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ABSTRACT OF THE THESIS
	
  

Production and Perception of the Phonation Contrast in Yi
	
  

by
Jianjing Kuang

Master of Art in Linguistics
University of California, Los Angeles, 2011
Professor Patricia A. Keating, Chair

The purpose of this thesis is to provide a comprehensive understanding of how
contrastive phonation is produced and perceived by native speakers of a language with
both tonal and phonation contrasts, Yi. In the production experiment, we measure a wide
scope of relevant physiological and acoustic parameters, which show substantial
physiological-acoustic coupling: a Contact Quotient (CQ) distinction is the essential
property of the phonation contrast, while H1*-H2* and H1*-A1*, which are significantly
correlated with CQ, are the best acoustic measures for the phonation contrast. The
bandwidth of the first formant (B1) and the Cepstral peak prominence (CPP) are effective
acoustic cues too. In addition to the well-established contributions of the vocal folds, this
study gives insight into the role of supraglottal settings for the phonation contrast. A
consistent F1 difference for the phonation contrast in Yi indicates a shape change in the
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vocal tract, supporting the multidimensional phonation model proposed by Edmondson &
Esling (2006). Such a supraglottal effect is similar to that in ATR (Advanced Tongue
Root) languages, related to a change in pharyngeal size, though in Yi the direction is
RTR (Retracted Tongue Root). With more detailed discussion about variations in the
tense vs. lax contrast across speakers as well as across languages, the relativity of
phonation contrasts is highlighted.
The perception experiment looks at the effectiveness of voice quality, F0 and F1 for the
perception of phonation categories by Yi listeners. We draw a perception map from a
perceptual confusion matrix and then compare that with a production map. It is found that
listeners heavily rely on F1 for the perception of the tense vs. lax contrast, though it is a
secondary cue in production. However, the perception map generally agrees with the
production map, though the perception map varies across listeners. The variation found in
the production experiment suggests a possible sound change in the phonation contrast.
The variation in the perception map further indicates the future direction of the sound
change: Vowel quality might eventually take over as the distinctive feature of the tense vs.
lax contrast.
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1	
  Introduction	
  
Phonation types are used in many languages allophonically, as prosodic cues or
enhancement cues of other distinctive features. Very few languages around the world use
phonation itself as a phonemic dimension, and thus phonation phonemes are less
understood than phonological contrasts in consonants, vowels and tones. Yi is such a
language, with a tense vs. lax contrast based on phonation differences, combined with
orthogonal phonemic tones. The contrast in Yi is one type of so-called register contrast,
but not all register contrasts involve phonation. To better understand phonation-based
register contrasts in languages like Yi, this thesis will conduct experimental studies from
both production and perception points of view.
The tense vs. lax contrast involves multidimensional production mechanisms, including
both glottal configurations and supraglottal settings. However, the relationships of glottal
configurations to their acoustic outcomes have not been well established, and little is
known about the effect of supraglottal settings on voice quality. Therefore, from both
acoustic and physiological perspectives, an extensive production experiment is conducted
to comprehend the production-acoustics coupling in the Yi phonation contrast.
In addition to investigating the mechanism of tense vs. lax contrast production, a
perception experiment is designed to obtain a perceptual map of the Yi phonation
contrast and to reveal the mental reality of the phonation contrast for native speakers.
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1.1 About Yi
The Yi (彝) language (own name in standard dialect: Nuosu), also known as Loloish,
belongs to the Yi branch of the Tibeto-Burman family of the Sino-Tibetan phylum. The
name “Yi” refers to both the Yi language and the whole Yi branch of languages (Loloish),
because it has the most population in this language family branch. Sometimes Yi,
Burmese and Zaiwa are collectively called Burmese-Lolo. Yi people are geographically
distributed in Yunnan, Sichuan and Guizhou provinces of China. Yunnan province has
the largest Yi population, and Yi people are distributed in most counties of that province.
The Yi language is grouped into four main dialects by geographical distribution. The
Northern dialect is mainly distributed in Sichuan province; Xide dialect is a
representative. The Southern dialect is primarily in southern Yunnan and is represented
by Xinping dialect. The Eastern dialect is in the eastern part of Yunnan and Guizhou
provinces; Luquan is a representative. The Western dialect is mainly in western Yunnan
and is exemplified by Weishan.
The inventories of Yi languages share the following common typological properties (Ma
2003). First, voicing is the most important distinctive feature for consonant inventories.
All the obstruents and laterals have a voicing contrast; Northern Yi even contrasts
voicing in nasals. Second, syllable structure in Yi languages is very simple: no onset
clusters, no diphthongs, no codas; and thus syllables are typically CV. Third, all Yi
languages are tonal languages, typically with 3 tones, namely, High, Mid, and
Low．Tones do not contrast by contours. Fourth, vowel inventories mainly consist of
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monophthongs, with diphthongs very rare. Fifth, vowels contrast by registers: Tense vs.
lax contrasts are the hallmark feature of Yi languages. Some languages in this family,
such as Nu, even have a third register, nasalization, and therefore have four-way register
contrasts in vowels.
Yi dialects mainly vary in two features. First, voiced consonants: In some dialects, the
eastern dialect particularly, voiced obstruents are realized with prenasalization. Secondly,
tense vs. lax contrasts are distributed asymmetrically across dialects. They are realized
with middle and high tones in the northern dialect, conversely with middle and low tones
in the southern dialect, and fully across all tones in the eastern dialect. Most dialects have
a tense vs. lax contrast for all vowels, but some dialects only keep the contrast in high
vowels. This distribution is the reverse of Burmese languages (e.g. Jingpo).
The dialect of the two villages discussed in this thesis is a Southern dialect. The villages
are in Yunnan province, on the border of China, Vietnam and Laos. The tense vs. lax
contrast in this dialect can be realized in all vowels but only with middle and low tones.
Hereafter, the notation for a tense vowel will be an underscore, following Ma’s
convention. Many researchers use the creaky diacritic for tense register, but we will
demonstrate that this is not accurate, since tense voice does not necessarily mean creaky
(ref. section 2.6).
There are 29 consonants, 7 vowels, 3 tones and 2 phonations in this dialect, listed in
Table 1:
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Table 1. Inventory of Southern Yi.
1A. Consonants: voicing contrast across manners and places except nasals

1B. Distribution of tense vs. lax contrast in vowels and tones:
Vowels and Registers: Tense vs. lax contrast in all vowels

Tones and Registers: Tense vs. lax contrast in the mid and low tones

LAX
TENSE

LOW
21L
21T

MID
33L
33T

HIGH
55L

1.2. Tense vs. lax phonation contrast in Yi
1.2.1 Tense vs. lax contrast in Yi and related languages is phonation based
A tense vs. lax contrast is the most widely shared phonological feature among TibetoBurman, especially Loloish branch, languages. According to previous fieldwork studies
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(among them, Ma 1948 is the earliest, see Ma 2003) for comprehensive summary of all of
his works), the list includes Yi, Jingpo, Zaiwa, Langsu, Nusu, Lisu, Hani, Lahu, Bai and
more than ten other languages. Traditionally, linguists referred to a language as having a
tense vs. lax contrast when the vowel inventory in the language can be separated into two
registers by some kind of tenseness gesture.
The tense and lax feature more generally has a long history and refers to various
linguistic phenomena. Tense vs. Lax in vowels in Germanic languages is related to the
muscular tension in the tongue. Phonetically, tense vowels have higher tongue position
and longer duration than lax vowels. They are more peripheral in the vowel space,
suggesting a more extreme articulatory gesture. African languages with ATR harmony
are also said to have distinctive tense vs. lax vowels. Tenseness in these languages is
related to pharyngeal cavity size (Ladefoged 1964). Vowels with advanced tongue root
([+ATR]), usually with pharynx expanded, are referred to as “tense”. Tense vowels in
these languages are more front and higher in the vowel space. Vowel harmony between
tense and lax registers (“yang” and “yin” in traditional literature) is also found in
Mongolian, an Asian language. Bao (1992) measured F1, F2, F1-F2 and the pharyngeal
cavity size by calculating the vocal tract channel area for Mongolian. Results suggested
that tense (“yang”) vowels in this language are more back and lower, which is the reverse
of African and Germanic languages.
The terms tense and lax in Tibeto-Burman languages and other southeastern Asian
languages refer to a third type of contrast, which is related to phonation status but may be
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accompanied by some non-phonatory features. Even within this type, the mechanism of
tense vs. lax contrasts still varies across languages. 	
  
Table 2. Phonetic realization of tense vs. lax registers in four languages (Maddieson
& Ladefoged 1985).
Hani

Eastern Yi

Jingpo

Wa

lax greater

lax greater

lax greater

lax greater

ratio of F0 to
second harmonic
(H1-H2)
height of F1
vowel duration

lax greater

lax greater

lax greater

lax greater

lax lower
lax longer

no difference
no difference

overall F0

lax slightly
lower
lax
sometimes
rising
no difference

no difference
lax longer in
falling tone
lax slightly
lower
no consistent
difference

no difference
lax slightly
longer
no difference

lax rising with
high tone

no difference

lax somewhat
shorter
lax: voiced
stops less
prevoicing

lax longer

lax longer

flow/pressure
ratio

F0 onset
voice onset time
(VOT)
Other
consonantal
properties

Tense: final
glottalization

lax higher1

lax: nasals
longer

In a landmark study of tense and lax contrasts, Maddieson & Ladefoged (1985) found
that the four minority languages of China that they investigated (Yi, Jingpo, Hani and Wa)
have different phonetic properties, as shown in Table 2.
Although the consistent difference in the ratio of F0 to H2 and in airflow/pressure
confirms that all four languages have a phonation contrast, these contrasts can roughly be
	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  
1

These results for Wa and Jingpo are based on the later report in Maddieson & Hess 1987. The original
report shows no difference for Jingpo and lax is slightly higher in Wa.
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classified into 2 groups. Jingpo and Wa form one group, with longer VOT and higher
pitch in lax syllables; the other group, Hani and Yi, has longer VOT and higher pitch in
tense syllables. These findings can be related to historical comparisons. The tense/lax
contrasts in Wa (Diffloth 1980) and Jingpo (Dai 1979) were initially derived from onset
voicing contrasts. The lax syllables initially had voiced onsets. By contrast, the tense/lax
contrasts in Hani and Yi were derived from former checked syllables (Dai 1979, Bradley
1979, Wheatley 1982). The tense syllables come from checked codas.
To summarize, tense vs. lax contrasts in southeastern Asian languages are phonation
based and originated from at least two different coarticulation processes: vowels can be
affected either by the preceding consonants or by the following consonants, and generate
different non-modal phonation types. As a result of the original voiced onsets, the lax
phonation in Wa and Jingpo is breathy or slack, contrasting with modal as the tense
phonation (Maddieson & Ladefoged 1985, Bao1990). In contrast, due to the original
checked codas, the tense phonation in Hani and Yi is creaky or stiff, contrasting with
modal as the lax phonation (Maddieson & Ladefoged 1985).
1.2.2 Complication in tense vs. lax contrasts and our specific goals
Further investigation found that tense vs. lax vowels in Wa and Jingpo do not have
exactly the same mechanism (Maddieson & Hess 1986). For example, phonation has no
effect on Wa’s pitch, but has a significant effect on Jingpo’s tonal pitch. In fact, there is a
more essential difference between the two languages. Wa belongs to the Mon-Khmer
language family, without tonal contrasts. All the voiced consonants, including all
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sonorants, have an aspiration contrast, which is the hallmark property of this language
(Zhou & Yan 1984). The tense vs. lax contrast can only occur after non-aspirated
consonants. Lax vowels cannot occur after aspirated consonants. These facts are the
opposite of Jingpo, in which aspirated consonants can only be followed by lax vowels. It
might be the case that the phonation contrast in Wa is three-way: aspirated, modal and
breathy (or slack) (Zhu 2009). Therefore, the terms tense and lax can ambiguously refer
to different phonation types. The ambiguity can be seen as reflecting the relativity of
glottal aperture distinctions, as proposed by Ladefoged (1971), Ladefoged & Maddieson
(1996), and Gordon & Ladefoged (2001). On this view, some languages have a contrast
in a more breathy part of the overall voice quality range while the others have a contrast
in a more creaky part of the range (figure 1).
Figure 1. Continuum of phonation types (after Ladefoged 1971).

Maddieson & Hess’s work (1986, 1987) provoked further important questions about
tense vs. lax contrasts. The Luquan Yi dialect they investigated first is an eastern dialect,
which exemplifies a phonation contrast, in that H1-H2 is highly significantly different
between tense and lax. Reflecting the checked coda origin, tense syllables are higher in
pitch and shorter in duration, and there is no audible vowel quality difference. In contrast,
the Liangshan dialect investigated in their subsequent study is a northern dialect.
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Contradictory to expectations, they found that H1-H2 in this dialect is not significantly
different between tense and lax, while the tense syllables can have a salient “harsh” voice
quality. In addition, the language has a clear vowel quality difference between tense vs.
lax pairs. These facts raise two issues.
First, is the Liangshan Yi contrast a phonation contrast, but H1-H2 is not the right
measure for it? Perhaps the harsh voice is crucial, but H1-H2 does not distinguish this
voice quality from others. H1-H2 might also be unreliable because phonation types in Yi
mainly contrast in high vowels: the F1 of high vowels is very close to the H2 frequency,
which boosts the amplitude of H2. Another possible factor is the tone contrast of Yi:
Blankenship (1997) found that H1-H2 does not always distinguish phonation contrasts on
mid and low tones. An answer to this puzzle was suggested by Kong (2001), who found
evidence for a phonation contrast in Liangshan Yi from spectral tilt measures (i.e. H1-A1,
H1-A2). These measures are less sensitive to low values of F1, and Blankenship had
found that H1-A2 was a better measure of phonation contrasts on non-high tones.
The second issue is whether the vowel quality difference is a crucial part of the tense/lax
contrast, perhaps even more important than the voice quality difference. Esling et al.
2000 has claimed that this is the case for (dialect) Yi. Furthermore, they showed that
harsh voice can be produced by supraglottal constrictions alone, with tense syllables
having a reduced resonating space due to 1) extreme narrowing of the supraglottic tube;
2) tongue retraction over the larynx; 3) larynx raising itself. These gestures could affect
F1 frequency as well as voice quality, and thus both the harsh voice quality and the tense
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vowel qualities could arise from this single supraglottal mechanism. Along the lines of
Laver (1981), the auditory voice quality would result from both glottal and supraglottal
settings. As in African ATR languages, the pharyngeal cavity change would be key, and
this mechanism would provide a path for a sound change from voice quality to vowel
quality. This scenario fits well with Edmondson & Esling’s (2006:187-88) expanded
model in which six major valve mechanisms control articulatory postures in the lower
vocal tract2. This model not only covers the uni-dimensional glottal stricture continuum
as proposed by Ladefoged (1971) (as valve one of the six valve mechanisms), but also
emphasizes that supraglottal settings also play important roles in phonation production.
Thus the tense/lax contrasts in Yi dialects seem to vary from pure phonation, to mixed
voice/ vowel quality, to pure vowel quality contrasts. Here we examine a new, southern,
dialect. All in all, in order to get a better understanding of the articulatory-acoustic
coupling in tense vs. lax contrasts, a comprehensive experimental study with both
acoustic and physiological analysis is necessary. This is the first and main goal of this
thesis.
In addition to investigating the mechanism of tense vs. lax contrast production, we want
to know how the tense vs. lax contrast is perceived by native speakers. Perception studies
of phonation contrasts have been very few. A recent study (Esposito 2010) found that
	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  
2

These mechanisms are: (1) adduction or abduction of the glottal vocal folds,(2) ventricular incursion, (3)
engagement of the aryepiglottic sphinctering mechanism of the laryngeal constrictor, (4) retraction of the
tongue and epiglottis in laryngeal constriction, and lingual closure against the posterior pharyngeal wall, (5)
raising of the larynx in laryngeal constriction or, conversely, lowering of the larynx, usually associated with
nonconstricted contexts and (6) narrowing of the lateral walls of the pharynx, usually associated with
laryngeal constriction.
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listeners from a phonation contrast language are more sensitive to phonation differences.
But it has not been settled which cues/dimensions can possibly contribute to phonationbased tense vs. lax contrasts. Across Yi dialects, tone, vowel quality and phonation have
been found to be related to the Yi tense vs. lax contrast, and the register contrast is not
evenly distributed across all phonological categories. Therefore, obtaining a perception
map of this tense vs. lax contrast under different phonological conditions by an
identification perception experiment is important to reveal the mental reality of the
phonation contrast for native speakers. This experiment will provide more knowledge
about the role of tone and supraglottal settings in the tense vs. lax contrast.

2	
  Production	
  experiment	
  
This chapter will investigate the physiological and acoustic properties of the phonation
contrast in Yi, based on extensive analysis of the speech of 12 native speakers of southern
Yi. At the beginning of the chapter, we will briefly review the methods of measuring
phonation production, focusing on the use of electroglottography and on the acoustic
theories of the production of phonation contrast; the second section of this chapter will
introduce the experimental design and statistical models of data analysis. The results
section will report both acoustic and physiological measures, evaluating the previous
interpretations of three important issues: 1) the relationship between physiology and
acoustics in phonation contrasts; 2) the interaction between tone and phonation in a
language that has contrasts on both dimensions; 3) the involvement of supraglottal
settings. Based on all the data, we will use statistical methods to model the production of
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the phonation contrast in this language considering all three aspects. With solid statistical
models, at the end of the chapter we come back to the research questions: how do
phonation types work as a phonemic dimension? Why are there so many varieties across
languages? To explore native speakers’ phonological knowledge of phonation contrasts,
closer investigation of individual varieties will be discussed. We shall argue that there is
no fixed articulatory target in phonation contrast production. As a phonemic dimension,
phonation types are more relative and more based on auditory effects.
2.1 Measurements of phonation production
2.1.1 Acoustic measures of phonation
In this section, we will review the acoustical parameters involved in phonation
production. Up until now, the mechanisms that have been well understood are mainly
about the larynx, but much less about supraglottal settings. Summarizing previous
literature about the glottis (Stevens 1977, Holmberg 1995, Fant 1976, 1979 (a, b), 1986,
Klatt & Klatt 1990, Hanson1997, Gobl & Ni Chasaide 1988), the most basic aspects of
glottal activity that can affect phonation production include: 1) ligamental and
cartilaginous glottal abduction, 2) open quotient; 3) abruptness and speed of closure; and
4) vocal fold tension. These glottal configurations can be reflected in various acoustic
measures, especially in spectral shapes, such as H1-H2, H1-A3, H1-A1, etc., though the
precise relations between physiologic and acoustic aspects have only begun to be studied
and much remains unclear.
These acoustic parameters have been evaluated from the viewpoint of listeners. For
example, Klatt & Klatt (1990) investigated non-contrastive perceptual voice quality
12	
  
	
  

	
  

based on auditory spectral analysis of synthesized signals. They found that the degree of
perceived “breathiness” is affected by several acoustic cues: 1) spectral slope; 2)
aspiration noise at higher frequency harmonics; 3) formant bandwidth.
The acoustic measures used in this thesis are discussed below in light of both production
and perception studies, in order to capture the whole picture of phonation variation.
H1-H2: The relationship between the amplitude of the fundamental and its second
harmonic has been the most widely used measure of phonation contrasts across languages.
H1-H2 is correlated with the ratio of the open phase to the entire glottal cycle (the open
quotient, OQ hereafter) (Holmberg et al. 1995). The following physiological
interpretation has been widely accepted: The greater the amplitude of glottal vibration,
the greater the H1, and therefore the greater H1-H2. Also, all else being equal, greater
vibratory amplitude will mean larger OQ, and when OQ increases, the glottal waveform
can more closely approximate a sinusoid of frequency F0, and therefore the amplitude of
the first harmonic increases relative to the amplitudes of the higher harmonics. However,
the relationship between OQ and H1-H2 is more complicated than that. Hanson (1997)
found that H1-H2 is not strongly correlated with other spectral tilt measures, which might
suggest that H1-H2 has a distinctive property from other spectral measures. Kreiman et al.
(2007) also found H1-H2 is statistically independent from other spectral tilt measures.
More crucially, the correlation between OQ and H1-H2 can be varied significantly by
different voice models and measuring methods. (Henrich et al. 2001 and Shue et al.
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2009a) Therefore, as a keynote of phonation study, the physiological basis of H1-H2 is
still open to question.
Perception studies have found that language experience significantly influences
perceptual sensitivity to H1-H2 (Kreiman et al. 2009, 2010). Interestingly, in addition to
the listeners from a phonation contrast language (Gujarati), the listeners from a tonal
language without phonation contrast (Mandarin) are also very sensitive to H1-H2.
Kreiman et al. (2009) propose that it might be due to tonal language speakers paying
close attention to F0 (and thus to H1). But in their 2010 paper, they found that Thai
listeners (also a tonal language) were more like English, not like Mandarin. So the case in
Mandarin might be actually due to allophonic voice quality in this language. All in all,
although H1-H2 has been a popular measure for phonation studies, the actual
physiological property it reflects and the auditory effects it is responsible for are not
settled yet.
H1-A1 (B1): The relationship between the amplitudes of the fundamental and the
harmonic nearest the first formant. This measure has been an alternative successful
measure to distinguish the phonation types in many languages (Ladefoged 1983, Kirk
1984, Gobl & Ni Chasaide 1992, Bao 1992, Kong 2001). This measure is related to the
bandwidth of the first formant (B1). B1 in turn reflects subglottal coupling (Hanson 1996)
as well as vocal tract wall impedance (Fant 1976). If a speaker has a posterior glottal
opening, then spectral tilt, aspiration noise, and first formant bandwidth will all be
increased. Hanson et al. (2001) hypnotized that this measure in particular reflects
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breathiness due to open arytenoids. However, similar to H1-H2, this is still open to
question. (Henrich et al. 2001 and Shue et al. 2009b)
H1-A2: The relationship between the amplitudes of the fundamental and the harmonic
nearest the second formant. Blankenship (1997) found that in Mpi, H1-H2 is a more
reliable indicator of phonation type for high tone than for either mid or low tone, whereas
H1-A2 was more useful for differentiating phonation contrasts in mid and low tone
vowels than in high tone vowels.
H1-A3: The relationship between the amplitudes of the fundamental and the harmonic
nearest the third formant. Hanson (1997) and Klatt & Klatt (1990) use this measure to
represent the overall spectral slope. Stevens (1977) suggested that spectral slope
correlates with the abruptness of vocal fold closure. Abruptness affects the high
frequency energy in the source. The stronger the glottal closure, the higher the high
frequency energy, and thus the shallower the slope. A strong closure usually means a less
symmetrical pulse since the opening is usually more gradual, while a smoother closure
usually means a more sinusoidal signal.
H2-H4: The relationship between amplitudes of the second harmonic and fourth
harmonic. This is a new spectral measure. Kreiman et al. (2007) found that H2-H4 is one
of the four principle factors accounting for spectral variability.
Figure 2 indicates the locations of H1, H2, H4, A1, A2 and A3 in a harmonic spectrum	
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Figure 2. Measuring H1, H2, H4, A1, A2 and A3.

	
  	
  	
  	
  	
  	
  	
  	
  	
  

So far, none of the measures directly reflect noise in the spectrum, which is also a very
important property of voice quality, especially for breathy voice (Klatt & Klatt 1990,
Hillenbrand et al. 1994, Kreiman et al.2007, Esposito 2010). Although breathiness is a
relative property, increased spectral noise, particularly at higher frequencies, can
characterize breathy phonation. Creaky phonation is also characteristically associated
with aperiodic glottal pulses, which introduce noise into the spectrum.
The measure of aperiodicity in this thesis is cepstral peak prominence (CPP). According
to the review by Blankenship (1997), a cepstrum is an inverse spectrum generated by
taking the FFT of the log magnitude values of a power spectrum. The spectrum of a
highly periodic signal shows well-defined harmonics; its cepstrum has a prominent peak
at a location corresponding to the duration of the F0 cycle. Less periodic signals such as
those often produced in breathy or creaky phonation have a spectrum with less defined
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harmonics, resulting in a cepstrum with a low peak. Hillenbrand et al. (1994) proposed
the CPP measure and claimed that it is mostly responsible for American English listeners’
ratings of perceived breathiness. Esposito (2009) found CPP is important for
distinguishing breathy phonation from creaky in White Hmong, while Esposito 2010
showed that English listeners use is as a perceptual cue for distinguishing modal from
breathy
Table 3 is the summary of a comparison of 8 measures for modal vs. breathy phonations
across languages by Esposito (2006), and the checks indicate which measures were
significantly different in which languages:
Table 3. Measures across languages (cited from Esposito 2006) (uncorrected
spectral measures, low vowels).
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Other measures:
Energy: Gordon & Ladefoged (2001) conclude that breathy phonation is associated with
a decrease in overall acoustic intensity in many languages. Creakiness also triggers a
reduction in intensity.
F0: Generally, non-modal phonation is associated with pitch lowering effects (Gordon &
Ladefoged 2001). But the relationship is not consistent. Creaky phonation has been found
to be responsible for F0 increase in many languages (Hombert et al. 1979, Maddieson &
Ladefoged 1985, Kong 2001). The effect may be related to raising or lowering the larynx
in different phonation types, or to differences in vocal fold tension. Non-modal phonation
is sometimes used in tonal languages as an enhancing cue of a tonal contrast. For
example, creakiness is a very important cue for Mandarin Tone 3 (Davison 1991, BelotelGrenié & Grenié 2004, Yu 2010). In languages with both tonal and phonation contrast,
the interaction is still not well understood. Within the Zapotecan languages, San Lucas
Quiaviní Zapotec shows a correlation between tone and phonation, whereas in San Juan
Guelavía Zapotec tone and phonation are completely independent (Esposito 2005).
F1: The frequency of the first formant. This measure can directly indicate a change in
vocal tract shape. Many studies have shown significantly different F1 values between
phonation types. Swerdlin et al. (2010) found that the voice source affects vocal tract
resonances. Specifically, creaky voice had a small effect on F1 (about 45 Hz,), while
voiceless aspiration a large effect (about 225 Hz). Kirk (1993) found that in Mazatec F1
is higher during creaky phonation, presumably due to a raising of the larynx and
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concomitant shortening of the vocal tract during creaky voice. However, this is not
supported by a recent larger study of Kirk’s recordings (Garellek & Keating 2010).
Maddieson & Ladefoged (1985) also found that F1 is higher for tense vowels in Hani.
Thongkum (1987) reports that breathiness is associated with a lowering of F1 in Chong.
Samely (1991) also found that breathy vowels have lower first and second formant values
than modal vowels in Kelang. Maddiesson & Hess (1986) and Kong (2001) found a
salient F1 difference in the tense vs. lax contrast in northern Yi.
It is important to remember that the reliability of spectral measures can be affected by the
vocal tract transfer function (Ni Chasaide & Gobl 1997): The comparison of H1 and H2
levels may be a valid measure when F1 is high and F0 low, but when F1 is low or F0 is
high (or both), the levels of H1 or H2 may be boosted depending on their proximity to the
F1 peak. Therefore, Hanson (1997) first proposed corrected harmonic amplitude
measures to remove the amount of amplitude boost by the first formant from lower
harmonics. This method improves the accuracy of spectral measures and makes possible
the comparison across vowels and speakers. Iseli et al. (2007) extended the harmonic
correction to use F2 and F3 and the formant bandwidths. This thesis will present the
corrected version of spectral measures, which will be marked with asterisks. All the
acoustic measures were made using the program VoiceSauce (Shue et al. 2009a).
2.1.2 EGG measurements of phonation
Electroglottography (EGG) is an ideal method to measure variations in the vocal fold
contact area during phonation thanks to its easiness and non-invasiveness. A small, high-
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frequency current is passed between two electrodes that are placed on each side of the
larynx. Variation in the electrical impedance across the larynx is produced by the opening
and closing of the vocal folds. The EGG signal is related to the contact area of the vocal
folds: The larger the contacted area, the larger the measured admittance.
The parameter, which can reflect the duration of the vocal fold contact during each single
vibratory cycle, is often known as the “contact quotient” (CQ) (Rothenberg 1988). (In
some studies, CQ is referred to as “closed quotient” (Nair 1999).) The contact quotient is
defined by comparing the duration of the contact phase to the period of the vibratory
cycle. During the last 15 years, several methods of calculating the CQ have been
developed. See Henrich et al. (2004) and Herbst & Ternström (2006) for detailed reviews.
The essential difference among the methods is the way to define the glottal opening and
closing instants. Here is a brief summary based on Henrich et al. (2004):
1. EGG threshold: Developed by Rothenberg (1988). The contact event is defined as the
time point when the signal strength exceeds a certain threshold level, which is usually
indicated as a percentage of the peak-to-peak amplitude (CQ method in Figure 3) Levels
between 20% ~50% have been used in studies, depending on the target phonation. A
higher threshold is better for creakier voice and a lower threshold is better for breathier
voice. Thresholds at 20% and 25% are found to be best correlated with the Contact
Quotient obtained by videokymographic imaging (Herbst & Ternström (2006) ).
2. DEGG: Proposed by Henrich et al. (2004). This method detects the contact and
opening events relying on peaks in the derivative of the EGG signal (CQ_PM method in
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Figuire 3). The DEGG algorithm correlates with Open Quotient measurements derived
from the inverse-filtered glottal flow. The contact event is defined by the strong positive
peak and the opening event is defined by the weak negative peak. However, comparison
study with Photoglottography (PGG) signals (Baer et al.1983) has pointed out that there
is no identical correspondent glottal opening time between PGG and EGG waves, since
glottal opening is more gradual. And the mismatch is especially worse for female voices.
Given that, the main problem of the DEGG method is the accuracy of the opening time.
3. DEGG + threshold. The hybrid combination of the above two methods (CQ_H method
in Figure 3). Howard (1995) used the DEGG contacting peak for detecting the glottal
contact event, and an EGG-based 3/7 threshold for detecting the glottal opening event.
The threshold was set at a level of 25% by Orlikoff (1991). (A later version of this
method by Tehrani (ref. documentation of EggWorks) proposes a new threshold for the
opening event, which is the y-value of the DEGG contacting peak, CQ_HT method in
Figure 3)
The EGG analysis in our study is done by EggWorks, a free program developed by Henry
Tehrani in UCLA Phonetics Lab. The outputs of the program include all the different
methods of measuring: CQ by the threshold method, CQ_PM by the DEGG method,
CQ_H by the Howard’s hybrid method (but using Orlikoff’s 25% threshold), and CQ_HT
by the Tehrani’s hybrid method. Different CQ measures are displayed in Figure 3.
Recently, a new measure has been employed by Michaud (2004), related to earlier
measures of average rate of change in increasing contact (see Baken & Orlikoff 2000 for
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review). Derivative-EGG Closure Peak Amplitude (DECPA) is the amplitude of the
positive peak on the DEGG wave, corresponding to the highest speed in increase of vocal
fold contact, which is thought to be reached at the glottis-closure-instant.
“Peak increase in contact” (PIC) is a more transparent name for this measure (Keating et
al. 2010). Michaud (2004) found that prosodic accent is correlated with the maximal PIC
reached. F0 and phonation should both affect PIC: a relatively high PIC value is expected
to be a significant cue for creaky voice; extra high F0 is expected to show the lowest PIC.
However, a phonation study of Hmong (Esposito et al. 2009) found the opposite. They
found that PIC can distinguish breathy voice from non-breathy voice in the earlier half of
the syllables and distinguish creaky from non-creaky in the last 4/9 proportion, but
breathy voice has higher PIC whereas creaky voice has lower PIC. The physiological
basis as well as acoustic correlates of the new measure still needs better understanding.
Four CQ measures plus PIC measure are visually presented in Figure 3.
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Figure 3. EGG measures in EggWorks. Both EGG and DEGG signals are displayed
here. CQ is the 25% threshold method; CQ_H and CQ_HT both hybrid method:
using DEGG to find the closing phase and threshold to define open phase, CQ_H
uses a 25% threshold while CQ_HT uses same y-value of closing phase. CQ_PM is
the DEGG method, both closing phase and opening phase are defined by DEGG
signal. PIC is the y-value of the positive peak of DEGG, indicated by an arrow.

2.2 Materials
2.2.1 Speakers
All the data in this study were obtained during a trip to Yunnan province of China in
summer 2009. I visited the villages of Xinping and Jiangcheng, and made recordings
from six native speakers (three males and three females) per village. Xinping is close to
Kunming, which is located in the northeast of Yunnan; Jiangcheng is close to the border
with Vietnam and Laos, a very southern area of Yunnan. Speakers from Xinping are all
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around 40 ~50 years of age, using Yi as the primary language in everyday
communication. Speakers from Jiangcheng vary more, from 18 to 60 years of age. Yi is
also the primary language in the village. They all can also speak Southwestern Mandarin
to some extent, as it is the common language among groups of people in Yunnan.
2.2.2 Recording Material
The fieldtrip consisted of three stages: word collection, production recording and
perception experiment. The word list used in this thesis was made in the first stage. To
start, 2000 words were elicited from speakers and archived in Excel as a small lexical
database. These words covered things and events in everyday life, and had been used in
many fieldworks for other Yi dialects. The phonological system was then sorted out from
this word pool and items were grouped into phonemes. Then this word pool was elicited
again to check if the items had been correctly transcribed. This procedure needed to be
repeated several times until the consultants agreed with all the homophones and minimal
contrasts. The phonation register difference was easy to identify in the minimal pairs.
Finally, a word list of monosyllable minimal pairs with all possible combinations of tone
× phonation × vowels was made for the purpose of this phonation contrast study (see
Appendix 1). In Yi, phonation contrasts do not occur with high tone. While it would be
an interesting question to determine the phonetic nature of the neutralized phonation that
occurs with high tones, in this study high tone words were excluded. In that way
unbalanced data structures were avoided, making the statistical analysis easier.
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2.2.3 Procedures:
For all 12 speakers, both electroglottograph (EGG) and audio recordings were made. The
signals were recorded directly to a computer via its sound card, in stereo, using Audacity,
at the sampling rate of 22050 Hz per channel. The audio signal was the first channel.
EGG data were obtained by a two-channel electroglottograph (Model EG2, Glottal
Enterprises) and recorded as the second stereo channel.
Before making the recording, the speakers were asked to go over the word list, checking
the contrasts in the minimal pairs. Non-contrastive pairs were excluded from the data
analysis. The speakers were wearing the EGG device and a microphone at the same time
when they read the word list. Each word was repeated twice.
2.3 Statistical method
Table 4 is the summary of measures analyzed in the thesis.
Table 4. Summary of measures analyzed in this thesis.
Spectral tilts
Amplitudes of individual
harmonics
Formants and bandwidths
Pitch, periodicity, intensity
EGG measures

H1*-H2*, H2*-H4*, H1*-A1*, H1*-A2*, H1*-A3*
H1*, H2*, H4*, A1*, A2*, A3*
F1, F2, F3, B1, B2
F0, CPP, energy
CQ, PIC

For each measure, VoiceSauce extracts the overall mean value for a segment as well as
the average value for each of nine time intervals. All statistical analysis is based on the
overall means; the values of the nine intervals are used only for plotting the contours of
measures along their time course.
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Since we only have 12 speakers, which is a small number, the individual differences will
affect the general result significantly. Different kinds of linear mixed effect model (West,
2006)- random intercept models and random coefficient models-were tested. The pitch
range of tones and the range of voice quality differ across speakers, not just in intercept
but also in slope (the comparison of means in two categories). (See Figure 4.) 	
  
Figure 4. Example panel plot for phonation contrast in individuals.

	
  

Hence, a random coefficients model was employed to model our dataset in this study. In
this random coefficients model, both gender and phonation category have been specified
as fixed effects, and speaker has a random effect on both intercept and slope. ANOVA
(Chambers et al. 1992) was used to compare the goodness-of-fit of different mixed
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models; better models can explain more variance and also better fit the data (i.e. Lower
AIC, BIC, higher Loglik).
The current version of the lme4 package in the R statistical software does not provide pvalues for t- and F-tests. A popular way to obtain p-values is to use R’s pvals.fnc, which
is based on the Markov chain Monte Carlo (MCMC) method (Baayen 2010). However,
this function fails to estimate the degree of freedom when there is a random slope, and so
it cannot be used in our study. Therefore, we must resort to an alternative method, twotailed t-tests with the degrees of freedom at the upper bound (observations minus fixed
effect). It has been demonstrated that this upper bound works reasonably well for large
data sets with over 100 observations as the t-distribution approximates the normal
distribution. A simple way of assessing significance at the 5% significance level is to
check whether the absolute value of the t-statistic exceeds 2. In this section, we report
statistical significance by exact student t value and its p-value based on the upper bound
degree of freedom. (Bates & Maechler 2010, Baayen 2010)
Finally, a forward stepwise logistic regression model was utilized to evaluate the
independent contributions of different measurements to tone or phonation differences.
(the backward stepwise method does not work for the data, since it kills the variables
which are most correlated with the best contributing variable.) The quantity – log10 (pvalue) was used as an indicator of this contribution.
In the logistic regression model (Hosmer 2000), I did not include the random effects in
the syntax of the models. The reason is that Mixed-effect Regression requires a larger
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dataset than regular regression. If there are not enough data points, the models will not be
stable. We found that Mixed-effect models fail to converge for the data, failing to give
stable predictions. Since here the regression models only serve as additional evidence,
which can be compared with mixed-effect models, I decided to use regular logistic
regression models.
Goodness-of-fit of logistic regression is evaluated by AUC (Hosmer & Lemeshow 2000,
pp. 162). AUC is the area under the receiver-operating characteristic curve, formed by
taking the predicted values from the regression model as a diagnostic test for the event in
the data. The minimum value is 0.5; the maximum is 1.0. The rule of thumb is that an
AUC value between 0.7 to 0.8 shows acceptable discrimination, values of 0.8 to 0.9
indicate excellent discrimination, and values >=0.9 to show outstanding discrimination.
2.4 Results
Preliminary analyses showed that there is no main effect of village, so data from the two
villages are combined in all subsequent analyses.
2.4.1 Spectral tilt measures:
	
  (1) H1*-H2*

Main effects of both tone (t= 2.06, p=0.04) and phonation (t= -2.95, p =0.003) are found.
H1*-H2* is overall higher in the lax phonation and the mid tone. The interaction between
tone and phonation shown in Figure 5 is also significant (t= -2.64, p=0.008). A pairwise
post hoc test for H1*-H2* shows that each of the four tone × phonation combinations is
distinctive from the others (p<0.01). There is no main effect of or interactions with
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gender. Figure 5 plots the 2-way interaction of phonation by tone for H1*-H2* (the
dashed line indicates the lax phonation). It appears that the lower tone has a larger
phonation contrast than the higher tone.	
  
Figure 5. 2-way Interaction plot for H1*-H2*. Line type shows phonation.	
  

	
  

As expected, larger H1*-H2* values of the lax phonation indicate that the lax phonation
is breathier than the tense phonation, possibly reflecting a longer open quotient or more
gradual closure of vocal folds (Holmberg et al. 1995). Moreover, the relationship
between the first two harmonics is sensitive to tones. As indicated in Figure 5, the higher
tone has overall higher H1*-H2*. This suggests that the higher tone is breathier than the
lower tone.
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Although the statistics show no main effect of gender on the overall mean values, the
temporal plots suggest a slight difference in the contour shape. As shown in Figure 6,
male speakers have a dipping point at the sixth time point. Female speakers have an
earlier turning point at the second time point. Female speakers also appear to have a
stronger tone effect than male speakers.
Figure 6. Temporal change of H1*-H2*. Color indicates gender and Line type
shows phonation.

	
  

(2) H1*-A1*
Only phonation has a main effect on H1*-A1* (t= -7.32, p<0.001). The lax phonation has
overall higher H1*-A1*. There are no main effects of gender or tone. The interaction
between phonation and tone is significant (t= -2.192, p =0.03), and so is the three-way
interaction of phonation by tone by gender (t= 2.17, p =0.03). Pairwise post hoc tests
show that different phonation types are well distinguished by H1*-A1*; tones are only
significantly different by H1*-A1* when the phonation is lax, but not when the phonation
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is tense. Figure 7 shows the complicated three-way interaction of phonation by gender
by tone for H1*-A1*. Females have a more distinctive phonation contrast in the low tone,
while for males, a more distinctive phonation contrast appears in the mid tone.
Figure 7. 3-way interaction plot for H1*-A1*. Color shows gender and line type
shows phonation.

	
  

	
  

Larger H1*-A1* as well as H1*-H2* values in the lax phonation demonstrate that the
breathier lax phonation has a more dominant H1 in the power spectrum. But reverse to
the trend for H1*-H2*, H1*-A1* of lax phonation is overall lower in the higher tone. The
other remarkable difference from H1*-H2* is that H1*-A1* has different tone and
phonation interaction between genders. Tone affects tense phonation for both males and
females, but in opposite directions – females have a less distinctive phonation contrast in
the mid tone while males have a less distinctive phonation contrast in the low tone. The
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different effects cancel each other out, which leads to no main effect of tone on tense
phonation.
These differences support Hanson (1997)’s claim that H1*-H2* and H1*-A1* are
independent from each other. She hypothesized that H1*-A1* reflects the bandwidth of
the first formant (B1), which might in turn reflects posterior opening of the vocal folds.
The above results can be cross-referenced with the B1 data below (see section 2.4.5).
Since the measurement accuracy of H1*-A1* heavily relies on formant tracking, in order
to verify the correctness of the results presented here, we randomly pulled out a small
number of sound samples and manually checked the formant and bandwidth measures in
Praat. The values from Praat confirm the above results (see Appendix 2).
(3) H1*-A2*
Phonation (t= 23.72, p<0.001), tone (t= 14.18, p<0.001) and gender (t= 8.58, p<0.001) all
have main effects on H1*-A2*. Consistent with the previously discussed spectral tilt
measures, the lax phonation has higher H1*-A2* values than the tense phonation.
Distinctively from the other measures, however, the main effect of gender is significant
for H1*-A2*. Female speakers have overall lower H1*-A2* than male speakers. This
measure is also sensitive to tone, with the higher tone having higher H1*-A2* values.
The interaction between tone and phonation is significant (t= 2.13, p =0.03), as is the
three-way interaction of tone by phonation by gender (t=-2.19,p=0.03). Pairwise post hoc
tests show that H1*-A2* can differentiate all phonation by tone combinations. Figure 8
shows the interaction of phonation by tone by gender for H1*-A2*. Female speakers have
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a more distinctive phonation contrast in the low tone, while male speakers have a more
distinctive phonation contrast in the mid tone.
Figure 8. 3-way interaction plot for H1*-A2*.	
  Color shows gender and line type
shows phonation.

	
  

	
  

(4) H1*-A3*
Main effects of phonation (t= 19.28, p <0.001) and tone (t=7.43, p <0.001) are significant.
As expected, lax phonation has higher H1*- A3* than tense phonation. The higher tone
generally has lower H1*-A3*. The interaction between phonation and tone is also
significant (t=-2.40, p =0.02), as is the three-way interaction of phonation by gender by
tone (t=2.03, p=0.04). Pairwise post hoc tests show that H1*-A3* cannot distinguish low
vs. mid tones with tense phonation. This is similar to H1*-A1*, with the tonal effect only
reaching significance in the lax phonation. The three-way interaction (Figure 9) is caused
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by the opposite performance of the two genders in the tense phonation: females have
more distinctive phonation contrast in the low tone, while males do so in the mid tone.
Figure 9. 3-way interaction plot for H1*-A3*. Color shows gender, line type shows
phonation.

	
  

	
  

H1*-A3* is believed to be correlated with the abruptness of vocal fold closure (Stevens
1977). The stronger the closure, the greater the energy in the high frequency range.
Therefore, higher H1*-A3* may suggest a more gradual closure.
(5) H2*-H4*
This new measure has a very distinctive performance from the other spectral tilt measures.
The main effect of tone is highly significant (t= -3.29, p =0.001), with H2*-H4* lower in
the mid tone. The main effect of gender is also strong for H2*-H4* (t=3.6, p<0.001), with
males having overall higher values. However, there is neither a main effect of phonation
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nor an interaction between tone and phonation. So this spectral tilt measure apparently
has nothing to do with the phonation contrast, but only with tone and gender. The
interaction plot (Figure 10) shows the relationships among the three factors; it can be
seen that the tense and lax phonations are not distinct. Further analysis shows that a
significant negative correlation is found (r=-0.5, p<0.001) between F0 and H2*-H4*
across all speakers.
Figure 10. 3-way Interaction plot for H2*-H4*. Color shows gender and line type
shows phonation.

	
  

	
  

Temporal plots (cross-reference to Figure 11 and Figure 13) can further illustrate the
correlation between H2*-H4* and F0. H2*-H4* is generally a rising contour, while F0
falls in the low tone.
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Figure 11. Temporal change of H2*-H4*. Color shows gender and line type shows
phonation.

	
  

2.4.2 Pitch (F0)
As expected, strong main effects of tone (t= 5.57, p <0.001) and gender (t= 4.63, p<0.001)
are found for F0, but there is no main effect of phonation, and no interaction between
phonation and tone. Figure 12 shows the interaction of phonation by gender by tone for
F0.
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Figure 12. 3-way interaction plot for F0. Color shows gender and line type shows
phonation.

	
  

	
  

The contours of the two tones are plotted along time in Figure 13. It can be seen that the
low tone is a falling tone. The onsets of the mid and low tones are very close, and they
are mainly distinct in their offsets.
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Figure 13. F0 contours of mid and low tones. Color shows gender and line type
shows phonation.

	
  

2.4.3 Periodicity (CPP)
Phonation (t= 2.57, p =0.01), tone (t= 2.14, p=0.03), and gender (t= 3.7, p<0.001) all
have significant main effects. CPP values are larger in the tense phonation, the mid tone
and female speakers. But there is no interaction between factors. The interaction plot
(Figure14) illustrates all three main effects.

38	
  
	
  

	
  

Figure 14. 3-way interaction plot for CPP. Color shows gender and line type shows
phonation.

	
  

	
  

CPP reflects the harmonic to noise ratio in the spectrum. It is expected that, if the lax
register is breathier, then it would have a larger ratio of aspiration noise and thus have
smaller CPP values. The pattern shown in Figure 14 supports this interpretation.
2.4.4 Energy
Only phonation has a weak main effect on Energy (t=2.2, p=0.03). As expected, tense
phonation has stronger intensity than lax phonation. There is no interaction among the
factors. 	
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2.4.5 Bandwidth of the first formant (B1)
The main effect of phonation is highly significant for B1 (t=9.8, p<0.001), with the lax
phonation having overall larger B1 values. Consistent with the result for H1*-A1*
presented earlier, the two-way interaction between phonation and tone (t=3.54, p<0.001)
is significant. Pairwise post hoc analysis shows that the phonation effect solely exists in
the low tone, and B1 cannot distinguish tense mid from lax mid. This pattern is also
illustrated in the interaction plot (Figure 15).
Figure 15. 2-way interaction plot for B1. Line type shows phonation.

	
  

Since B1 is thought to reflect the posterior opening in the glottis, it is expected that the
breathier voice will have larger B1 values than the creakier voice, which is supported by
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our data. The loss of this contrast in the mid tone might be attributed to more tension in
the vocal tract. See Appendix 2 for B1 values measured in Praat.
2.4.6 EGG measurements:
(1) Contact Quotient
EggWorks provides us with CQ measurements from four methods; therefore, before
presenting the data, a brief measure comparison is necessary. To do this, small amounts
of data are randomly pulled out, and a mixed-effect model is run to examine the main
effect of phonation for the different CQ values. The statistical parameters of AIC, BIC,
log likelihood and variance are considered as the criteria of goodness-of-fit of models. A
good model would show small AIC and BIC values but a large value of log likelihood.
Table 5. Model comparison of four methods.
Methods
CQ_H
CQ_PM
CQ
CQ_HT

Df
10
10
10
10

AIC
-2018.69
-1716.87
-1930.45
-1741.91

BIC
-1971.86
-1670.03
-1883.61
-1695.07

logLik
1019.35
868.43
975.22
880.95

Chisq
NA
0
213.58
0

Chi Df
NA
0
0
0

Pr(>Chisq)
NA
1
<2e-16 *
1

From Table 5, we can tell that all the models are almost equally good, except for the
traditional CQ measure. Given that CQ_H shows smallest AIC and BIC but biggest log
likelihood value, CQ_H is proven to be the best model.
We also compare the CQ values extracted by the four methods in Figure 16:
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Figure 16. CQ value comparison across four measures.
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Figure 16 exhibits the consistent pattern that tense phonation has overall higher CQ than
lax phonation, although the actual values slightly differ across methods. This means all
the measures are successful; indeed they are almost equally good, at capturing the
phonation contrast. Although model comparison slightly suggests that the CQ_H method
best differentiates the two phonations, there is no significant difference in explaining the
variance of the data among the methods (CQ and CQ_H have relatively smaller
deviations). Therefore, it is safe to report the results from any one of the methods. This
study will present CQ_H values as the measure of Contact Quotient. (Hereafter all the
“CQ” results refer to CQ_H.)
A strong main effect of phonation is found for CQ (t=18, p<0.001). Contact quotient is
much higher in the tense phonation. But there are no main effects of tone or gender, and
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no interaction between tone and phonation. Figure 17 shows the interaction of phonation
by tone for CQ, where only the phonation effect is significant.

Figure 17. 2-way interaction plot for CQ. Line type shows phonation.

	
  

Temporal contours (Figure 18) show an overall falling trend (that is, all vowels become
breathier), with phonations better separated at the beginning portion of the syllable. Close
scrutiny reveals that the contrast is kept until the 7th of the 9 intervals.
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Figure 18. Temporal change of CQ. Color shows gender and line type shows
phonation.

	
  
	
  

(2) Peak Increase in Contact (PIC)
A significant main effect of phonation is found (t=5.8, p<0.001). Lax phonation has
larger PIC values than tense phonation. The direction is the same as in Hmong (Esposito
2010), which also has a phonation contrast; but the opposite of Michaud (2004), a study
of prosodic prominence (if prominence is considered to be tense phonation).
There are no main effects of tone or gender, but a significant interaction is found between
gender and tone (t=2.63, p=0.008). The three-way interaction of phonation by gender by
tone is also significant (t=-2.24, p=0.02). Pairwise post hoc analysis shows that PIC is
well distinguished between the different phonation types, but there is no difference
between 21T and 33T. The tonal effect only reaches significance for lax phonation. As
indicated in Figure 19, similar to H1*-A1* and H1*-A3*, the relationship among the
factors is essentially a three-way interaction of phonation by tone by gender for PIC.
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Only lax phonation is sensitive to tonal change, and the influence is opposite for male and
female. PIC becomes lower in higher tone for female speakers, but goes higher in higher
tone for male speakers. The direction for males is the opposite of Michaud (2004)’s
prominence comparison. The different results might be due to different ranges of F0 of
the sound samples. Michaud (2004) discussed more extreme voice qualities, such as low
tone fry and super high-F0 voice. Results from Yi and Hmong are more concerned with
the normal range of voice.
Figure 19. 3-way interaction plot for PIC. Color shows gender and line type shows
phonation.

	
  

	
  

Temporal contours (Figure 20) indicate that the PIC keeps dropping from the beginning.
PIC is more distinctive in the later portion of the syllable. Tense phonation is
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differentiated from lax phonation mainly by an overall lower peak increase in contact and
the steeper slope of the drop in these values.
Figure 20. Temporal change of PIC. Color shows gender and line type shows
phonation.

	
  

Comparison of physiological mechanisms in phonation contrast:
To better understand the articulatory movements involved in the phonation contrast,
sample EGG signals are presented here (male, mid tone). CQ and PIC values are also
displayed in the plots. Please note that the y-axis scaling, which is automatically
generated by the program, is smaller in Figure 22 than in Figure 21.
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Figure 21. EGG signal of lax phonation (black) and its derivative (blue), with
superposed calculated values of CQ (black numbers at the top) and PIC (blue
numbers near the peaks in the derivative).

	
  

Figure 22. EGG signal of tense phonation (black) and its derivative (blue), with
superposed calculated values of CQ_H (black numbers at the top) and PIC (blue
numbers near the peaks in the derivative).

	
  

As illustrated in the Figure 22 and Figure 21, the tense and lax phonations are different in
the following ways:
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First, the tense phonation has a larger contact quotient than the lax phonation, as seen the
black numbers on the top (around 0.44 for the lax and 0.63 for the tense), which is the
principle difference in the phonation contrast. Second, the tense phonation has stronger
abruptness than lax phonation, indicated by sharper derivative closing peaks and notable
opening peaks in Figure 22. The vibration of lax phonation is more gradual (Figure 21).
Third, tense phonation has smaller vibration amplitude and overall lower PIC, as seen
from the blue numbers near the derivative peaks (about 1180 for the lax and 750 for the
tense).
2.5 Discussion and further analyses
2.5.1 The physiological and acoustic properties of the phonation contrast – focusing
on glottal settings
The findings of section 2.4 are summarized in the following tables:
(1) The main effects of tone, phonation and gender on each measurement, in Table 6
(2) Pairwise post hoc analysis for significant interactions, in Table 7
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Table 6. Main effects of tone, phonation and gender.
Tone
H1*-H2*
H2*-H4*
H1*-A1*
H1*-A2*
H1*-A3*
B1
CPP
Energy
F0

Phonation

Mid tone higher
Mid tone lower
Mid tone lower
Mid tone lower
Mid tone higher

Gender

Tense lower
Female lower
Tense lower
Tense lower
Tense lower
Tense lower
Tense higher
Tense higher

Female lower

Female higher

Mid tone higher

CQ
PIC

Female higher
Tense higher
Tense lower

Table 7. Pairwise post hoc analysis (check means significant).
H1*-H2*
CPP
H1*-A1*
H1*-A2*
H1*-A3*
B1
CQ
PIC

21T vs. 21L








33T vs. 33L








21T vs. 33T




33L vs. 21L








A key result here is that the distinctiveness of the EGG measures confirms that the tense
vs. lax contrast in southern Yi is essentially a phonation contrast. There are also very
consistent acoustic differences that indicate a breathier voice vs. a creakier voice contrast,
particularly in spectral tilt measures. All the spectral tilts relative to H1* are lower for
tense phonation. Correlation analysis shows that all of these measures are correlated to
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CQ to some extent: H1*-H2*(r=-0.51, p<0.01), H1*-A1* (r=0.49, p<0.05), H1*-A2*(r=0.32, p<0.05) and H1*-A3*(r=0.27, p<0.05). Among those, H1*-H2* and H1*-A1* are
the most highly correlated3. The degree of correlation is relative to gender: H1*-A1* has
a stronger correlation with CQ in female speakers (r= -0.59 vs. 0.28) and H1*-H2* has a
stronger correlation with CQ in male speakers (r= -0.6 vs. 0.34). The other phonation
production hypotheses are also supported by our data. As the breathier voice, lax
phonation has relatively higher B1, lower CPP (less prominent harmonics) and slightly
weaker energy.
The most novel finding of this section is about H2*-H4*. While all the other spectral tilts
are related to the phonation contrast, this measure has no phonation effect at all; instead,
it is strongly related to tones. A highly significant though modest correlation is found
between F0 and H2*-H4* (r=-0.5, p<0.01). The correlation is even stronger when using
tonal categories to stratify the observations. This suggests that for tonal languages, the
relationship between the second and fourth harmonics might be a potential cue for tonal
perception.
Further analysis shows that the prominence of H2* is highly correlated with F0 (r=0.6,
p<0.01) but not correlated with CQ (r=0.01). It is H1* that correlates with CQ (r=0.48,
p<0.01). That is to say, the opening quotient (indicated by CQ in this paper) is best
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  A multiple regression was used to evaluate composite relationship of acoustic measurements with CQ. Rsquared is 0.3 (corresponding r is 0.57), which means the composite effect from the whole set of acoustic
measurements does not explain CQ much more than H1*-H2* does, convincing us that H1*-H2* is the best
acoustic measure correlated with CQ to our knowledge.
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acoustically reflected by the prominence of H1. This fact gives us better knowledge
about H1-H2. That acoustic parameter simultaneously carries information about pitch or
tone (through H2) and phonation (through H1), so it is especially important for a
language contrasting both tone and phonation. This may also explain why H1-H2 is more
independent from the other spectral tilt measures (Hanson1997, Kreiman et al. 2007).
We also employ correlation analysis to explore the relationship between PIC and acoustic
parameters. There is no strong correlation found with any measure. The relatively best
correlated measure is A3* (r=0.27, p<0.05) and H1*-A3* is also slightly correlated with
PIC. This suggests that PIC can affect the energy of the high frequency spectrum to some
degree (the quicker the change in contact, the more high frequency energy), which has
been thought to be related to abruptness and speed of vocal fold closing (Stevens 1977).
But the result here is in the unexpected direction. As discussed in the previous section,
the tension of the vocal folds affects PIC in that tense phonation has a lower PIC (though
a quicker, more sharply defined peak), yet nonetheless more high-frequency energy
There are complicated interactions between the phonation types and tonal categories. On
the one hand, the phonation contrast is overall more distinctive in the low tone, across
measurements. But when there is a three-way interaction (H1*-A1*, H1*-A2*, H1*-A3*,
PIC), then females and males have opposite behavior – females have more distinctive
phonation in the low tone, but males have more distinctive phonation in the mid tone. On
the other hand, as indicated in Table 6, several measures (PIC, H1*-A1*, H1*-A3*) are
only sensitive to tonal categories when they are in the lax phonation. In the tense
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phonation, when the vocal folds are constricted, the F0 difference has less impact on the
status of the vocal folds. This phenomenon is also observed by Michaud (mentioned in
his 2004 paper). However, it remains unclear about the correlation direction between PIC
and F0. Higher tones possibly have higher PIC, as suggested by the average PIC value of
our data and supported by the data from Hmong (Esposito 2010, Keating et al. 2010), but
it is also quite possible that females have a different pattern from males (Figure 20).
2.5.2 Modeling the production of the phonation contrast
We ran a logistic regression to look at the contributions of the various measurements to
predict the two phonation types. Results are shown in Figure 23. The Area under the
curve (AUC) of this model is 0.77, which shows our model is moderately accurate.
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Figure 23. Contributions of measures to phonation contrast production (EGG on
the left, acoustic on the right).

	
  

The horizontal line in the plot marks the significance threshold, p<0.05. Compared to the
peak increase in contact, the contact quotient is the primary physiological difference in
the phonation contrast. H1*-H2*, the measure best correlated with CQ, contributes the
most among the acoustic measures. The other spectral tilts, H1*-A1*, H1*-A2*, and
H1*-A3*, also make salient contributions. Among the amplitude measures of individual
harmonics, only H1* has a significant contribution. This illustrates the essential acoustic
characteristic of breathiness -- the prominence of H1 in the spectrum, which shows up in
all the tilt measures relative to H1*. Other than the harmonic measures, the bandwidth of
the first formant, which is related to degree of subglottal coupling and the tension of the
vocal tract (here, we believe, the vocal folds themselves here) is also a very important
property of phonation contrast production. Additionally, the noise ratio measure CPP
makes a significant but not strong contribution to the phonation contrast. The energy
difference is very subtle though just significant.
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2.5.3 Modeling the production of the tonal contrast
We ran another logistic regression to look at the contributions of the same measurements
to predicting the two tones. The Area under the curve (AUC) of this model is 0.83, which
shows our model is moderately accurate.
Figure 24. Contributions of measures to tonal contrast production.

	
  

The plot in Figure 24 is quite distinct from the one for phonation above. As expected, F0
contributes most to the tonal contrast. Interestingly, CPP is the second most important
cue for the tonal contrast. The mid tone has been found to have a larger CPP than the low
tone, i.e. more prominent harmonics and/or less noise. This may be due to the fact that
the low tone has dynamic F0, which means that F0 is smeared over a time window. Or,
the low tone could be breathier, as happens in some languages (but the other measures
argue against this). Moreover, H2* and its spectral tilts H1*-H2*, H2*-H4* make quite
outstanding contributions too. Recall that H2*-H4* and H2* make no contribution to the
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phonation contrast. B1, another salient acoustic cue to the phonation contrast, is not
significant here either. Physiologically, CQ and PIC do not contribute at all to the tonal
contrast.
2.5.4 Interaction between phonation and tone
Figure 23 and Figure 24 well illustrate the distinctive properties of tone and phonation. It
is convincing that they are generated by different gestures of the vocal folds. Some
measures simply contribute to the tonal contrast, e.g. F0 and H2*-H4*, whereas other
measures merely contribute to the phonation contrast, e.g. CQ, PIC, and B1.
Interaction between phonation and tone is mostly found in the spectral tilt measures H1*H2*, H1*-A1*, H1*-A2*, and H1*-A3*. H1*-H2* is the most vital one among those.
As discussed in the previous sections, the first harmonic better reflects the property of
phonation whereas the second harmonic better reflects the property of tone. This suggests
that spectral tilts contain rich information from multiple dimensions, so listeners probably
listen to H1 for phonation and H2 for tone, but the two combined give an auditory
impression of voice quality variation that applies to both phonations and tones. Hereafter,
we shall use “phonation contrast” to refer to the physiological contrast, but use “voice
quality contrast” to refer to the auditory effect.
The interaction of phonation and tone shows up in various ways. First of all, the mid tone
has overall higher spectral tilt than the low tone. That means higher tones might sound
breathier than lower tones, although CQ and PIC are not distinguished for mid tense vs.
low tense. Moreover, the low tone has a more distinctive tense vs. lax contrast than the
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mid tone for many acoustic measures, although CQ has no significant interaction between
phonation and tone. In general, the low tone can better keep the phonation contrast than
the mid tone. That could be the reason why the phonation contrast is neutralized with the
high tone in Yi. Compared to the reported H1*-H2* JND values across languages
(Kreiman et al. 2009, 2010), average differences of H1*-H2* in Yi are very small:
2.55dB for the low tone and 0.54dB for the mid tone, which are even smaller than the
observed best case JND (Gujarati JND =2.60dB). This raises the issue of the distinction
between statistical significance and perceptibility. It is possible that the native speakers
may not be able to hear the difference in the mid tone. However, as described below, our
perception experiment finds that native listeners are able to hear the contrast in mid tone
even better than in low tone (ref. section 3.2 and 3.3 for details). It is possible that Yi
speakers are very sensitive to subtle acoustic difference related to voice quality. This
higher perceptibility in mid tone may also be attributed to other acoustic cues. Another
regression analysis was run to see the contributions of acoustic measures to the phonation
contrast in the two different tones. We found that the best acoustic contributor for the mid
tone contrast is H1*-A1* (p=4.01E-04). In addition to the spectral tilts, the noise measure
CPP is highly significant (p=3.32E-03) while it’s not significant in low tone (p=0.23).
This suggests that pitch range can affect phonation contrast in such a way that the
dominant contributors can be changed. Therefore, although phonation and tone involve
distinctive articulations of vocal folds, they can closely interact with each other in the
acoustic space.
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In addition, as discussed in the earlier section, tense and lax phonations can have different
relationships with tone. Although the CQ and PIC of tense phonation do not vary with
tone at all, the PIC of lax phonation is sensitive to tonal categories (Figure 19). Therefore,
it seems that tonal production is not the same in the different phonation types.
2.5.5 Effect of gender
In general, gender has no main effect on most measures indicating the phonation contrast,
but complicatedly interacts with phonation and/or tone for some measures, i.e. PIC, H1*A1*, B1, and H1*-A3*. Those measures share the properties that the tonal effect appears
only in lax phonation, and that males and females can possibly have effects in opposite
directions (e.g. PIC). This complication has been partially explained in the previous
section, but is not ready for any definitive conclusion.
By contrast, gender has a strong main effect on most measurements related to tone,
namely F0, H2*-H4*, and CPP. For F0, female speakers have much higher values than
male speakers. For H2-H4, which shows a strong negative correlation with F0, female
speakers have much lower values than male speakers. For CPP, the measure reflecting
periodicity and harmonic prominence, female speakers have higher values than male
speakers, which means the voice quality of female speakers could sound tenser or
generally clearer. This pattern is the opposite of English speakers (Hillenbrand et al.
1994).
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2.5.6 Phonation and the vowel space – the supraglottal settings
(1) Effect of phonation on formant frequencies
The purpose of this section is to examine the proposal that supraglottal settings are
involved in the tense vs. lax contrast in Yi. Formant frequencies of vowels are measured
automatically by VoiceSauce. Since F1s of low vowels are distant from F0, the program
occasionally tracks F0 as F1. To avoid mistakes, results are double checked manually in
Praat.
Formant frequencies can only be compared within the same vowel quality. A mixed
effect model is used for examining the effects of phonation on vowel formant frequencies.
The analysis is done in pairwise comparisons between the minimal phonation contrast
vowel pairs. Speaker is set as the random effect in order to normalize the different scales
among speakers.
Table 8. Summary of effect of phonation on formant frequencies of Yi vowel pairs,
checks indicating significant difference (p<0.05) between vowels in a pair.

Table 8 summarizes the effect of phonation among vowel pairs. As shown in the table,
phonation has a significant effect on F1 for all seven vowel pairs. There is no consistent
effect on F2 and F3, though most pairs show a significant difference in F2. Inspection of
the direction of the effect shows that vowels with tense phonation have higher F1 than
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vowels with lax phonation, which means tense vowels are lower than lax vowels. The
vowel space is plotted in Praat (Figure 25):

Figure 25. The vowel space of Yi, tense (red) vs. lax (blue) vowels.

	
  

It can be seen that the tense phonation has lower tongue positions. Mid front vowels and
back vowels are also differentiated in F2—tense vowels are slightly more back than lax
vowels.
(2) Discussion: Supraglottal settings in phonation contrast
Formant frequencies reflect the shape of the vocal tract. The consistently lower F1 values
reveal that lax vowels have a relatively bigger resonator than their tense counterparts. The
trend that breathy vowels usually have lower F1 than the corresponding creakier vowels
has been observed in several languages (e.g. Kirk et al.1984, Maddieson & Ladefoged
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1985, Samely 1991). It is believed to be related to lowering vs. raising of the larynx,
which leads to a change in the pharyngeal space. Edmondson et al. (2001) claim that
tenseness in northern Yi is produced by retracting the tongue root and raising the larynx,
which is responsible for the consistently higher F1 value for tense vowels. Since a similar
vowel space pattern is found in our data, it is possible that a similar mechanism occurs in
the tense vs. lax contrast in southern Yi. It is also possible that higher F1 is directly due to
tongue lowering. In any case, it seems clear that some supraglottal change is involved in
the phonation contrast, in addition to the glottal change.
This leads to the following question: what kind of contrasts can be considered phonation
contrasts? If the tongue root is considered as an articulator of phonation, a larger scope of
languages should be included in phonation studies. Among those, ATR languages
intrigue us most. In these languages, tongue root position is a phonemic feature, with
vowel inventories separated into two registers: [+ATR] and [-ATR]. [+ATR] vowels are
consistently higher and more front than [-ATR] vowels. This contrast of tongue root
position is comparable with Yi and other Tibeto-Burman languages. Could ATR
languages also involve a phonation component? Guion et al. (2004) made EGG and
acoustic measurements for one of the ATR languages -- Maa. It is strikingly found that
the answer is yes. Their results are summarized in Table 9:
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Table 9. Significant effects for the ATR pairs in Maa (reproduced from Guion et al.
2004).

	
  

As expected, F1 in Maa is generally higher for the [-ATR] vowels. This contrasts with
the F1 difference in Yi, where F1 is higher for the tense vowels. In Maa, the [-ATR]
vowels sound less breathy than the [+ATR] vowels, and Guion et al. found that CQ
(determined by the threshold method) for [-ATR] vowels is consistently higher than for
[+ATR] vowels. Therefore, Maa’s ATR contrast involves a phonation difference too. We
put the two languages together in Table 10, comparing the phonation measurements and
phonation types. Because of this linkage between glottal and tongue root behavior, we
can agree with Edmondson & Esling (2001, 2006) that the tongue root can be a phonation
articulator.
Table 10. Tongue root movement and phonation types in two languages.
Language

breathier

creakier

F1

CQ

Yi

lax(-RTR)

tense (+RTR)

T>L

T>L

Maa

[+ATR]

[-ATR]

[-ATR] >[+ATR]

[-ATR] > [+ATR]

From this table, the relationship between continuous gestures and voice quality is
suggested to be:
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(1) Lowered larynx and advanced tongue root can produce a breathy voice; raised larynx
and retracted tongue root can produce a creaky voice.
(2) Creakier sounds (tense and [-ATR]) have more constricted vocal folds than breathier
sounds (lax and [-ATR]).
Essentially, advancement/retraction of the tongue root leads to a shape change in the
vocal tract, which can change the amount of energy in the higher part of the spectrum as
well as the first formant bandwidth. Both of these contribute to an auditory “brighter”
voice quality. (Ladefoged & Maddieson 1996: 301-302).

2.6 Further discussion about production variation
2.6.1 The variety of phonation types in tense vs. lax contrasts
“Tense” and “lax” are phonological labels for the Yi phonation contrast. We try to locate
these phonological categories on a phonetic voice quality continuum. Since H1*-H2* is
the most widely successful phonation measure, it well serves the purpose of crosslinguistic comparison. Here, the Yi values for tense and lax are compared to the modal
voice ranges of other languages (data from Garellek 2010, Esposito et al. 2009, and Khan
2010). In this way we can see if the Yi contrast is more like a modal vs. creaky contrast,
a modal vs. breathy contrast, or a creaky vs. breathy contrast.
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Figure 26. Variation in the Yi phonation contrast along H1*-H2* across speakers,
compared to modal phonation ranges in 5 other languages. Colored F and M
represent the tense (red) and lax (green) means of individual Yi speakers. Ellipses
enclose ranges for modal phonations in 5 other languages. Breathier values are on
the left and creakier values on the right. X-axis is the reversed H1*-H2* values, in
order to match the direction of phonation continuum proposed by Ladefoged (1971)
(See Figure1).

	
  

Unfortunately, it is impossible to define the phonation types of Yi from Figure 26.
Compared to Gujarati and Mazatec, the phonation contrast in Yi is more like modal vs.
creaky; however, the contrast is more like breathy vs. modal when compared to Korean,
English and Hmong. As can be seen from this figure, voice quality ranges (for both
modal and non-modal phonations) vary a lot across languages (Keating et al. 2010) and
individual speakers within a language. We shall argue therefore that it is not critical to tag
the contrastive phonation types with any absolute label, i.e. breathy, modal or creaky.
Essentially, the tense vs. lax contrast is a relative feature in Yi; the contrast itself is much
more important than the actual types involved in the contrast. Any two distinctive
phonation types can serve as the tense vs. lax contrast. That explains why the tense vs.
lax contrast has a great variety of phonetic properties among languages, as reviewed in
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section 1.2. The argument can be further supported by the fact that variation in tense and
lax can even be found among individual speakers within the given language. 	
  
Figure 27. Variations of CQ and F0 across speakers. Colored F and M represent the
tense (red) and lax (green) means of individual Yi speakers. Numbers identify
individual speakers. X-axis is mean value of contact quotient. The breathier values
are on the left and the creakier values on the right.

	
  

Figure 27 shows the cross-speaker variation of the Contact Quotient from the EGG signal.
The bottom figure also displays the relationship between phonation and F0, as phonation
has an effect on F0 in eastern Yi dialect (Maddieson & Ladefoged 1985), and for some of
our speakers (See Table 11). Although there is much overlap between the two categories,
the cutoff line between the CQ values of the two phonation types is around 0.48. Some
people are generally breathier than others (e.g. M5), while some speakers are relatively
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more in the creaky range (e.g. F2). This suggests that the actual voice qualities people use
vary among individuals, as long as the voice qualities are distinct from each other within
each individual.
2.6.2 The variety of phonetic cues used by individual speakers
It is noticeable that in Figure 27 some speakers have a more distinctive phonation
contrast while other speakers’ phonation contrast tends to be minimal, especially speaker
M4. If all speakers keep the phonological contrast in their production, what parameters
do they use? The following table (Table 11) is a summary of the cues used by the
individual speakers, that is, measures which are significantly different between the two
phonations:
Table 11. Contrasting cues of individual speakers. Check means P-value<0.05;
Numbers indicate marginal significant p values.
Speaker
F1
F2
F3
M1
M2
M3
F4
F5
F6
M4
M5
M6

CQ












PIC







H1*H2*








H2*H4*

H1*A1*




H1*A3*



CPP

F0

F1

0.08


0.07
























0.07
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H1*A2*



	
  

CQ distinguishes the phonation contrast for all the speakers except M4. This indicates
that the contrast may be fundamentally one of differences in glottal contact. PIC does not
work for every speaker; several speakers use CQ but not PIC. However, despite this clear
physiological basis of the contrast, no single acoustic measure so consistently
distinguishes the categories. H1*-H2* and H1*-A1* seem to be alternative cues for all
the speakers, in that at least one of these distinguishes the categories, but only 3 speakers
use both. F1 is also a strong parameter for the tense vs. lax contrast, especially for the
speakers who make a weaker EGG contrast (i.e. PIC is not significant, or CQ is less
contrastive as in Figure 27). M4 is the extreme case of this kind, who does not have an
EGG contrast at all. However, this speaker still has significant acoustic cues (i.e. H1*A1*, H1*-A2*, F1) to keep the tense vs. lax contrast.
As the higher part of the spectrum can be affected by vocal tract shape, and in light of
Edmondson et al. (2001)’s study about northern Yi (whose speakers can possibly make a
contrast without glottal activity), we speculate that the tense vs. lax contrast of this
speaker may solely rely on supraglottal settings, whose existence is partially evident from
the F1 difference.
Phonation categorygenerally has no main effect on F0, but several female speakers (F3,
F4, and F6) have consistently higher F0 in the tense phonation (Figure 27). The effect is
similar to Maddieson & Ladefoged (1985)’s observation from eastern Yi. Therefore,
variations of tense vs. lax contrast seen across dialects can exist in one given dialect.

66	
  
	
  

	
  

In addition, M4 and F6, the two speakers who have the weakest phonation contrast, turn
out to be the youngest speakers (18 years of age). Therefore, it is possible that the
phonation contrast in southern Yi is undergoing sound change, and may even eventually
vanish. But for the language, the phonological tense and lax contrast would nonetheless
be maintained, as it can be realized by other cues, such as tongue height.

2.7 Summary of the production experiment
This chapter investigated the phonation contrast in southern Yi. EGG data confirms that
Yi has a phonation contrast, with CQ the most basic property of its production.
Acoustically, various measures contribute to the phonation contrast. Among those, H1*H2* and H1*-A1*, which are strongly correlated with CQ, are the best acoustic measures
for the phonation contrast. Other effective correlates include B1 and CPP. F0 has no
main effect on phonation but interacts with phonation contrast in the acoustic space. The
Yi tonal contrast has distinct physiological mechanisms from the phonation contrast, but
it can interact with phonation in the acoustic space. Spectral tilt measures not only reflect
the phonation contrast, but also carry information about the tonal contrast. This is
particularly clear for H1*-H2*; however, we showed that this is because H1* is
correlated with CQ (and thus H1*-H2* differs between phonations) while H2* is
correlated with F0 (and thus H1*-H2* differs between tones). As a result, the tones differ
to some extent in phonation type as well as in F0. There is no gender effect on phonation
in general, but an interaction of tone by gender is found for lax phonation in several
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measures: PIC, H1*-A1*, H1*-A3* and B1. All of these reveal the complicated
physiological-acoustic coupling in phonation production.
Moreover, in addition to the glottal settings, supraglottal settings are also very important
for the tense vs. lax contrast. A consistent F1 difference in the phonation contrast in Yi
indicates a shape change in the vocal tract, supporting the multidimensional phonation
model proposed by Edmondson & Esling (2006). This is like an RTR mechanism, which
can be compared with ATR languages, and it was found that while tongue root is an
independent articulator in these languages, there is a relationship between continuous
gesture and voice quality (Table 9). Furthermore, as B1 is strongly correlated with F1, a
larger pharyngeal size (which raises F1) can contribute to an auditory breathier voice
quality via its effect on B1. Therefore, for the ATR and RTR languages, tongue root
movement is involved in phonation production and responsible for the separation of
vowel registers.
In the final discussion of variation, we showed the essential phonological knowledge of
tense vs. lax contrast: the contrast itself is more important than the actual types, and thus
various ways of making the contrast are possible. All that native speakers need to know is
that the tense voice should be creakier and brighter than the lax one. With this
understanding, the complicated and diverse variations across Yi dialects can be
understood under the same frame.
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3 Perception experiment
The purpose of this experiment is to explore the mental reality of the tense vs. lax
contrast of native speakers. We already learned from the inventory of Yi (Table 1) that
the tense vs. lax contrast is not evenly distributed across all phonological conditions. This
implies that some contrast pairs might be easier to perceive (or produce) than others. So it
is very intriguing to know how contrastive pairs are organized in native speakers’ minds,
i.e. what their “perception map” for the contrast looks like.
Such a perception map can further serve to evaluate the role of voice quality, tone and
vocal tract shape in the tense vs. lax contrast from the view of perception. The production
experiment has found that the tense vs. lax contrast is realized by multidimensional cues,
with both vocal folds and supraglottal settings involved. Tones do not have a main effect
on tense vs. lax contrast production in the southern dialect. We nonetheless found that
tone and phonation can to some extent interact with each other in the acoustic space. So it
is worthwhile to evaluate this interaction in the perceptual space.
Lastly, it was also shown that individual speakers have great variation in production,
which points to the possibility of sound change in progress. Is there perception variation
too?
The experiment is designed around the basic idea of cue weighting. It is a common
observation that an auditory category has multiple distinctive acoustic cues (e.g. Repp
1982 for review), but usually one cue is more important to listeners than the others. For
example, as found in Hillenbrand et al. (2000), native English listeners rely much more
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on formant frequencies than vowel duration in categorizing /i/ and /I/. Cue weighting
judgments always are language specific, dialect specific and even speaker specific (Holt
& Lotto 2006), based on the mental reality or the perception map of native listeners. The
perception map varies due to the different linguistic experience and phonological
knowledge of listeners. Esposito (2010) found that listeners from a language with a
phonation contrast are more sensitive to the different phonation types; and that listeners
from different languages relied on different cues, though only one of the listeners’
languages had a contrast. So variation in categorical perception of phonation contrasts
across speakers can give a better understanding of native speakers’ knowledge of
phonation contrasts.
A standard and ideal approach to test for cue weighting is synthesizing stimulus continua
that vary the values of the cues being tested, and using an identification task to obtain
categorizations of stimuli. If these categorizations are used to estimate similarities among
the stimuli, Multidimensional Scaling can be employed to illustrate which cues can best
separate the stimuli into categories (Iverson & Kuhl 1996). However, this approach is
not practical in a fieldwork study. An identification task with synthesized signals is
relatively hard for listeners, since the differences between stimuli are very subtle. It
requires a very quiet experimental environment as well as highly attentive listeners. In
addition, synthesized voice quality is often unnatural, which makes the task even more
challenging. We tried this approach in the field and found that near half of the subjects
failed in the task, i.e. their answers were by chance on items that should have been easily
categorized.
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We then tried an alternative approach, using natural stimuli. To make the task even easier
and more acceptable for the listeners, an AXB instead of AX identification task is used in
this experiment. The challenge of this approach is how to control the variation in the
stimuli. Instead of using synthesis, following Jiang et al. (2007) and Esposito (2010)
among many other such studies, we use statistical methods to model the cues of the
stimuli post hoc rather than manipulate them a priori.
Based on our data, two statistical methods are applied for two main purposes: Model the
dissimilarity and then determine the contributors to the dissimilarity.
First, Multidimensional Scaling (MDS) is applied to the stimulus set to provide a visual
representation of the dissimilarity distances between testing pairs under different
phonological conditions. By knowing which testing pairs are acoustically more
confusable than the others, we can explain the confusion bias in the perception space.
Second, logistic regression (along with t-tests) is applied the same way as in the
production chapter, to determine which signal properties significantly distinguish the test
stimuli from the two phonation categories. Since the test stimuli are a subset of the entire
corpus, we expect the results to be the same as in the production study.

3.1	
  Experimental	
  design	
  
3.1.1	
  Subjects	
  

Ten listeners from Xinping village participated in this experiment, five males and five
females (i.e. m1~m5, f1 ~f5). Only one of the female listeners also participated in the
production experiment. The ages of the listeners ranged from 18 to 50. Southern Yi is
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their native language and also the primary language in daily life. The subjects who
participated in the perception experiment generally have more education background than
those in the production experiment.
3.1.2 Stimuli
The task is aimed to examine the tense vs. lax contrast in different phonetic environments
and is supposed to answer the question: in what conditions are tense vs. lax syllables
more likely to be confused?
As shown at the beginning of this thesis, the phonation contrast in Yi occurs across all
vowels and with mid and low tones. We thus produced four groups of stimuli with all
combinations of tone and vowel height:
1) High vowel with mid tone (bu33/bu33)
2) High vowel with low tone (bu21/bu21)
3) Low vowel with mid tone (bɛ33/bɛ33)
4) Low vowel with low tone (bɛ21/bɛ21) (for convenience in plotting, this vowel is
hereafter transcribed as [e] )
A dataset containing all testing types, namely "e21 vs. e21","e33 vs. e33","u21 vs.
u21","u33 vs. u33", was retrieved from the production corpus. Unpaired t-tests on all
measures demonstrated that this subset did not differ reliably from the whole dataset (all
p-value >0.05) and thus can represent it.
3.1.4 Procedures - AXB identification task
The audio stimuli were retrieved from the recordings of the six speakers from Xinping
village, labeled as F1, F2, F3, M1, M2 and M3, and put into an AXB task. The
pronunciations of M1 and F1 were chosen as the standards for the AXB identification
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task, as they seem to maintain a good contrast between tense vs. lax phonations. The
minimal phonation contrast pairs that were produced by these two speakers served as the
A and B, and the Xs were the pronunciations of all six speakers. For example:

F1_bu33(A), F2_bu33(X), F1_bu33(B)

M1_bu33(A), F2_bu33(X), M1_bu33(B)

…
F1_bu33(A), M3_bu33(X), F1_bu33(B)

…
M1_bu33(A), M3_bu33(X), M1_bu33(B)

Therefore, the listeners heard 20 stimuli in each group (half compared to F1 and half
compared to M1), thus 80 stimuli in total. This stimulus set was presented three times to
each listener.
The task was run by a Praat script on a computer. Audio stimuli were played through
SONY MDR-NC60 headphone. On the screen, the listeners could see three buttons,
labeled as (A), (X) and (B) (The buttons of A and B were in yellow and clickable) The
listeners heard three stimuli in sequence separated by 0.5 second, and had to decide
whether the second (X) is more similar to the first (A) or to the third (B). Listeners had to
make a response for every trial by clicking either A or B. They were able to replay the
audio as often as necessary before responding, and they also could “regret” and go back
to re-listen to the previous sequence. There was an introduction and a practice session
before the formal test. For those who had difficulties operating the computer, I asked the
subjects simply to point on the screen, and I assisted them in clicking the mouse. The
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duration of the experiment by design was under 40 min. Listeners could pause if they felt
tired.

3.2	
  Results	
  	
  
Listener m2 failed to perceive the differences in the stimuli at all, and thus is excluded
from the data analysis. Thus the data from 9 listeners are presented here.
Figure 28. Four-fold displays for four conditions. The dark shading indicates the
correct types whereas the light shading represents the wrong types.

	
  

Figure 28 is a set of four-fold displays (Friendly, M. 1994). A four-fold display shows
the frequencies in a 2 x 2 table in a way that depicts the correctness ratio and the
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distribution of responses. In this display the frequency of responses in each cell is shown
by a quarter circle, so each quarter circle represents one of four types of answers, relative
to the X stimuli (i.e. stimuli: response= L:L, L:T, T:T and T:L). The radius is
proportional to the square root of the count, so the area indicates the proportion. An
association between the stimulus and response is shown by the tendency of diagonally
opposite cells, with wrong answer types (i.e. stimulus: response= LT, TL) in one
direction, and correct answer types (i.e. stimulus: response= LL, TT) in the other
direction. We use color and shading to distinguish the directions: the dark shading
indicates the correct types whereas the light shading represents the wrong types.
Confidence rings for the observed data provide a visual test of the null hypothesis of no
association.
For example, the top left panel shows that for 360 stimuli under the condition of low tone
+ low vowel, 136 responses to Lax stimuli are L while 44 are T, and 138 responses to
Tense stimuli are T, while 42 are L. So there are about 76% correct answers in total under
this condition. Comparing the answer rates across panels, it can be concluded that low
vowels generally have higher correctness rates than high vowels. Interestingly, the
correctness rate for the mid tone is slightly better than the low tone, although the
difference does not reach significance.
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3.3 Discussion
(1) The perception map of the tense vs. lax contrast
The unbalanced accuracy rate of low vowel pairs and high vowel pairs suggests a bias in
the perceptual distances of tense vs. lax vowels. We visually present the perceptual map
for the tense vs. lax contrast under four phonological conditions, following the approach
of Johnson (2003). Suppose that “A” refers to lax and “B” refers to tense, with capitals
used for stimuli and lower case for response, and that 6 of 10 “bu33” sound like “bu33”;
then if P stands for proportion, then we can define
(a)

(A)“bu33”

[a][bu33]

PAa

[b][bu33]

0.6(PAb)

(B)“bu33”
PBa
PBb

Similarly, PBa is the proportion of how many tense “bu33” are heard as lax syllables.
With this kind of P value matrix, we can calculate the similarity of different vowels,
given in Table 12, by the following equation:
Sij = (Pij +Pji)/(Pii +Pjj)
Table 12. Similarity matrix (all possible pairs of 8 stimuli).
be31
be31
be31
be33
be33
bu31
bu31
bu33
bu33

0
1.159

be31
be33
1.159
0
0
0.861

be33

bu31

bu33

bu33

0.861
0
0
0.234

0.234
0
0 0.336
0.336
0
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The negative of the natural log of the similarity is used to calculate the perceptual
distance (dissimilarity):
dij = - ln(Sij)
Figure 29 is the resulting perceptual map of the tense vs. lax contrast.	
  
Figure 29. Perception map of tense vs. lax contrast. Numbers in red boxes are
distances between vowels in a minimal pair.

	
  

In this map, the tense vs. lax contrast is perceptually more distinguishable in low vowels
than in high vowels. That accounts for why low vowels have much better correctness rate
than high vowels.
Another important observation is that the mid tone pairs have slightly larger perceptual
distances than low tone pairs, though this is not significant. The fact is particularly
interesting since our production experiment found that spectral tilts (e.g. H1*-H2*)
distinction of tense and lax is generally less salient in mid tone (ref. section 2.5.4 for
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discussion). This means that the perceptibility of the tense vs. lax contrast in mid tone is
no worse than that in the low tone. To reach the same level of perceptibility, there must
be some cue compensation or substitution; for example, CQ can be reflected in acoustic
cues other than H1*-H2* in mid tone. Since the tonal effect is not significant, we will not
go further on this issue.
(2) Post hoc analysis of stimuli
The reason why low vowel pairs have larger perceptual distances might be because the
production of low vowel pairs is more distinct. To test which stimulus pairs are more
alike than the others, we need to know the overall acoustic similarity among the stimuli.
The distribution of the stimuli in acoustic space can then be calculated and plotted by
MDS.
MDS has often been successfully applied to perceptual data in linguistic studies, but here
it is applied to production data. MDS can visually present observation points in a lower
dimension space. The algorithm works as following (Kruskal 1978: 27-28): 1) Using
distance functions (e.g. Euclidean distance) to compute distances (matrix D) among
categories in an original high k-dimensional space (here 12 acoustic measures are the
coordinates of a 12-dimension space); 2) Find a low p-dimension space (p can be any
number between 1 to k-1, here 1~11) to best visually present the distances among
categories. To do so, 2a) Compute the distances (e.g. Manhattan distance) among all pairs
of points, to form their dissimilarity matrix (d) in this low p-dimension. 2b) Compare this
matrix (d) with the input data matrix (D) by evaluating the stress function. The smaller
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the stress value, the greater the correspondence between the two. Adjust coordinates of
each point in the direction that best minimizes the stress until the stress won't get any
lower. (For our case, a 2-dimension space is adequate to present the data.)
Simply speaking, MDS sums up effects from all the individual measurements and reveals
the overall acoustic distance between every tested pair. In this way, we can get a
“production map” of the stimuli, which can clearly illustrate the general acoustic
dissimilarity of the testing pairs.
Two popular distance functions can be used to calculate the dissimilarity based on
physical measurements: Euclidean distance and Manhattan distance. We employ the
Manhattan distance in this study since it discounts the influence of different scales among
different measurements. Here is the formula for the distance between p and q over i
dimensions:

The stress function, which measures (inversely) the degree of correspondence between
the distances among points implied by the MDS map and the matrix input by the user, is
as follows:

The MDS presented here was performed in R using the isoMDS function (Venablesn &
Ripley (2002)). Figure 30 is the resulting production map of the tense vs. lax contrast.
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Figure 30. Production map for tense vs. lax contrast. Numbers in red boxes are
distances between vowels in a minimal pair.

	
  

As shown in the above plot, the low vowel pairs have larger dissimilarity than the high
vowel pairs, and thus it should be easier to hear the difference. That is presumably why
low vowel pairs have a relative higher perceptual accuracy rate. Comparing the
perception map (Figure 29) with the production map (Figure 30), it can be seen that
listeners are able to perceive the variation in pronunciation, perfectly matching the
production map.
What cues contribute to this unbalanced dissimilarity in the tense vs. lax contrast?
A logistic regression model was run for the stimuli’s production data to evaluate the
contributions of voice quality, tone and vowel quality. To simplify the statistical model,
only three measures were analyzed, each taken to be the best representative of a
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phonological dimension: CQ as the phonation measure, F0 as the tone measure and F1 as
the vowel quality measure. Since the various acoustic measures, which contribute to the
phonation contrast, essentially reflect CQ, and CQ can account for much larger variance
than any of the acoustic measures (e.g. H1*-H2*), we use CQ instead of any acoustic
measure to indicate phonation.
As indicated in Figure 31, vowel quality (i.e. F1 here) makes a significant contribution to
the low vowel contrastive pairs but little contribution to the high vowel pairs. For both
vowel heights, voice quality is always the most important cue for tense vs. lax, consistent
with our findings in the production experiment.
Figure 31. Contribution to the tense vs. lax contrast for different vowel qualities.

	
  

Since the regression model can only reveal the relative weights of contributions (the
heights of the columns in Figure 31), a paired t-test is employed to show the degree of
absolute difference between counterparts in the minimal pair. It turns out that the tense vs.
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lax contrast has a much more distinctive CQ in the high vowel pairs (t(54)= -5.78,
p=3.894e-07), compared to that in the low vowel pairs (t(54)=2.23, p=0.03). Therefore,
phonation is the only cue to the contrast in the high vowels, and this phonation difference
is more extreme. For the low vowels, the phonation distinction is much smaller, but the
tense vs. lax contrast has F1 as an additional minor contributor. The accuracy rate of
identification in the different conditions can suggest the cue dimensions listeners rely on.
If listeners only rely on the phonation cue, we expect the low vowel stimuli should have a
lower accuracy rate than the high vowels, since the CQ difference is smaller in low
vowels. Alternatively, if listeners rely on vowel quality, then a higher accuracy rate
should be found for low vowels. The actual perception data supports the second
hypothesis.
A second logistic regression model was run for the perception data to predict the
perceptual phonation types, with the vowel, tone, gender and speaker of the stimuli as the
predictors. This model suggests that the vowel factor makes a highly significant
contribution to the responses (p<0.001) but tone does not (p=0.49). This result further
confirms that vowel quality plays a crucial role for perception of the tense vs. lax
phonation contrast.
(3) Perceptual variation and indication of sound change
From the above discussion, the conclusion can be drawn that vowel quality (F1) is a very
robust cue for tense vs. lax categorical perception, though voice quality is still the
distinctive feature for the tense vs. lax contrast.
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Can we predict the future sound change route? As synchronic variation is the clue to
diachronic sound change, it is very interesting to closely look at individual listeners’
performance, given in Table 13:
Table 13. Perceptual variation of individual listeners, false alarm and hit rates by
vowel.
e-false
e-hit
u-false
u-hit
overallcorrect

f1
0.15
0.35
0.22
0.28
0.63

f2
0.09
0.41
0.16
0.34
0.74

f3
0.04
0.46
0.11
0.39
0.84

f4
0.06
0.44
0.2
0.3
0.74

f5
0.16
0.34
0.26
0.24
0.59

m1
0.25
0.25
0.23
0.28
0.53

m3
0.08
0.43
0.28
0.23
0.65

m4
0.13
0.37
0.26
0.24
0.61

m5
0.25
0.25
0.22
0.28
0.53

All the listeners are able to hear the difference between tense and lax (the overall correct
ratio is bigger than 0.5). Most listeners hear the difference much better in the low vowel
pair, when voice quality has a smaller difference but vowel quality has a significant
contribution; however they perform less well on the high vowel pairs, when the vowel
quality difference is absent though the voice quality difference is much bigger. This
suggests that these listeners are more sensitive to vowel quality differences than to voice
quality. With the absence of vowel quality differences, f5 fails to perceive the different
phonation categories for [u]. However, we also notice that some listeners, e.g. f3, are
good at hearing the difference for both low vowel and high vowel pairs, suggesting that
they are sensitive to both voice quality and vowel quality differences. More interestingly,
m1 and m5 perform differently from the other listeners. These two listeners hear the
contrast better in the high vowel pair but totally fail to distinguish tense vs. lax categories
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in the low vowel pair, even when vowel quality difference (F1) is a very strong cue for
the low vowel pair. That means these listeners do not pay attention to the F1 distinction.
They use only voice quality as the cue for the tense vs. lax contrast. Given that CQ is
more saliently different in the high vowel pair than in the low vowel pair, the listeners
could hear a difference better in high vowels than in low vowels. Therefore, we can
speculate that vowel quality seems to be growing as the alternative distinctive feature of
tense vs. lax contrast for native listeners.
The different perception maps are illustrated in the following distance plots (Figure 32).
The scaling of the distances is standardized and compared with the production map:	
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Figure 32. Variation in perception maps: Blue bars represent the perception
distances (all listeners, combination of m1 and m5, and f5 respectively for top graph,
left bottom and right bottom) and production distance (for all stimuli) is in pink.
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3.3 Summary
This chapter further illustrates the mental reality of the southern Yi tense vs. lax contrast.
The vowel quality difference examined (F1) contributes a lot to the dispersion distance in
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the production map, as the voice quality cue examined (CQ) is relatively weaker in low
vowels than in high vowels. This vowel quality cue is also robust for categorical
perception. It is shown that listeners apparently rely heavily on this cue, as they show
accordingly high accuracy in low vowel pairs.
Generally, the perception map reflects the production map well. More interestingly, it is
found that the perception map also varies across listeners. Listeners prefer different cues
in categorization: some use both vowel quality and voice quality cues; some prefer vowel
quality to voice quality (e.g. listener f5); and some only use voice quality (e.g. listener
m1). These variations suggest the orientation of possible sound change. We speculate
that the phonation contrast might be gradually replaced by a vowel quality distinction.
Such a sound change will be eventually finished when the listeners no longer pay
attention to the voice quality difference but solely rely on the vowel quality difference. At
the current stage, females are more sensitive to the vowel quality cue than the males in
general.

4 General summary
In southern Yi, the tense vs. lax contrast is essentially a phonation contrast, but it is
complicatedly accompanied by multiple phonetic properties. In order to reveal how
phonation types serve as the phonemic dimension in the language, we conducted a
production experiment to better understand the relationship between physiological
mechanisms and acoustic properties in the phonation contrast, and also a perception
experiment to explore the mental reality of the phonation contrast in native speakers.
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Comprehensive analysis of the production data provides substantial findings of
physiological-acoustic coupling. Compared with Peak Increase in Contact (PIC), the
Contact Quotient (CQ) is the more essential property of the phonation contrast.
Acoustically, H1*-H2* and H1*-A1*, which are strongly correlated with CQ, are the best
acoustic measures for the phonation contrast. Other effective cues include the bandwidth
of the first formant (B1) and Cepstral Peak Prominence (CPP). F0 does not contribute to
the phonation contrast in this language.
However, the data reveal a complicated interaction between tone and phonation. The
tonal contrast has distinct physiological mechanisms from the phonation contrast, but it
can interact with phonation in acoustic space. Spectral tilts are not only responsible for
the phonation contrast but also carry information about the tonal contrast. H1*-H2* is
particularly important for both phonation and tonal contrasts, as H1* is correlated with
CQ while H2* is correlated with F0. In addition, it suggests that tonal production differs
in phonation type. There is no gender effect on phonation in general, but an interaction of
tone by gender is found for lax phonation in PIC, H1*-A1*, H1*-A3* and B1. All of
these reveal the complicated physiological-acoustic coupling in phonation production.
Another main contribution of this thesis is that other than the glottal settings, supraglottal
settings are also very important for the phonation contrast. Consistent F1 differences in
the phonation contrast in Yi indicate a shape change in the vocal tract, supporting the
multidimensional phonation model proposed by Edmondson & Esling (2006). The RTR
mechanism was compared with ATR languages, and a consistent pattern is found. As B1
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is strongly correlated with F1, larger pharyngeal size can account for an auditorily
breathier voice quality. Cross-linguistically, tongue root movement is involved in
phonation production and is responsible for the separation of vowel registers.
Therefore, we argued that tense and lax are relative and auditory features. The contrast
itself is more important than the actual types involved in the contrast, and that is why
various ways of making the contrast are possible.
Further cross-language and within-language study of the phonation types involved in this
tense vs. lax contrast reveals that the phonation contrast is relative and the contrastive
types vary among individual speaker and differ across languages. The variation in
production suggests some possible sound change of the phonation contrast. A perception
experiment was conducted to obtain more direct evidence to support the conclusions
reached from production. It was found that listeners heavily rely on vowel quality for the
perception of the Yi tense vs. lax contrast, though it is only a secondary cue in production.
The perception map of the tense vs. lax contrast varies across listeners, which further
indicates the future direction of sound change: Vowel quality might eventually upgrade
as the distinctive feature of the tense vs. lax contrast.
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Appendix 2
	
  

Manual check of formants and bandwidth:
The following items are pulled out: be21 be33 be21 be33 bu21 bu33 bu21 bu33, for 2
men and 2 women.
Formants and bandwidth were checked in Praat. The following plots come from one
female and one male. Generally, the lax phonation has larger B1 values than the tense
phonation. However, this distinction is only kept in the low tone. For the mid tone, there
is no consistent trend.
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