky
voice is the most important thing that a learner has to
imitate. By taking advantage of modern techniques,
visual phonation feedback should be designed in a
Mandarin learning system to help the learners. With the
visual feedback of FO, OQ and SQ, phonations, it is not
only helpful for the normal Mandarin learner to learn
tones, but also very useful and helpful for the partially
hearing people to learn tones. In addition, phonation type
visual feedback in a learning system will also be helpful
for singers to imitate different phonation types in

different operas or original folk songs.

4. Model of lip motion

From the viewpoint of speech communication, lip
reading or speech reading is very important in learning of
spoken language and lip reading is obliged to the
language teaching of deaf mute child. From the viewpoint
of linguistics, viseme is defined as a unit which is
significant in distinguish meanings. The results of present
research on viseme show that static viseme was not very
useful in spoken language learning and the dynamic
viseme was more useful and significant in language
learning. So dynamic lip reading should be designed in
the spoken language teaching system which needs
multi-media technique.

Mandarin lip motion has been studied through video
materials and image signal processing. In this study,
video of 4000 basic Chinese words were captured by
video camera and motion capture and the contours of
inner and outer lips were detected for setting up a
database. With this parameter database, a model of lip
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motion was established which could be used in a
Mandarin teaching and learning system. See Figure 3..
There are 3 plots in figure 3. in which the first plot
displays a lip image with detected contours, the second
plot displays the definition of the model, and the third plot
displays the 3D parameters sampled by motion capture.

Figure 3: Lip parameters and definition of Mandarin.

According to our study, the dynamic viseme
produced by the model of lip contours would lose
information of speech in communication. So a 3D model
of lips should be studied and established for a
multi-media Mandarin teaching and learning system
which is not only necessary for normal language learners,
but also for the learners who need lip reading in their

work.

5. Palatal contact by EPG

One of the methods in the study of Mandarin
articulation is to capture the signal of palatal contact area
by EPG, an instrument often used in the research of
physiology. According our research, we found that it was
a very good method to study on the articulation of
Mandarin, especially the co-articulation between
consonants and vowels in one syllable and the
co-articulations in running speech. However, this
instrument was originally designed for the training of
child with cleft palate after medical operation and an
artificial palate whose cost was not low should be made
for each user beforehand. All this impedes the application

of EGP in normal language training.
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Figure 4: An artificial palate and the parameters
extracted by EPG in Mandarin.

A database of EPG in Mandarin was established in
the phonetic lab in Peking university and the
co-articulations within syllables and between syllables
were studied. According to the research results, the
language training on cleft child is necessary after medical
operations and the method of EPG can also be used in the
training of normal learners of Mandarin, if the language

training system with EPG is low.

6. Model of speech respiration

Respiration is the power of speech and was rarely
studied phonetically because there was no appropriate
instrument. In recent 10 years, an respiration belt which
was an instrument in the study of human physiology, was
used in the phonetic study on reading aloud, sutra
chanting and oral cultures in China. Some results show: 1)
people usually would use both costal respiration and
abdominal respiration in different kinds of speech
communication and oral culture performance; the
abdominal respiration would mainly provide power of
speech and the costal respiration had more close
relationship with articulation; 3) different patterns of
respiration were used in different languages because of
their different syntax structures.

In the study of respiration in Mandarin, two
respiration belts were used to capture the signals of costal
respiration and abdominal respiration. We found that
there were at least 3 kinds of respiration resets in reading
Chinese seven quatrains (-L&44f), -LFH#) and at
least 4 respiration resets in broadcasting news. See figure
5.

sy

LLabl R L

Figure 5: Signals of costal respiration and abdominal

respiration in reading a Chinese seven quatrains.
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The resets of 3 respiration signals were labeled in
figure 5. The upper plot displays the signal of costal
respiration and abdominal respiration, the middle plot
displays the signal of abdominal respiration and the lower
plot displays the signal of costal respiration. Based on a
database of Mandarin respiration, a respiration model of
Mandarin was preliminary set up to imitate the activities
of speech communication. From the viewpoint of
language learning, the respiration belt can be used in a
Mandarin teaching and learning system for the training of
reading aloud, broadcasting news, narrating story, sutra
chanting, oral culture performance and singing opera and

songs.

7. Application prospects of multi-media
teaching system

It is a new task to put basic phonetic results and
models into use of language teaching and learning system.
From the viewpoint of basic phonetic study, there are two
aspects which we should consider in a multi-media
spoken Mandarin system, one is demonstration and the
other is visual feedback. As to the first aspect, acoustical
and physiological parameters or models can display
speech sound in different forms. The acoustical
parameters of tones and diatones can be displayed by FO,
dynamic phonation types by SQ and OQ, vowels by F1
and F2 in an acoustical chart, consonants by the
parameters of palate contact area and respiration rhythm
by signals of respiration. The physiological
demonstrations can be implemented by the models of
vocal tract driven by parameters of X-ray and MRI videos,
by the model of vocal folds driven by parameters of
high-speed images, by the model of dynamic lip driven by
parameters of videos and the by the model of respiration
driven by parameters of the signals of respiration. As to
the second aspect, the visual feedback of speech sound,
especially the visual feedback of speech physiology is
very indispensable in a multi-media language system.
Physiological visual feedback of a learner's speech sound
can be regarded a real-time test by which learners can
judge himself in speech sound learning. At present, the
implementation of speech sound visual feedback still has
many technical problems in speech signal processing and

physiological signal processing. However, we can display
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the acoustic speech feedback of tones by FO or the

feedback of vowels by F1 and F2 in acoustic vowel chart.

But it is still difficult to display dynamic vocal tract or

vibration of vocal folds of speech sounds pronounced by

Mandarin learners.
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Prosodic Boundary Effects on Segment Articulation and V-TO-V

Coarticulation in Standard Chinese

LI Yinghao, KONG Jiangping

ABSTRACT

This paper investigates the prosodic conditioning of
the segment production and vowel-to-vowel coarticulation
in the Standard Chinese through electropalatographic and
acoustic analysis. The articulatory and acoustic measures
were obtained for un-aspirated alveolar consonant /t/ and
vowels /i/ and /a/. Results show that the domain-initial
consonant is strengthened in a hierarchical manner in
higher prosodic domains. The vocalic gesture after the
strengthened consonant tends to be reduced, and the
domain-final vocalic gesture shows more linguapalatal
contact and longer duration. The vocalic anticipatory effect
is shown to appear up to intermediate phrase boundary, but
is constrained by the articulatory constraint for vocalic
gesture. The vocalic carryover effect is likely constrained
by foot domain.

Keywords:
electropalatography, prosodic structure, Standard

Chinese, vowel-to-vowel coarticulation

1. INTRODUCTION

Previous articulatory and acoustic studies have shown
that segment articulation is modulated by prosodic
structure in a hierarchical fashion in languages [1, 2, 3, 4,
9]. Segment articulation at the prosodic boundary edges is
different from that at the medial position of prosodic
domain, and the boundary effect on segment articulation is
cumu-lative along the prosodic hierarchy. The strength of
prosodic boundary is also shown to harnesses the
vowel-to-vowel coarticulation in that the vocalic effect is
more salient across lower vs. higher prosodic boundaries
[3, 10].

In the Standard Chinese (SC), the pitch contour and
pause are the main apparatus for marking the prosodic
boundaries, but the foot boundary rely less on the two

acoustic cues. In [13] it is hypothesized that the bisyllabic
foot is phonetically characterized by the closer gestural
overlap and tonal coarticulation within the foot than across
foot domain. But the tone sandhi does not strictly comply
with prosodic domain in the SC [11]. It is thus
hypothesized that the articulatory and acoustic correlates
for foot boundary might be related to the consonantality of
initial consonant in that it is more consonant-like at the
foot-initial than at syllable-initial position within foot
domain [13].

The paper aims at finding out the prosodic signatures
in articulatory and acoustic properties of segmental
articulation in the SC with a special interest in comparing
the foot-internal and foot-boundary segment articulation.
The boundary constraint on vocalic anticipatory and

carryover effects is also discussed.

Figure 1: A five-level prosodic hierarchy for the SC.
1P 1P

Utterance

Intonational Phrase

Intermediate Phrase ip ip i
LN N
Foot F F\ F F F
Syllable s/ 8 s/\s
2. METHOD

2.1 Speech material

A five-level prosodic hierarchy in [8] with the
prosodic word level being replaced by foot was tentatively
adopted and shown in Figure 1. The test segments for
articulatory strengthening experiment were unaspirated
alveolar stop /t/ and the vowel /i/. In the experiment of
boundary constraint for vocalic coarticulation, additional
low vowel /a/ was used to construct four bisyllable
sequences, /ta#ti/, /ta#tal, /ti#ta/, and /ti#ti/ (# stands for
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morpheme boundary).

Five boundary conditions were placed either before
the first or the second syllable, and a total of 32 utterances
were designed. The syllable was always ended with /a/
preceding the test disyllables while the segment following
the disyllables was not controlled. The tonal condition for
the disyllable was not controlled either. A part of example
utterance was shown in Figure 2.

Figure 2: A part of an annotated utterance (From top
to bottom are speech signal with three tiers of prosodic
annotation, spectrogram superimposed with pitch contour
derived from EGG signal, total contact profile, and five
EPG frames).
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2.2 Recording

The recording was taken in a sound-attenuated booth.
Each sentence was repeated for three times, and the 96
sentences were divided into six blocks in random with two
dummy sentences placed in the first and last position in
each block. One female speaker participated in the
experiment and was instructed to read the sentences at
normal speed. The electropalatographic signal was
recorded by 62-electron electropalatography (100Hz), and
the speech signal was recorded at a sampling rate of 22
kHz.

2.3 Measurements

The maximum linguapalatal contact (MaxC) of the
alveolar closure was measured for /t/ (Frames (a) and (c)
in Figure 2). The alveolar seal duration (ASD) was defined
as the interval from the first to last frame that showed
alveolar closure. The acoustic silent duration (AD) was the
interval from the last pitch pulse to the energy burst for
stop. The maximum linguapalatal contact (MaxV) for /i/
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was taken between the one third and one half intervals into
the vowel (Frame (e) in Figure 2). The center of gravity
(CoG) of the linguapalatal contact was defined following
[7], and the centrality index (CC) was defined following
[5]. The vocalic duration (VD) and F1/F2 near the
MaxV-matched time point were measured for both vowels.

For the second experiment, the linguapalatal contact
of the posterior four rows was measured respectively in the
final frame over V1 interval (POS_E) and the first frame
over V2 interval (POS_S)(Frame (b) and (d) in Figure 2).
The V1-end F2 (F2_E) and V2-start F2 (F2_S) were first
derived from 20-order covariance LPC in PRAAT, and
manually adjusted in the EPG analysis platform developed
on Matlab.

3. RESULTS

3.1 Domain-initial consonant strengthening

A series of one-way ANOVA were conducted for
three measures of the test consonant, and significant
differences were yielded at 0.0001 level. Table 1 showed
the summary of the LSD post hoc multiple comparisons
for the three measures for /t/.

Table 1: Summary of LSD post hoc comparison
results for /t/(p=t0.05).

Measures /i/ context /a/ context
MaxC S<F<ip, IP<U S, F<ip, IP<U
ASD S. F<ip<IP<U S. F<ip<IP<U

AD S, F<ip<IP<U S, F<ip<IP<U

Figure 3 shows the MaxC for /t/ at five domain-initial
positions in two symmetrical flanking vowel contexts. In
both contexts the speaker successfully distinguished the
utterance from the immediate lower prosodic domain,
namely intonational phrase. However, the difference
between the IP and the ip was not significant across
vocalic contexts, with ip-initial position appears to have
more contact than IP-initial position in the /a/ context. This
might be attributed to the punctuation effect, for the
speaker made purposeful pauses when encountering
comma. The MaxC for lowest two prosodic domains,
syllable and foot, were sig-nificantly lower than that for
higher domains, but it only differed in the symmetrical /i/
vs. fal context. A careful examination looking into the
frame tokens for maximum linguapalatal contact frames in

the /i/ context found that 3 out of 12 tokens lacking



alveolar closure at syllable-initial position, which was
reflective of increased vocalic effect on the production of
tongue tip closure gesture in a short interval of time.

The post hoc results indicated that the alveolar
closure duration (ASD) and acoustic silent interval (AD)
were progressively longer above foot domains across both
vocalic contexts, with those measures not distinguished
below foot domains. However, the result of additional
independent t-tests showed that the syllable-initial ASD
was significant less than foot-initial ASD in both vocalic
contexts (p<0.05), showing a genuine cumulative effect of
prosodic boundaries.

The contextual effect on two articulatory measures
was also compared on domain-matched basis through
independent t-tests. The results showed that syllable-initial
/t/ had more contact in the /i/ vs. /a/ context, and the seal
duration was shorter in the /i/ vs. /a/ context at both
syllable and foot boundaries. This may explain the
distinction between syllable and foot domains in the /i/
context in that the consonant gesture is reduced in lower
domain because of the vocalic gesture influence as the
articulatory interval for consonant gesture becomes
shorter.

The post hoc results for the AD patterned with those
for the ASD, but no difference was found between syllable
and foot domains across vocalic contexts through
independent t-tests. On the one hand, this result indicates
that acoustic silent interval is an effective device to mark
higher prosodic domain, on the other hand it fails to

distinguish lower domains.

Figure 3: Mean MaxC of /t/ at five domain-initial

positions. Error bars refer to one standard error.
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The above results indicate that the prosodic structure
modulates the domain-initial consonant production in a
hierarchically cumulative manner. The prosodic domains

above foot are well distinguished acoustically, but the
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distinction between syllable and foot boundaries relies
more on the articulatory measures. The articulatory
reduction for consonant at the syllable-initial position
tends to show a combined effect of flanking vowel and
time interval.

3.2 Boundary effect on high front vowel

The articulatory and acoustic measures for /i/ in the
syllable /ti/ marked with both left and right boun-daries
were submitted to the one-way ANOVA analysis, and the
LSD post hoc results were shown in Table 2.

A systematic articulatory variation for the pro-duction
of /i/ was found depending on the boundary strength for
either left or right boundary. When the domain-initial
consonant was prog-ressively strengthened, the gestural
magnitude for /i/ tended to be reduced accordingly, with
reduced vocalic duration and centralized tendency in
F1/F2 space. However, when the boundary condition
immediately after /i/ ascended along the prosodic hierarchy,
the production of /i/ tended to be more target-like. But the
result for vocalic duration only partially supported the
possible strengthening of the vocalic gesture, for U-final
vocalic duration was significant shorter than IP- or ip-final
one. This might the result of the segmentation procedure
when trailing portion of /i/ at U-final position was
truncated because of irregularity of vocalic pulses. No
significant difference was found for F1/F2, but the average
F1 was lower and average F2 higher in higher prosodic

domain.

Table 2: Summarv of LSD post hoc comparison
results for /i/ (p=0.05).

Measures Right boundarv Left boundary
MaxV S<F<IP.U / S<ip SFip=IP.U
CoG S<F.ip S.Fip=IP.U
CcC 5.F<IP.U S.ip=IP.U / FU
Duration S<F U<IPip S=IPip. U/ F.IP=U
F1 n.s. F<U, 50 #
F2 .s. S.F.ip.IP=U
#p=10.08

The above results show an interesting interaction of
domain-initial consonant streng-thening and domain-final
vocalic strengthening in a syllable. On the one hand the
strengthened consonantal articulation suppresses the
vocalic influence in higher domain, on the other hand
vocalic gesture immediately after the consonant tends to
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be reduced as the preceding consonant is strengthened.
The vocalic strengthening is con-ditioned by the boundary
condition imme-diately after the vowel.

3.3 Vowel-to-vowel coarticulation

The hypothesized closer gestural overlap in lower
prosodic domain implies that vocalic coarticulation is more
salient than in higher domains. The vocalic anticipatory
effect was investigated by  comparing the
boundary-matched POS_E and F2_E when V1 was held
constant while V2 varied. The vocalic carryover effect was
investigated by comparing the boundary-matched POS_S
and F2_S when V2 was held constant while V1 varied.
Table 3 showed the results of the independent t-tests. The
V1-end linguapalatal contact and F2 showed significant
vocalic anticipatory effect on domains below ip for V1 /a/.
The same effect was found for V1 /i/ at Syllable domain,
but a significant difference also propped up at IP domain.
The latter may be attributed to the tone condition, for the
third tone (T3) was applied for the first syllable in /ti (B3)
ta/ whereas the first tone (T1) for that in /ti (B3) ti/, with
the longer duration under T3 vs. T1 condition facilitating
the larger linguapalatal contact.

Table 3: Independent rtest results for wocalic
anticipatory and carryover effects.

Anticipatory effect

Measures POS E F2 E
2 S*_ F*, ip** SEER PREE R
1 Sxt_ [Pt Sxxx
Carrvover effect
Measures POS_5 F2_5
Ja n.s. i
i o gE®

*p<0.05; %% p=<0.01; ***p<0.001; # p<0.1

The V2-start linguapalatal contact and F2 showed
significant vocalic carryover effect for V2 /i/, but
significant difference was only found for F2 for V2 /a/.
Considering that carryover effect is generally not salient in
the SC, it is safe to say here that carryover effect is
constrained by the foot domain.

The above results indicate that the vocalic
anticipatory effect is conditioned by the boundary strength
on the one hand, and the articulatory constraint for vowels
on the other. By careful examination of all tokens, it is
found that timing of the initiation of the V2 gesture
relative of the V1 gesture is responsible for the all-or-none
vocalic anticipatory effect. A second factor involves the
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specific articulatory constraint for vowels which is

reminiscent of the model proposed in [12].

4. CONCLUSION

The results of the first experiment indicate that the
prosodic structure shows a hierarchical effect on the
consonant articulation in the SC with cumulative increase
in linguapalatal contact and seal duration for stop
consonant in higher domain-initial positions. It also
supports the hypothesis in [13] that the foot and syllable
boundaries can be distinguished by the articulatory
strength for consonant production instead of the acoustic
silent duration. The vocalic gesture is shown to be affected
by the preceding consonant production and the boundary
condition immediately on its right. When the initial
consonant is progressively strengthened the following
vowel tends to be progressively reduced, but this is only a
tentative conclusion because only one speaker’s data is
used in the current study. The final-lengthening for vowel
is accompanied by the strengthening of the vocalic gesture,
which also supports the previous studies. The vocalic
anticipatory effect is prominent up to the ip boundary but is
constrained by the articulatory constraints for the vocalic
gesture. However, the vocalic carryover effect is likely to be

constrained in foot domain.
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An Electropalatographic and Acoustic Study of the Tonal Effects on Vowel

Production in Standard Chinese: A Pilot Study

Li Yinghao, Kong Jiangpin

Abstract

This paper carried out a pilot study for the tonal effects on
the production of monophthongal vowels in Standard Chinese.
The electropalatographic (EPG) and acoustic signals for six

vowels /i, u, y, i1, i2, ¥/ in monosyllables uttered in four tones

were recorded, and the articulatory and acoustic measures were
taken at three time points in zero-initial syllables and
mid-portion frame/point in non-zero-initial syllables. The results
show: (1) the articulatory variation in vowel production was
mainly induced by the low tone (T3) compared with other tone.
(2) Two strategies for articulatory adjustment were identified:
the tongue lowering and retraction was found for vowels in T3
syllables when the post-dorsum of tongue is involved in vowel

articulation, as shown in /u, «, i1/; the increased tongue raising

was found in T3 syllables when the pre-dorsum of tongue is
involved in vowel production, as shown in /i, y, i2/. (3) The T3
influence on the articulatory measures for vowels tends to be
present in the better part of the vocalic length, regardless of the
pitch changes. (4) Consistent tonal effect on F1 for the vowels
was found for which T4 tends to increase the F1. This might be
attributed to the larynx raising that leads to the shortening of the
vocal tract.

Index Terms:  tone,  vowel
electropalato-graphy (EPG), Standard Chinese

production,

1. Introduction

The tone-vowel interaction is manifested by the
bi-directional influences between supra-laryngeal and laryngeal
articulators in speech production [1]. On the one hand, the
supra-laryngeal articulatory gestures influence the laryngeal
gestures, exemp-lified by the intrinsic FO of vowels, for which
the FO is positively correlated with the tongue body height of
vowels [2, 3]. On the other hand, the production of tone does
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affect the supra-laryngeal gestures of vowels. In an acoustical
study, Zee [4] found that vowels (except /a/) had higher F1 in
high-falling tone in Taiwan Mandarin. Recent EMMA studies
found that the tonal effect on supra-laryngeal articulators was
not consistent compared with the robust effect of intrinsic FO [5];
the tongue body for /a/ and /u/ tended to be retracted and lowered
in low tone (T3) in Standard Chinese [6,7]. In Ningbo Mandarin
[1] similar tonal effect was found for low vowel versus high
front vowel in low short tone and low rising tone. The current
paper aims at investigating the tonal effects on the vowel
production in Standard Chinese.

The articulatory mechanism of tonal effect of tongue
gestures for vowels was attributed to the larynx lowering [1, 6, 7,
8]. It is conjectured that the retraction and lowering of tongue
body when producing low/back vowels in the T3 tone might be
related with the downward vertical movement for the larynx, for
which the contraction of related muscles drag the hyoid bone
downward, and the muscles controlling the tongue configuration
and connected to the hyoid bone are affected. This mechanism
might explain the tongue retraction and lowering for low/back
vowels, but for high front vowel /i/ or /y/ the situation might be
different because the articulatory undershoot would occur if the
tongue were retracted and/or lowered for the high front vowels.
Thus it is still not clear the mechanism of tonal effects on the
articulatory and acoustical properties of vowels in Standard
Chinese.

Recent X-ray study shows that in Standard Chinese the FO
contour in four tones is closely correlated with the vertical
movement of the larynx. Except the high-level tone (T1), the
vertical larynx movement is positively correlated with the FO [9].
In the Figure 3 in [9] the larynx is continually and monotonously
rising in producing high-level tone, while in other three tones the
trajectories of larynx vertical movement are rather similar with
the corresponding FO contours. The larynx vertical movement
trajectory for the rising tone (T2) is slight different from that for
T1 in that a slight downward movement of the larynx is found



for some samples, which indicates that the low tonal component
in T2 might be physiologically realized as larynx lowering.
These results shows that fine adjustments of larynx vertical
positions are involved in producing tones in Standard Chinese
with the four tones being associated with contrasting laryngeal
movement patterns that contribute the phonemic contrasts
among four tones.

The voluntary and controlled larynx vertical movement
does affect the articulatory and acoustic properties of vowels in
Standard Chinese. The relevant articulatory studies have
mentioned above. Acoustically, the vertical movement of the
larynx would result in the variation of vocal tract length, which
would affect the formant of vowels, as is shown in [4]. However,
the combined articulatory and acoustic study on the tonal effects
on vowel production in Standard Chinese is rare, and the
existing results do not cover as many vowels in Standard
Chinese. So the larynx lowering mechanism might not be able to
explain the tonal effects on different vowel production.

In this paper, the electropalatography (EPG) was used to
record the dynamic process of tongue-palate contact. On the
one hand, such device has been rarely utilized in the tonal effects
on vowel production, and EPG is more superior than EMA in
reflecting the magnitude of tongue gesture, provided the
linguopalatal contact can be captured during vowel production.

2. Method

The 62-electrode EPG system was used to record the
linguopalatal contact for every 10ms, by which the
tongue-palate contact is captured to reflect the tongue gestures
for vowels in anterior-posterior dimension, reflected by the
distribution of contact electrodes on the pseudo-palate, and
high-low dimensions, reflected by the amount of contacted
electrodes when the vowel is held constant.

2.1 Stimuli

The test vowels were /i, y, u, ¥, i1, i2/ (/i1, i2/ were apical

vowels, and their tongue configurations were respectively
similar with the apical-alveolar and retroflex consonants). The
above vowels were selected because meaningful linguopalatal
contact can be registered for investigating the tonal effects on
vowel production. Figure 1 shows the example of the
tongue-palate contact for the six vowels in mid-portion location

in the syllables. The vowel /a/ was not selected because no or
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little linguopalatal contact can be found for this vowel,

regardless of the consonantal environment.
w10000. [ 1 | [mm] | o o o
ARECOCOOER () EEEE0OER (b)) 00000000 (o)
| | [m/mimm] | | [ ] [mm] | | o o o [
EECOOCOEN EERCOOEN | o o
EROOOOEE EEECOCOEE I o o
| | [mmimm] | | | | [mimmim] | | I o o | [
[ | emmm( | | AECCO0O00m ROO00000
| | |m/mmm] ] | EECOOO000. | | [mmmim] | |
| o [ 1 | [mm] | [
DDDDDDDD(@ IIIDDDII(Q IIDDDDDI(ﬂ
O0o000an | | [mim[mimm] | | | [mimmim] | |
OOo0a00an BOOO0000 [ | [mmmim | |
o o o o [ BOO00000 EOO00OEE
O0000an BOO0000g m/mmim] | |
BCOO0000m BOOO000m BC0000mR
EECOO000m BOOO000. BOOO000.

Figure 1: The linguopalatal contact patterns for

the six vowels /i, y, u, », i1, i2/ (From (a) to( f)).

Table 1 shows the monosyllable stimuli in the current study.
The Chinese monosyllables that have four tones, namely,
high-level (T1), rising (T2), low (T3), and falling (T4), or at least
have three tones including T3, were selected as the stimuli. For
examples, the syllable /ti/ has four tones: /ti 55/ (high-level tone,
meaning “to kick”), /ti35/ (rising tone, meaning “to lift”), /ti214/
(low tone, meaning “body™), /ti51/ (falling tone, meaning “to
take the place of”). In total, 42 syllables were selected. Among
those 36 syllables have four tones, which corresponded to 144
existing morphemes in Standard Chinese. Six syllables have
three tones. Among those, two syllables (/mu/ and /ly/) do not
have T1 tone, and four syllables (/ts)/, /s0)/, /ku/, and /k"u/) do
not have T2 tone. In Table 1 the phonotactic combinations were
possible in some cells, but the tone type is either less than three
or lacking in T3. Therefore no syllables in those cells were
selected. Some empty cells in Table 1 show that there is no
possible syllable because of the phonotactic constraints in the
Standard Chinese. For example, /i/ is not allowed to appear after
the initials like apical, retroflex, and velar sounds. The inclusion
of the monosyllables with zero initial was oriented to examine
the tonal effects on the vowel production without the

coarticulatory influence of the preceding initials.
2.2 Recording and speaker

The recording was carried out at the Phonetics Lab of
Peking University. One female speaker, who was 27 years and
was the announcer at the Peking University TV Station, was
recruited in the experiment. A custom-made 62-electrode
pseudo-palate was installed onto the speaker’s palate, and the
speaker was instructed to practice to pronounce properly for at
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least half an hour. Then the speaker was instructed to read aloud
the Chinese characters in blocks on the computer screen. Each
block contained 6 to 8 characters with a dummy token /ta51
tub1/ at the end of the block for the temporal alignment between
the EPG and speech signals [10]. The stimuli were designed in
random order and each character was read at least by two times.
The speaker was instructed to read the stimuli list by using
normal speech rate with the inter-character interval of at least
500ms. The unnatural production for stimuli items was marked
by the experimenter for elimination in the following analysis,
and re-grouped in blocks and recorded when all blocks were
finished. The EPG, speech and electroglottographic (EGG)
signals were simultaneously recorded. The sampling rate for
EPG signal was 100 Hz, and for speech and EGG signals 22050
Hz.

Table 1. Monosyllable Stimuli.(Six consonantal
places of articulation for the initials were considered
regarding the phonotactic constraints and the
availability of Chinese monosyllables with at least three
tones (and including T3). Monosyllables with zero
initials were also included. LA stands for bilabial
(labial-dental), AP for apical, AL for alveolar, RE for
retroflex, PA for alveolo-palatal, and VE for velar. The
syllables with an asterisk on the right have no T1 tone;

the underlined syllables have no T2 tone.)

- Monosyllables uttered by at least three tones
LA AP AL RE PA VE Zero
i Ipi/ il Igil 1l
10" 1"l
/mi/ i leil
il
/ni/
y Nyl* /tc%// Iyl
eyl
eyl
u Ipu/ Itu/ Itsu/ [ku/ Jul
Ip"u/ | s Kul
ful Nlu/ Isul Ixul
mu/
k'S Itsyl Ikx! Ixl
Its™/ K/
i 15
1 Itsy/
Iy
. Isy/
i2 Its\/
Itsy
Isy

2.3 EPG and acoustic measures

The signal processing was conducted at the EPGAnalyzer,
a Matlab-based EPG analysis platform developed by the
Phonetics Lab of Peking University. The acoustic boundary of
vowels was first demarcated by hand. The EPG frame with the
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largest linguopalatal contact (MaxFrame) was selected for
further analysis by the computer program from the five
consecutive EPG frames in the mid-portion of the acoustic
interval of vowels. In the case of the zero initials, besides the
MaxFrame, two other frames were selected for examination: one
was at the one third of the vocalic interval, and the other at the
two thirds.

The EPG parameters consisted of the contact area and
dispersion indices for the key EPG frame(s). Total contact (TC)
was defined as the ratio between the on-electrode number and 62.
The contact dispersion indices included Center of Gravity (CoG),
Contact Anteriority (CA), Contact Posteriority (CP) and Contact
Centrality (CC). CoG was defined in [11] and other three indices
in [12].

The acoustic measures included the fundamental frequency
(FO) and formant frequency (F1 and F2). The FO contour was
calculated with the EGG signal by the computer program.
However, manual adjustment was involved in extracting the T3
contour, for most samples had double-peak EGG wave interval
when creaky voice appeared. The vocalic duration of vowels
was normalized by using 15 points. The F1 and F2 trajectories
were calculated by using LPC method, and manually adjusted

for further analysis.

2.4 Data analysis

The FO contours across vowels and tones were examined
first to see the tonal variation. The consonantal environment was
not considered because the effect of the preceding consonants on
the realization of tones was weaker than the syllable vowels [13];
besides, the consonant-induced FO perturbation is often found
for the FO contour onset frequency, and temporal alignment with
the syllable onset in connected speech [14]. Two strategies were
used for two groups of speech tokens. For vowels preceded by
zero initials, the articulatory and acoustic measures were
compared respectively at the one third, mid-portion, and
nine-tenth temporal points in the vocalic interval through
two-way ANOVA with between-group factors of Tone and
Position. The selection of temporal points will be explained later.
The apical and retroflexed vowels will be analyzed similarly
with the zero-initial vowels because of the homorganic
preceding consonants. For vowels preceded by non-zero initials
(apical and retroflexed vowels excluded), the mid-portion
parameters were compared through the two-way ANOVA with
the between-group factors of Tone and Place of articulation.



The Bonferroni method was used in the ANOVA analysis

3. Results

Figure 2 shows the 15-point normalized FO contours for
syllables across vowels and tones. A glance at the FO contours
indicates that the FO contour patterns are rather stable across
vowels. The FO contours for T1 syllables tend to be correlated
with the tongue height: the FO contour for the high vowels (/i, u,
y/) tend to be slightly higher compared with that for the mid
vowel and apical vowel /il/, both of the latter two vowels
involving low tongue body height. The FO contours for syllable

with other three tones are respectively interwoven across vowels,
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indicating a consistent prosodic pattern by the speaker and stable
FO patterns. Through the direct observation of the FO contour
pattern across vowels, we assume that the magnitude of the tone
contour variation is more related to the vowel height than the
initials that precede the vowels in question. Regarding the
temporal point selection of zero-initial vowels, it can be found
that the one-third point into the vocalic length has meaningful
correspondence with the four pitch contours: the pitch contour
for T2 starts to rise, and for T3 approaches the lowest FO value,
and for T4 starts to fall. The selection of nine-tenth point
corresponds to the near-peak FO value for T2, T3, and T4, which

can also be compared with the result in [1].

27 260
260 (Tl) {0
220
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200
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180
230 1 160
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Figure 2: The FO contour patterns for four tones across vowels (The abscissa axis represents the frequency and the

ordinate axis represents the normalized time points. The error bar stands for one standard error. )

3.1 Vowel /i/

The two-way ANOVA results show that only the main
effect of tone is significant for all measures except CP,
indicating that tonal effect is the only source for the articulatory
and acoustic variation in producing /i/ regardless of temporal
points into the vowel. The post hoc comparisons show that the
four out of five EPG indices in T4 syllables are significantly
lower than those in syllables with other three tones (p<0.05).
Meanwhile the CC in T3 is significantly lower than that in T1
(p<0.05). These results show that more linguopalatal contact in
the anterior region of the palate and higher tongue position are
found when the vowel is uttered in T1, T2, and T3 versus T4.
Additionally, the tongue height is lower in T3 than in T1.
Acoustically, the F1 in T4 is significantly higher than that in
other tones (p<0.05). The F2 in T3 is significantly smaller than
that in T1 and T4 (p<0.05). Taken together, the most prominent

tonal effect on the production of /i/ preceded by zero initial is

manifested by the slight different tongue gesture in T4, which
is charac-terized by lower tongue height specifically in the
anterior part of tongue, thus leading to the F1 increase [15].
The lower tongue height is also found in T3 as is evidenced by
lower CC, which might lead to F2 decrease; however, this
result is worthy of further examination because other EPG
indices do not differ significantly with T1 and T2.

For /il preceded by non-zero initials, the Tone and Place
(LA, AL, and PA) factors may both affect the vowel production.
Because the focus the current paper is on the tonal effects on
vowel production, it is expected the Tone factor affects the
vowel production in the same pattern regardless of consonantal
environment. Thus no Tone X Place interaction effect is
expected to exist. However, the post hoc comparison results in
Table 2 yielded rather inconsistent tonal effects on the vowel
production. Similar tonal effect is found for TC and CC, which
is shown by the significantly higher TC and CC in T2 and T3

versus T1 and T4. The significant interaction effect calls for the
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simple effect analysis when Place was held constant. Results
show that the tonal effect on TC and CC are the same as in
Table 2 for /i/ preceded by labial initials; only TC is found to
be significantly different in /i/ preceded by alveolo-palatal
initials (T3>T1,T2,T4, p<0.05); no tonal effect is found for /i/
preceded by alveolar initials. The lower CoG in T4 versus other
tones resembles the results when zero initials precede /i/. The
significant difference for CP is only found for alveolar initials.
CA is found not to be affected by tones.

The F1 difference basically resembles the above result,
indicating that lower tongue height in T4 (and possibly in T1)
might result in higher F1. The tonal effect on F2 varies in
different initial conditions. In case of alveolar initials, the tonal
effect is shown to be T2<T4 (p<0.01); in case of
alveolo-palatal initials, the tonal effect is shown to be T1<T3,
T4 (p<0.01). No tonal effect is found in case of labial initials.

Taken together, the tonal effects on /i/ production is
significant, though they are complicated by Place factor. In
general, T3 induces more linguopalatal contact in case of LA
and PA initials, and higher CP in case of AL initials, and more
contact centrality in case of LA initials. Secondly, T4 induces
less linguopalatal contact in case of LA and PA initials, which
is mainly reflected by less contact in the anterior area of palate

(smaller CoG but slightly larger CP), and less contact centrality.

The tonal effect for T1 and T2 on /i/ is not consistent either
articulatorily and acoustically.

Table 2. Two-way ANOVA results for the measures
of /i/ preceded by initials of three places (* p<0.05,

*¥p<0.01, ***p<0.001; n.a. means no significant
difference.)
ANOVA results
Measure -
Tone Place Interaction
TC T1,T4<T2,T3* PASLA AL** *
CoG T4<T1,T2* PA>SLAS>SAL*** n.a.
CA n.a. PA>LA >AL** n.a.
CP T1<T4,T3* PA<LA<AL*** *
cC T1,T4<T2,T3* PA> LA AL *** *x
F1 T4>T2,T3*** n.a. n.a
TL>T2xx
F2 T1<T3,T4** PA<LA AL*** *
T2<T4**

To summarize, T3 and T4 have significant effect on the
articulation of /i/: T3 increases the linguopalatal contact and
contact centrality while T4 decreases both. The tonal effect on
F1 is salient for T4. The F1 is higher in T4 versus other tones.
However, tonal effect on F2 of /i/ is not consistent. This might

be attributed small capacity of speech samples.
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3.2 Vowel ly/

Like /i/, only the main effect of tone on the EPG measures
for Iyl is found. Post hoc comparison results show that the five
EPG measures in T3 are significantly higher than other measures
(TC: T3>T1,T2; CoG: T3,T4,T1>T2; CA: T3>T2; CP: T3>T1,
CC: T3>T1, T2; p<0.05). In sum, the tongue position of /y/ in T3
is higher, more anterior, and more centralized compared with
that in other tones. Regarding the acoustic parameters, the F1 in
T4 is significantly higher than that in other tones (T4>T1,T2,T3,
p<0.001). However, the TimexTone interaction effect is
marginally significant (p=0.07). In Figure 3 it can be found that
the F1 contour for /y/ in T4 is not stable in the vocalic interval.
The initial F1 is prominent high at the outset and gradually
decreases toward the end of syllable. One-way ANOVA results
yielded that significant difference of F1 only exist at the
one-third and mid-portion points. Referring to Figure 2 and the
larynx vertical position at the outset of T4 [9], the gradual
decrease of F1 might be attributed to the vocal tract length
variation [16] or the effect of source coupling [17].

500p=

—— Tone

W 400F
:

300

One-thurd  Mid-tine  Nine-tenth

Figure 3: The F1 for /y/ preceded by zero initial across
four tones and three positions in the syllable (Error bar

stands for one standard error).

Because /y/ can only be preceded by alveolar initial /n, I/
and alveolo-palatal initials, the tonal effect was analyzed
through one-way ANOVA respectively for each initial place.
When the initial is lateral /I/, there is no T1 syllable. Results
show that T3 has significant effect on the articulatory measures
while T4 on the acoustic measure. The production of /y/ in T3 is
shown to have more linguopalatal contact, more advanced and
centralized tongue position. The tonal effect on F1 is the same as

in /i/ and /y/ with zero initial.



Table 3. One-way ANOVA results for the measures
of /y/ preceded by /l/ and three PA initials.

ANOVA results

Measure Tone (/I/) Tone(PA)
TC T3>T4 (p=0.07) n.a.

CoG T3,T2>T4 ** n.a.

CA n.a. n.a.

CP n.a. n.a.

cC T3>T4 * n.a.

F1 T4>T2, T3 * T1,T4>T2,T3*
F2 n.a. n.a.

No significant difference was obtained for the articulatory
measures for /y/ in case of non-zero initials. However, in Figure
4 we can find that the linguopalatal contact and centralization in
T3 is prominently higher than those in other tones. Additionally,
the tongue is more advanced in T3, as is shown by AC in Figure
4 and CoG (Not present). The combined findings indicate that
tongue body is more anterior and raised in T3 versus other tones.
The F1 of /y/ in T3 and T2 was significantly lower than in T1
and T4.

Mean TC
Mean CC
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Figure 4: The TC and CC for /y/ with non-zero initials

initials.

3.3 Vowel /i2/

In analyzing /i2/, we compare the measures at three time
points over the vocalic interval because it is preceded by
homorganic initials. In general, the post-alveolar constriction for
/i2/ becomes gradually released toward the end of the syllable.
Meanwhile, the factor of Position seldom interacts with Tone.
Table 4. Two-way ANOVA results for the measures of
/i2/. In the Position column, ®, @, @ respectively

stands for one-third, mid-portion, and nine-tenth point.

ANOVA results

Measure — 2

Tone Position Interaction
TC T4,T3<T2,T1** O@>@** n.a.
CoG T4,T1<T3,T2** OR>@** n.a.
CA T4<T1,T3,T2%** D@>E@** n.a.
CpP T4,T3,T2<T1* n.a. n.a.
cc T4<T1,T3<T2* D@>@** *
F1 T4,T1>T2,T3*** @<e* n.a.
F2 T1<T3* n.a. n.a.

“TIT2T3T4
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The post hoc comparison show rather complicated tonal
effects on the articulation of /i2/, which might be attributed to
the articulatory instability of this vowel uttered by the speaker
[18]. Nonetheless, the vowel in T3 tends to have less
linguopalatal contact and advanced tongue gesture. The vowel in
T4 has lowered tongue height, which is similar as in /i, y/. The
vowel in T1 has the highest CP, indicating an active raise of
tongue body toward hard palate. And the vowel in T2 has the
highest level of centralization at the three time points. By
comparing the results for vowels above, we argue that active
tongue advancement is evidenced in T3, while the same strategy
tends to be adopted in T2. The tonal effect of T4 is manifested by
the tongue height lowering with all five EPG measure being the
lowest compared with those in other tones. The tongue gesture
adjustment in T1 is still unclear. It might be patterned with T4 by
having more retracted tongue gesture (CoG, CA, CP) and a
lower tongue height (CC), though it has highest TC.

The acoustic results resemble those for /i, y/ regarding F1.
And the lower F2 in T1 versus T3 further indicates more

retracted tongue body.

3.4 Vowel /u/

The post hoc comparison results for /u/ preceded by zero
initial show a much clear picture. The EPG measures in T3 are
significantly lower than other tones (TC: T3<T1,T4,T2; CoG:
T3<T2,T4;, CA: T3<T2,T4; CP: T3<T4,T1,T2; CC:
T3<T4,T1,T2; p<0.05). These results show that the tongue
gesture in T3 is protrudingly lowered and retracted, which
supports the results in the previous studies [6,7]. The tonal effect
on F1 is the same as in the vowels above with F1 in T4
significantly higher than that in other tones (p<0.05). The F2 in
T4 is significantly higher than that in T1 (p=0.09).

Table 5 shows a rather clear picture of tonal effects on the
articulation and acoustics of /u/. Like the case in zero initials,
tongue retraction and lowering gesture is found for /u/ in T3.
This tongue gesture adjustment strategy may also be partially
utilized in the production of T2, for tongue retraction, but not
lowering, is found for /u/ in T2. The acoustic comparison results
show that the F1 and F2 are significantly lower in T2/T3 versus
T1/T4. However, the higher F1 in T4 (and possibly T1) is argued
to be associated with shortened vocal tract as a result of active
larynx upward movement or coupling effect of FO.
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Table 5. Two-way ANOVA results for the measures of
/u/ preceded by initials of four places

ANOVA results
Measure -
Tone Place Interaction
TC T3,T2<T1* LA<RE,AL** n.a.
T3<T4***
CoG T3,T2<T4,T1* LA<VE,RE,AL* n.a.
CA T3, T2<T1*** LA<RE,AL** n.a.
T3<T4*
CP T3<T2,T4,T1* n.a. n.a.
CcC T3<T1,T2* n.a. n.a.
F1 T2,T3<T4,T1*** LA>RE,VE,AL* n.a.
F2 T2,T3<T4,T1*** n.a. n.a.
3.5 Vowel /il/

Like the retroflexed vowels /i2/, the apical vowel /il/ is
preceded by the homorganic apical initials, thus we compared
the measures at three time points.

Table 6. Two-way ANOVA results for the measures of

/i1/.

ANOVA results

Measure — -

Tone Position Interaction
TC T3<T4, T1,T2** D@>@)**=* **
CoG T3>T1,T4* n.a. n.a.
CA T3<T1, T2* O@>@)*** ok
cP T3<T4, T2, T1*** n.a. n.a.
cc T3<T1, T2* O@>@** bkl
F1 T2<T1,T3<T4** @@ ok
F2 T3,T2,T1<T4* n.a. n.a.

As shown in Table 6 four out of seven measures are
unstable in the vocalic interval, which is mainly caused by
articulatory perturbation toward the end of /il/. However, the
tonal effect is rather clear-cut for the articulation of /il/, with T3
induces less linguopalatal contact in the posterior area on the
palate, indicating a lowered tongue body gesture. Meanwhile,

the lesser degree of centralization in T3 is caused by less anterior

F2 variation as a result of tonal conditions resembles that for /u/.
Taken together, the tonal effects on /il/ are represented by
lowered tongue body and tongue tip gestures in T3. The
retraction of tongue in T3 is not supported because CoG is not
reduced as is in /u/. T4 has significant effect on F1/F2, which
might be associated with either larynx upward movement in T4
or FO coupling effect.

3.6 Vowel v/

Table 7 shows the post hoc comparison results for /v/

preceded by the zero initial. In general, the articulatory measures
decrease monotonously toward the end of the vowel, and the F1
increases and F2 decreases toward the end of the vowel,
indicating the gradual releasing of the vowel gesture in the
vocalic interval. However, the effect of T3 is consistent along
the vowel length for four out of five EPG measures, showing a
lowered and retracted tongue gesture in T3 (and possibly T2).
Since the interaction effect is significant for CA, Figure 6 shows
that the significant difference exists between T1/T4 and T2/T3
(p<0.001) at the onset, but the difference turns marginally
significantly at mid-point (T2<T4, p=0.07), and is nullified
toward the end of the vowel. Acoustically, the effect of T4 on
F1 is significant, making a higher F1 than in T2 and T3. The F2
variation is a reflection of tonally- and temporally-conditioned
vocalic gesture: lower F2 is found for T2 versus T1 at least
toward the mid-point of the vowel, but no difference is found
near the end of the vowel.

Table 7. Two-way ANOVA results for the measures of

contact as indicated by lower CA (r=0.983, p<0.001). The /¥/.
highest CoG in T3 is negatively correlated with reduced . ANOVA results
R . . easure — "
posterior contact (CP, r=-0.702, p<0.001, also shown in Figure Tone Position Interaction
5) TC T3<T4 T1* O>@>@*** n.a.
’ CoG n.a. D@>@** n.a.
ERECON ERRCOE EERCOE EEECCN CA T2,T3<T4*> D>@>@** **
EEEOO00N EEE000CE EEE00CEE EEE000E cP T3<T1* O>@>@* n.a.
ERCOOO00ON EEO000CON EEO0000OE EEO0000
Hessaasiall soesa sl nscssail nasc sl Iy D@or | e
E0000000 E0000000 s0000000 s000000 F1 T2, T3<T4* DeKe* na.
E000000N E000000m s0000000 s00000d F2 TI>T2* na. na.
BOOOOOOR EOOCOCOOR ROOOCOC00 eOO0Ooood

Figure 5: The palatograms of the mid-portion frame /il/ in the
syllable /tsj/ uttered in four tones (From left to right are the

palatograms in T1, T2, T3, and T4 tones).

The tonal effect on F1 is similar with the results above, and
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Figure 6: The CA for /+f across four tones at three

temporal points over the vowel interval.

For /~x/ preceded by non-zero initials, only syllables with

velar (VE) and retroflex (RE) initials were selected. Thus
one-way ANOVA was carried out respectively for these two

types of initial condition. No tonal effect is found for /~/

preceded by VE initials. However, the tonal effect on F1 is
consistent to the findings above, with the highest F1 in T4. Tonal

effect is significant for /x/ preceded by RE, which is shown by

the lowered and retracted tongue gesture in T3 compared with
other tones. The tonal effect on F1 is similar to the result above.

In sum, the tonal effect on the production of /«/ is rather

similar to that of /u/: on the one hand, the lowered and retracted
tongue gesture is found in T3 versus other tones; and higher F1
in T4 versus other tones on the other.

Table 8. One-way ANOVA results for the measures of

/ %/ preceded by VE and RE initials.

ANOVA results
Measure
Tone (VE) Tone(RE)
TC n.a. T3<T2,T1,T4*
CoG n.a. n.a.
CA n.a. T3<T1**
CP n.a. T3<T2,T1,T4*
*%k
cC n.a. n.a.
F1 T2<T1,T3, T4* T2<T1,T3, T4*
T1<T4 (p=0.05)
F2 n.a. n.a.

4. Discussion and Conclusions

To summarize, several patterns are found for the tonal

effects on the vowel articulation and acoustics in the present
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paper: (1) the articulatory variation in vowel production was
mainly induced by the low tone (T3) compared with other tone.
(2) Two strategies for articulatory adjustment were identified:
the tongue lowering and retraction was found for vowels in T3
syllables when the post-dorsum of tongue is involved in vowel

articulation, as shown in /u, =, i1/; the increased tongue raising

was found in T3 syllables when the pre-dorsum of tongue is
involved in vowel production, as shown in /i, y, i2/. (3) The T3
influence on the articulatory measures for vowels tends to be
present in the better part of the vocalic length, regardless of the
pitch changes. (4) Consistent tonal effect on F1 for the vowels
was found for which T4 tends to increase the F1. This might be
attributed to the larynx raising that leads to the shortening of the
vocal tract.

The results of the current paper basically confirm the
previous results of tonal effects on the vowel articulation
[1,5,6,7] and vowel acoustics [4, 16]. Furthermore, the current
paper augments the previous research in that two articulatory
strategies might be involved in vowel production. Apart from
the lowered and retracted tongue gesture in T3 for vowels by
which the posterior tongue is active in vowel production, the
high and front vowels tend to involved heightened, or advanced,
tongue gesture in vowel production in T3. Meanwhile the tonal
effect of rising tone (T2) on the vowel production tends to be
patterned with T3, which, in many cases, differ significantly
from T1 and T4. This indicates that tongue gesture is associated
with the starting pitch value in that the tongue gesture might be
different depending on whether the initial FO is high or low.
However, this hypothesis should be called into caution because
only one speaker and one type of speech task is involved in this
study. The final conclusion is still pending before more stimuli
are to be analyzed and data from more speakers are collected.

The tonal effect on the vowel acoustics is mainly
manifested by F1. T4 shows a consistent effect in raising F1. In
Figure 2 it can be conjectured that this may be associated with
high starting FO that is often much higher than that in T1. This
result may be attributed to the both constriction size and vocal
length in vowel production [19], as lowered tongue gesture is
found in high and front vowel on the one hand, and the active

larynx vertical rise shortens the vocal tract length on the other.
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The Supraglottal Constriction in Tibetan Chants*

——Electroglottographic Evidences

YOSHINAGA Ikuyo, KONG Jiangping

Abstract

The phonation of Tibetan chants was examined using
electroglottographic analysis. The supraglottal constriction,
which was considered to generate their peculiar phonation
qualities, was examined by a comparison with the vocal fold
adduction. The results suggest that the frequency of the
ventricular fold oscillation was the same as FO, and the closing
peak of the ventricular fold adduction occurred approximately
171 degree after the vocal fold adduction. As the ventricular fold
adduction immediately followed the glottal release, it generated
the glottal pulse with double peaks in the corresponding glottal
airflow. Low OQ.q value was observed because the ventricular
fold adduction, which occurred during the glottal release,

lowered its value.

Keywords:
supraglottal constriction; ventricular folds; open quotiend
(OQegq); speed quotient (SQeqq); phase difference

1. Introduction

Tibetan lamas in their red robes chant sutras. The pure sounds
of their low sonorous pitch heal listeners. Sabda-vidya, which
deals with ancient Indian linguistic and grammatical studies
including singing sutras, was one of the five fields of academics
study in ancient India and was deeply treasured and
successfully handed down by Tibetan Buddhists.

The supraglottal constriction is estimated to occur in Tibetan
Buddhist chants using electroglottographic (EGG) and acoustic
analyses [1]. These supraglottic phonations have been reported
to occur in certain singing modes, for instance, Mongolian
Kargyraa in ‘throat singing’ [2], ethnic and pop style singing
[3], and Japanese traditional Noh singing [4]. The supraglottal
constriction is widely considered to be caused by movements of
the ventricular and aryepiglottic folds (Fig.1), the ventricular
folds oscillate at the speed of FO, FO/2 or FO/3 in
vocal-ventricular mode (VVM), so do the aryepiglottic folds at
the frequency of FO/2 in growl voice [1, 2, 3, 4, 5]. The earlier

EGG assessments  of  phonation  types revealed that
period-doubling EGG waveforms are the characteristics of
VVM [6]. A certain mode of Tibetan chants is assessed as harsh
voice [1], in which the ventricular folds generally become
involved in the phonation of the true vocal folds [7]. These
irregular supraglottic phonations have been found not only in
singing but also in vocal fry, voice instabilities, and infant
vocalizations are often

vocalizations. These irregular

interpreted as period-doubling  bifurcations, and the
corresponding acoustical signals often show sudden jumps to

subharmonic regimes [8, 9].

In this paper, we deal with a certain singing mode of
Tibetan Buddhist chants. The phase difference between the
adduction of the vocal folds and that of the ventricular folds and
EGG-based parameters of those adductions are examined using
electroglottographic analysis to investigate the supraglottal
movements and their contributions for the production of
peculiar sounds.

Epiglottis

Pyriform sinus /™~ Aryepiglottic fold

Ventricular fold

Ma@hgea ventricle
'\

( vocal fold
|0l

Figurel. Coronal view of the larynx, as seen from behind [3]

2. Material and Method

This section describes the voice materials, calculation
method of Electroglottography (EGG)-based parameters, and

data processing procedure.

2.1 Voice Material

The phonation of Tibetan Buddhist chants was studied in
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one Tibetan male monk from Kumbum Monastery of
Dge-Lugs-Pa. The monk was 31 years old, with 18 years of
priest experience, when the recording was performed. He was
also a teacher at the Monastery with an excellent reputation for

his chanting.

The sustained vowel /a/ phonated at 93.7 Hz (=F2#),
whose EGG signal was formed as clear period-doubling
waveforms, was studied in this research.

The data acquisition took place at Kumbum Monastery in
Qinghai province, China. The EGG signal was obtained by an
EGG system (Electroglottograph Model 6103; Kay, USA). The
audio signal was recorded by a Sony Electret Condenser
Microphone. Those signals were simultaneously recorded and
digitized at 16-bit resolution at a sampling frequency of 44.1
kHz.

2.2 Parameter Calculation Method

The EGG signals provide meaningful information only when
the vocal folds repeat contact and de-contact during vibration.
Therefore, contact-based analysis is the common algorism. A
few parameters can be extracted from the EGG  waveform that
roughly correspond to the open quotient (OQ) and speed
quotient (SQ). Because the EGG and airflow waveforms differ
from each other qualitatively, OQqqq and SQqqy are employed in
this study as the EGG-based parameters. Fig.2 shows that a
period of EGG signal can be divided into contact and
de-contact phases. Furthermore, the contact phase can be
divided into contacting and de-contacting.

Basically, three kinds of EGG calculation methods are
proposed, i.e., criterion-level [10], DEGG [11, 12, 13, 14, 15, 14]
and the combination of the criterion-level and DEGG methods,
called the hybrid method [17, 18]. The DEGG method is
employed in this research, in which the glottal closing instance
(GCI) and glottal opening instance (GOI) are determined as the
maximum and minimum values of the DEGG waveform (Fig.2).
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Figure 2. EGG waveform and phases of vocal fold contact.

Three EGG-based parameters are extracted: FO, OQcqq and
SQeqq. The definitions of FO and OQ.yy are described as:

FO=1/period and OQ.,%=de-contact phase/period*100.
Although the SQcyq can be varied in detail across researchers,
the definition used in this study is
SQ.qq%=de-contacting/contacting*100 [19].
sub-cycle
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Figure 3. Five vibratory cycles of the EGG signal from vowel
/al phonated at F2# (92.5 Hz).

The EGG waveform in the data from Tibetan chants

demonstrates period-doubling phenomena (Fig.3). These
phenomena are quite similar to what was observed in VVM [5,
6]. Furthermore, the ventricular or the aryepiglottic folds are
considered to be involved in the supraglottal constriction,
however, the aryepiglottic folds oscillate at the speed of Fy/2
because the aryepiglottic folds locate higher than the
ventricular folds with less developed muscles. Indeed, it is
quite reasonable to admit that sub-cycles observed in this study
are caused by the oscillation of the ventricular folds.

The time-based parameters of the DEGG waveforms also
yield information about periodicity and time patterns of the
vibratory events. They are generally referred to as period time
(TO), GCI, and GOI. And we call the maximum instance of the
vocal fold contact area ‘MI” in this study (see Fig.4).

Fig.5 shows the DEGG waveform which corresponds to
the period-doubling EGG waveform. The parameters of the

vocal fold adduction and the ventricular fold adduction are



extracted. To avoid confusion between them, <.’ is suffixed to
the parameters of the latter. Two DEGG-based parameters are

extracted: TO=GCI(n+1)-GCI(n) and T0,=GCl,(n)—GCI(n), ‘n’

is the number of the glottal cycles. TO indicates the duration of
each glottal cycle, TO, indicates the duration between the
closing peak of the vocal fold and that of the ventricular fold
closure. The phase difference between them is given as:
(T0,/T0)*360<
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Figure 4. Time-based parameters of the EGG and DEGG

waveforms.

According to the definitions of EGG-based parameters
described above, three parameters of the vocal fold oscillation
are given as: FO=1/T0, OQ¢e%=(T0-(GOI-GCI))/T0*100, and
SQeg%=(GOI-MI)/(MI-GC1)*100. And OQeggy and SQeqqr Of
the  ventricular  fold  oscillation are given as:
0Qegq2%=(TO-(GOI,-GCl,))/T0*100 and

SQegg2%=(GOl,-M1,)/(M1,-GCl,)*100.
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Figure 5. Definitions of TO and TO,

2.3 Data Processing

The recorded file was downsampled to 11,025 Hz. And the
EGG rumble, which was caused by up and down laryngeal
movements, was filtered out by a high-pass filter with the cutoff
frequency set at 60 Hz because it could affect or mislead the
parameter extraction. The parameter values for all of the cycles
were extracted using the DEGG method and were saved in an
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Excel file, the parameter values of 247 data points were
extracted from the file concretely. The data processing was
performed by a Matlab-based program.

3. Phase Analysis
This section describes the phase difference between the
oscillation of the vocal folds and that of the ventricular folds

using DEGG analysis.
3. 1 Duration of TO and TO,

Fig.6 shows the durations of TO and TO,, they are presented
by black and gray dots respectively. The abscissa indicates time,
and the ordinate indicates the duration of TO and TO, of each
cycle.

It seems that TO is more constant than TO,, the standard
deviation (SD) of TO, is 0.16ms which is 0.09 ms higher than
that of TO (Table Il). The maximum value of TO, is 5.44 ms,
and the minimum value is 4.72 ms. The range between them
ups to 0.73 ms, on the other hand, the range of TO is only 0.36
ms which is about a half of T0,. These results suggest that the
duration from the vocal fold closure to the ventricular fold
closure is not as stable as the duration of each glottal cycle. The
mean values of TO and TO, is 10.67 ms and 5.07 ms. In other
words, the ventricular fold closure occurs approximately 5.07
ms after the vocal fold closure, and the next vocal fold closure

follows 5.6 ms after the ventricular fold closure.

= - —amaane -
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Figure 6. Durations of TO and TO0,.
TABLE Il MEAN AND SD VALUES oF TO AND TO,
Mean (ms) SD (ms)
TO 10.67 0.07
TO, 5.07 0.16
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3.2 Phase difference between the vocal fold and the
supraglottal oscillations

Glottal cycles can be described with 0-360 degree scale. In
this study, GCI is described as 0=as well as 360 “because it is
the end of the glottal cycle as well as the beginning of the next
glottal cycle.

Fig.7 shows the phase difference between the adduction of
the vocal folds and that of the ventricular folds, it is presented
by black dots. The abscissa indicates time, and the ordinate
indicates the phase difference. Fig.7 roughly indicates that the
supraglottal closure occurs approximately 180<after the vocal
fold closure, and it shows that the values are not very stable.
Table IV shows the mean and SD values of the phase difference
between the adduction of the vocal folds and that of the
ventricular folds. The mean value of the phase differences is
171.17=with the SD of 5.26< The earlier researches on VVM
using the high-speed videoendoscopy revealed that the
ventricular fold closure occurred during the 480560 <interval
during the vocal folds were open [5]. In other words, the
ventricular fold closure occurred during the 120200 interval
every other glottal cycle because the frequency of the
ventricular fold oscillation was FO0/2 in the above case. The
mean value of the phase differences between the adduction of
the vocal folds and that of the ventricular folds in this research
is 171.17< the frequency of the ventricular fold oscillation is
equal to that of the vocal fold oscillation. The phase difference
of 171.17<is also in the 120200 <interval, and the ventricular

fold adduction also occurs during the glottal release in this case.
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Figure 7. Phase difference between the vocal fold and ventricular fold
adductions

TABLE V MEAN AND SD VALUES OF THE PHASE DIFFERENCE
BETWEEN THE VOCAL FOLD AND VENTRICULAR FOLD

ADDUCTIONS.
Mean (° ) SD(° )
The phase difference between the vocal
171.17 5.26
fold and ventricular fold adductions
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[20] has reported on the relationship between the glottal air
flow and vocal fold contact area. According to the result,
opening of upper fold margins corresponds to the first airflow of
the pulse, and the pulse terminates closely before lower fold
margins close. Indeed, an upside-down image of the EGG
waveforms roughly demonstrates the glottal airflow. Fig.8
shows the estimated glottal airflow based on the results from
the phase analysis. An upside-down image of the EGG
waveforms is shown as the estimated glottal airflow. 0<and 171<
indicate the decreasing peaks of the airflow, the former is caused
by the vocal fold closure, and the latter is caused by the
ventricular fold closure. A pulse can be described as follow: the
airflow starts to be released, the volume velocity of the glottal
pulse decreases closely before 171< and the peak volume
velocity of the pulse follows it, then the pulse terminates. As a
result, the glottal airflow is formed with two peaks.

As mentioned above, the SD values of the phase
difference between the adduction of the vocal folds and that of
the ventricular folds are not so stable that the volume velocity
of the glottal airflow at the first peak, which occurs closely
before 171< is affected by the unstable phase difference. In
short, the glottal airflow is transformed by the ventricular fold
constriction which seems to play an important role in

generating their peculiar voice qualities.

0° l?1° 360°
I

Glottal airflow

cycle

Figure 8. Estimated glottal airflow.

4. Parameter Analysis

This section describes the characteristics of EGG-based
parameters of the vocal fold and ventricular fold oscillations to
observe their adduction mechanisms.

4.1 OQyqg

As mentioned above, OQ.gy, indicates OQqqq Of the vocal fold
oscillation, OQgyy, indicates OQgyq of the ventricular fold
oscillation in this study. Fig.9 shows the OQgqy and OQggq
values, black dots indicate OQgqq, and gray dots indicate OQgggy.
The abscissa indicates time, and the ordinate indicates the
0OQegg and OQeyq, values of each cycle.

Table VI shows the mean and SD values of OQ, and



OQeggo- The mean OQ.yq is 67.64%, the SD value is 1.73%. The
mean OQgyq, is 74.59%, the SD value is 0.28%. The mean
OQeqgq2 i 6.95% higher than OQgqq, it suggests that the contact
phase of the ventricular fold oscillation is shorter than that of the
vocal fold oscillation. Furthermore, the OQcyq, Value is more
stable than OQeqq, for the SD value of the former and the latter
are 0.28% and 1.73%. The stable TO and unstable TO, were the
result from the earlier section, unstable OQeyy Seems to be
caused by the unstable TO,. It seems plausible that the
ventricular fold constriction, which shortly follows the glottal
release, influences the vocal fold movements. Correlation
analysis between OQcgq and TO, reveals that there is a negative
correlation of -0.492 (p<0.01) between them.

The real OQgyq Value can be extracted by subtracting the
contact quotient (CQqq) Value of the ventricular fold oscillation
from OQeqy because the ventricular fold constriction occurs at
the de-contact phase of the vocal fold oscillation. The mean real
OQeqq is 42.23% which is characterized as significantly low
OQeqq It is quite natural that the phonation containing the
supraglottal constriction has low OQegg.
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Figure 9. OQ.qyq Values of the glottal and the supraglottal
adductions.

TABLE VII MEAN AND SD VALUES OF OQeqyq

Mean OQgqq (%0) SD (%)
The glottal oscillation 67.64 1.73
The supraglottal
74.59 0.28
oscillation
4.2 SQeqq

As mentioned above, SQ.qq indicates SQgqq Of the vocal fold
oscillation, SQgyq, indicates SQgy, Of the ventricular fold
oscillation in this study. Fig.10 shows the SQgq and SQegq
values, black dots indicate SQeqq, and gray dots indicate SQegg.
The abscissa indicates time, and the ordinate indicates the
SQeqq aNd SQeqqo Values of each cycle.
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Table VIII shows the mean and the SD values of SQyqand
SQeqg2- The mean SQgqq is 150.52% with the SD value of
11.00%, and the mean SQeqq, is 100.73% with the SD value of
2.17%. The mean SQgqq is 49.79% higher than SQeqq,. These
results suggest that the strong force of the glottal adduction
raises the energy at the high frequency region in the vocal fold
oscillation. On the other hand, low SQgq, resulted from less
forced adduction because the ventricular folds are incapable of
becoming tense, since they contain very few muscle fibres [21].
Fig.10 shows that the SQcgq Values are unstable, the SD value
reaches 11% which is 8.83% higher than that for the ventricular
fold oscillation. Correlation analysis reveals that there is a
negative correlation of -0.629 (p<0.01) between the OQgqq and
the SQegg
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Figure 10. SQqqq values of the glottal and the supraglottal
adductions.

TABLE IX MEAN AND SD VALUES OF SQggq

Mean SQegq (%0) SD (%)
The glottal oscillation 150.52 11.00
The supraglottal
100.73 217
oscillation

EGG-based parameter values of the ventricular fold
oscillation are rather stable compared to those of the vocal fold
oscillation. It is quite natural that the values of the latter are
complicated because the muscles of the vocal folds and those to
control the vocal folds are much more developed than those of
the ventricular folds. The mean value of real OQ.qy is 42.23%,
its significantly low OQcy is one of the characteristics of
pressed phonation. The OQ.yq Of the vocal fold oscillation and
the phase difference between the adduction of the vocal folds
and that of the ventricular folds are negatively correlated, and
the OQeqq and SQeyq Of the vocal fold oscillation are negatively
correlated. In short, the ventricular fold oscillation occurs
unstably in phases, but the values of OQggq and SQeyq, are very
stable. On the contrary, the duration of each glottal cycle is
quite stable, but the values of OQgyy and SQyq are not very
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stable because of the unstable occurrence of the ventricular fold

oscillation in phases.

5. Conclusion

The ventricular fold constriction was estimated to occur
approximately at 171 phase difference after the vocal fold
closure. As the ventricular fold constriction immediately
followed the glottal release, the estimated glottal airflow was
formed with double peaks of the glottal pulse. Though FO was
very stable, the OQgq and the SQgy of the vocal fold
oscillation were somehow unstable because of the unstable
phase difference between the adduction of the vocal folds and
that of the ventricular folds. The ventricular fold constriction
contributed to lower the OQgq value. These phonation
techniques involving the supraglottal structures made a great
role in generating their peculiar phonation qualities.

Further physiological research using tools such as
high-speed cameras is needed to clarify the ventricular
adduction. Synthesize and perceptual evaluations are also
expected as future work.
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Laryngeal Vibratory Behavior in Traditional Noh Singing*

YOSHINAGA Ikuyo, KONG Jiangping

Abstract

The phonation of Noh, a traditional Japanese style of
singing, was investigated using electroglottographic and
acoustical analyses. The dynamics of the laryngeal vibratory
behaviors were analyzed for the singing voice of the Noh play
compared with natural speech based on the electroglottography
(EGG) parameters, EGG waveform, spectrum and spectrogram.
The result shows that Noh singing is characterized by low OQ.gq
and high SQ.gq. Three types of phonations are used in the singing
with pressed, vocal-ventricular mode (VVVM), and growl voices.
It was hypothesized that the period doubling observed in the
EGG signal was reflective of VVM, which was caused by the
phase difference in the vocal and ventricular fold oscillations,
while the damped peak amplitude in every other cycle in the
EGG signal was the result of the oscillations of the aryepiglottic
folds at a frequency of half of the fundamental frequency.
Subharmonics generated by the supraglottal oscillations add
unique timbre to the sounds. The results suggest that the
combination of phonation types is the key factor in generating
their peculiar voice qualities.

Key words:

pressed voice; vocal-ventricular mode (VVM); growl voice;
electroglottography (EGG); open quotient (OQg); speed
quotient (SQeqg)

Introduction

Noh is a traditional performing art which has been handed
down orally since the Nara Era. A typical Noh play involves a
small chorus and orchestra, a shite (main role), and a waki
(supporting role) wearing masks. The Noh artistic style has a
solemn atmosphere. The Shite have 5 schools at present, among
which the Hosho and Kanze school are most representative. The
Hosho has an excellent reputation for its solid performance style
and long history. From the oral arts viewpoint, the singing voice
in Noh is influenced by Buddhist chants.

Research on Noh singing is quite rare. The singer’s formant

has been observed to be 3-4 kHz!™. The duration of the
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consonants is lengthened in Noh singing compared with
classical European singing. The Mahalanobis generalized
distance on the LPC cepstrum was used to evaluate the distances
between conversational and singing voices in Noh[. They
showed that the distance between them is much closer than in
classical European singing. Thus, expert singers use their
characteristic phonation of singing even in their conversational
speech.

Recent investigation using high-speed camera, X-ray,
Kymography, and other methods has revealed ventricular and
aryepiglottic fold oscillations in Asian vocal cultures and in
some ethnic and pop music. The ventricular folds oscillate at
speeds of the fundamental frequency (Fo), Fo/2 or Fq/3 in the
vocal-ventricular mode (VVM), with the aryepiglottic folds
oscillatery at Fy/2 in the growl voice (also called the voiced
aryepiglottic trillEYE®1 These kinds of phonations are found
not only in the singing technique but also in the vocal fry, voice
infant  vocalizations. These

instabilities, and irregular

vocalizations are often interpreted as period-doubling
bifurcations, with the corresponding acoustical signals often
showing sudden jumps to subharmonic regimes!’!.

Electroglottography (EGG) has been widely used to
analyze vocal fold functions since Fabre reported on its use in
1957, Five Chinese phonation types are described using EGG
parameters™™®, Table 1 shows that the open quotient (OQegq) and
speed quotient (SQeq) are key factors distinguishing the five
phonation types. For example, the vocal fry is described by high
OQegg and SQeqq. This suggests that they are also very important
parameters for voice quality assessments.

Figure 1 gives a simplified illustration which shows the
relations between the voice qualities and physiological, EGG
and spectral properties. The relationship between the EGG
waveform and the frontal section of vocal folds is described
according to Ref. [11]. The relationship between the superior
view of vocal folds and the spectral tilt is determined with
reference to Ref. [12]. Generally, low OQ.qyq represents a pressed
voice with more contact area in the vocal folds that can be seen
at the frontal section of the vocal folds in Fig. 1. A high OQggq

represents a breathy voice with less contact area in the vocal

* Published: Tsinghua Science and Technology, vol. 17(1), pp.94-103, 2012



folds, because a longer glottal release duration will result in
more airflow. Low SQ.qq indicates the glottal closing is slower
and the voice has less energy without the forceful glottal closure.
This can be described as a steep spectrum tilt from an acoustical
point of view. A high SQcqq has a forceful, quick glottal closure
and is described by a small spectrum tilt. Thus, these EGG
parameters can be used to judge voice qualities.
Table 1  Distinctive features of the source
parameters for the five Chinese phonation types
compared with the modal. “~” indicates lower and “+”

indicates higher than modal. A high pitched voice is
indicated as “High” in this table.

F
0 OQeqq SQeqg
Fry - + +
Breathy - + —
Pressed - _ 4
Modal + + +
High + - _
Lax Tense
[Breathy| |Modal] [Pressed|
Superior view

of vocal folds

Frontal section

of vocal folds —/\— J—=
VNNV

EGG-based| 0Q,;; High (e———) L(.)W
parameter | SQ,, Low (mmmmmmmmmmp High

T~

Fig. 1 Simplified illustration of the vocal folds, EGG
waveforms, and parameters and the spectral tilt
related with the phonation types
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This study used electroglottographic and acoustic analyses
to study the laryngeal vibratory behavior and to describe the
phonatory characteristics of voice qualities in Noh singing.

1. Methods and Materials

This section describes the calculational method to get the
EGG parameters, the details of the voice materials, and the

processing procedure.

1.1 arameter calculation method

Voice quality is key to judging various singing styles.
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Perceptual assessment and a variety of instrumental (acoustical
and physiological) methods are used in the definition of voice
qualitiest™. EGG, which measures the electrical conductance
changes between a pair of electrodes placed on the neck, is a
noninvasive technique used to observe vocal fold vibratory
patterns. The EGG signals provide meaningful information only
when the vocal folds repeat contact and de-contact during
vibration. Therefore, contact-based analysis is the common
algorism. Because the EGG and airflow waveforms differ from
each other qualitatively, OQcgq and SQgqq are employed in this
study as the EGG-based parameters. A rise in the EGG signal
corresponds to the closing of the glottis, while dropping
corresponds to opening of the glottis as shown in Fig. 2.
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Fig. 2 EGG waveform and phases of vocal fold contact

Three EGG-based parameters are extracted: Fy, OQcqq, and
SQeqq- The definitions of Fy and OQ,gyq are described as follows:
Fo=1/period and OQgy%=de- contact phase/period*100%.
Although the SQgqq can be varied in detail across researchers, the
definition used in this research is
100%H,

There has been much discussion on the definition of the

SQ.qq%=de-contacting/contacting*

glottal closing instance (GCI) and glottal opening instance
(GON™*8, Three kinds of proposed EGG calculational methods
are the criterion-level algorithm!*®, the differential of the EGG
signal (DEGG)*>%1 and a combination of the criterion-level
and the DEGG method, called the Hybrid algorithm*"&], The
DEGG is considered the best method reflecting the GCI and
GOl, but it is not reliable with imprecise or double GCls and
GOIs™, EGG waveforms of Noh singers often contain
sub-cycles (Fig. 3).

In this case, the DEGG signals show double GCls or GOls,
and the precise setting of the criterion level is necessary so that
each instance can be detected. Therefore, the EGG cycle
segmentations were set at 35% to define the GCls or GOIs as
shown in Fig. 4.
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1.2 \oice material

The Noh singing voice was studied using 2 males and 2
females who were professional Noh singers of the Hosho school.
The two males (subjects A and B) were successors of Yoshio
Hosho, a living national treasure. They started singing Noh at
the age of 4. The females (subjects C and D) also started singing
at an early age. They were all in their twenties with about 20
years of singing experience when the recordings were made.

100~ r : A A 1

50

Contact area

0 :
0 0.01 0.02 0.03 0.04 0.05

Time (s)
Fig. 3 5-cycle EGG waveform of vowel /e/ at G3

(196 Hz) from Tsurukame (Subject A)
GCI GOI

., max ‘7
: =3
: /
= J
8 35% criterion-level
g8
&}
min

] [pros ]
T -

Fig. 4 Definitions of GCI and GOI on the EGG signal
by the 35% criterion and a differential method

The voice materials consist of (1) the Noh play “Tsurukame
(crane and turtle)” and (2) the sustained vowels /a, e, i, o, ul/.
Tsurukame is a story describing the New Year’s prayer at the
palace of Emperor Xuanzong of the Tang Dynasty. The subjects
read and sang the lyrics of Tsurukame in their comfortable pitch.
In this case, gaps of Fq and intensity changes occurred between
the singing and speaking. Since F, and intensity influence OQggq
and SQgqyq, this method can’t be used to compare OQy and
SQeyy between singing and speaking with the first set of
materials. The subjects spoke 5 sustained vowels /a, e, i, o, u/
using speaking and Noh singing styles. They sustained every
semitone from their lowest pitch to the highest and they were
requested to use the same loudness in singing and speaking.
Thus, the Fy gap between singing and speaking and the intensity
differences were eliminated in case 2. In this case, the recordings
covered a range of over an octave, starting at about F2# (92 Hz)
for the males and E3 (164 Hz) for the female subjects. Since the
recordings for case 2 covered their entire pitch range, it

contained the pitch height which is not used in actual Noh
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singing. Moreover, the sustained phonation did not contain some
of the Noh singing techniques which were used in the actual
singing. However, comparison of the singing and speaking using
the case 2 material will illustrate the inherent voice qualities of
Noh singing phonation. The phonation types of actual Noh
singing were studied in case 1.

The recordings took place at the Nohgaku stage in Tokyo,
Japan. The EGG signal was obtained on an EGG by
LARYNGOGRAPH Ltd BF; Kay, UK. The audio signal was
recorded by a Sony Electret Condenser Microphone. These
signals were simultaneously recorded and digitized on 16 bits at

a sampling frequency of 44.1 kHz.

1.3 Data processing

The recorded files were prepared for the acoustical analysis
by downsampling to 11.025 Hz. Then, the EGG rumble caused
by the up and down laryngeal movements was filtered out by a
high-pass cutoff frequency of 60 Hz, because it could confuse
the calculated results. The files were divided into smaller pieces
to prepare for the batch processing to obtain the EGG
parameters. Since a large amount of data processing was
needed and the recorded files were different lengths, 30
parameter values were extracted from each file. Wavelet
transforms were applied to each file to adjust the noise and
warp of the EGG signals, which might also cause
miscalculations, before extracting the EGG parameters. The
data processing was performed using the Matlab based
SpeechLab developed by the Linguistic Lab of Peking
University.

Since the singing data files were 11 min long which was
twice the length of the speaking data, the parameter were
extracted using 1140 data points from each singing and speaking
file. For case 2, 30 parameter values were extracted for each

sustained vowel.

2 Parameter Analysis

The EGG parameters were then analyzed by comparing the
singing and speaking parameters to study the Noh singing voice

quality.
2.1 Pitch range analysis for Tsurukame

The Fy distributions for the singing and speaking of
Tsurukame are shown in Figs. 5 and 6. The discussion



is limited to Fq to focus on the pitch range. The Fq
distributions for male subjects A and B are shown in
Fig. 5, while the Fqdistributions for female subjects
C and D are shown in Fig. 6. The singing parameters
are shown by 1140 black circles, while the speaking
parameters are shown by 1140 gray circles in Figs. 5
and 6. Table 2 lists the average, minimum, and
maximum of F, for each subject. Semitone as well as
hertz was used to measure Fo. Figures 5 and 6 show a
large difference in Fy between the singing and
speaking. F, for the singing is significantly higher and
its range is wider than for speaking with all the
subjects. The Fq range in the males is 11-12 semitones
for singing, and 6 semitones for speaking. Thus, the
singing range is almost double the speaking range.
The Fq range for the females is 11-12 semitones for
singing and 4-5 semitones for speaking. Thus, the
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singing range is more than double the speaking range.
The Fq range for singing is then wider than that for
speaking regardless of gender. The average F, of the
males is about 182-188 Hz for singing and
103-108 Hz for speaking. Thus, the F, for the
singing is 9-10 semitones higher than that of
speaking. The average F for the females is 288 Hz for
singing and 193-198 Hz for speaking. Thus, the Fq of
singing is 7 semitones higher than that of speaking for
the females.

Therefore, the F, range for singing is 11-12
semitones, almost double that of speaking. The
average Fo for singing is 9-10 semitones higher in
males and 7 semitones higher in females than that of
speaking. Though singing voice in Noh sounds quite
low, the Fqof singing actually rather high than that of
speaking.
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Fig. 5 Distribution of F, for singing (black) and speaking (gray) of Tsurukame by male.
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Fig. 6 Distribution of F, for singing (black) and speaking (gray) of Tsurukame by female.

Table 2 Average, minimum, and maximum of Fq in Tsurukame

. Average (Hz) Min (Hz) Max (Hz)
Subject Singing Speaking Singing Speaking Singing Speaking
A 187.7 102.7 89.2 73.4 275.6 149.0
B 181.5 107.7 95.9 74.6 268.9 144.8
Cc 288.1 197.7 190.1 160.3 376.2 232.6
D 288.2 193.1 161.0 141.7 419.7 263.4
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2.2 EGG parameter analysis: Sustained vowel

¢ Singing
B Speaking
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46+ 250F
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Fig. 7 Average of OQq (left) and SQcy (right) for an octave (males)
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Fig. 8 Average of OQq (left) and SQcyq (right) for an octave (females)

The pitch range shown in Figs. 7 and 8 covers 1 octave from
G2 (98 Hz) to G3 (196 Hz) for the males in Fig. 7, and from G3
(196 Hz) to G4 (392 Hz) for the females in Fig. 8. The average of
OQegg and SQeqq is given in black for singing and in gray for
speaking. Polynomial fitting curves are also given in Figs. 7 and
8.

The data in Figs. 7 and 8 shows that OQggq of singing is
lower than that of speaking both in males and females, while
SQeqq Of singing is higher than that of speaking. Thus, singing is
characterized by low OQgyqy and high SQggq. The OQeyq Of
speaking tends to drop steadily as F, increases. For the singing,
the fitted polynomial curves for OQ.gq are rather arched with the
lowest OQgqy at C3 (131 Hz) for the males and D4 (294 Hz) for
the females. The lowest OQqgq for the males reaches 40.7% while
that for the females reaches 39.6% with a maximum 5% gap
between singing and speaking. Thus, very strong adduction of the
vocal folds occurs during singing, especially around C3 for the
males and D4 for the females. SQgyy for both singing and
speaking tends to drop steadily as F, increases. Thus, Noh
singing can be characterized as low OQgyq and high SQggg.

The overall averages and standard deviations, SD, are given
in Table 3. The average OQ.qq for singing is 42.5% for the males

42

and 40.2% for the females, which is 3%-4% lower than that for
speaking. Strong adduction of the vocal folds with longer glottis
closures is achieved in singing. The average SQeqq for singing is
202.8% for the males and 118.1% for the females, which is
5%-18% higher than those for speaking. In this case, singing
involves quick and forceful glottis closure. The standard
deviation of OQq is higher in singing, reaching 3.6% in males.
The standard deviation of SQq, is also quite different between
singing and speaking especially in males, with 23.5% for singing
and 14.6% for speaking. These results illustrate the dynamic

activities occurring in the glottis during Noh singing.

Table3 Average and standard deviation of OQ... and SQ...

OQuee (%) SQuse (%)

Average SD Average SD

Singing 425 36 202.8 235
Male
Normal 453 24 185.1 14.6
Singing 402 19 118.1 89
Female

Normal 442 1.8 1133 72

It is difficult to represent each parameter linearly, because natural
human voices always have source variation. However these
attempts can help recognize the inherent characteristics of the

voice source parameters. The low OQegg and high SQegg are the



key features of Noh singing phonation.

The source characteristics can be described in terms of the
glottal pulse shapes in the time domain, such as in the LF
model™, and can also be described in terms of their spectral
effects in the frequency domain. The shape of the glottal source is
an important determinant of voice quality?®27. Figure 9, which
is based on the LF model, shows a schematic of the glottal flow
and the differentiated glottal flow for speaking and Noh singing.
UP and EE are equivalent to the peak volume velocity of the
glottal pulse and the excitation strength. A low OQgq and a high
SQeqq in the EGG, which are characteristics of Noh singing, are
related to a small UP and high EE. Thus, Noh singing has a small
peak volume velocity of the glottal pulse with a short glottal
release while a strong excitation strength with forceful glottis
closure. Thus, Noh singing characterized by the low OQgqq, and

high SQcgq can be assessed as a pressed voice.

3. Phonation Analysis

In this section, the Noh singing phonation types are
investigated using the EGG waveforms, EGG parameters, and
acoustic spectra and spectrograms.

3.1 EGG parameter analysis for each phonation type

Actual singing phonation involves more voice qualities than
just sustained phonation, because it has rhythm and emotional
factors. The Noh singing voice was classified as pressed
phonation in Section 2 by analyzing the singing and speaking
parameters. The voice quality of the actual singing voice from
Tsurukame is assessed here.

Some Asian oral characteristics involve oscillations of the

ventricular folds and aryepglottic folds. The EGG waveform

Singing Speaking

Glottal flow

Differentiated DY_\:'\ E
glottal flow ! \;
k

Fig. 9 Schematic of glottal flow and its derivative for
singing and speaking
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for VVM includes periods doubling™?3?% while growl is
described as a damped amplitude every other cycle®. The
period doubling is caused by the phase difference between the
vocal and ventricular fold oscillations. When the ventricular folds
oscillate at Fo/2 or Fy/3, subharmonics appear at Fy/2 or F¢/3 in
the spectrum or spectrogram®?!. When the growl voice is
analyzed by X-ray videofluoroscpy®?, the larynx position is
usually high, the aryepglottic region is compressed
antero-posteriorly, and the tubercle of the epiglottis and arytenoid
cartilages come into contact. The corresponding EGG waveform
indicates less contact area in every other cyclel®. These
supraglottal vibrations are also thought to be used in Noh singing.
The EGG waveforms for VVM and growl observed in Noh
singing are shown in Fig. 10. The period doubling is found in
VVM while damped amplitudes in every other cycle in growl.

The three kinds of EGG waveforms observed in Noh
singing are growl, VVM, and pressed voice. Growl appears in the
initial part of almost every phrase, while VVM and pressed voice

appear during the rest of the sound. The Fydistributions for

Sub-cycle

(@

Bumpy peak amplitude

(®)
Fig. 10 6 cycle EGG waveform for (a) VVM and (b)
growl from Tsurukame (subject A)

each phonation type are shown in Fig. 11. F, of growl is the
lowest and the range is the narrowest with an average F, of
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141.6 Hz for the males and 220.0 Hz for the females. The VVM
frequency is in the middle with an average F, of 165 Hz for the
males and 249 Hz for the females. The F, of the pressed voice is
the highest and the range is the widest. Overlap occurs between
each phonation type since each type covers a rather wide range,
while it implies that switching between phonation types involves
not only the pitch height but also techniques to add certain vocal
effects to the singing voice. Thus, the F, are characterized as:
growl < VVM < pressed.

The OQqq Variations in Fig. 12 show that growl has the
highest OQqq, then pressed, and VVM with the lowest OQgqq.
The average OQcyq for growl is 53.0% for the males and 45.5%
for the females. The average OQeyq for VVM is 39.4% for the
males and 36.7% for the females. There is a significant difference
between OQq, for growl and that for the other phonation types.
For example, OQcqq for growl is 9%-14 % higher than that for
VVM. Moreover, though F, for growl and the other phonation
types overlap as shown in Fig. 11, less overlap occurs for OQegq
in both males and females as shown in Fig. 12. Thus, OQyq is
characterized as: VVM < pressed < growl.

[ & Male
Growl [ Female
]
.
VVM
/]
I
Pressed
[ ]
100 200 300 400
F,(Hz)

Fig. 11 F, Distributions for each phonation type

—
Growl
[ ]
——
VVvM
—/
—
aMale
Pressed — O Female
| |
30 40 50 60
0Qq (%)

Fig. 12 OQq distribution for each phonation type

The SQey for VVM is significantly higher than that of
growl or pressed voices in both males and females as shown in
Fig. 13 and covers a range of 170.2% in the male subjects.

Though the F, range of the pressed voice is the widest among
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the three phonation types (Fig. 11), the SQeqq Variation is the
most stable as shown in Fig. 13. Therefore, the vocal fold
vibrations for the pressed voice can be characterized as stable,
while the VVM involves dynamic laryngeal behavior result in
very unstable SQgqq. SQeqq Can be characterized as: pressed <
growl < VVM.

The distinctive features of each phonation type are shown in
Table 4. As noted in Section 3, Noh singing is classified as
pressed phonation with low OQ.4q and high SQeqy, Whereas the
growl voice has a peculiar phonation quality with high OQ.q and
low SQgqq caused by less contact area of the vocal folds
resulting from the aryepiglottic fold oscillations. Although the
EGG parameters indicate a significant difference between growl
and the other two phonation types, the supraglottal oscillation is
a common feature in both growl and VVM. VVM is
characterized by the lowest OQgyq and the highest SQeqq. As a
result, VVM and pressed voice are classified as the pressed type
phonation. VVVM is characterized as the more pressed, energetic
and dynamic phonation type. On the other hand, growl is
characterized as a rather lax phonation type.

3.2 Switching of phonation types and acoustic
analysis

Subharmonics are often found in voice instabilities,

[ ——
Growl
|
VvM I
——
Pressed @ Male
— 0 Female
70 140 210 280
SQegg (%)

Fig. 13  SQg distribution for each phonation type

Table 4 Distinctive features of the source
parameters for the three phonation types. “-” indicates
low, “+” means high, “%” is middle.

FU OQEQCI SQGCIQ
Growl - + +
VVM + - +
Pressed + + —

infant vocalizations, some paralinguistic features of
speaking, and singing techniquest*"®%!, Subharmonics are also

observed in Noh singing. Figure 14 shows the switching of



phonation types in actual Noh singing, (a) Fo (indicated in
black), (b) OQgyy (indicated in gray) and SQeq (indicated in
black), and (c) corresponding narrow-band spectrogram. The
parameters are all normalized. Figures 14a and 14b provide a
typical example of each phonation type’s source features with
growl having high OQgyq and low SQee and VVM having low
OQegg and high SQeqq. Subharmonics are observed both in
spectrograms in Fig. 14c and the spectrum in Fig. 15 in the growl
region. As seen in Fig. 15, the 63 Hz undertone is relatively
weaker than the original harmonic peak at 126 Hz with the
spectrum including clear subharmonics, indicated by the black
arrows in Fig. 15, up to the high frequency region.

The frequency of the ventricular fold oscillations is the same
as Fy in both males and females, with Fy/2 also observed in
females. Clear subharmonics appear due to the ventricular fold
oscillations at Fy/2 in Fig. 16.

|Growl | [Pressed | [vwn |

1 1
(a) o 05 W\/«J

0

1
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0
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0 o .2 - 0.5 0.7 (sec)
Fig. 14 Switching of phonation types in Tsurukame
(subject A) (a) Fq (black), (b) OQgyy (gray) and SQggq
(black), and (c) spectrogram

63 Hz
| 126 Hz

50

Amplitude (dB)
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Frequency (Hz)

Fig. 15 Spectrum (range 0-1000 Hz) of growl from

subject A. Black arrows indicate subharmonic peaks,

gray arrows indicate original harmonic peaks.
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Amplitude (dB)
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Fig. 16 Spectrum (range 0-1000 Hz) of VVM from
subject C with an undertone observed at 138 Hz

Fo is 276 Hz, with the subharmonics at 138 Hz which is
equivalent to Fo/2 and other harmonics at higher frequencies.

A vibrato example from Tsurukame is shown in Fig. 17.
Since the main perceptual effect of the vibrato depends on the
frequency modulation®™, in Noh F, also shows sinusoidal
modulation in Fig. 17a. Period doubling is observed in the EGG
signal in Fig. 17d in the low pitch region in Fig. 17a with low
0Qegq and high SQcgq in Fig. 17h. Thus, the vibrato involves not
only the Fy, modulation but also a combination of phonation
types.

Thus, vibrato is achieved by the combination of F
modulation and the switching of phonation types. Some VVM
and growl subharmonics add low pitched impressions to the
sounds.
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Fig. 17 Vibrato from subject A. (a) Fo (black), (b)
OQeqq (gray) and SQggq (black), (c) spectrogram, and (d)
selected EGG signals
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4. Conclusions

This study analyzed the phonation mechanisms of Japanese
traditional Noh using physiological and acoustical methods.
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Three types of phonation occur in Noh singing: pressed, VVM
and growl. Among the so-called extended vocal techniques,
VVM is the representative Asian traditional vocal technique
which sounds solemn and ancient, while growl is the
animalized sound which delivers passionate and dramatic vocal
effects to the singing. Noh singing is characterized by low
pitched sounds, however, the actual Fy is rather high and the pitch
range is rather wide. Subharmonics, generated by the ventricular
and aryepiglottic fold oscillations at a frequency of F,/2, add the
low pitched sound effect to the singing. The unique mixed vocal
timbre resulting from the combination of phonation types creates
a compelling effect to Noh singing.

Further physiological measurements using other techniques
such as high-speed cameras are needed to clarify the laryngeal
behaviors of these peculiar

phonations. Synthesize and

perceptual evaluations are also expected in future work.
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Some Phonatory Characteristics of Tibetan Buddhist Chants*

YOSHINAGA Ikuyo, KONG Jiangping
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1. INTRODUCTION

Tibetan lamas chant sutras with devout devotion and
passion. ‘Outsiders’ listening to these chants often cannot help
but be impressed by the unique sounds of their low sonorous
pitch. Shomyo (sabda-vidya, in Sanskrit), as it has been called,
was one of the five fields of academic study in ancient India and
was deeply treasured and successfully handed down by Tibetan
Buddhists.

In ‘throat singing’, Mongolian Kargyraa is the common
label for low, bass-pitched singing, and a similar style is found
in Tibetan Buddhist chants (Lindestad et al. 2001, Sakakibara
2003). A study conducted in the 1960s used sonograms to
hypothesize that the ‘odd harmonics’ found in the chants of
Tibetan lamas were produced by double oscillators or
asymmetrically vibrating vocal folds (Smith et al. 1967).
High-speed video endoscopy and electroglottography (EGG) of

non-Tibetan ‘throat singing’ revealed that the ventricular folds
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oscillated at half of the frequency of vocal folds in a typical
phonation mode, which was judged to be perceptually identical
to that used in Tibetan Buddhist chants (Fuks et al. 1998). In
Mongolian ‘throat singing’, the ventricular fold vibrations were
observed via high-speed imaging techniques and kymography
(Lindestad et al. 2001). The ventricular folds oscillate at a
frequency of FO, FO/2, or FO/3 in vocal-ventricular mode
(VVM) (Fuks et al. 1998, Lindestad, et al. 2001, Sakakibara, et
al. 2004). These supraglottic phonations have been found not
only in singing techniques but also in vocal fry, voice
These

instabilities, and infant vocalizations. irregular

vocalizations are often interpreted as period-doubling
bifurcations, and the corresponding acoustical signals often
show sudden jumps to subharmonic regimes (Hollien et al.
1973, Titze et al. 1993).

The phonatory characteristics of voice qualities are very
important in defining singing techniques. However, perceptual
assessments of voice qualities remain ambiguous. Objective
assessments, such as acoustical analysis, synthesis, and
physiological observation, are needed (Sakakibara 2003).

This paper describes the electroglottographic and acoustic
analyses conducted to reveal the voice production mechanisms
of certain singing modes of Tibetan Buddhist chants and

describes the phonatory characteristics of these voice qualities.

2. METHODS AND MATERIALS

This section describes EGG, the primary experimental
method of this research, the calculation method of EGG-based
parameters, voice materials, and the data processing procedure.

2.1 Electroglottography

Voice quality is a key issue in describing various singing
styles. Perceptual assessment and a variety of instrumental
(acoustical and physiological) methods are applied in the
definition of voice qualities (Raymond and Martin 2000). EGG,
which measures electrical conductance changes between a pair
of electrodes placed on the neck, is a noninvasive technique for

the observation of vocal fold vibratory patterns. One of the
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authors has described five Chinese phonation types using EGG
parameters. Table 10 shows that the open quotient (OQegg)
and the speed quotient (SQcqg) are key factors in distinguishing
these five phonation types: vocal fry, breathy voice, pressed
voice, modal voice, and high-pitched voice. For example, vocal
fry is characterized as high OQcgq and SQeqq. These parameters
are very important to voice quality assessments.
Table 10 Distinctive features of the source

parameter in five phonation types compared with the

“w »

modal voice. indicates lower and “+” indicates

higher than the modal voice (Kong 2001).

Fry  Breathy Pressed Modal High
FO - - - + +
0Q:ee + + - + -
5Qez: + - + = -

Fig. 1 Simplified illustration of the vocal folds, EGG
waveform and parameter, and spectral tilt related to

the phonation type.
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Fig.1 is a simplified illustration that shows the
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relationships  of  voice  qualities to  physiological,
electroglottographic, and spectral properties. The relationship
between the EGG waveform and its corresponding frontal
section of vocal folds is described according to Titze (1990).
The relationship between the superior view of vocal folds and
its spectral tilt is determined with reference to Stevens (1977).
Low OQegg represents pressed voice with the larger contact
area of the vocal folds that can be seen at the frontal section of
the vocal folds in Fig. 1. In contrast, high OQegg represents
breathy voice because more airflow is released with the longer
de-contacting duration. A voice with lower SQegg has weaker

energy because of the reduced speed when the vocal folds come
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into contact. Acoustically, this is reflected by the steeper spectral
tilt. In contrast, higher SQegg has more forceful and quicker
glottal closure and is accompanied by a more gradual spectral
tilt. Thus, the characteristics of these EGG parameter values are

reflected in the acoustic features.

2.2 Parameter Calculation Method

The EGG signals provide meaningful information only
when the vocal folds repeat contact and de-contact during
vibration. Therefore, contact-based analysis is the common
algorism. A few parameters can be extracted from the EGG
waveform that roughly correspond to the open quotient (OQ)
and speed quotient (SQ). Because the EGG and airflow
waveforms differ from each other qualitatively, OQgqq and SQqqq
are employed in this study as the EGG-based parameters. Fig. 2
shows that a period of EGG signal can be divided into contact
and de-contact phases. Furthermore, the contact phase can be
divided into contacting and de-contacting.
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Fig. 2 EGG waveform and phases of vocal fold
contact.

Three EGG-based parameters are extracted: FO, OQcyq,
and SQeyq. The definitions of FO and OQ.y, are described as
FO=1/period and 0OQegq%=de-contact
phase/period*100. Although the SQeyy can be varied in detail

follows:

across researchers, the definition used in this research is
SQ.q,%=de-contacting/contacting*100 (Kong 2001).

There have been discussions on the definition of the glottal
closing instance (GCI) and glottal opening instance (GOI)
(Baken and Orlikoff 2000, Henrich 2004, Herbst 2004, Howard
et al. 1990, Howard 1995). Three kinds of EGG calculation
methods are proposed, i.e., criterion-level (Rothenberg 1988),
derivative of the EGG signal (DEGG) (Henrich 2004, Childers,
Hicks, Moore and Eskenazil 1990, Childers, Moore, Naik,
Larar and Krishnamurthy 1983, Childers, Naik, Larar,
Krishnamurthy and Moor 1983, Childers and Krishnamurthy
1985, Childers and Larar 1984) and the combination of the
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criterion-level and DEGG methods, called the hybrid method
(Howard et al. 1990, Howard 1995). The DEGG is considered
the ideal method to reflect the GCI and GOI, but it is not reliable
in the case of imprecise or multiple GCIs and GOls (Henrich
2004). The EGG waveform in the data from Tibetan chants
demonstrates period-doubling phenomena (Fig. 3). In this case,
the DEGG signals show double GCls or GOls, and the precise
setting of the criterion level is necessary so that each instance
can be detected. Therefore, the criterion-level method of the 35%
threshold is employed in this study, in which the threshold level
is determined between the maximum and minimum values of the
EGG waveform (Fig. 4).

Contact Area
a
o

0 0.01 0.02 0.03 0.04 0.05
Time (s)

Fig. 3 Five vibratory cycles of the EGG signal
from vowel /a/ phonated at G2 (98 Hz).

EGG

p

i /
- /( ________ 33% rierion Jeve
el /
i DEGG

Fig. 4 Definition of GCI and GOI with a 35%

criterion-level and derivative EGG (DEGG) waveform.

Contact area

2.3 Voice Material

The phonation of Tibetan Buddhist chants was studied in
one male monk from Kumbum Monastery of Dge-Lugs-Pa,
which is one of the best monasteries in China. The monk was
31 years old, with 18 years of priestly experience, when the
recording was performed. He was also a teacher at the
monastery with an excellent reputation for his chanting.

The voice materials consist of two types: 1) a sutra,
Gadanlajima, and 2) sustained vowels /a, e, i, 0, u/. Gadanlajima
is a representative sutra in the Kumbum Monastery. The subject
chanted and read the sutra at his comfortable pitch.

The subject sustained five vowels /a, ¢, i, 0, u/ using two
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styles, chanting and speaking, in material 2. Each semitone was
produced from the lowest to highest for the subject’s range while
attempting to maintain the same volume in chanting and
speaking. Thus, the factors that might influence the values of
source parameters were eliminated.

The data acquisition took place at Kumbum Monastery in
Qinghai province, China. The EGG signal was obtained by an
EGG system (Electroglottograph Model 6103; Kay, USA). The
audio signal was recorded by a Sony Electret Condenser
Microphone. Those signals were simultaneously recorded and
digitized at 16-bit resolution at a sampling frequency of 44.1
kHz.

2.4 Data Processing

To prepare the recorded files for acoustical analysis, the
files were down-sampled to 11.025 kHz. Next, the EGG rumble,
which was caused by up and down laryngeal movements, was
filtered out by a high-pass filter with the cutoff frequency set at
60 Hz because it could affect or mislead the parameter extraction.
The files were divided into smaller pieces in preparation for the
batch processing to obtain the value of the EGG parameters. The
parameter values for all of the cycles were extracted using the
criterion-level method of 35% and were saved in an Excel file.
Because a large amount of data processing was needed and the
lengths of the recorded files were inconsistent, parameter values
at 30 data points were also extracted from each piece of the
recorded file and saved in an Excel file. Before extracting the
values of the EGG-based parameters, the wavelet transform was
applied to each file to reduce the high-frequency noise of EGG
signals, which might cause miscalculations in detecting the
highest peaks and contacting and de-contacting peaks (Kong
and Liew 1998). The data processing was performed by
Matlab-based VoiceLab, which was developed by the Linguistic
Lab of Peking University.

The lengths of the recorded data for chanting and speaking
were approximately four minutes for each in material 1. The
parameter values of 700 data points were extracted from each
data file. Data that indicated abnormally low or high values for
parameters were deleted because they may not be from vowels
but from voiced consonants. In the case of material 2, parameter
values at 30 data points were extracted from each sustained

vowel.



3. PARAMETER ANALYSIS

In this section, the EGG parameters are compared with
comparisons between chanting and speaking to recognize the

inherent features of glottal source in chanting.

3.1 Parameter Distribution of Gadanlajima

Fig. 11 shows the parameter distribution of Gadanlajima
for chanting and speaking. The x-, y- and z-axes in Fig. 1la
represent FO, OQgqq and SQeqq, and those of Fig. 11b represent
OQeqq, FO and SQcqyq, respectively. The parameters for chanting
are shown by 700 black circles, and those for speaking are
shown by 700 gray circles. Table 11 shows the mean and range
of FO, OQegq and SQgqq. In Fig. 11a, the data for chanting are
located at a lower FO region than that for speaking. The mean FO
of chanting is 102.3 Hz, which is 2 semitones lower than
speaking. The FOrange of chanting is a little over 2 semitones
(14.9 Hz), which is only half of the range of speaking. Fig. 11b
shows the distribution of OQ.qe, demonstrating that the values
are lower for chanting than for speaking. The mean OQcgq Of
chanting is 52.8%, which is lower than that of speaking by 4.4%.
The range of OQ.qyq is 7% for chanting and 10.1% for speaking.
Because the FO range of speaking is wider than chanting, it is
quite natural that the OQcgq range of speaking is also wider. The
SQeqq for chanting is significantly higher than that of speaking.
The mean SQeqq value of chanting is 232.1%, which is 88%
higher than that of speaking. Its range is 49.4%, which is 14.5%

wider than that of speaking.
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Fig. 5 The distribution of parameters for chanting

(black) and speaking (gray).

W AR 2012

Table 11 The mean and range of FO, OQgyq and

SQegg-
FO OQesz  SQege
H) (%) (%)
Chanting Mean 102.3 52.8 2321
Range 14.9 7.0 49.4
Speaking Mean 116.1 57.2 1441
Range 28.0 10.1 34.9

To summarize, the chanting of Gadanlajima is
characterized by low FO, low OQgyy and high SQegq
compared to speaking (see Table 12).

Table 12 Parameter characteristics of

Gadanlajima.
FO OQegq SQeqq
Chanting - - +
Speaking + + -

3.2 Parameter Distribution in Sustained Vowels

It is common for OQgy and SQeqq to co-vary with FO.
Because there is a pitch range difference between chanting and
speaking for Gadanlajima, the sustained vowels with the same
pitch height are examined for chanting and speaking in this
section. The results from sustained vowels in his entire pitch
range show that the distribution of OQggy and SQeyq in his
high-pitch region do not show a significant difference between
chanting and speaking. This is because 2~4 semitones near the
lowest pitch region are used for actual chanting and speaking
(cf. Table 11). Therefore, a significant difference is observed in
the parameter values obtained from the low-pitch region. Thus,
the pitch range compared here is limited from F2# (92.5 Hz) to
B2 (123.5 Hz). Parameter values of 520 data points are
extracted from both chanting and speaking. Fig. 6 shows the
distribution of OQgqy and SQgq of chanting (black) and
speaking (gray). The x-axis and y-axis of Fig. 6 represent
OQegg and SQgqq. Table 13 shows the mean value and range of
parameters. The OQqqq in chanting is 3.5% lower than that in
speaking. The OQcyq range of chanting is 10.1% and that of
speaking is 12.2%. The latter is slightly wider. The distribution
of SQeqyq is separated between chanting and speaking. The mean
SQgqq Of chanting is 19.9% higher, and the SQgy, range is

15.4% narrower than speaking.
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Fig. 6 The distribution of 0Qegg and SQegg in
chanting (black) and speaking (gray) phonated at the

range of F2#~ B2.

Table 13 The mean and range of OQegg and SQegq
phonated at the range of F2#~ B2.

The H1-H2 is expected to be low in chanting because it reflects
the open quotient of glottal vibration (Bickley 1982).

Fig. 7 is the result of the H1-H2 values of sustained
vowel /a/ at F2#~B2. The reason for adopting only vowel /a/ in
this section is that the first formant of vowel /a/ has a higher
frequency that hardly influences the values of H1 or H2. Fig. 7
shows that the H1-H2 of chanting is lower than speaking, as
expected. The H1-H2 value of chanting is 7.6 dB and that of
speaking is 11.4 dB, which is 3.8 dB higher than the former
(Table 15). This result suggests that chanting has more pressed
voice quality than speaking, which agrees with the result of low
OQegq in chanting from EGG analysis.

OQeqq (%) SQegq (%)
Mean Range Mean Range 15
Chanting 50.3 10.1 164.5 35.1 g 10
Speaking 53.8 12.2 144.6 50.5 é
Thus, the low OQgg and high SQey are the common § °

features in the chanting (see Table 14), which agrees with the
result from Gadanlajima. The lower OQqqq in chanting indicates
the longer duration of vocal fold contact, suggesting that more
pressed phonation is employed. The higher SQq, means that
vocal fold contact is more rapid, which results in the higher

energy in the higher frequency region.

Chanting

Speaking

Fig. 7 H1-H2 value of vowel /a/ phonated at the
range of F2#~B2.

Table 15 H1-H2 value of vowel /a/ phonated at

Table 14 Parameter characteristics of sustained the range of FZ#TBZ- :
vowels Chanting Speaking
OQGQQ SQegg
Chanting Low High Amplitude (dB) 7.6 11.4
Speaking High Low

4. SPECTRAL MEASURE ANALYSIS

This section describes the acoustic manifestations that
correspond to the results from the time domain analysis. The
measurements include the H1-H2 and H1-A3.

4.1 H1-H2 Measurement

Spectral measure analysis is often used as an acoustic
method to assess voice qualities. The difference in amplitude
between the first and second harmonics (H1-H2) is a common
measure to judge the tightness of vocal fold closure. The lower
the H1-H2 is, the smaller the open quotient of vocal fold
vibration becomes to produce pressed voice. For instance,
breathy voice has high H1-H2, and creaky voice has low
H1-H2. The lower OQqq is obtained for chanting from the EGG

analysis, which suggests that more pressed phonation is used.
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4.2 H1-A3 Measurement

The difference in amplitude between the first harmonic
and third formant frequency (H1-A3) is one of the common
measures to judge the spectral tilt. The lower the H1-A3 is, the
smaller the spectral tilt becomes. For instance, breathy voice
has large H1-A3, which is indicated as a steep spectral tilt,
unlike creaky voice, which has low H1-A3, as indicated by a
small spectral tilt. The low H1-A3 is expected in chanting
because the high SQ.q, is reflected by the low H1-A3 (Stevens
and Hanson 1995).

Fig. 8 shows the H1-A3 values of sustained vowel /a/ at
F2#~B2. The H1-A3 value of chanting is lower than that of
speaking, as expected. The H1-A3 value of chanting is 21.8 dB
and that of speaking is 28.4 dB, which is 6.6 dB higher than the



former (Table 16). This suggests that chanting has a smaller
spectral tilt than speaking. This finding agrees with the result of
high SQgqq in chanting from the EGG analysis; namely, chanting
has stronger energy in the high-frequency region.

30
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Chanting

Speaking

Fig. 8 H1-A3 value of vowel /a/ phonated at the
range of F2#~B2.

Table 16 H1-A3 value of vowel /a/ phonated at

the range of F2#~B2.
Chanting Speaking
Amplitude (dB) 21.8 28.4

Low H1-H2 and low H1-A3 in chanting from the spectral
analysis (Table 17) agree with the results of low OQgqq and high
SQeqq from the EGG analysis. Thus, chanting is described as a
more pressed phonation with stronger energy in the
high-frequency region. The results from the EGG parameter
analysis in the time domain are reflected in the results from the
acoustic parameter analysis in the frequency domain.

Table 17 Spectral characteristics of chanting and

speaking.
H1-H2 H1-A3
Chanting Low Low
Speaking High High

5. PHONATION ANALYSIS

In this section, the phonation mechanism of chanting is
investigated by observing the EGG and DEGG waveforms and
spectrograms.

5.1 Phonation Mode

EGG and acoustic parameter analyses were conducted in
the earlier sections. The results indicate that pressed phonation
with strong energy in the high-frequency region is one of the
characteristics of chanting. To go a step further, the shape of

EGG and DEGG waveforms are observed. The period-doubling

pattern is a typical EGG waveform of chanting, as shown in Fig.
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3. The subcycles in the period-doubling waveform seem to be
derived from the phase difference between vocal fold and
supraglottal oscillations. This feature of the EGG waveform is
quite similar to what was observed in VVM (Fuks. et al. 1998).

The subcycles are more clearly seen in the DEGG
waveform. Fig. 9 shows the EGG waveform of sustained vowel
/al phonated at G2 (98 Hz) and the corresponding DEGG
waveform. The EGG waveform is characterized as
period-doubling, and the DEGG waveform is characterized as
double GCls. A question arises as to whether the GCI with
lower amplitude yields because of supraglottal adduction.
Although further physiological experiments are needed, it is not
unreasonable to assume that the GCI with lower amplitude is
caused by the supraglottal adduction. The glottal opening is
immediately followed by the supraglottal adduction, and the
supraglottal adduction is followed by the actual glottal release

(de-contact phase).

0 0.01 0.02 0.03
Time (s)

Fig. 9 EGG and DEGG waveform during sustained
vowel /a/ phonated at G2.

5.2 Harshness

The Tibetan Buddhist chants are perceived as sounds with
low and tense voice containing audible airflow noise.
Regarding the harshness setting, which is one of the
subcategories in the phonatory setting, Laver (1980) suggests,

‘This is the setting where the ventricular folds become
involved in the phonation of the true vocal folds by squeezing
closed the ventricle of Morgagni and pressing down on the true
vocal folds, ...... In order to bring the ventricular folds to this
position, a high degree of muscular tension is needed, and the
effect is normally to make phonation auditorily very harsh.’

Irregularity in pitch and spectral noise are the
characteristics of harsh voice (Laver 1980). Fig. 10 compares a
spectrogram of sustained vowel /a/ phonated at G2# (103.8 Hz)
in chanting to that of speaking. The spectrogram of chanting
shows noise lying over a wide frequency region. In contrast,

significant noise is not found in the spectrogram of speaking.
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Fig. 10 Wide-band spectrograms of sustained
vowel /a/ phonated at G2# in chanting and speaking.

Harsh and growl phonations are typical extended vocal
techniques involving supraglottal oscillations. As mentioned
above, the frequency of the ventricular fold oscillation is found
as FO, FO/2, or FO/3 in previous literature. In the case of growl
voice, the frequency of the aryepiglottic fold oscillation is found
as FO/2 (Sakakibara et al. 2004). If we assume supraglottal
oscillation in the chanting voice, its frequency is thought to be
equal to that of vocal fold vibration, and supraglottal and glottal
closures occur alternately. Then, the noise is due to excessive

constriction and friction at the level of the supraglottal structure.

The characteristics of these irregular vocalizations are often
interpreted as period-doubling bifurcations and subharmonics.
The subharmonics are usually recognized in the narrow-band
spectrograms; however, they are not found in this study
because the frequency of the supraglottal oscillation is equal to
FO.

Period doubling in the EGG waveform, double GClIs in
the DEGG waveform, and the widespread noise in the
spectrograms are considered to result from the supraglottal

activities that immediately follow the vocal fold opening.

6. CONCLUSION

Supraglottal constriction and adduction were estimated
to occur in Tibetan Buddhist chants. Pressed phonation with a
small spectral tilt resulting from the EGG and acoustic analyses,
period doubling in the EGG waveform, double GCls in the
DEGG waveform, and the noise in the spectrograms were
supportive evidence for these occurrences. Tibetan Buddhist
chants of Kumbum Monastery maintain
throat-singing traditions.

Further physiological research using tools, such as
high-speed cameras, is needed to clarify the laryngeal vibratory
mechanism of GCls. Other styles of Tibetan Buddhist chants

should also be investigated in future work.
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A Phonetic Study on Chanting of Chinese Five Syllable Modern-Style Poems

Yang Feng

ABSTRACT

This paper analyses the chanting of 21 five-syllable
modern-style poems, which is Chinese traditional style of
poem reciting which has long history and special melody. The
phonetic analysis of chanting and its relationship with poetic
metrics has not yet been fully studied. This paper is to find out
the prosodic hierarchy according to pause duration, and probe
the phonetic features and methods of chanting. Results reveal
that pause exists after “level-level” tonal combinations, which
is a kind of metrical pattern of Chinese poetry. The duration
of syllables doubles in sentence final position. An exclamation
is added when the sentence ends with a checked syllable. The
pitch of syllables with level tone is lower than that of syllables
with oblique tones, alternation of level and oblique tones forms
the chanting melody. Sentences and poems with same metrical
pattern have the same chanting melody.

Keywords: Chanting, Prosodic
Five-syllable modern-style poems

hierarchy,

1. INTRODUCTION

Chanting has a long history in China. It accompanies
poetry as the traditional style of reciting poems and proses
with cadence and pleasant melody. After the New Culture
Movement chanting has gradually declined, today only a few
very old scholars can chant.

Professor Zhao Yuanren made great contributions to
chanting. He is the first scholar who recorded and studied
chanting, claiming to save this kind of art and compose songs
according to chanting[7]. Mr Tang Wenzhi set a special
“Tang Melody” and trained many chanters. Yang Yinliu,
Chen Bingzheng, Sun Xuanling and Du Yaxiong studied the
relationship between chanting and music[2, 6, 8]. Wang
Enbao, Chen Shaosong, and Qin Dexiang collected materials
about chanting and studied the history, methods and melodies
of chanting[1, 4].
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None of researches mentioned above has employed the
method of phonetic analysis. This paper carries out phonetic
study of 21 five-syllable modern-style poems chanted by
Professor Tu An, trying to find out the prosodic hierarchy
according to silent gaps, and probe the phonetic features and

methods of chanting[3].

2. METHOD
2.1 Material and chanter

Poems recorded are five-syllable modern-style poems.
The chanter is Professor Tu An, a 87-year old male scholar.
He was born in Changzhou. He had been well-educated in
old-style private school with proficiency in classic Chinese
literature.

2.2 Recording

These poems are recorded in the Phonetic Lab. Each
poem is recorded three times. The first time is reciting in
standard Chinese, the second time is reciting in the chanter’s
dialect, the third time is chanting in the chanter’s dialect. The

software used in analysis is Praat.

3. RESULTS
3.1 Prosodic hierarchy and metrics

First the duration of each pause in chanting is detected,
then the pauses are classified according to their durations as the
marker of boundaries of prosodic levels. Figure 1 shows that
the duration of pauses is distributed in three ranges: within
100ms, 300ms, and 1700ms. According to the three classes of
pause duration in chanting, three levels of prosodic units can
be identified: foot, prosodic phrase, and prosodic sentence.
Prosodic boundaries agree with the metrics of poems.
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Figure 1: The distribution of duration of each pause in

chanting

Boundaries between feet appear after “oblique-oblique”
tonal combinations. As shown in Figure 2, the metrics of the
sentence “ming cheng ba zhen tu” is
“level-level-oblique-oblique-level”, the boundary between feet
is after “ba zhen”, the combination of “oblique-oblique”
syllables, with a gap of only 5ms. There is no obvious pause at
the boundaries between feet, and no lengthening of syllables
before foot boundaries.

Boundaries between prosodic phrases appear after
“level-level” tonal combinations. That is, after the second or
the fourth syllable of a five-syllable sentence. As shown in
Figure 2, the longest pause appears after “ming cheng”, the
“level-level” tonal combination, and before the boundary the
syllable “cheng” lengthens. In average, the gap of the
boundaries of prosodic phrases is 0.350s, the syllables before
the boundary lengthen for 12%.

T T T
0.00 500.00 1000.00 1500.00 2000.00

ming cheng ba zhen tu
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Figure 2: The wave and spectrograph of sentence
“ming cheng ba zhen tu” in chanting,
“level-level-oblique-oblique-level”

L . b .
jlang b Niao yu i al

foot 492 rosadic phrase prosadic sentence

Figure 3: Sentence final checked syllable lengthens
by adding an exclamation

Boundries between prosodic sentences appear at the
final position of each line of the poem, being marked by
doubling of the duration of syllables, which is the most
obvious feature of chanting. As shown in Figure 2, the duration
of the syllable “tu” doubles. The average duration of sentence
final syllables is up to 1.7s. If the final syllable is a checked
syllable, an exclamation is added to the syllable to reach the
effect of lengthening. As in Figure 3, the sentence final syllable
“bai” is a checked one in the chanter’s dialect, therefore, an
exclamation “ai” is added and lengthened.

3.2 Chanting melody and metrics

In chanting syllables of level tone have a lower pitch
while syllables of oblique tones have a higher pitch, forming
the rise and fall in melody through alternation of level and
oblique syllables. Sentences of same metrics have the same
pattern of melody, and poems of same metrics are similar in

melody.
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Figure 4: Three examples of <“level-level-
oblique-oblique-level” pattern and their melody curve

As shown in Figure 4, all the three sentences are of
“level-level-oblique- oblique-level” pattern. The pitch of
“level- level” tonal combinations “ming cheng”, “chun feng”,
and ‘“shan qing” is lower than the “oblique-oblique”
combinations “ba zhen”, “hua niao”, and “hua yu”. The three
sentences have the same metrical pattern, therefore their
melodies are similar, forming a “low-low-high-high-low”
curve. By combining sentences of the same metrical pattern,
poems of the same metrics have the same melody, therefore,
chanters may chant poems of the same metrics with similar

melody.

4. CONCLUSIONS

From analysis above, the chanting of five-syllable
modern-style poems has the following features:

Pause exists after “level-level” tonal combinations.
Before the break the duration of the syllable lengthens

The duration of syllables doubles in sentence final
position. An exclamation is added when the sentence ends with

a checked syllable.
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The pitch of syllables with level tone is lower than that of
syllables with oblique tones, alternation of level and oblique
tones forms the chanting melody. Sentences and poems with
same metrical pattern have the same chanting melody.

These are main features of the chanting of five-syllable
modern-style poems, and also the main techniques of chanting.
Chanting with this method and personal features would be a
splendid works of voices.

This research is an analysis of one chanter, more chanters
and various types of chanting of poems in different dialects

will be included in future study.
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Voice Quality Features of Korean Students at Advanced Level of Chinese

Oh Hanna

Abstract

This paper investigates whether the Korean students at
advanced level of Chinese produce Chinese with specific voice
quality, and which voice quality parameters have significant
difference. The study includes comparative analysis between the
Korean and Chinese vowel /a/ in a frame sentence for Korean
students. It can be made certain by measuring voice quality
parameters by means of EGG. The results showed that the
Korean learners use specific voice quality features for
improving Chinese nativeness, and especially the phonation
quality changes were obvious. They produced Chinese
phonation quality characteristics depending on higher FO, lower
0Q, SQ and H1-H2 compared with Korean. In addition, this
study found that there are similarities between phonation quality
features of Korean/Chinese contrasts and Korean lax/tense
contrast features. It suggests that in the target language
processing, phonetic features of the L1 contribute to “phonation
quality” perception and production of a L2.

Index Terms: second language acquisition, voice quality,
phonation, Chinese, Korean

1. Introduction

When the L2 learners produce the target language, should
one consider the phonation quality features of the target
language?

As is known to all, the main purpose of learning L2 is
common to "communication”, while the goal of the L2 learners
is often reaching to a native speaker-like level. So, when we
practice L2 speaking, we often try to imitate its specific phonetic
characteristics to close to native pronunciation. Stockmal et al.
[1] examined that bilinguals can produce two languages in
significant different voice qualities respectively. Esling and
Wong[2] and Stockmal et al.[3] also emphasized that the voice
quality is one of important cues for evaluating L2 learners
fluency, and occupied very important position in the speak
processing as well. However, much of the L2 research to date

has focused on articulation properties.

This study, therefore, according to Kong’s[4] classification
of "Voice Quality", is divided into Phonation Quality and
Avrticulation Quality, taking articulation quality data for
reference data, mainly discusses whether the Chinese phonation
quality of Korean speakers differ from Korean, and continue to
make improvements on what kind of voice qualities are used to
improve nativeness of Chinese.

2. Method
2.1 Subject

The participants in this study included 20 native speakers of
Korean (10 males, 10 females from ages 25-35 years old) with,
whose language background was limited to Seoul dialect. In
addition, they all had HSK (Chinese proficiency test) certificates
of an advanced level.

2.2 Speech Material

Recording materials consisted of two kinds of sentences
with same meaning and different languages. To minimize the
effect of FO in Chinese tone, this study only selected the
Chinese and Korean vowel "/a/", with no specific meaning.
Each word was recorded in a frame sentence, which was as
follows:

Chinese: XZ{iE “W” HIKE.

[ts¥s| hany "a" te fain]
Korean: ©|%1-> gharo] ‘of M3t}

[igaswn  hanguga 'a' barmimnida]

The sentences above mean “This is the ‘a’ sound of

Chinese/Korean.”
2.3 Recording and Data Analysis

The recording was taken in a sound-proof booth. It used Kay
company production PENTAX Model 6103 EGG and
microphone. Both of them can put the EGG signal and the
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speech signal to audio processing software in computer at the
same time with sampling rate of 22 kHz. Each material was
read twice at normal speed, and 20 points were selected for
each sample. The original signal file, after using cutting and
noise reduction functions of Audition1.5, extracted the needed
parameters by means of the Voicelab program (written on
Matlab by Linguistics Lab. of Peking University). Next it was
saved in Excel form. Then both Chinese and Korean
parameters were compared, including male and female
parameters. Finally Excel’s t-tests for statistical analysis and
graph functions were used.

3. Results

3.1 Phonation quality analysis

There are lots of acoustical parameters of phonation quality.
Common parameters are: 1) FO; 2) OQ; 3) SQ and 4) H1-H2 [4].

3.1.1F0

Different types of phonation have different vocal cords
vibration frequency, therefore, FO is one of important aspects of
reflecting voice quality features.

Figure 1 shows the FO change between two languages for
male and female speakers respectively.

FO(Hz)
N
8

=
o
o

0
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H Chinese = Korean <
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5]
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M Chinese ™ Korean

(b)
Figure 1: FO data comparison of the Korean/Chinese

vowel /a/, (a) for female, (b) for male.
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Generally the FO values of modal voice ranges from 150 to
300 Hz for females and 100-200 Hz for males respectively.
Clearly, all data is in range of modal voice, and results show that
Chinese FO values are higher than Korean FO values without
exception. The mean value of FO for female is 251Hz in Chinese
and 219Hz in Korean. As for males, the mean value is 131Hz in
Chinese and 119Hz in Korean. These results were confirmed by
statistical analysis (t-test). The change rate of FO between
Korean and Chinese, no matter what gender, are highly
significant (p<0.01). Also the change rates of females are higher
than males.

Additionally, to confirm whether these results are free
from interference by the Chinese tone 1(high), the frame
sentences were analyzed as well.  The results showed that the
mean values and whole graphs of FO in Chinese sentences are
also higher than in Korean, and change range of females are
higher than males in the same way as above. The mean values
are as follows: 211Hz in Korean and 268Hz in Chinese for
females, 124Hz in Korean and 128Hz in Chinese for males.

In brief, Korean learners of Chinese raise FO to achieve
specific voice quality of Chinese. In addition, based on Laver
[5]’s study, it was reported that lax voices tend to have lower
pitch, and from the result of FO value, we can infer that Korean
vowel is laxer than Chinese.

3.1.20Q and SQ

0OQ is defined as the ratio of open phase and pitch period,
and SQ is defined as the ratio of opening phase and closing
phase [4]. With OQ and SQ parameters, Figure 2 visualizes
directly the difference of the phonation types between females
and males as well as Korean and Chinese. Because of space
limitations, bar charts like Figure 1 were omitted.

Based on Laver [5] and Kong [4], the OQ value of modal
voice is around 50%, and around 250% for the SQ value. As
shown in Figure 2, phonation types of most female data for
Korean vowel seems to belong to the modal voice and the
breathy voice boundary, while most parameters of the Chinese
vowel is close to between the modal voice and the creaky voice
boundary. Compared to females, most male data belong to
between the modal voice and the creaky voice boundary, and
there is a large part that is overlapped.
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Figure 2: The phonation type (OQ and SQ) chart of the
Korean/Chinese vowel /a/, (a) for female, (b) for
male.

The specific results of this analysis showed that, OQ values
of Korean are higher than Chinese especially for females, there
is just one exception in males. The difference of OQ values
between Korean and Chinese, no matter what gender, is shown
to be highly significant (0.0002 for female, 0.0098 for male)
statistically. Also the change was more obvious in female data,
same as FO result. The difference of the OQ value is one of a
huge factor to distinguish different languages. According to
above results, from the view of native speakers, it is possible that
the change of voice quality in female speakers would be more
easily identified.

As for the SQ value, the result is overall the same as the OQ
data. Most of the SQ values in Chinese are lower than Korean.
The only difference is that the SQ data of the two languages are
shown to have significant differences only in females (p<0.01).
Because some inter-speaker variability was found, the statistical
analyses demonstrated no significance for males.

It is notable that, OQ values of Chinese in both females and
males are more close to a pressed voice feature, compared to the
Korean. However, the results of Figure 2 shows that the SQ
values of Chinese much lower than Korean, instead. There is a
similar result concerning this. Wang [6] found that the SQ value
of the tense voice is not always higher than the lax voice. It is not
so clear whether the reason is specific phonation quality of
Korean speakers or other factors, it is to be solved through
further study. But one thing is for sure, the way of processing
Chinese phonation quality different from Korean, and Korean
learners of advanced level could try to find out a proper way in

own voice conditions to realize the target language features.

W AR 2012

3.1.3 H1-H2

H1-H2 amplitude analysis has been widely used by
linguists to infer the state of the glottis in distinguishing
different phonation types [7], [4]. Physically, a higher value of
H1-H2 would indicate pressed voice and a lower or negative

value would indicate breathy voice in general.
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Figure 3: H1-HZ amplitude comparison of the
Korean/ Chinese vowel /a/,(a) for female, (b) for
male.

Results showed H1-H2 values of Korean are higher than
Chinese no matter what gender. The mean value of female is
1.891dB in Chinese, 3.554dB in Korean. As for males, the mean
value is -1.62dB in Chinese, 0.719dB in Korean. These results
were confirmed by statistical analysis (t-test). The change rate of
H1-H2 between Korean and Chinese is highly significant
(p<0.05).

From the above results, it can be said that the Korean
learners employed a relatively pressed laryngeal setting in
Chinese compared to the one in Korean.

In a word, the results of phonation quality parameters
revealed that there are substantial differences between both

languages for Korean speakers.

3.2 Articulation quality analysis

Fant [1] pointed out that, because speech organs work in a
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systemic way, phonation is interacting with articulation
unavoidably. Articulation quality is defined as the height of
tongue and roundness of lips. in acoustic analysis, articulation

is quantified by formants structure [4].

3.2.1 Formants structure

Formants structure can reflect resonant characteristics of
both of two languages. As the position of your tongue relatively
large change in different vowels, it can affect the height of
larynx, and causes change of phonation quality. And raised
larynx can raise all formants value as well as FO value. On the
contrary, lowered larynx can bring all formants and FO values
down [8].

As can be seen below (Tablel), the formants data between
two languages are quite similar. The results show that there are
no significant differences in each object statistically due to
inter-speaker variability.

Table 1. Comparison of mean values of formants for
Korean(K)/Chinese(C) vowel /a/ for Korean speakers,
(a) for female, (b) for male data.

Mean Sig. Mean Sig.
Fp | C. | 1497 0.7 1437 | o4
(H2) | k. | 1486 | (P<05) [ 1482 | (P<.05)
(@ (b)

Based upon the above results of phonation and articulation
quality analysis, it was found that generally Korean speakers
didn’t rely on articulation quality for producing Chinese
specific voice quality in vowel, while mainly use the strategy of

changing phonation quality.

4. Discussion

Generally, phonation quality has not been emphasized in
teaching and learning Chinese. However, the present study
suggested that Korean students could notice differences of
phonation quality in Chinese phonetics.

How could they observe differences between Korean and
Chinese phonation quality? According to studies of Flege [9]
and Best [10], the influence of L1 is essential to explaining this
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question.

The notable factor is, the Korean consonant system has a
lax/tense contrast, and Cho et al. [11] and Kim et al. [12] studies
indicated that the FO and H1-H2 values of Korean tense
consonants are higher than lax sounds.

The table given below made comparisons between
phonation quality parameters of Korean lax/tense sounds in CV
syllables [11] and Korean/Chinese phonation quality parameters
of the study above.

Table 2. Comparison of mean values of FO and H1-H2
in Korean lax/tense contrast and
Korean(K)/Chinese(C) vowels for Korean speakers, (a)
for lax/tense contrast, (b) for Korean/Chinese vowels.

(Diff. stands for difference)

Lax Tense Diff. K. C. Diff.

FO(Hz) 124 138 11% 119 | 131 10%

H1-H2

4,2 -4.8 214% 0.7 -1.6 | 346%

(dB)

Obviously, there were overall trends of changes in FO and
H1-H2 values between Korean lax/tense contrasts and
Korean/Chinese parameters of the above study. In a word,
Korean tense sounds correspond to Chinese vowel sounds for
Korean speakers.

Combined with phonetic learning and perception models,
the results suggest that due to Korean language having lax/tense
contrast with different phonation qualities, it is possible that
Korean speakers could be more sensitive to those features.
Therefore, they process Chinese phonation quality by taking
Korean lax/tense features as a reference.

The learners of different language backgrounds produce
different L2 performances. It is worthwhile for further studies on
how phonation qualities of L1 effects on L2 phonetic
acquisition.

5. Conclusions

The results showed that advanced Korean learners produce
Chinese with different voice quality features, compared to
Korean. They who depend on higher FO, lower OQ, SQ and
H1-H2 produce Chinese phonation quality characteristics, while
articulation quality change is not quite remarkable. The general
trends of the voice quality processing strategy of Chinese is the
same in both males and females, while overall, female voice
quality changes are more obvious than in males.

In addition, this study found that, the performance of




Korean/Chinese phonation quality features for Korean students
is quite similar with Korean lax/tense contrast features. It
suggests that L1 transfer also plays a role in phonation quality
perception and production of L2.

Finally, this study indicate that, due to phonetic features of
L2 itself or in order to improve the nativeness of L2, the L2
learners at advanced levels should focus on the voice quality
features of L2 naturally, and try to reflect the particular manners
in L2 phonation.
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ABSTRACT

This study presents the statistical data for the articulation
rate (AR) of 101 male Chinese speakers. 100 spontaneous
telephone speech samples produced by 100 speakers and 10
samples produced by another speaker are investigated to test
the inter- and intra-speaker variation of AR respectively. Two
separate histograms for the global AR and the mean AR are
shown to be near normal distribution. It is found that the range
of AR for the one speaker is small and relatively stable when
the topic and style are similar. The global AR and mean AR can
be used as discriminatory features for forensic speaker
identification.

Keywords: Speaker identification, articulation
rate, Chinese language, spontaneous speech

1. INTRODUCTION

Speech tempo is one of the prosodic features, which can be
exhibited by two methods, one is speaking rate/speech
rate/syllable rate (all terms can be abbreviated to SR), and
another is articulation rate (AR). Both SR and AR can be
defined as “the number of output units per unit of time” [1]
(e.g., syllables per second). The biggest difference between SR
and AR is that the former includes pause intervals but the latter
does not [1-9].

The previous studies of speech tempo showed that AR had
more speaker-discriminating power than SR in English [2] and
in German [6-7]. When calculating AR, one important issue is
how to deal with pause. It is known that pause basically can be
silent/unfilled and filled (such as um and uh in English).
However, the specific methods of different investigators are not

the same. All studies in [1-9] exclude silent pauses, and all
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except Laver [4] and Cao [8] exclude filled pauses as well. In
forensic studies, Kinzel [6] proposed a formula to calculate AR,
which was “number of syllables/ [duration — combined duration
of all pauses]”. More recently, Jessen [7] refined the steps and
criteria of the measurement of AR in German and made some
rather persuasive conclusions.

Although the AR parameter is found to be powerful in
forensic speaker identification in English and German, similar
studies on Chinese are rare. The present study focuses on the AR
variation of Chinese speakers and aims to provide some useful

statistical data by using the method proposed in [7].

2. METHOD
2.1 Speech material

Considering that most of the forensic-phonetic casework
relates to telephone recordings (TRs), a database named FTRD
2010 was compiled at Peking University, which included a
number of spontaneous TRs in the daily work. 100 different
TRs of 100 male speakers (M1-100) and 10 different TRs of
one male speaker (M101) were selected from the FTRD 2010
database for evaluating the inter- and intra-speaker variation of
AR respectively. The 10 TRs (all being talks with judges about
legal cases) from M101 were similar in style.

The topics of the TRs were about the discussion of
forensic cases in conversational style. All TRs were spoken in
Mandarin Chinese with no evident regional features. The age of
the 100 different speakers ranged from 22 to 55, according to a
preliminary survey. And the speaker M101 was 29 years old.
The speakers consisted of forensic scientists, judges, police
officers, lawyers, interested parties and lab workers.

Each individual speaker’s speech was selected and saved



as a single wav file through the Adobe Audition 3.0 software,
i.e. the speech of irrelevant speaker (e.g. a female lab worker)
was excluded. The durations of the final speech samples of
speakers M1-100 and the speaker M101 were on average 51s
(with standard deviation (SD) of 14s and range from 20s to 82s)
and 39s (with SD of 12s and range from 26s to 57s)
respectively.

2.2 Measurement

To get the AR data, three important issues have to be
clarified. First, which linguistic unit should be counted? This is
an easier question for the present study, because each Chinese
character is concurrently one syllable [10]. So the AR will be
measured in terms of monosyllabic Chinese characters per
second in the present study.

The second issue is about the method and criteria for
measuring of AR. We have followed Jessen [7]: The realized
syllables, not canonical ones were counted. The size of speech
intervals ! were selected by the investigator’s short-term
memory to choose the number of syllables easily (i.e., the
investigator goes through the speech signal and selects portions
of fluent speech containing a certain number of syllables that
can easily be retained in short-term memory.). Each memory
selected stretch consisted of only fluent speech, excluding
silent pauses, filled pauses, laughter sounds and any
immoderate syllable lengthening. In order to minimize
increasing the phrase-final lengthening effect of very short
utterance on AR, the lowest number of syllables per stretch was
set to be no less than four.

Third, both AR for the entire recording, which was called
“global AR (GAR)” [7] and AR for each selected speech stretch,
which was called “local AR (LAR)” [7] was to be calculated.
To get GAR of one speech sample, the total duration of its all
selected stretches was divided by the total number of syllables
of all selected stretches. And LAR was calculated by the
number of syllables dividing by the duration for each stretch.

Both the number of syllables and the duration of each

As recommended by one reviewer, two possible types of
speech intervals can be chosen for calculating AR, which are
the “inter-pause intervals” and the “intonation phrase”.
However, they are “not without empirical or methodological
problems”; the present method is simpler and more pragmatic

(for more details see [7]).
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stretch were extracted from the “TextGrid” file generated by
the Praat (version 5143) [11]. The procedure is illustrated in
Figurel.

The numbers of memory stretches counted were on
average 30 for M1-100 (with SD of 8.5 and range from 12 to
54), and 26 for M101 (with SD of 7.7 and range from of 18 to
41). The number of syllables per stretch for M1-100 was range
from of 4 to 22 and on average 7.8.

Qadaaaa aaaa Aaaaaaa

ddaaaaaaa |

filled and silent
pause

Numbers of “a™

4 syllables -
4 were counted

silent+{a+silent

1872066 0901367 [ 1247881

Figure 1: The annotation procedure for each memory

stretch. One letter “a” stands for one syllable.

3. RESULTS AND DISCUSSION

The global articulation rate (GAR) value for the 101
speakers (M1-100 and M101) and the mean articulation rate
value across memory stretches for each speech sample
(LARmean) were calculated. In Figure 2-3, results are shown in
form of histograms that stand for how many speakers lie within
a particular interval of GAR and LARmean values.
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227 | "N=100 —
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Figure 2: Histogram for GAR parameter. The blue
dashed lines stand for the range of GAR values of

M101 (see below).

Illustrated in Figure 2, the statistical results of the
parameter GAR values of speakers M1-100 show an
approximate normal distribution. For example, the values from

6.50 to 6.75 syll/s are found in many more speakers (21, 21% of
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100 speakers) than values at the lowest and highest margins of
the distribution (both found in only one speaker, 1% of 100
speakers). This result provides valuable reference data for
Chinese population statistics in forensic casework. Based on
this statistical result, the GAR parameter does not successfully
discriminate some of the speakers with GAR values in the
central area. However, for those speakers who strongly deviate
from the central trend, the GAR becomes a salient
discriminatory parameter.

il N ®
247 [Mean=6.66 i 5 S
2o | SD=608

N=100

Number of speakers

T T T T T Fﬁ\l
4.00 450 500 550 6.00 6.50 7.00 7.50 8.00 8.50 9.00
LARmean(syll/s)

Figure 3: Histogram for LARmean parameter. The
blue dashed lines stand for the range of LARmean
values of M101 (see below).

Figure 3 shows that the result of the LARmean values of
M1-100 also form a good approximation of a normal
distribution. Not surprisingly, the distributions of GAR values
and LARmean values are similar. Comparatively, 23 speakers
are found in the center of the LARmean distribution (values
from 6.50 to 6.75 syll/s). One speaker appears at the margin of
each distribution. However, the two distributions are not
exactly the same. Across the 100 speakers, mean values of
GAR and LARmean are 6.58 syll/s and 6.66 syll/s respectively.
The former is a little lower. After examining the two groups of

data, an interesting result is found.
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©
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]

5.007

4.00 T T T T

4.00 5.00 6.00 7.00 8.00 9.00

GAR (syll/s)
Figure 4: Scatterplot for GAR and LARmean values.
As shown in Figure 4, 19 speakers’ GAR values are higher

than their LARmean values (all difference between them are
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less than 0.07 syll/s), whereas the other 81 speakers’ GAR
values are lower than their LARmean values (the difference
range from 0.00 to 0.36 syll/s with an average of 0.10 syll/s).
This explains why the two distributions are different, e.g. in the
range from 6.00 to 6.25 syll/s, the numbers of speakers are 15
and 9 in figure 2 and 3 respectively. Pearson correlations are
run in order to determine whether and to what extent the GAR
values and the LARmean values correlate with each other. A
significant positive correlation was found (r=0.990, p=0.01)
between the two AR values. However, given the difference
between the two different calculating methods, it is unwise to
mix them in one case at the same time, and the GAR values and
LARmean values should not be compared.

Table 1: Literature on AR (syll/s) of male speakers in
three languages (L). G - German, E - English, C -

Chinese, Spont - spontaneous.

Study Men | AR mean | L | Speech
[5] 27 5.74 G | Reading
[6] 5 5.89 G | Spont talk
[7] 100 | 5.19 G | Spont phone
[9] 47 5.2 E | Informal talk
[8] 2 5.65 2 C | Reading
present | 100 | 6.58/6.66 | C [ Spont phone

The data in the previous studies of AR for German,
English and Chinese are presented in Table 1. The number of
male speakers in the present study is more than [5,6,8,9],
excepted for [7]. The major difference among these studies in
the literature lies in the average value of AR (GAR or
LARmean). The present results are the highest in all studies.
The difference may be caused by factors such as number of
speakers, age of speakers, calculating method, language and
speech style. Interestingly, as we follow the method in [7], the
differences between [7] and the present results are still
significant (both in the average values and the whole
distribution). Compared with German and English, Chinese
syllable structure is simple. The maximal Chinese syllable
construction is #CVVC/V# and there are no consonant clusters
[10]. Comparatively, a syllable in English/German can contain
up to three consonants at the beginning, as in stray/strick, and

2 The value 5.65 syll/s is the average value of the two
speakers’ AR values (5.3 syll/s for male 1 and 6.0 syll/s for
male 2) in Cao [8].



up to four consonants at the end, as in glimpsed/herbst [10,12].
As pointed out in [7], “speakers of a language with simple
syllable structure are expected to produce more syllables ...
than speakers of a language with more complex syllable
structures, hence show higher AR”, we can infer that except for
Cao [8], language may be the most critical factor. As it is
known that the syllable structures of Japanese and many
African languages, like Yoruba, are less complex than Chinese,
to find whether or not AR data of these languages speakers will
be lower than the present result, more researches are needed.
The low AR value of Cao [8] is easily explained since only
silent pauses were excluded when the AR was measured and
the subjects were confined to two male speakers.

Table 2 lists GAR and LARmean values of M101’s 10
different speech samples. The minimal and maximal values of
GAR and LARmean are illustrated in figure 2 and 3 (see the
blue dashed lines) respectively. The ranges of the GAR and
LARmean values are both relatively centralized and both

occupy the position near the top margin of the two distributions.

Because the topics and styles of the 10 speech samples are
similar, the intra-speaker variations of GAR and LARmean are
relatively stable and (in this case) smaller than the inter-speaker
variations shown in figure 2 and 3. The intra-speaker variation
may be larger if the styles of the speech samples differ.
Forensically, when AR parameters are used, it is critical to get
the most stylistically similar speech samples (including other
possible factors, such as emotional factors), compared with the
unknown samples.
Table 2: A list of GAR and LARmean values of M101’s

10 different speech samples.

Number GAR LARmean
1 7.52 7.52
2 7.31 7.45
3 7.87 7.96
4 7.55 7.73
5 7.43 7.76
6 7.90 8.02
7 7.55 7.66
8 7.86 7.80
9 7.85 7.69
10 7.100 7.80

Mean 7.74 7.64
SD 0.17 0.21

CONCLUSIONS

W AR 2012

This study provides valuable population statistics on
Chinese speakers’ articulation rates. Two histograms are shown
for the articulation rates (GAR and LARmean) of 100 male
Chinese speakers, which show approximate normal
distributions. Our findings are not very similar with previous
data in German or English, presumably because the syllable
structure in Chinese is simpler than that in German and English.
Both GAR and LARmean parameters, which are significantly
correlated, can discriminate individual speakers. However in
the present study, it is hard to estimate which one is more
10 different

spontaneous speech samples of one speaker, of which the topics

powerful in discriminating individuals.
and styles are similar, were investigated. The results show that
the intra-speaker variation of AR is relatively stable and lower
than the inter-speaker variation. In forensic casework the
investigators should pay attention to the possible mismatch in
stylistic factors, which may cause high intra-speaker variation.
Since more variables have to be included as shown in [9], this

study is also a platform for further investigation.
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Abstract

This paper conducts acoustic experiments from a signal
processing perspective, to examine the “-/a/ /C_” syllable
narrow focus processing strategy of English L2 learners. The
research discusses FO, OQ and SQ as key phonatory acoustic
parameters. L2 strategies are examined by measuring deviations
from L1 group to L2 group. The matrix distance reflects L1’s
traces in the interlanguage system.

Keywords: Fo, 0Q, SQ, narrow focus, L2

1. Introduction

As in the past, phonetic researches on narrow focus are
mainly focused on the acoustic parameters such as F0, duration
and amplitude. Ladeforged (1982) and Fant (2004) claimed that
power is an important parameter for judging voice quality and is
closely related with FO change. Chen (1974) found that the
average pitch range of the four Chinese speakers was at least 1.5
times wider than that of the four English-speaking subjects when
they spoke their native languages. Zhang et al. (2008) reported
Mandarin speakers’ production of lexical stress contrasts in
English is influenced partly by native-language experience with
Mandarin lexical tones, and partly by similarities and
differences between Mandarin and English vowel inventories.
There are also a few researches on the acoustic parameters of
Chinese focus types. However, there seems to be little research
on the narrow focus perception studies, not to say phonation
studies. To the author’s knowledge, only Yin (2011) used a
nine-syllable Chinese sentence to test sentence final narrow
focus processing strategy. Within the scope of Chinese sentences
of fixed length, his result showed that male speakers mainly
process narrow focus by raising high frequency energy while
female speakers mainly realize narrow focus by raising low
frequency energy. Yin’s research is a pioneering work in Chinese

L1 speakers’ phonation pattern on narrow focus. Based on this,

our study intends to make one step further. We will add two
variables into the current study, i. e., L2 speakers and sentence
length. We intend to follow Kong’s (2001) definition of OQ and
SQ in his research on Chinese tones and regards F0, OQ and SQ
as three key parameters in locating English and Chinese “-/a/ /
C_” Structure narrow focus as an important prosodic
characteristics and therefore conducts experiments on English
L2 learners of medium-high level. And three-dimensional
Matlab plots of cross language FO, OQ and SQ are presented for
the first time on narrow focus processing. We hope this
crisscross study will shed light on the phonation nature of speech
production and L2 phonetic acquisition.

2. Method

2.1 EGG

EGG equipment is composed of several components. High
Frequency Oscillator is a current-controlled oscillator to yield
micro high-frequency current. The current yielded passes
through the Electrode Circuit that in our case is glottis and vocal
folds. Then there is Automatic Gain Control to ensure a stable
and appropriate sized electric signal feedback. At the output end
is AM Detector to detect output signal. Output signal at this
place is Gx signal which usually contains low-frequency jitter.
Due to the fact that most EGG has set High-Pass Filters, Gx
signal passed through this filter and changes into Lx signal.
Researches show that EGG signal is positively related with
vocal folds attack area. When vocal folds attack area (hereafter
referred to as VAA) grow, EGG signal becomes stronger. It
weakens while VAA decreases. This has been proved by
high-speed glottis photography (Fourcin 1974, Baer, T. et al.
1983 & Gilbert, H. R. et al., 1984).

This paper is sponsored by USST Social Science Project 11XSY22, Shanghai Municipality Key Course “Translation” &
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2.2 Parameters

FO or pitch, is the inverse of a vocal folds vibration period.
OQ refers to Open Quotient, is the opening phase of the glottis
divided by the period as indicated in this formula — OQ = ac/ ad.
SQ refers to the Speed Quotient, is the opening phase divided by
the closed phase as indicated in this formula — SQ = ab / bc. In
the following prototypical glottis airflow signal illustrated in Fig.
11.B.1 (courtesy of Kong, 2001), which could be analogical to
glottis area signal, the abscissa axis indicates a timeline while
the vertical axis indicates vocal folds attacking area. The whole
figure reflects a change of glottal airflow or glottal area along the
timeline. Point ‘a’ and “d’ stand for the initial point of glottis
opening phase where glottis airflow value augment from zero. ‘b’
is the point when the glottal width reaches a peak value, thus
corresponding to a peak area of glottis. c’ represents the closure
of vocal folds when glottal airflow resets to zero. Period ‘ac’ is
the opening phase of glottis while ‘cd” is the complete closure
phase and the glottal airflow or glottis area is zero. Contacting
event and de-contacting event are highlighted as the beginning
of a complete closure of the glottis and the opening of the glottis.
The area in-between is the closing phase of the glottis.

1 T T T T T

0 50 100 150 200 250 300 350

Fig. II.B.1 EGG signal
Another term is CQ — Contact Quotient in EGG signal
processing. CQ refers to the ratio of glottis closure phase to the
period. Fig. 11.B.2 (courtesy of Kong, 2001) is a typical EGG
signal. Its abscissa is time and the vertical axis is vocal fold

contact area.

Vocal Fold Contact Area
o

r r r r r r r r r r

2
0 50 1200 150 200 250 300 350 400 450 500 550
Time

Fig. 11.B.2 Defining EGG Signal
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In this figure, A stands for a vocal fold vibration cycle,
starting from the closing point of the glottis to the next closing
point. It covers a period between two contacting events. B
signifies a closed phase. It covers the period between the initial
of glottis closure phase and the opening point. It’s between
contacting event and de-contacting event. C represents an open
phase. It’s between the glottis opening point to the next closure
point, i. e., the period between de-contacting event to the next
contacting event. D is a closing phase starting from the closure
of glottis to vocal folds contact area augments to a peak value. E
is the opening phase starting from the maximum contact area to
the open point of the glottis. Therefore in this figure, OQ (Open
Quotient) = C/A*100%. CQ (Contact Quotient) = B/A*100%.
SQ (Speed Quotient) = E/D*100%. SinceB+C=A,0Q +CQ =
1. In this sense, the formulas also state the complementary
property of OQ and CQ (Henrich 2004).

From the above two illustrations, we can easily achieve this
result — sound wave is in a reverse phase to EGG signal. This is
because EGG signal is obtained via the resistance between the
pair of vocal folds, i. e., it’s determined by the opening degree of
the glottis. Therefore, this will lag a semi-period to the sound

wave which is yielded from vocal folds attack.

2.3 Participants

Four English and Chinese bilinguals participated in this
experiment. They are two male and two female native American
English speakers and two male and two female native Beijing
dialect speakers. The four American English speakers were born
and grow up in California in local American families. The four
Chinese speakers were born and grow up in local Beijing
families. They speak Beijing dialect whose phonetic system is
the basis of Standard Mandarin Chinese, i. e., Chinese
Putonghua, the official language of China. All of them are
students recruited from Peking University. Their age ranges
from 20 to 24. All American students have been studying
Chinese for two to four years. Their Chinese proficiency is
skilled. Since oral proficiency is not surely positively correlated
with written language proficiency, we invited Oral English
teachers to evaluate their spoken proficiency. The American
students are of medium-high Chinese level.

None of subjects reported having any speech disorders. All

subjects received payment.



2.4 Materials

Forty-four sets of question/answer pairs were constructed
for this experiment. Questions were designed to set a
disambiguating context to point out clearly the sentence final
narrow focus marking location. The subject will click on the
mouse to continue PPT questions and answer orally. Answers
are all statements. All narrow focused syllables are composed of
a truly existing consonant followed by /a/, thus 22 syllables in
Chinese. Sentences are arranged randomly to appear before
subjects, each appear totally for twice to ensure a reliable
outcome.

Tab. Il. D. 1 contains all the token forms. Ch_I means
Chinese default last syllable at the long sentence. Ch_If means
Chinese narrow focus at the last syllable of the long sentence.
Ch_s and Ch_sf refer to their counterparts in Chinese short

sentences.

Ch_l Zhang Xiaosan zai wei giang bian de kongdi
shang xie le “-/a/ /C_". — (English equivalence:
Zhang Xiaosan wrote “-/a/ /C_" on the ground by
the wall.)

Ch_If bu, Zhang Xiaosan zai wei giang bian de
kongdi shang xie le “-/a/ /C_”. — (English
equivalence: No, Zhang Xiaosan wrote “-/a/ /C_”
on the ground by the wall.)

Ch_s wo xie de shi “-/a/ /C_”. — (English
equivalence: | wrote “-/a/ /C_".)

Ch_sf bu, wo xie de shi “-/a/ /C_”. — (English
equivalence: No, | wrote “-/a/ /C_".)

Tab. Il. D. 1 Read Speech Material

2.5 Procedure

Trained proctors recorded all speech data. Questions
appeared randomly in a laptop computer. Subjects wore Sony
clip microphone, EGG neck belt, breast belt, abdomen belt,
finger voltage collector and heart pulse collector. The Sony clip
microphone is all-directional and located about 15 cm away
from their mouths, and they were instructed to speak naturally at
a normal rate and volume. Recording are carried out in a
sound-attenuated room. The main recording equipment is a 16
bit Myoelectrigraph & Electroencephalograph Information
Gatherer produced by Australia Powerlab Company. The
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recording software is Chart 5 which is carried by the equipment
itself. Recording collects two channels of signals: 1) sound file
collected by Sony microphone; 2) graph collected by EGG
produced by Kay Corporation.

2.6 Results

Altogether 22*8*2*2 = 704 tokens are obtained for
analysis. All tokens are normalized to 30 points before averaged
according to FO, OQ and SQ separately. Results are shown in the
following figures. In each graph, a red line denotes the “-/a/ /C_”
syllable cumulative average value at the sentence final narrow
focus place. The blue line is for their counterpart in the
non-narrow focus sentence final position. Legends are indicated
in this model such that “mA_ch_If FOave” indicates male
American English speakers’ average FO across all “-/a/ /C_”
syllables at the narrow focus position. “mC” group are male
Chinese speakers. However, considering limit space of this
paper, we’ll only extract English and Chinese male speakers’
reaction to the stimuli of Chinese long sentence. Other data are
shown in Tab. II. F. 1 by function coefficient.

Fig. I.F. 5mA ch 1 SQ Fig.I.F.6 mC_ch 1 SQ

For other data, different levels of variables are fitted into a
curve function y = cx2 + tx + v (c stands for curvature, t for tilt
rate and v for intercept). In Tab. Il. F. 1, Ch_l stands for Chinese
long sentences which contain fourteen syllables. Ch_s stands for
Chinese short sentences which contain five syllables. mAf is
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male American speakers’ narrow focus token. mA is male
American speakers’ default token (or, token at non-narrow focus
position). Collected data are as follows.

Fo 0Q SQ
C t v c it v C t v

Ch 1

mAf 0027 055 1011  0.03 096 4525 0347 8917 4232
mA 0.02 009 9225 0019 0548 4177 0451 -1363 4423
mCf 0072 2401 1359 0039 -0.825 4153 0109 -238 2732
mcC 0034 0975 9295 0031 -0452 3719 0018 -0808 3933
fAf -0.057 18 2411 0006 -0115 50.62 -0.087 258 1617
fA 0017 -1716 198.8 -0019 0656 5298 0099 2263 1983
fct 0042 0874 228 0001 0067 3507 0127 2817 1912
fC 0.149 5147 1936 -0.022 0917 3621 -0.104 36 1971
Ch_s

mAf -0.019 037 1119 0031 0882 44.8 0014 1761 3371
mA 0019 0017 9066 0027 -0689 4158 0389 -10.83 3727
mCf 0008 0752 1285  0.04 -0.757 40.89 0 0061 2493
mC 0052 154 1083 0062 -136 409 0113 4071 2709
fAf 0103 3365 2573 0004 0029 49.89 004 0729 1545
A 0012 0713 23.1 0003 0132 513 0101 3013 1715
fcf 0017 -0068 2225 001 -0.34 3568 0018 -0.184 1805
fC 0057 -265 1983 -0012 049% 3628 -0021 2069 16438

Tab. Il. F. 1 FO, OQ and SQ parameters

FO, OQ and SQ are also put into a three dimensional plot
edited by Matlab software for convenience. In Plot II. F. 1, the
red circles represent male American speakers Chinese speech
signal, briefed in the legend as “mAC”. The green plus represent
male Chinese speakers’ data, the yellow diamonds for female
American speakers” and the blue squares for female Chinese

speakers’ signal.

mAC
mCC
fAC
fcC

Plot II. F. 1 Matlab 3-D distribution of FO, 0Q and SQ

3. Analysis and discussion

First, FO has a robust effect in narrow focus representation,
despite L1 or L2, sentence length or sex difference. For details,
the male American speakers’ FO variation seems smaller than the
other groups. In other words, the difference between the highest
and the lowest value is comparatively smaller than the other

groups. This is true for either at narrow focus position or not.
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The common feature of male and female Chinese speakers
FO variation proves that Chinese speakers distinguish clearly
between narrow focus and non-narrow focus syllables. The
common feature of female Chinese and English speakers FO
variation proves that female speakers share a good distinction on
narrow focus. The male American speakers are neither L1
speakers nor female, therefore they are weak in FO variation for
a good narrow focus.

Sentence length is found contributive to narrow focus
identification. We found in short Chinese sentences containing
five syllables, FO variation is not obvious as in long sentences.
This may due to the fact that each syllable weighs more in the
short sentence unit than the long sentence unit (the weight 1/5 >
1/14). This weight is correlated with contribution. So the rest
four syllables in the short sentences are not so identifiably
different from the final syllable “-/a/ / C_”, thus causing less FO
variation.

Second, OQ distinguishes sex. Male speakers, American or
Chinese, perform similar OQ curves at either narrow focus or
not. Male OQ has an obvious rising tilt rate. Female speakers, on
the other hand, perform typical OQ difference on narrow focus
difference. Their OQ is lower at narrow focus position and
higher at non-narrow focus position.

Chinese speakers, no matter sex, have a little bigger OQ
variation range than Americans.

All male speakers do not vary much at OQ values. All
females vary, though. Females” OQ are lower at narrow focus
position. But the variation is not much, only slightly bigger than
male speakers. Meanwhile, although females’ OQ differ at
narrow focus position, they do not take a rapid growth as males
do. We observed only one exception — the female American
speakers, when reading Chinese short sentences, suddenly rise
from the one fourth point along the time axis. This might be the
result of lab effect. We suppose the subject may psychologically
hint herself of reaching a supposed expectation of experiment
purposes.

The male Chinese and female American speakers rise more
rapid in Chinese short sentences than long sentences. Since the
short sentence only contains five syllables. Subglottal air
pressure is still very strong at the sentence final position. There
are still plenty of energy causing a rapid growth of OQ.

Third, SQ is stable on most occasions, differing only
slightly for gender difference. Male American speakers’ SQ are

mostly stable but rise rapidly at the rear end. The rest three



groups are fairly stable. Male Chinese speakers and female
American speakers have a slight decline at the rear end of SQ.
They fluctuate a little and don’t have rapid changes. However,
this could not prove that male Chinese speakers are more close
to female American speakers. In Chinese long sentences, all
females decline at the rear end. But the male Chinese speakers
SQ fluctuate and have a rising tilt rate at the rear end. In this
sense, we believe all male speakers’ SQ rise fairly obviously at
the rear end but Chinese’s rise is moderately lower in degree.

Above we have mentioned changes. Now let’s move to
have a closer observation of the exact values. Males’ SQ is
between 350-400 while females’ is about 250. This difference
reveals that males have more low frequency energy than
females.

Two male groups have higher SQ value in long Chinese
sentences than short ones. This proves that at long sentence final
position when subglottal air pressure declines, energy decline
rapidly, therefore male compensate with a higher vocal folds
vibration frequency. This is a male speaker strategy different
from female speakers. However, we will not exclude another
possible cause in this process. We’d like to report a byproduct in
our experiment. We have observed a double peak phenomenon
at the rear end of “-/a/ / C_” syllable. Since vocal folds vibrate
quasi-periodically, frequency should also be fairly stable.
Therefore double peaks within one period might be due to the
ventricular folds vibration. Ventricular folds are above the vocal
folds. When speech proceeds to the ending of speech, the
subglottal air pressure declines to a minimum and the glottis
begins to fall. The vocal tract withdraws downward. This will
cause vocal folds to close first and pulls the ventricular to vibrate
for a couple of times. Sometimes on other occasions ventricular
vibration is intentionally used as a specific artistic phonation
pattern as in Noh, a traditional Japanese opera.

Another surprising finding is a compensatory effect of OQ,
SQ to FO. In other words, if FO at narrow focus is higher than at
non-narrow focus position, then a lower OQ, or a lower SQ, or a
combination of both OQ and SQ, is witnessed across almost all
conditions in our experiment. The only one exception is male
American speakers. Even for them, the proposition is only
moderately violated. They perform similarly at OQ and SQ.
Hence according to this proposition we infer a similar FO
performance. And we do witness a smaller FO variation range
than all other groups.

For the rest three groups, compensatory effect are obvious.
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Male Chinese speakers have a stable OQ, so their FO and OQ is
negatively correlated, i. e., compensatory distributed. All female
groups have lower OQ and higher FO at narrow focus position.
Since OQ varies not in a symmetrical degree as FO, their SQ
adds weights on the scale for the smaller OQ variation. SQ and
0OQ together compensate FO variation.

Female Chinese and American speakers’ FO difference (FO

average peak minus low) is very close in the two positions:

fl_ch_If FOave — f1_ch_|_FOave = 73.2526
f2_ch_If_FOave — f2_ch_|_FOave = 66.9312
fl_ch_sf FOave — f1_ch_s_FOave = 47.9098
f2_ch_sf FOave — f2_ch_s_FOave =51.7211

Male and female Chinese speakers FO difference in Chinese
syllables are stable.

American speakers judge by pitch height, not only pitch
height will decrease, but also in uttering Chinese. First they will
emphasize on the first high-level tone and pinpoint the Chinese
syllable pitch height at a stable level without much tilt rate. Then
they come to the second step — to decide FO height. But they are
not sure. So the usual strategy is to narrow FO difference
between narrow and non-narrow focus. Other possible strategies
are that they’ll first fix the narrow focus FO height, then try to
extend to a lower FO height for non-narrow focus syllable. But
this time again they are not sure. Or to fix a low FO height, then
extend to a higher FO for narrow focus correspondent. They are
not so good at distinguishing L2 narrow focus because they are
not sure of pitch height, despite the fact that all examples in our
case is level tone and excluded the tone effect. That is, even for
level tones, L2 learners are not sure of pitch height in our case.
Their strategy is to resort to a safer smaller range to erase the
Chinese specific FO range. They cannot judge FO height.

Our research result partly conforms to Yin (2011). He
studied Chinese L1 speakers’ performance for a nine syllable
length material, with the same CV structure. He reported female
FO range of 80Hz, OQ rising about 7% and SQ decreasing
tremendously. Our result conforms to his FO part and contradicts
to OQ and SQ data. Yin also reported males’ performance not
that obvious as females. FO raise but range is smaller than
females’. It’s only 25Hz. Males’ OQ raise slightly and less than
females. We haven’t observed such. This might owe to the
different sentence length. We observed male speakers’ SQ

raising slightly which conforms to his study.
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L1 and L2 Respiratory Patterns of Chinese and English

Bilinguals’ Read Speech

YANG Jin, KONG Jiangping*

Abstract

This paper investigated the respiratory patterns of native
English and Chinese’s bilinguals in the read speech material of
both languages. Experiments are conducted by respiratory belts,
to measure breast breath signal, abdomen breath signal and the
accumulated breath signal of the two. Results showed that
speakers tend to adopt different breath patterns in L1 and L2 and
tend to borrow their L1 respiratory pattern into their L2
processing strategy. Results also show that this borrowing seems
to be positively correlated with their L2 oral proficiency. These
findings have implications for respiratory signal processing,

typology, second

prosodic bilingualism and language
acquisition.

Keywords: respiratory pattern; rhythm; respiratory belt

1. Introduction
Since the introduction of the Pitch Accent Theory (Bolinger,

1958) [1], most researchers have come to an agreement that
pitch is the most important factor in perceiving heaviness. The
nowadays popular ToBI labeling system is itself based on this
framework. The main trend has been regarding rhythm as LH
alternations. In other words, rhythm refers to the regular
strong-weak, or, long-short alternation pattern. Language
rhythm is the periodical impulses at suprasegmental level. This
regular pattern is otherwise one fundamental property of
prosody.

Rhythmic patterns vary across languages. Lloyd James
(1940, cited by Pike, 1945) [2] attributed the prosodic difference
between Spanish or Italian and English or Dutch. He used the
metaphor “machine-gun rhythm” for the first group of languages
and “Morse code rhythm” for the second. Actually it also
depends on different prosodic levels, how they’re defined and
how they’re organized together. In Chinese Putonghua, most
researchers have a consensus that there is a rhythmic unit a level

above syllable — two-syllable cluster or three-syllable cluster.

The earliest studies called feet and suprafeet respectively (Chen,
2001 and Shih, 1986) [3] [4]. Another view holds two syllable
cluster as the standard feet, three-syllable cluster as suprafeet,
residue feet which contain a neutral tone in a two-syllable cluster
while degenerated feet as monofeet (Feng, 1997) [5]. Some
other researchers called it “minimal rhythmic unit” (Chen, 2001,
Shen, 1985) [3] [6]. Wang Hongjun (2002) [7] summarized
Chinese metrical pattern as “Two syllables are normal feet; three
syllables are tolerable; while one or three syllables are marked”
at the foot level which affirmed Shih Chilin’s dynamic foot
division rules — IC foot, DM foot and supra f’1. Shih claimed in
her PhD. dissertation that IC is immediate component; DM as
Duplex Meter where unpaired two syllables are connected from
left to right into a di-syllable foot but not two components that
are not branching at the same syntactic direction. Supra f* is a
supra foot that is a combination of the rest monosyllable and its
neighboring disyllable, also in conformity with the syntactic
branching direction. Wang’s claim indicated that Chinese has
different rhythmic pattern from English.

Based on the above-mentioned phonologists’ researches, it
is possible to infer that speakers will adopt different respiratory
patterns in uttering Chinese and English separately.

Breath signals reflect speech respiratory patterns and
speakers’ plan of speech content. Z. H. Hu in Ming Dynasty
claimed in his masterpiece A Handbook of Tang Dynasty
Prosody that “To minimize to three characters is too vague while
to maximize to nine characters is too tight”. Since one Chinese
character corresponds to one syllable, Hu suggested that a good
sentence should contain no more than nine syllables and no less
than three syllables [8]. In this sense, five to eight syllables are
ideal prosodic structure for a sentence. Prosodic units are
quantified as time reflection such as pauses or duration. So
segment time index is a major acoustic reference. Phonetic
research focuses has been put on duration, mainly on syllable
duration at the boundary of levels of prosodic boundaries and
pause duration (Y. F. Yang, 1997, B. Wang, Y. F. Yang and S. N.
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Lv, 2004, Z. Y. Xiong, 2003) [9] [10] [11].

Thus an experiment is conducted by using respiratory belts
to measure the respiratory patterns of Chinese and English
bilinguals either at Chinese or English read speech.

2. Method

2.1 Participants

Four English and Chinese bilinguals participated in this
experiment. They are one male and one female native American
English speakers and one male and one female native Beijing
dialect speakers. The male native American English speaker is a
graduate student of Chinese at Peking University and the rest
three speakers are undergraduate students of Peking University
at the time of the recording. The male native American English
speaker has quite high Chinese proficiency and is therefore
regarded as advanced learner of Chinese. The female native
American English speakers has arrived at Peking University for
a year and two months to study Chinese. She is regarded as a
preliminary learner of Chinese. The two undergraduate Chinese
students are local Beijingers. They speak Beijing Mandarin
whose phonetic system is the basis of Standard Chinese, Chinese
Putonghua, the official language of China. As for the English
proficiency of Chinese undergraduates, since oral proficiency is
not surely positively correlated with written language
proficiency, we invited Oral English teachers to evaluate their
spoken proficiency. The male undergraduate is judged as
mid-low level and the female undergraduate mid-high level,
hence preliminary and advanced in accordance with the English
speakers.

Each subject recorded two sets of data, in Chinese or
English. None of subjects reported having any speech disorders.
All subjects received payment.

2.2 Material

An English novel excerpt and a Chinese novel excerpt are
selected as read speech material. The English material is taken
from Harry Potter “Chapter Six: The Journey From Platform
Nine and Three-Quarters”, 299 words in total.

The Chinese material is taken from Miscellaneous Stars,
198 words in total.
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2.3 Recording Procedure

All recordings took place in a sound-proof room in the
Phonetics Lab, Department of Chinese Language and Literature,
Peking University. The main recording equipment is a 16 bit
myoelectrigraph and  electroencephalograph  information
gatherer produced by Australia Powerlab Company. The
recording software is Chart 5 which is carried by the equipment
itself. Recording collects four channels of signals: 1) sound file
collected by Sony microphone; 2) graph collected by EGG
produced by Kay Corporation; 3) abdomen breath signal
collected by MLT1132 respiratory belt; and 4) breast breath
signal collected by MLT1132 respiratory belt. The four channels
of signals are used for analysis. EGG has no special requirement
for sampling rate. In order to enable MATLAB software
procedure to run fast, the sampling rate is fixed at 20 kHz and
EGG signal is fixed as high-pass above 50Hz to avoid neck

artery pulse disturbance.

2.4 Results & Analysis

Exact respiratory contour are shown in the following
figures. Each figure contains three channels of signals — breast
breath, abdomen breath and the accumulated two. The range of
each window is the same 16s.
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Figure 2. The male native American English speaker

MR

read Chinese novel
Fig. 1 and Fig. 2 are English and Chinese novel read by a
male native American English speaker. In the same 16s range
shown in the pane, Chinese material contain more breath resets,
either breast or abdomen ones than its English counterpart. For
each breath reset, the Chinese breath tilt rate is more rapid than
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the English one. The Chinese breath reset peak is also higher
than the English one. Both figures contain low resets which

indicate strong and sudden exhales.

Figure 3. The female native American English speaker
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Figure 4. The female native American English speaker

read Chinese novel

Fig 3 and Fig. 4 are English and Chinese novel read by a
female native American English speaker. The comparison
between the two figures showed a similar situation as for breath
reset numbers. However, unlike the male native English speaker,
the female speaker doesn’t show a more rapid tilt rate and higher
reset peak. Rather, both Fig. 3 and Fig. 4 are similarly flat. We
later found this is due to the poor oral Chinese proficiency of the
subject. Since in the same time range of 16s, she uttered less
Chinese iqabgs, hence the sloweg tempo Ieg toxg more
moderate tilt rate. Like the previous case, both figures contain

low resets which indicate quite strong and sudden exhales.
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Fig. 5 and Fig. 6 are Chinese and English novel read by a
female native Chinese speaker. Again, Chinese material contain
more breath resets, either breast or abdomen ones than its
English counterpart. For each breath reset, the Chinese breath tilt
rate is more rapid than the English one. The Chinese breath reset
peak is also higher than the Er?‘llsh one. Unlike nahVe English
speakers, low resets are not witnessed.
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Figure 7. The male native Chinese speaker read

Chmese novel
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Figure 8. The male native Chinese speaker read

English novel

Fig. 7 and Fig. 8 are Chinese and English novel read by a
male native Chinese speaker. Again, Chinese material contain

more breath resets, either breast or abdomen ones than its

English counterpart. Inhale peaks are high and obvious. Very

clear triangular-shaped tilt is witnessed. English material breath
tilt rate is long and more flat than Chinese material. Only one

low dent is witnessed.

3. Analysis and discussion

The respiratory patterns can be summarized in a general
statistics shown in the following table, Tab. I. The eight rows
record different speakers’ signals, identified by the name. For
example, “M_AmS_En” means male native American student
reading English speech and “F_ChS_Ch” means female native
Chinese student read Chinese speech. The three columns stand

for signals from the three channels. BBRs stand for Breast

Breath Resets, ABRs stand for Abdomen Breath Reset numbers
and the third column stand for the accumulation of the two. The

numbers in brackets are for minor ups or downs.
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TABLE I. BREATH UNITS COUNT
BBRs ABRs accumulation

M_AmS_En 4(1) 4 4(1)
M_AmS_Ch 6(1) 5(1) 6(1)
F_AmS_En 4(1) 5(2) 5(1)
F_AmS_Ch 6 6 6

F_ChS_Ch 7 6(2) 7(1)
F_ChS_En 6 4 5

M_ChS_Ch 5(2) 5(2) 5(2)
M_ChS_En 4(2) 4(2) 4(2)

Based on this table, we can reach the following results.

The first, breath has units. It can be divided into different
tiers, from very small to very big, changing from an axis. As
earlier researches (J. J. Tan, 2008) [12] has found there are three
tiers of breaths in speech in a Chinese news read speech study,
we here claim that there might be more tiers depending on
different languages and the calculation accuracy.

The second, speakers adopt regular/fixed respiratory
patterns in uttering speech of certain languages since numbers in
the three columns don’t differentiate much.

The third, major and minor (or even more minor breath
levels can be classified since we can broaden the time range in
combination with a more detailed calculation of different levels
of resents or peaks) breaths coexist, but not in a regular
alternation pattern. It is inferred that this is correlated with
different tiers of phonological units in a language typology, also
decided by syllable numbers within a respiratory unit and tempo.

The fourth, males have more minor breaths than females, or
in other words, males adopt more major-minor breath alternation
in uttering speech.

The fifth, there are generally more breath units in Chinese
read speech, which doesn’t vary across L1 and L2 speakers of
either Chinese or English. It is inferred that Chinese is a syllabic
language while English is a mora language.

The sixth, Chinese and English has very different
respiratory patterns. Chinese is more highlighted by inhale resets
(which indicates the inhaling moment) while English is more
highlighted by exhale resets (which indicates the exhaling
moment).

The seventh, Chinese takes a “Strides & Swift-paced”
respiratory pattern while English takes a “Moderate-Equal Step”
respiratory pattern. Namely, Chinese breast breath appears to be
a skewed big triangle of major breath enclosing several small

triangles of minor breaths. English takes almost equal length
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respiratory steps of normal distribution.

The eighth, speakers adopt a combination of L1 and L2
language respiratory pattern in uttering L2 read speech. This is
due to a hybrid of L1 respiratory pattern and an unconscious
process confined by L2 phonological and syntactical
information.

Sometimes L2 effect transfers as is witnessed in Fig. 6
where the red arrow indicates that a typical exhale reset
respiratory feature of English is adopted by the female native
Chinese speaker while uttering English speech.

Finally there’s one point worth to mention. Since each level
of learners, medium-high and medium low, contains only one
speaker, it seems that sex factor is not effectively balanced in
this experiment design. However we argue that since male and
female speakers, if belong to a same L1 group or L2 group, do
not vary much in their respiratory performance, sex factor does
not play a significant role in this case.

Results show that speakers tend to borrow their L1
respiratory pattern into their L2 processing strategy. Results also
show that this borrowing seems to be negatively correlated with
their L2 oral proficiency. The higher the language proficiency,
the less borrowing happens. We hope these findings have
implications for prosodic typology, bilingualism and second
language acquisition.

4. CONCLUSION

This respiratory belt study indicates that Chinese takes a
“Strides & Swift-paced” respiratory pattern which contains
obvious major and minor breaths while English takes a
“Moderate-Equal Step” respiratory pattern. Chinese language
reflects high breast breath inhale resets at the left boundary of
prosodic segments while English language tends to have more
moderate resets and lower exhale resets. Speakers tend to
borrow their L1 respiratory pattern into their L2 processing
strategy. Results also show that this borrowing seems to be
negatively correlated with their L2 oral proficiency. The higher
the speakers’ proficiency, the less borrowing there is. Thus it
provided a phonation evidence for narrow focus phonetic
representation as well as a quantified description of rhythmic
patterns of Chinese and English.

However, there are also limitations and further requests for
future research. We only include breast breaths and abdomen
breaths in a same 16s range within one pane in our work by

respiratory belt. Syllable numbers and tempo is not taken into



consideration in our current thesis, and they are also significant
prosodic referents. Statistics is another consideration in future
research so as to verify our findings in a more technical and
convincing way. The above-mentioned aspects are to be
supplemented in our future research on respiration.
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VR 0 G 5 A S AE RS, WRThRE AR A ¥
AR PSRV E IS, A4 F BEAL AR AR 25 /0T A
M AT T AR . R T E ARG
A, Eh#ERiEL: MEE - MET RS,
A =PRI OCERM AT, BUAHIE A . 58 S 43
AR AME D AT 2938 F P i — A E AL HES

A — AU R PRSI, B Al TARAE 7 A v

EN RS — S R A, AN A
WIS, AT X A AE AR
AARIIEE IR, 235 T EAMED A7,
F L TuHER I TN JE R Ty e S AR BB SRS T
—ANES ERFEAHES . bR EIAGTE F IR EOR
RS T =8 TS SR IR T & A22h
RE S FHE HIRIT AT

3. BFARbE
AR DAL AT e, BRAT R e S TE AT AT
BRI R i VRS
WIS R, PN B 1A 2 (M5 B R e
A= AMG B ERAL, 75, FIAIRAE DX 5 1] e %
F IR =2 — . HRXLEE L, Rl —
TR 2 S R T S
TATUABAE BT ], BT 6 s i
HARHHE, Wk—. X—F ST S, £ 5
RWE, HEFEER SR, 50051 B E R
TR, BIHRPIOE RS, HAF1R K
. NE—TTLVE H, iR 34N, A REE 54,
WIS 34
*—. BEFEHIAE

W AR 2012

BARTTIF SR WSS 75 BERT L2453 AN 18] [ 75 REN
45, WSREEIRESL A B RN — 5, GRS
WXL g AR —45r, T IOTETEE, —
B2 6, PR ARG/, R 2 6 M iy
W E, AR SCE X SERON BRI 3. IR
ATLVEH, RIS b, AR B, T
A PR
R BRI

PR AL BIEERS SL Vil A
192 90 12
408 30 24
246 30 12
246 18 42
120 24 24
216 18 36

ARFITJA KD, TR S HE AL RGP TR A
FAAERT, AEIRX — R AR AT 0 S A =
TR 3L IO SEASCE SO Z (8], XA
HIAE BE. FIEEATA P TR e, i) 2
FE P HIOR 52 BN SOy 0 25 PR BEAT R BRI — 5y
3, FEUE DY 3o U ER AL H 7S IR 0 58 RO A7
WA es A RERI A &I x5, HABUE N 3.
AR SR H TR P T 58 RO S, A A 45 B REAT 75 I
H=—nz—an, HBERN 3. WER=. NER="]
CAE Y, AR AL SR, P SRS
BUN, B SR EUE B

®= FRIBEZIINIAIR

s WX & (B ) EORS S =i
1 X mu33 m u 33
2 th bo33 b o 33
3 A si2l S i 21
4 = hib5 h i 55
5 an ku21 k u 21
6 + I mo55 m o 55

FRG) FE®) FRE) FRG BEG) BEG
1161 1161 171 171 15 15
1077 1077 195 195 33 33
297 297 330 330 54 54
459 459 300 300 42 42
357 357 201 201 66 66
489 489 297 297 45 45

FEVHSRI BUR T 3 — M, R AR

S RIHA A D0 b, A R de N R SEX A — )

B R Gl =IO S, RPN 2 8]
HANF, P A A R A =0y 22—y, HAUE
7 20 PRIMAE =000 32, P IR 4520 58 e A A,
WEN. WRIMFTLLEH, 6 MaskiEE, HIEM
PR B B 20, BRI sk e 2
GEIGTER
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xR, FEEIRE=IX IR

FER ) FERE B FEE GRD
594 594 594
562 562 562
1044 1044 1044
948 948 948
1118 1118 1118
950 950 950

MER=FT LA, AR SIS 0 LE R R 2%
TN S AN = AR LA B0 LA R R, Dy T EE N
RRMNERLR, FATMAR LN PE OGS
W =R SO, R TL. WETLATUEL, Rh R
A BRI =58, ARARREUERE, FEE
s Bla ok, MR, —HERRE D BE R
o PIEEATAT LG R0, AEM IR AL, A RR
PR ERCR T, BB B AL, T A

ERUAZEIEE N
FhH. FHBEIINIAGRER

—Ef —#t IR

BE BE BE
1332 1176 186
1272 1110 228
627 351 384
759 501 342
558 423 267
786 534 342

FUL BRI S AIG LR A — TR LA H, B
P BRI A S B PN S AR L TR S T,
B 7N, Sl 1) FEREXAL; 2) FIRE
37 3) FIRXIAL: 4 FEEIXIAL; 5) BN 6)
WAL T A, WS
Btk E , =IO LA BUE SR, HGR I 5L,
/NSRBI 370 AR STASE FH PRk 20 P A7 080 R
E, Ot WX — g Rar LA H,
T L RS ST JER U A U DA S A )
NEREBE S BAAES F, Shs B2 D=4
XL AR SZ N, de /N SEO SRR AR,
FHARE AL LR Ak

82

=N FRAENAEE BHER
FREE PEEE  FEEME

2118 1860 792
2242 1702 814
1917 1425 1440
1953 1467 1332
1796 1565 1409
1952 1502 1328

RNT IR, RANGH T FERE BIRERS I
B MR SEUE, A RN 11978, #EEN 9521 F1
PN 71150 NOXEEHE W] DUE 505 A5 3 0
MRS R ZE R, T E AR R, RN
X g A A IRATT AT LKA 70 4 A R 40 18 75 3
(R A AR &, BRI N E B VAN B TR P B S B
(ITHREFI ARG . BT RE T 2 B AR F1E
B BN RGANE F EAFRE .

4. BANER B AEE

AR LA_E s 5 A S H B s O RO, 3K
(RN =P e N =g VAVIE(ER P & TR g R
PEs AR g i s S 1AV (AL, 1992)
BN, AR S A T AP RS, T
RS S RS TREAR, AT EERER T
SKBRBEAE S, ST TR AR, AR LA
XFRTAE S REATX EOE T, R, RS2
Frig s Fr o 2 R 75 U B 5 D 4 E R (R /N 1 A
HUE NS, BAEKFSR; B FRIES
BIEES TS A B R A RS AL E
fi; SHIUSLR R RS AL R B E, S IBIRE IA
E=E VAR R OSSR VAV IPyaa SN R=E A k- ¥SYI-P
FEIR A RS HEEE, B)\FRBEE AL
THHESME; B RE RS ME.
5 = B 28 55 /N A A B 2 b R 1R B oA AT B
il FHAE LA T 5 1T, AN RE fa] S SRS I o A A
5 AR B A U E R R T A RO S S
3o
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xt. BMAERRASMAAEERAERALLER
75 JiE M FERESE HIBEEE I EME PRI FERELLE | BIBELLA PR L

1 IR 122112 112248 0 234360 0. 52 0. 48 0. 00

2 ) 2157414 2043690 0 4201104 0.51 0. 49 0. 00

3 B CRTED 2576946 2491050 0 5067996 0.51 0. 49 0. 00

4 % 1686158 1668194 3020 3357372 0.50 0.50 0. 00

5 (B3 1059990 1006410 2376 2068776 0.51 0.49 0.00

6 TR /R B 848218 904144 2278 1754640 0.48 0.52 0. 00

7 S 2565864 2576694 1024866 6167424 0.42 0. 42 0.17

8 ok 1150068 1160004 462984 2773056 0. 41 0. 42 0.17

9 SUHSES 101120 89210 42794 233124 0. 43 0.38 0.18
10 HIK 2460136 2368204 1208860 6037200 0. 41 0.39 0.20
11 il f 2% 87334 84742 45316 217392 0. 40 0.39 0.21
12 E: QD) 1630160 1564388 847544 4042092 0. 40 0. 39 0.21
13 H (EE) 1618072 1371046 827170 3816288 0. 42 0. 36 0.22
14 e 474610 465448 263122 1203180 0.39 0.39 0.22
15 BB 371858 352190 202964 927012 0. 40 0.38 0.22
16 fili 1994042 2039090 1133312 5166444 0. 39 0.39 0.22
17 [GFE] 2517026 2583032 1440146 6540204 0. 38 0.39 0.22
18 T2 435402 440184 250686 1126272 0.39 0.39 0.22
19 TR 2297168 2384534 1353014 6034716 0.38 0. 40 0.22
20 DA 2088520 2173318 1231678 5493516 0. 38 0. 40 0.22
21 HARTIE 665470 676474 396448 1738392 0. 38 0.39 0.23
22 HIL 2242938 2331534 1353168 5927640 0. 38 0.39 0.23
23 Lk 198802 193300 116794 508896 0.39 0.38 0.23
24 B (S 1058744 998612 617960 2675316 0. 40 0. 37 0.23
25 =371 1000370 1043324 618854 2662548 0. 38 0.39 0.23
26 R CELD 1490360 1434542 895682 3820584 0. 39 0.38 0.23
27 e HlD 1713606 1579020 1009098 4301724 0. 40 0.37 0.23
28 ¥ 495886 466402 296812 1259100 0. 39 0.37 0. 24
29 i 1677070 1772518 1072228 4521816 0.37 0.39 0. 24
30 LEJENE i) 1021232 975956 622436 2619624 0. 39 0.37 0. 24
31 i 1479748 1387264 951208 3818220 0. 39 0. 36 0.25
32 & 1185304 1231198 833434 3249936 0. 36 0.38 0.26
33 AL 4148886 4108596 2855610 11113092 0.37 0. 37 0.26
34 4 CRTE 2345622 2272662 1599816 6218100 0. 38 0. 37 0.26
35 BRI 1428336 1421790 1017570 3867696 0.37 0.37 0. 26
36 H GRE) 2809544 2553182 1921742 7284468 0.39 0.35 0. 26
37 +%x 664624 620026 470794 1755444 0.38 0.35 0.27
38 SL 4729342 4709830 3527248 12966420 0.36 0. 36 0.27
39 5 2481422 2414234 1885064 6780720 0.37 0. 36 0.28
40 # e 1695308 1447904 1219292 4362504 0. 39 0.33 0.28
41 i 767482 694054 571300 2032836 0. 38 0.34 0.28
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42 4 () 4555552 4465258 3541774 12562584 0. 36 0.36 0.28
43 Tk CEFD) 6272854 6186160 4963510 17422524 0.36 0.36 0.28
44 ELT 6410460 6170514 5016138 17597112 0.36 0.35 0.29
45 fopiR 6144024 5974662 4955754 17074440 0.36 0.35 0.29
46 WK Ok 6123764 6051278 5104298 17279340 0.35 0.35 0.30
47 Ve 1420182 1253196 1202202 3875580 0.37 0.32 0.31
48 g oL 886158 804126 765120 2455404 0.36 0.33 0.31
49 A 3599292 3606120 4308216 11513628 0.31 0.31 0.37

B 2 A IR U ) A A B AT B HE
MEFET LA, BIAMETERT S 2 D 325G
2) WEME; 3) AHE; 4) %6 5) b
T 6) IR /R FS B o IX N ANE 5 57 5 A 5,
Rt A ) B AL AR BN R, HEER I SRAT . X
NG E BT A RERI R BE R B A7 74 B EEROK,
HAEET 1o RS A A ER KIS MES &: D
gyt 2) R 3) WRIUETE; 4 fifh; 5)
ML LA 6) ACHE, AR 43 A2 0. 29, 0. 29, 0. 30,
0.31. 0.31 1 0.37, MIXLLFEAKHE AT LIE H,
SRV P R ) B AL SR AR R AN ), AT R T
FEES B RGN 2 NRRIARIREE, X
NBATH T AR S AR R B AU A A7 4
BEANEFEEZERRRBE 15 ARTE A
B I8 BT AR SR Al v DA% 75 REEGE RHE P, MTTadE
— BRI TS BERIE) BRI R o

5. HARER

MR A SCO0] 18] Y 2 T 2 67 47 4 B (1) 8 SCFA
JRANE 49 MES AT & A, TR R 2R
SEIRANGE, PR NE A SO S A S £ FE el
— e R LS RHTIE . AR R FRERI A I
BRI NS A DU 5 RE %
R TAE T ML AR

Ho, ME—mRLEH: 1) SN LREE,
PRI A BRI B A B R R, 2) fER A
A HE S O I, S RERIE BER S AH 2 A S

R FER R ERREL, WA Bk,

3) EAFIHKIES AT FF, FHIREEEME
FIEHE B R LR AR, Ml —AiE S 5, W
R RAREREKR, FEARERRERIER
BN, 4 KRZPUES FRIERIEEE A
Mg b, MRV, WA K& A fH &
TR MR  NIX 49 MBS TS [RE,
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7R 7 L i LR L2 (R 75 B A
O RHROHC, 4L T AR A R S
AR L.

- BEEREAE e R R

e R A CER T AR

0.60

b

D 050

ﬂ 040

=

L= Y

& 030 B
2 o : R
g o EBLp
0.00 bt
1357 91113151719212325272931333537394143454749
& ]

REASR, TERRAmES, AHRrNEM AHERR
AN, X R BT JEANE LA [FE S RO R
BALIAF B . S/NIRAE 0.17, M KHH
0.37, XABUE KT i%iE S KA REREIRE,

B, W B RERIE RERE B AR T
RUFEAFEE, HEteil, —MiEEE, FEEREK
G B EAB BEEEAAE, (HA A A IR KR 2
Ao RN E LGN THREFZ IR EATLLE H, 7R
JECAT TR (1 R I AR, S BRI BEFE 45 /) R ) B
FR—ANER, &R RS, SRR
REZ IR, 1M 75 BRI BER ThREAH XS 9855 -

MRIEASCHITE BT, A% A AT AT LUK
P BRSO FAE B AR A, W
o2 7 BEHE FP AT LR B 75 1 AR BE () 35 47 0 4H 2R
Belgorn, W= W R AT LR BLS R
RS A R A6 . H=FEHUE b
BERZER
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s ——EE
o —~—nEt
L] P L
20
1357 9111315171521232527931333537394143454749
== NERLH 2 == = e =
BR. TFRAESHFHGSNAEER
ARG T AR
053
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E 051
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2 .. e WL
& M - PR
=X ]

3
LA

B=, EEFHIES R, FRAERHEER

B2 R HEE R, ML 7 B AR I 1 LT
K, WEFRBIOGE BERA, UMK, LR A
Pt EEETE R RIURBRIO A, (B HOR L,
P ERRI O 2 AR AR, SEATE 0.5 A
55— 5 B FITRATT SR 7 A R 5 A o o
1%, AL AT 6 B S REREIGE S, 3
PR AL UR IS 0, BT LA AT 7 R

W AR 2012

BIRRE, ARSI E LA R AR R
%, BOVHEMETS—,

S0, TR REAERERUL, B A AR R
ANKFE R BRI A E 5. DARE S, A
HEIEBIIER 2O S, RS SRR,
EVEESISY R DAVEEL=SiSi &R/ 7 P 1P PPN
FRRE, BRI A, BARE AR E R R
XTEHEMN A8 T W A R BN AU S
IRt TR

6. TR

AL ARE, EF SO AHENIES %
W AR 28 S5 BRI EE . KBRS Y
MRS ANFNE . AN 49 ARG B = R S LG
A S A E S 2 A — kR,
BV B S R R AT, X AEE R T
fig: 1) RAVEREIE SRR, A A
A RSk, W, BEEEEH S EAT SR
e ek R eh, TERAT E RTSR I B 450 3 U i 2
() U 2 5 V2 AN B AR G b B8 1R 1 b 3 5 R R
PRI, 2) AR AR SR A A .
4N, TEEE R, TR IE A S 2 R
PR, WAHRHS 7 — NSRRI, W
BEAE VB AE— S5 O R SV F AR L
B 7 YR TUE 7 R ORI R0 = TR B
BRI AR S A, TR 7eiE =
AL I — AN 7 T

7. ZFEIER

[11 AT LESN, 1992, CRANERRIE F ALY, R RR
Fhe i, Jbat.

[2] FB4%m4x, 2006, MiAIE/\FEIZEILE, B ALK
R, mfE, PR

[3] Greenberg, H.H., 1959, A method of measuring functional
yield as applied to tone in Mrican languages. Georgetown
University Monograph Series on Languages and
Linguistics 12: 7-16.

[4] Hockett, C.F.,, 1955, A Manual of Phonology, p.218,
Baltimore Waverly Press.

[5] Hockett, C.F., 1961, The quantification of functional load.
Rand Report, p.2338, Santa Monica.

[6] Hoenigswald.H.M., 1960, Language change and linguistic
reconstruction, pp.79-80, University of Chicago Press,

Chicago.
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VA P R TR VB B X AL

MREE L PR, BRIEYE S

(LAERURS 2 hambsehe 3 GiEREE Rl

WE.

BT 0 A i B A K AR 1)
BED, Mo oo wifZh . XA E B G SOk
b AL, T HAE T PR
HXSAF e AERXFERI TSN, i U R T AR
DL AR — IR, ABCR 2 DO B AL T EE,
M HAREAEH T RE . AN AE T FiT
FIREL DR s A, R Bl PE R
TR TS B 3L

1. 518

Bk (velarization) B K & i B2 ¥ 5 AR
S ) B R, O RIS e B,
T 24 J8 BB B A s ¥ L] (R #K [ dark
1] ) o IXANEFBLGAE SR b — i R o i o5
fiE, T HAEH AR F R B SIAER . AR
VB K HATE DY 5% 4 A B R A ik FE v, 7RSS
BHES (BREZEAGRBET S higial /MR
TiEs BB LRETE UL EER R RIA
KERFHIHLILS, 185505 LI G —
M, ARSI I M ThRe, 1M B e A2
FHIE o ARSCLAVY )1 48 B[ IL80 I2 Ik 1 A M 138 % EL v
79 2 8 /RGBT S MBI AR TrEE] ),
MFE B EFE MR, BARIE RS R A
SCHR TR R 2 S TE SRR CBF ) JRERUE
T WEE e 5 )2 RN S, SR 7 T A AL O
B RE (BB =71 e, AT SE ERae A B
PRV PO IR O RE & T RESRIE CREIUA.

" ARSORRMR DABUR e, 0 5K S 7 2 R B G R
MR 2t BLR S 7Y 2 (R I AT HE 35 3 (L A
AL B SBC A BERTFTHIRI R C T 2010 £EPY )1 A
JRARTE R 2 B, AR R P LS B S S B R
o HRBFFEBEE 5 AW T HR RSB IE 52 S AR A
WL SR EA SR S WIRR A s 55, AR ok — ISt

2. WERIHFEENE
2.1, GMHIE T K5 FRHE

KT B IIE B RRE, AHOCHIIE 7K 2 R AR
EHEMR L E [dark 7] ([1]); #FFE2H
HPEIE TS AR P 2200 BRI FR bt
WF5, W E#E Brosnahan and Malmberg 1970, Fant
1975, FA Ladefoged and Maddieson 1996. %1%T#4H
TR EZHHE], Brosnahan and Malmberg (1970: 67)
Fe AL R B SE R AL R G RS
WA NG J B — 5 T R 4, 2 T A e R B
K. Fant (1975) W) 3= 5K BSR4 2 15 7 A7 PG
M5, FFHAERFIX N ESE. Ladefoged and
Maddieson (1996: 361) fERE#L 1 [ 7 £khifs 5 1
BEiEE 25, WRIES Sk Bel—4 &%
FRBHAA R, S8 VMG, HsfaE
A PRAFE AL RS

BT X 3L 0 5 S5 R LA R ) AN R
ARTE], =2 7T BT 3 A B 75 22 S R I [
BEEEN. Hr, AP EA R, &5
FLIRWER AL o 7 7] J5 RORAE 75 257 b 38 R
VEREE, BT =R B kAL fE R i K
B EEE, LA 1A 2R SRR N RIX
ANFH LS SRR o BT 2R — SRR UG 1 0 R R A
Fant 1975 #&H, M3k FHIR S =M EHA T
B, PTLLSE—ILdRIGES TS 38 = JLIRIGE I Ry
{IF Brosnahan and Malmberg 1970  Fant 1975 #B
EPHRTHE S, HMEHEANEK. Fant 1975 LA
HAL i SR B S B B SR BN AR, ok E RS O AL
RBH, B =R PRIE S EJF. {H&Z Brosnahan and
Malmberg 1970 ZIAH R HhfE H 28 = JLARIE TR T
. a8 2Bt B anieiil i 22 g5 ), F—A
A BERABATTX LI € L5 Fant 1975 AREA
B\ Fant 1975 £ & X, BRI € Pomitl
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PR BT B 2 S AR, IR & B R e
A R = IRIE TS . )W Brosnahan and
Malmberg 1970 Friifiid sk &7 20, E4i)
DX S AN PR T 30050, T A S A 20 MR e ) J e o fHL SR
Se b, A AR SR ROPE, R H R S
AN O B iZ A2 W Ik 4K (pharyngealized)
(Ladefoged and Maddieson 1996: 306-310; Laver
1994: 326-327), i 55 = 3R T B 1L 47 2 A e
AR — AN 7B 255 N AFAE (Ladefoged and Maddieson
1996: 307-310) .

2.2. PRI
2.2.1. EHHIEE

BAVER A R EGENBITRE, RHAK
BN =S, FRRAE 44 B 59 B Al i
MTER & 7 2 A0, DAV PG e A BEE

BATRA I EERI NS 21 A2
TE R e/ N ST AR, 35 R A A B T L BRI R
WAl 3 e o % K S AN B (target undershoot)
MBS Ot ARG 1) AR 23 R A R, HX
AR R ) o FESR IR, RS AEEAN
W T BRI NI . 3635 &R TR G 2 0t
17, RS SR SONY ECMIS9A BAf [ 7 7E
K LL Az SONY MZ-R50 MD 3% & Hl.

2.2.2. A2 E

PATRE B W BUREAR BOE AE 22050 Hz, K4
BT Praat it B H KA R, BHREAL
YIXIH C & R = YE ], A2 1 ) R 75 B 2
T I RN S, A 12 TG 45 R 1 r
B TR, #il Praat H3hENEETEE AR
F1. F2, F3 X =ANLIRIEMIME . Bl H B3 St
—B T N TR, 2 IEAR R RLA 2 29%.

Pk 21 N SEAH S R = S S AR

TCEBIXINL: /[ 0=a%/+ / A—AY/. / 0—0¥/, HHN T H LA

#lF . fE—HITEXIL/ v/ FB TR CF—5T) ,
ARGt o, EEAANIE 55

88

2.2.3. MELRG 47

TATRE AT 20 1) 4 DUA AR A A B R 742 S 4
81 (repeated measure one—way ANOVA), 433l
XS AN IIRIEE ST b, RECFCAY [323
FHWNBTE] 2B, PLHERR AN ) 22 S i iR 22
PATATEAE T IR G e 28— IRBATH I K
BN REAE — T, SRR R

SR | BE—ILRIE | BRI | = glRIE
FE 5.98 48.09 7.78
p 1A 0.07>0.01 | 0.002<0.01 | 0.049>0.01
1 OEMERI U HIRIET L SR (E—RITE: B
BEABAER)

W s AR, BRI RS N BN
NG, PGSR 7 & Ladefoged and
Maddieson 1996 ¥5if & I %E, BPIEE— 55 =34k
W ARAANE 2, XS AL IS O X e 75
FSCRE FEAS T2 7 P01 A 1) S B A PR KRR s 17
P 4 N 1 R £ NTTI= e o DA D=t
ST A A B ) FE R BB E.

AN, BAEsE AR S DL IR At R 1
BEEIBT B, AT IR DU &8 N (iR S4)
FE BA UL ) 716, AR 5 T B 5 5 ) LA
AfE s EARRETE X XL HIE N E R, HEH
flY Az & B AR 2R, HA e & i A B 2 A
7], T IR B AN [ 9 e A 75 20 1 s e s o
T IREEER, TAE S4 WEEHRR, T
KRG HTre iR R -

HofiRve | SERIE | ARTONRIE | S SRR
F1H 6.1 54.9 40.2
p 1A 0.089>0.01 | 0.005<0.01 | 0.007 <0.01

*® 2. HAIERTSUCIHIRIEE L ST (B R E: H
BREE A S4 i)

e R E7R, KEN S4 FEFEHR)S .,
PG T RIS TE T 2L T RIE R R, 58
=R E ZE ETHHIIE . LA Fant 1975 2 15
H AR RONA, BATRTUAUER T S4 Z4h, HAth
VOAr ke & NAERBFUE S, 2R EA s, JF



FEFCT ST ] R s i . B 75— IRIE L B
FHBURALLSN, FAd DU AR S R I
TG Fant 1975 RALH R SCIRRT B FALE 5 52
A2 e o BRER AR, IR AL 5 A2 T
PHE B i BB A F B, (HIRANEF A
AN, A BN AE R SEE S, B T
AL R, 302 [ IR B X 3 4 s B -

3. WHEENHKIETHE. uF. eRE
BBUHE?

HRIE Ladefoged and Maddieson 1996 HIEiE
FETT, B RAE A EOE S R AR
(1996: 361) , bt fn i b B 94k 5 54
(palatalized) iU & & A X 3L A/E I (Ladefoged
and Maddieson 1996: 361); Ikiribati &)
Tarawa J5 5 WX 73 st 5 — i EECSAL) 58
(Laver 1994: 326); 4P Marshallese iE&S{EE
B . AU ZE S 2L S JE S %)
57 (Ladefoged and Maddieson 1996: 362-363;
Laver 1994: 326) . HAA HTALIE FHAER 3L
YERI R BHE 79558 Catalan % (Recasens
1991; Recasens et al. 1995; 1996) B3 Fifk ik
L] DLUATRIE A T8 h s & e S &
(paralinguistic) FvE (Laver 1994: 326)., ixib
W A AE A & SR B s, DRt &
H G 5 5% S ER0G JsAb i A7 o — F i 8 B AE P
(Brosnahan and Malmberg 1970: 67; Ladefoged
and Maddieson 1996: 328, 354, 360-361;
Ladefoged 1993: 230-231; Laver 1994, 325-326;
Ball and Rahilly 1999: 125-127).

AN, AR FRATT T P 1 A ML,
TATN X ANE F I I AIE S 1R 7 9
BAEYE . XIS AN B RS E . BB — AN
FH A B ) BT 2 2R R o S P s A DU AN 4
AL (J. Sun 2000: 214-215), i H i M
Hon] LA IR T PR o G0 g A b B
SRR, S Tk v A A AR A K A
BEFRW NP (AT x 2 = 94), eS5tH5 Bk
FALANE 5 A SE I NS RS, #h)is
U, K P U IS 2 BT D S AN S
2L RN (principle of economy) .

AN Rk E R A SR . FEIX
Fer, JATPRICE WA & 1Esr, 1 HARRR
TSR T 2 R E, WESSRIEE 2

W AR 2012

WA B SRR . BE, WREATE
Marshallese 58L& 3 B (B 1) 577
THCTUC IR ) T ] (B 2) IAHEC R, ke
R BV VO U PR B R R ) A AL A
BHEZEN. £K 1 Marshallese i&[IHT (elat
late ‘he’ s a down—to—earth person’ ), &
AT LAE ela Bt A TEE B, HH] e XM ITELE
— i AR 125 1, 55— LRI CREZE 2000 Hz
A, A late BRANTH, &ERIGE e B4R
FULIA T, FEAEEERKE] e I, F ILIRIEN
ol S AR R 5 R R TS e S L
PRUEHT (2000 Hz) BEFE, IX W BOpb s & £ 2L
TS AR 2IL, B TS WA B8 & i
W2 Ut, PSS S FRHE, FRATAT PATI
WIE Bl B e & B 35 —ILIRIEBET G i
TERIE Ja) BUBERE o s e & ) BITETE .

[ 1.Marshallese & elat late ‘he’s a down-to-earth
person’
(38 Ladefoged and Maddieson 1996: Fig. 10.22)

{ER FRATT I A A3 78 18 B SAL T8 5 WL 52
FIRBAFPRGL . — 0B 2 Bt IR, RIS P 1h
MIRGE e MR SLHE, AT (via [IR] AT sla¥

(B ) #AE —AAE TNt ERAE . EIRR
AT VAT, T 5 3R AE 2300
Hz —f, MATe& e ZIRIELLEAC, FrRAA 7
HERIARI R, 2 B8 LRI 2300 Hz T
B S ATC 3 58 IRV A v B o L0 SRS 1P 14 P B

AE B R A AR AU, S IATEE sV [#] X
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LTI, Bz L BRI R o s A B 5 3k
IR0 BETH B (R D BRI 5 (1 5 — SR bl
RS AR HE —ILIRIEAR) o SR & FF SR,

FE sIa¥ [ ] EXADBESUHIP 7, 58— HhRIE S

AT MR REL BT AL . KA 30 %
P BRI — EF TR AR, 5 LRI AL T A
FEE R i LT (E AR

v . A s I AaY

& 2. EEELAEA S2 FrBAIEAY vial ik JF0 sla¥

[ 89 BTt
FRPE DAL F 8 88 )5 0 5 7 2 E b, BATT AT DA A HEBR v
PG L R A S R T e . AN ik, b Th] 7 0 P B 2
FAY S PRV AT S 2 — N IR i 7 1 P B A 2 T AR
P, I BAE e ? He s, FL7E H BT A H S B B
FATVH S B U K S AN S I PE T & b, AR
BERIFAE T o #m)ifvl, EIRAPTCRIIf T8, K5k
BUEF AT o DM BUBRATTFEASHEBR 45 74 15 (0 B b = 5 B
FEME R AT RE, WU H T8 LOTE LIS skiss. Kk
A AR T 22 DB P IR TR R SR JEL V7 XA ) J  BILTE D& 8
I, S P IS L I AR AR, RTS8

RAEERRMIL G, HEEERNRI.

4. T IEBILIE F HIREIR

P TR RS T8 5 AR I R KR D S
FREZRE . HERANRTL, DAHEOHE
R, FLEWFRIEHME S R, B AT
TRl DUROURSIIA Z LB R, A 2H5 05 15 4K
UL TTE I LR AT REKIRIR .

P80 B AR VE BT T N e R R e,
JERAE SR AN AE BT T T 9 1 o T A 3R]

M EWZEEE, i ravve ™« [4F] GEIE

<ra>)s viAVma [ ] CGEKiE<bla. ma>).

L, R L AR R

90

LRl i S = P I VARSI b N S =R RV € Tk
B e AL S, Bl ro_y TR ] (MKHE
PG ydo 5 M BERIIS AT yru?) riv [ ] GE
SEIRIE ryi)e

SR, ¥R VA1 AN D AR 18] o R RS 1 5 T R
JETAF R Fefd I WUESR 2 H 5 = Mfe e
A RS TR 2 FIIRAGE B HTE T P /R
MR BFIIG IR B SR EOR) R0 R I A R
s, mreeds A b AOE A E — ot S 5 B
gt 2 Xfar, FlEm R

WIERE | AMKERIE | B FERGE
WG
UK
Ivo¥ rpo¥m | ta-lva¥m
« 5 A - to-snavm
. sn 6¥
Z) W
W lavm ko-1avm
lo¥
éﬁﬁ-’aﬁ ZVAYY to-zbavv
ZVa¥v
B Itshavv | Ko-vartsavy
ItshAvy
NS NAYY nAvw ka-névv
5. %3
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BEEEE (BIF) FERABEAE LR LS

RYHh

RE

AL EBERFIE B T PP H A
T ARG S A S5 59, IRV EE R R EL R AT
NN ER LA 2L . BFFREE R R R R
HP Al BN RN & I T SR A R
BRI, HNFE AR R A
ANTE MR SE R S5 R . BRI K
T FRARRAK, FIASGETRN, ANFERFY
K A BTy EFIACEBIACR AT
BN ANMIBEERHLEIE, ETFRAFRTARKK
P ERAFANRE, FPRAFAMNRE. X
FRAE, BERE RS AT RNERE, 25
FREE =TS, MENIEERE.

Xia):

PR AN KR BRE EW

S
o4

1. 5]

I}

1.1

18 L SP R A  TE EVLS— M HRRA
RERZ—. WREEZEEM TENR R —
(Ml 5%, 1985). MERRIIMEE, HEmMF
1R B R e B IE NS B 504k b o B
(2004) VAEERG )\ ALT7 & W FIsdoBl ks, FaE
PRI A =R (1) A, A
P (2) JEANPIE TN—T; (D) I, il
AW H e BEMPERR S T3 = FhRal,
MR (1998). ZZEESE (2004). FEHEFE (2008)
PR IRBAEE . BNEE . A EM IR AL R DR IR
Ao s B g 3 Bl i R A 45 R S R i) A
SERBEAMRT: BRI 10 AN,
P BRSSP . HA AR X &5 b
T

XA L N RS 2 A 1) D DR AR 2 A2 kb T A 0 7 32
H=ME: —2UnEmRE et BB
AM EBHNCE AFLTCE, NN T AR
JuEAKICYE (M7, 1985); —&LLd4#Et
XPHCON Sk, (AR (BRBESG, 2004); =

A RSB E R AR ST EIE T E T
KAERBIFFE” (No: 10XYY003) (K%,

BEIGE T
S WSR-S, BV SR BN, &
KR —AN I, SEnEMRBEIE R, E kK
WIRRA N (Emif, 2004). X =S HRE A
ANV AR BERE NS AR 432K

DAAE FRRIE 9 3 B2 A 20 5 AR 3 )2 1 1)
AT, BHWRREZFI, KEREE
W F B EMESL R . NSRRI
FHW EYE, BB T AR, FiE s
{100 7 YRR T AR B b R S &R A [R] (1 4 Bl A
Wahir=. BMRBCN (D FirdRafiig, Em
= PARBUAEAI AR (2) A A FERS T,
FEFE 5 EARBUOAER IR AN F], 50388 T,
JEE BT RA . B PGS REEAE, NFHRE
SR, TRV SRR 75 2 T A 22 R I AN [ ) 7
SRR . AT TR R 2 1 5 0 SR 1T 1 7
(R 2 FUR S PR S T R 75 2R, RSP BABA N
PR A B o

1. 2 BEE- PR

MEEA THEARE, MRS 108° 487 ~
109° 377, db& 22° 08’ ~23° 30'. ZALT:#k,
ViEET, MERILEEE, nsETERNA, dt
WRREHE. SRNES EEADOERNE. JOET
A CYHARETE) . BITER g s
Iy RER AR AR AR . M ESFE T T
A Sl IR, TP AR L CFRAL DUk
S =R I BN 28 RATEAF XK
PP KB E, AR B A, (HfAE L
Z5, Hoh DUE & Z BN . A Sl
HEBH P 4 A S ARG PG . 7ER R DLP
WHANRHEMZH 66 JiN. Pl B — K
B, RARIEZEZREENEEES TH.

Ve T A R R L T AL, B B 30 A HL,
FETRET 90 A8, 5H¥. K&, EE. Y
SHEMEE, BN 8 F. BENOAA DUE T
HAEWAE S, A ANBCFE, AR N
“PREFE”, RO HREEITF S, AYE. R
SRR TP B VE 2 U0 AE . o BGE 1S DL



AL L, R EPEE, MR
2. BEAEMIFFEKE
2.1 SR

T B G - U 7 R S (R AL A 1 L
A TR E SRR, e 2 B 2R
MIEBOREA . N TRFEUTIRR,  BRATRE AL ik
TR AT

2.1.1 LB HH

KE AN Praat, KREER N 22kHz, HIEIE,
REEAEIE N 16 fL. AR Excel HLTFRHG
BTG R

EE MR R BRI ECTE, A EANE G
W sEat e, &y A AN RSRE 8 Mol B
Fi R, BANRIRILER 24 MR, SNNMETE
WA 144 AMFEAR (6X8X3). fEA WAL 10
M, AT 3, PUAME S LA R 120 4>
FEAR (AX10X3), AHFEAREN 244 1

AT R N NREBENN, 1985 A, FgEFE
N, BEE ARG, AL A .

2.1.2 $# 4P

SR IEAEATIH A B, ] R
Fp7 SRHUCEES PR IR BRI 10 A2
RIS, THERESETIAE 10 SR R_E AR
SIS AT EME . PR R AR
P EME R KL, B e s U AE, 15 21
XA — AR HE I PP 10
&, WK 2. 1.

W AR 2012

2.2 Bt~ 7 8 0 3 o 2R AR AE

B 2. 120 B 3Pl (- AN R 2R 1 R iR A
— R R S AR B 0 U m R . B
T 1-5 790 5 TUEEAE R R 1.2 FEAEIR = X,
4, 5 EAEREX, 3EATEX, BREKEXMEE
X A5 i

A

Lot . =y

£ Wi SEEEE o S x4
[—#-THA|
i 4 NS 1

T
&

L L
W E

g
B A me)

21 MFPEFALESSHLE

MK 2.1 F, B2 —AS R, ME e [34]
BH-F- & /MEFR, EE A [13]5 B B EAF,
O HAE 3 FEIX N, BAMLRIH “F”
PIRF L, ME N (33]s PH R — MK, &
s T 2 XN, BRI P FRR
WEE N (22]; FIERE—ANE T, Seihghr
T 5 JEIXAIN, RE KA MM TS,
HEARRIE “F” RE, JAENI55]. BHE
A EbEE, AT XE, ZmiEE 1 EX
W], EMEA41]. BIAFIRENE R, H
LRRIUN T WRFIE. Hob RN EEAH 2 —
&, o mlv[44] A 133], FRAANS E& sz
I, EEAMFE; EFHANSHE S L EAS
I, AR [22] .

MEFKE, FRNFEG T IRNH.

MR B, FRA T B TPk i R 2 R A 51 3R
/I

*21 FFFERRREE

W B | BEE | IR | BHE | B2 | B | EBAXN | TN | BFEA | FRHEA
JAE | 34 13 33 22 55 41 4 33 2 22
AR F F % F F F F
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ERENFE RN, BT ABA TR AE T &
Mgk, DAXOEF A, RIS RN APk B2
TRANER, FTUBATA MM eyFos, B
ETPRARE.

2.3 FAEFPESE AR R

(DA E B 10 DA R, HP AT
B R AR gl R S A 2% R
P HABIAMBIA S22 N BRI,

(2) AT 7 AR R TR,
RATAP A2 T, B 28R .

(3 NFEHEFAEME, ANFREESE AR
ERGEI % DTN ER R ENUWIEE B R BN
FHIRZR. HARRIN: EFEAMIRE S LR
fEAA, #R[22), HARRAEMEFHFNZER; ET
FANBRAL SR EARIE, #O9F, BRfes 5
ARz .. KR THASH ERREME, 54
[33].

(4 NFE¥LL-py -t kIR, #RHAR
o AT B R UG B SRR RAFE N
Hife.

(5) ENFIASESmHMLES, ETHSHE
S E S, NN LA ZE . U
Wi KT P15 AN 56 42 LA FS Y IR SZ SR IX ) 25 151D

3. WFFER KR ER

Ve T SFE A R AT R T B R s, EF
BNFEEAE R, B TFANREME, 20008 4/
33; FFFHIASAE S, 2358 2 F1 22, X Ui AP
FFPAE N5 (200 & s B A KK IX A, A5
A LA RO SR IX ) &1 i, AT MR, A E
()R 7 AT FOMRR IR R 7 5

R R AR AN B R A AR [
. R AR R A K N TR R A R AT
FIFRAE . (FLYTSF 2001 4 285, 288 ) AR
W ZE AT 75, BB M B TPl N 75 (1)

RAEF, WA HLE_EERHT B 115 AP BT

3.1 WEEMESTHE
WA AT, EERINES I hl %

94

OBV h2 RTE, M ZEE B R DL B
R RTYET, JRE  H FR A 7L S R AL
PR B k2 — (FLYEF 2001, 23 1),

VU IR T P 22 (L TE — M1 L T R S e 75 s R
BN S TR AR . h1-h2 (BUE K,

MR A A R, R AS YR G A Rt
IR, RN EIRS, BEE N, R
R R B R, RS YR I Al A R RS
PRI R

ASLIGIRIM M SH FEAR: F—. i hl,
h2 FRIE (dB) FIZE—. —JL4RIE F1. F2 HIREE
B (dB), X—RSHFERMEFHINE, K
BJLR 5 1R R P PR

3.2 SERHPRL
3.2.1 M FIEHIA B

MIFris AL 12 4y, BIBAAE IS A
FRIREASRAME S AN BT PR, Hp AR 5
Xt AT 6 NEIREE T IR I A IR LR 3. 1.
AW SR T XL TR RN ERIEE

31 MIFFEANEDHE
2% T
ERA | EpA | FEIA FHA
AZf:ap at ak ek ok A#H:ap at ak ek ok

B4H:ep et op ot ip it ut

3.2.2 LEFH iR

SERG R A IR A B TR RN XL 5 X E)
B}: ap:ap | at:at | ak:ak | ek:ek | ok:ok, &4
B BN RE RN, DA AR ILTE 40 AMiA] (5
X2X4), FERRE T 78575 R B /N S i
Mo WRAERT “Hr/BH7 A rst, Hap
HR A BN LA o BRANE T =, 40 MR
B 120 MHEA . TITFRIE 3. 2.
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*32 FITFFEANERREFR

PN BHA &
¥t
2% e eES T
k& 3 stk sk
ap:ap
k2 kH! 5] tsii]
kE k] i i
at:at
pE p/\ EN tik
pit pH s tsHlli
ak:ak
sl 85 thF pH
R = tsH. 5%, i
elcek %
ki kI X5 x% e
k& k& tsHE tsyiiL
ok:ok
47T ts 5 i tHE
LA R
3.3 SLIGERAHT 2.0
6.0
TR IRIRE I & vk 2, BRI REE 22 ERECE
FFUAG 30-60 ZZRBII—A 5, 4 B h1 flh2 H i i

PRIEME, PR BIREAT Y. B35 3.2 il
fE.

L THRNEEEE

6.0 =
4.0

2.0
0.0
2.0
4.0
6.0
8.0

atEA
® TR
otFE

ap/ap  at/at  ak/ak  ek/ek ok/ok

E 3.1 FMFFiELETRANEREEREE

-Z.0

-4.0

ap/ap atfat  aksak  eklek  oghfok

E 3.2 MFEELTHRANEEEEREE

MSEEARER A, ERBANFIENE R
ZEWPPME A FUE, BD h1-h2 EUER N, h2 1
KT hle FEAABRICYTE, HE¥/NT B
AN, 1 H ETRBEAN h1-h2 FZEHERK, N
3.95dB, FARFHANRIMNIEE, WZEREMEN
2. 4dB. PRIMAT DA b 2RO\ 75 7R R 8 B 75 s A S L
TRNFEK, IR R
RNFEIERRE R, RIAIEFE RS KA
HAH,
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#*33 BT FEAELTIEREESH (B dB)

2k
IRk - X
= 1= h1-h2 1= h1-h2
= -3.4 Je 0.6
5PN
% 25 HH -0.6
ap-ap £ 2.8 S 0.6
B : — '
] -1.2 L] 0.9
£ -1.3 AN 0.8
5PN
= 6.1 il 25
at:at
EX 2.1 ik 1.0
EPN
o 0.7 il 2.8
1t -3.2 H -1.1
FHA
iy -4.3 7 0.4
ak:ak
59 -2.8 i -0.9
KEPN
' 0.6 S| 0.2
" -6.0 il -55
i 9.2 & 3.2
ek:ek
H 5.3 # 1.2
EPN
5 -1.6 % 8.2
© -5.2 1S 0.3
EPN -
(o -8.3 5 3.2
ok:ok -
BIA W -3.1 R -2.0
5 -1.1 B -1.4
S84 BN -4.95 -1
T B -1.6 0.8
FA-% [ZPN 3.95 24
MEEEBMMEAE T AR F FRABERER.
o \ .
‘ H\‘ Al - H‘H “ |
; 2 ]‘ % ; IH‘ Nl m
‘ '” 'WH “‘J‘ 1 \“ Ll UWM
" ‘ U ' WL | "Jh gf‘ﬂ.
E3.3 AN “JR” [al Mo Thaik E3.4 FRAN “#L7 [a] mEh&RiL
(h1- h2=0.7dB) (h1- h2=-5.3dB)
N ||“f\ffr\ : “mw”\
1 "” Ul ’W\ WH\ u
f {r‘\" \Hm ¢| 1 "‘H\ U “Mll IHH |
i il ‘ 1 \ J” \M I n‘\( )
\ HH n & M

3. 5B <47 Tal 07GTF D

(h1- h2=-2.8dB>
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ERS, EBEAFHER hl /0T h2, h1-h2
WEBASE, TRNFER hl ¥RKT h2, hl-h2
WIS IR

BATE— X ERRNFE R h1-h2 [k 24
T TR, REEGah R LK 3. 3:

& 3.4 T IEANFIERE T-test

FriEZ | df | Sig.(u)
PN 2.52
18 0.02
TRA 2.37
EREA 2.07
18 0.051
TRHA 2.96

MATIEAERE , BN RIARAEZE 5 5 2. 52
M o2.37, TRl SR ER, sigfHA 0.02, T
<0.05, MHEADEX M. £ FHNKIBMEZEDH
N 2.07 H12.96, X HA T I BB 738, T
I aE BN, sig HA 0.051, i 0.05, Z5F
AKEE.

AUEE, ETFAANFEARRFERE. N
T ERFENE) 5 X eSS EREA 2R
A, FATH T8 RIE F2 58 —180% hl IRIR
B 2215 DA R B — LAk F2 1558 — JLARIE F1 (R1IR
HZEMERS—PEL, HIENEK 3. 5.

M 3.5 B E, FHBAN F2-hl (- FI{ERR
T ek okl#I4h, #BI/NT EERANAE, H5<7, FH
I F2-F1 BPIE SN T BN, N -17.5
<-14.6, Br T [atlfsh, HARWHEH F2-F1 (A
INF EBN. FRBHAR F2-F1 VS48 4 R AL /N
T B3, A-12.7<-11.3, BT [ek]l#4h, HAeH
BER) F2-F1 H35/N T B8, {HE F2-hl “PIME K
T2k, N8 7.0, FER[ap] Fllak] LM
KGN, BT lap] fllak]iz b, HEHE
) F2- hl EH¥/NF 2. W ERSHTUEH,
R ERNFER, BAFERLTREKIRSES, BRE
RE B EIEUE, SRR, 3 ST R
Nk, FERETCESEG, FRAFUMKR, EE

O ERA R ERNE G, 5HAMRE R PRSI,

FMER LA FAT IR R AR B, "R
VOB B P 15 BRSBTS B R A
MR R —MEIeE, ERFERM PR T RS,
RAERE R R A T R R E . WRME L
A, ERANFELRHI, HREML TR E S,
EHARM BRI RRE 9 [4] A1 1331, FEAA
AR BEABAE 73508 (21 A [22] kAT,

W AR 2012

B 15110 N P R A 20 A v A LR AN [

&R
%35 MIFPENEETURIBEEESH(BAdB)
L T3
63 | 12 | AF2-hl | AF2-AF1 | iH2% | AF2-h1 | AF2-AFI
BRA | 112 -10.1 BEM, 43 -15.4
ap:ap
FHA 8.8 -11.2 BH.AM, 14.3 -11.6
stat BEA, 7.1 -20.0 BE LM, 6.0 -19.3
A | 96 -116 | fAA | 9.0 183
ik BE A, 8.4 -16.0 BR M, 2.3 223
B FHA 8.0 -11.7 BHA 12.3 -17.5
BE A, 3.5 -8.3 BR M, 5.9 -13.4
ekek
BHA. 1.4 -10.7 =P -0.3 5.5
o BE A, 41 -20.7 BR A, 7.7 -17.1
B FHA. 7.5 -11.7 =N 6.8 8.7
BE A, 7.0 -14.6 BE A, 5.0 -17.5
19
BHA. 7.0 -11.3 =R 8.4 -12.7

4. BFFERE R TE &R
4.1, FFEKST

T I S R R AR, TR T AT H

W AT E T RN RO KR, Bl 100 R R T
U LRSS 5 ARG 278 M K
02 % 58 b T 20 7 35 K 0 25 (8 R AT 4
P T, BRI 4.1, JERHEA TR

KBTI AL B

F 41 PTFFEANERHC (B{I: ms)
. it T
L HE T S T
A 159.47 RN 218.67
ap/ ap 2N 170.85 EEN 258.19
PR 174.26 EEN 27437
i/ 2N 14230 EEN 26582
A 15523 RN 2272
e BHA, 198.63 =N 250.67
N 19129 N 23935
S 2N 18459 EEN 294 40
A 170.76 EN 31828
okl ok N 193.55 ER 35771
15 N 170.20 N 254.68
FEA 177.99 EEN 286.16

MFE 4 1E, ERNHENKEET TRNAR

K, FRANEENEKAAETHAN. FRNHE
WIREIR KN T 200 =8, BT HIRK N
170. 2 28>, FHAKPFRN KA 177.99 270, F
FBNFE BB KR T 200 =80, FEHANKTY
BN 254, 68 Z 80, FIHA TR Ky 286. 16 =
o BATH P K K B E AT H T A
TFBHA> FEAA> EFHA> EBAN

BB R T RIS R ERNFRIRR K
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BT FEuoamKEREE, Sig EB%/MF 0.000,

42 TEMAETER

B R T AL ST S TR B 18] R Sk e S
TR, R LR NSRS ok E
o AR5y T B % F BRI n s RS S

i, JiRIREEE —ILRIE F1ORISS AR
F2 (8, WAR 4.2, HLASGIE A B BT~ )
AR, WK 4 1.

®42 MITFFELEHIRESH (Bf: Hz)

]S F1 F2
ap 917.5 14898
at 978.9 1563.0
FRAA ak 952.0 1465.5
ek 703.2 2214.4
ok 712.7 1249.4
a 878.4 1463.1
at 932.2 1539.0
FRRA ak 957.5 14353
ek 665.0 2122.4
ok 678.5 1158.7
ap 043 4 1541.4
at 1006.6 | 1601.1
T-BAA ak 046.1 15143
ek 747 6 2117.4
ok 741.1 1190.0
ap 1028.8 | 14820
at 1099.4 | 1616.1
TFRA, ak 1013.9 | 15403
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