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Abstract

The Role of Amplitude Envelope in Lexical Tone Rgation:
Evidence from Cantonese Lexical Tone Discrimination

in Adults with Normal Hearing
by

Yining Victor Zhou

Advisor: Dr. Brett Martin

Previously published studies on the role of amgétenvelope in lexical tone perception
focused on Mandarin only. Amplitude envelope wastbto co-vary with fundamental
frequency in Mandarin lexical tones, and amplitedeelope alone could cue tone perception
in Mandarin which uses primarily tone contour ftilopemic tonal contrasts. The purpose of
this dissertation is to investigate whether amggtenvelope also co-varies with fundamental
frequency in Cantonese, and whether the amplitndelepe cue alone can also aid the
perception of lexical tones in Cantonese which bels tone contour and relative tone
height for phonemic tonal contrasts. Signal-coteslanoise stimuli were synthesized based
on the six Cantonese lexical tones produced n&uraisolation with the carrier syllables

/jil and /wai/, and contained only the amplitudeenpe cue of the six Cantonese lexical

tones. The original intensity level of the ampligushvelopes was preserved in one condition



of the experiment, but was equalized across tgmestin the other condition. Thirty native
listeners of Cantonese and thirty native listeéisnglish were presented pairs of the
stimuli, and were instructed to report whether gaain consisted of identical or different
Cantonese lexical tones. The results indicatedaimgiitude envelope co-varied with
fundamental frequency in Cantonese. Furthermoregtih conditions of the current
Cantonese lexical tone discrimination experimeérd,rative listeners of Cantonese
performed significantly above chance and with greatcuracy and shorter reaction time
than the native listeners of English. This suggk#tat amplitude envelope could cue tone
contour and relative tone height for lexical toregeption. Since tone languages in the
world are described as using only tone contouatired tone height, or a combination of both
for phonemic tonal contrasts, a theoretical impiaaof the current study is that amplitude
envelope is an additional cue and could cue toneepéon in all tone languages. This
finding could potentially help improve the encodwfgexical tone contrasts for lexical tone

perception in cochlear implant users.
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1. Introduction

The general purpose of this dissertation was toemddsome of the unresolved issues
regarding the independent contribution of amplitedeelope to lexical tone perception in
individuals with normal hearing. In Section 1.Igréef linguistic survey of lexical tones
(abbreviated as tones hereafter) will be provide&ections 1.2 & 1.3, the physiological and
acoustical aspects of tone production will be disedl. In particular, the teramplitude
envelope will be defined and compared with other acoudtichaites of tones. In Section 1.4,
previous studies of tone perception in individwaith normal hearing will be reviewed. The
rationale of a Cantonese tone discrimination expent incorporated in this dissertation will be
provided in Section 1.5. Section 2 will be dedidaie a detailed description of the methods used
in the tone discrimination experiment. The resaftthe experiment will be described in Section
3 and discussed in Section 4. The theoretical &nita implications of the results will be

discussed in Section 5.

1. 1 A Linguistic Survey of Tones

A tone is a pitch variation pattern that is assedavith a word and contributes to the
core meaning of the word. In Mandarin, for examtile, syllable /ji/ with a high falling pitch
contour represents the waidka, whereas the same syllable with a high level pitwhtour
signifiesmedicine (Kleeman, 2010). Pitch is a subjective, auditdtgitaute of a sound, and can
be ordered from low to high on a scale similatiat tof a musical melody (American Standards
Association, 1960). In order for a pitch pattermézome a tone in a specific language, it must
contrast with another pitch pattern phonemicallyhiat language. For instance, the above-

mentioned high falling pitch contour and high leg&th contour constitute a phonemic contrast



in Mandarin, and therefore are considered two s¢pdones in Mandarin (Chao, 1947; Yip,
2002). Thus, a tone is a phonological entity andnguage-specific (Yip, 2002), whereas pitch
is an auditory percept of a sound and is not lagetspecific (American Standards Association,
1960). The frequency composition of a sound isevelil to be the main underlying physical
correlate of both tone and pitch. A detailed disgus of the physiological and physical
determinants of tones and pitch will be provide&ettions 1.2 & 1.3 below.

Tones exist in approximately 70% of the languagdse world, including most
languages in Sub-Saharan Africa, North and Soutlkrfoa, East and South-East Asia, and
Equatorial Pacific Islands. Some European langusgels as Serbo-Croatian, Lithuanian,
Swedish and Norwegian also have tones (Yip, 2062nost tone languages, including
Cantonese and Mandarin, the smallest phonologiuathat can bear a tone is a syllable, as
illustrated in the example of /ji/ in the previgoaragraph (Fromkin, 1978; Xu & Wang, 2001;
Yip, 2002).

Tones can be categorized as level tones or cotdogs. A level tone maintains a
relatively steady pitch level throughout the duwatof the tone. Tone 1 (High Level Tone) in
Mandarin is an example of a level tone. A contametis characterized by a significant shift in
pitch within the duration of the tone, such as Tar(Rising Tone), Tone 3 (Dipping Tone) and
Tone 4 (Falling Tone) in Mandarin.

The relative pitch height and pitch contour of metan a specific language can be
guantified using a five-point scale, with 1 beihg tow end and 5 being the high end of a
talker’s tonal pitch range (Chao, 1947; Yip, 2008)Mandarin, for example, Tone 4 (Falling

Tone) is transcribed as a “51” tone, because illysatarts at the highest point of a talker’s



tonal pitch range and ends at the lowest pitchtp®inus, the syllable /ji/ with Tone 4 in
Mandarin is transcribed as’}ji, as displayed in Table 1 (Chao, 1947; Yip, 2002).

In Mandarin, every tone has a distinct contoullastrated in Table 1. Thus, only tone
contours are used for phonemic tonal contrastSwahili, on the other hand, there are only level
tones (i.e., high, mid and low level tones). Thardy the relative tone height is used for

phonemic contrasts (Hyman, 2007; Yip, 2002).

Tones Tone Contours Numerical Representations
Tone 1 High Level 55
Tone 2 Rising 35

Tone 3 Dipping (Falling-Rising) 214
Tone 4 Falling 51

Table 1. Classification of Mandarin Tones (adagtech Xu, 1997; Yip, 2002)

In a small subset of tone languages such as Casgpmhaiwanese and Thai, both tone
contour and tone height are used for phonemic asts(Yip, 2002). In standard Cantonese,
there are three basic tone contours that are phoakyrcontrastive: falling, rising, and level.
Relative tone height is also used for phonemicltooatrasts: high falling vs. low falling, high
rising vs. low rising, and upper-middle level vawer-middle level. Thus, there are six basic

tones in standard Cantonese, as illustrated ineT2ablelow (Chao, 1947; Yip, 2002).

Tones Tone Height Tone Contours Numerical Represeations
Tone 1 High falling/High level | 53/55

Tone 2 | High High rising 25

Tone 3 Upper-Middle level 33

Tone 4 Low falling tone 21

Tone 5 | Low Low rising tone 24

Tone 6 Lower-Middle level 22

Table 2. Classification of Standard Cantonese T@a@spted from Chao, 1947, and Yip, 2002)



Among older generations of Cantonese speakers, Tanasually produced as a high
falling tone, and sometimes as a high level toreu@B & Benedict, 1997; Chao, 1947; Fok,
1974; Yip, 2002). Among young speakers of Cantoneseever, there are dialectal differences
in the distribution of the high falling tone andjhilevel tone. In Guangzhou (formerly known as
Canton), Tone 1 is still produced mostly as a liadlng tone, and sometimes as a high level
tone (Rao, Ouyang & Zhou, 1996). In Hong Kong, Tane produced typically as a high level
tone and sometimes as a high falling tone (BauBe&edict, 1997; Matthews & Yip, 1994).
Regardless of the dialectal differences and aderdrices, the high falling tone and the high
level tone are interchangeable in Cantonese, ardftire are considered allotones in Cantonese
(Bauer & Benedict, 1997; Rao et al., 1996; Yip, 20For example, the Cantonese wolathes
canbe pronounceds /ji/ with either the high falling tone or theghilevel tone.

As illustrated in Table 3, the syllable /ji/ with&h of the six Cantonese tones represents
different Cantonese words. These words are notderesl homophones because they differ in

tones (Matthews & Yip, 1994). In Cantonese, adtirentone languages, homophones are
defined as words pronounced with identical phoneamestones. For instance, the woills
(clothes)f& (rely on),f# (he or she) an@ (medicine) are homophones in Cantonese because

they are pronounced as /ji/ with Tone 1 (High Fgjlor High Level) (Bauer & Benedict, 1997;

Matthews & Yip, 1994; Rao et al., 1996).



Phonemic Structures| Cantonese Words (Characters) Meaning in Cantonese
fjil with Tone 1 7 clothes, membrane
[jil with Tone 2 % chair

fjil with Tone 3 &= idea, intent

fji/ with Tone 4 L child

fjil with Tone 5 H ear

fjil with Tone 6 = two

/wai/ with Tone 1 B pride

/wali/ with Tone 2 i seat

/wali/ with Tone 3 = feed

/wai/ with Tone 4 fence, encircle
/wali/ with Tone 5 & great

/wai/ with Tone 6 B for

Table 3. Examples of Cantonese words representéuelgyllables /ji/ and /wai/ with each of the
six tones in Cantonese (adapted from Rao et 86)19
1.2 Physiology of Tone Production

The physiology of tone production has been ingaséid in several studies (e.g., Erickson,
1976; Garding, Fujimura & Hirose, 1970; Halle, 1994gart, Halle, Boysson-Bardies &
Arabia-Guidet, 1986; Simada & Hirose, 1971). Theesgistic activation of the cricothyroid and
vocalis muscles seems to be the primary physickgnechanism for raising the relative tone
height. The activation tightens and stretches tteahfolds, which accelerates the vocal fold
vibration and increases the transglottal presBa&dn & Orlikoff, 2000; Erickson, 1976;
Garding et al., 1970; Hirose, 2010; Simada & Hird€¥1; Titze, 1995). The perceptual
consequence of the accelerating vocal fold vibragind the increasing transglottal pressure is an

increase in the tone height (Plack, Oxenham, F&ogper, 2005).



Several mechanisms for lowering a tone have aso entified (Baken & Orlikoff,
2000; Hirose, 2010; Titze, 1995). First, decreasingglottal pressure slows down vocal fold
vibration and decreases the transglottal pres8atkep & Orlikoff, 2000). The perceptual
consequence of decelerating vocal fold vibratioth decreasing transglottal pressure is a
descending tone (Plack, Oxenham, Fay & Popper,)2@&sond, the simultaneous de-activation
of the cricothyroid muscle and activation of thealis muscle also lower a tone. That is, when
the vocalis muscle is activated and the cricotldyrouscle is de-activated, the increase in vocalis
muscle mass has a greater effect on the vocal/fbtdtion than the increase in the vocalis
muscle stiffness, and hence, the vocal fold vibraslows down (Erickson, 1993; Titze, 1995).
The perceptual consequence of this deceleratingl Yol vibration is a descending tone (Plack,
Oxenham, Fay & Popper, 2005). Finally, the simwdtars de-activation of the cricothyroid
muscle and activation of strap muscles (e.g., etemoid, sternothyroid and thyrohyoid muscles)
shorten the vocal folds, increases the vocal faddsnand hence slows down vocal fold vibration
(Erickson, 1976; Hirose, 2010). As mentioned abtive perceptual consequence of the

decelerating vocal fold vibration is a descendnet

1.3 Acoustics of Tones

The acoustics of tones have been investigatednmenous studies (see Kuo, Rosen &
Faulkner, 2008, for a review). Several acoustigpprbes of tones have been identified,
including fundamental frequency (F0), harmonicsifant structure, amplitude and duration.

These properties will be defined and discussedwelo



1.3.1 FO of Tones

The FO of a tone is defined as the lowest frequémthe spectrum of a tone (Fromkin,
1978; Yip, 2002). It reflects the rate at which tloeal folds vibrate (i.e., close and open
alternately) during the production of a tone (Y2002). The FO contours of the six Cantonese
tones produced in isolation are shown in Figuréhk FO contour of Tone 1 (High Falling) starts
in the upper FO range of a person’s speaking vamnckdrops gradually to the low FO range of the
person’s speaking voice. The FO contour of Tondigh Rising) starts in the mid FO range of a
person’s speaking voice, and gradually rises tagper FO range. Tone 3 (Upper-Middle Level)
has a flat FO contour in the upper-middle FO raofge person’s speaking voice. The FO contour
of Tone 4 (Low Falling) starts in the lower-middi@ range of a person’s speaking voice and
drops gradually towards the lowest FO range. Thedfour of Tone 5 (Low Rising) starts in
the mid FO range of a person’s speaking voice,gradually rises to the upper-middle FO range.
Tone 6 (Lower-Middle Level) has a flat FO contouthe lower-middle FO range of a person’s

speaking voice.



Tone 1 ,/.’k\\
| ‘s Tone 2

250 /

200 1

* Tone 5

FO (Hz)

150 1

100 1

Tone 4

50 1

T i L] i L] ] 3 ;)

0 100 200 300 400
Duration (ms)

Figure 1. Mean FO contours (averaged over one talder and one female talker) of the six
Cantonese tones produced with the carrier sylldiblen isolation (adapted from Fok, 1974).
The FO contours illustrated in Figure 1 are oftalted the canonical FO contours (i.e., FO
contours of tones produced in isolation). Toneslpced in connected speech may have FO
contours that differ drastically from the canonifmains. Sources of tonal variability in
connected speech include coarticulation of adjater@s (e.qg., Li, Le & Qian, 2002; Xu, 1992,
1997 & 2006), intonation (e.g., Shih, 1988; Wong99), and stress (e.g., Gu & Lee, 2007). As
an example of coarticulation, the high FO offseadfigh level tone in Cantonese or Mandarin

raises the normally low FO onset of the followigjg tone, due to forward assimilation or



carry-over (Li et al., 2002; Xu, 1997). As for backd or anticipatory assimilation, the normally
high FO offset of Tone 2 (High Rising) in Cantonestwered in anticipation of the low FO
onset of the following Tone 4 (Low Falling) (Li ak, 2002).

Emphatic stress also affects the surface realizatidcChinese tones. In Cantonese, for
example, the prosodic mechanism for emphasizingaAiags in an utterance is to lengthen the
duration, raise the FO height and expand the F@erahthe emphasized syllables (Gu, Hirose &
Fujisaki, 2005; Gu & Lee, 2007). A similar prosodiechanism has been found in Beijing
Mandarin (Shih, 1988; Xu, 2006).

Intonation also interacts with tones. For examgéslination (i.e., downward FO drift in a
declarative sentence) affects the FO height ofsoBantonese tones under the influence of
declination can be altered to the point where #mence-initial low level tone has a
significantly higher FO than the sentence-finalhhligvel tone. Interrogative sentences have the
opposite effect on the FO contours of tones (&v@ng, 1999). In Mandarin, the rising intonation
in an interrogative sentence affects Tone 1 (Highdl) and Tone 2 (High Rising) the most: it
turns the FO offsets of these two tones into dygiising tails (e.g., Shih, 1988). In Cantonese, i
affects mainly the FO contours of the low tonesndd (Low Falling), Tone 5 (Low Rising), and
Tone 6 (Lower-Middle Level). It alters the FO comt® of these tones to the point where they

resemble that of a high rising tone acoustically perceptually (Wong, 1999).

1.3.2 Harmonics of Tones
The harmonics of a sound are integer multipletef~0 of the sound (e.g., Plack et al.,
2005). Likewise, the harmonics of a tone are integaltiples of the FO of the tone (Liang, 1963).

In the absence of FO (e.g., when FO is maskedterdd out), the harmonics can convey the



periodicity of a tone (e.g., Fu & Zeng, 2000; Kaageng, 2006). Thus, harmonics can provide
an indirect acoustic cue to the rate of vocal feltation during the production of a tone by
conveying the periodicity of the vocal fold vibi@ti This is an example of the “missing

fundamental” (Fu & Zeng, 2000; Schouten, 1962).

1.3.3 Formant Structure of Tones

As mentioned in Section 1.1 above, a tone isti@paof pitch variation superimposed on
a syllable. Thus, a naturally produced tone alw@yexists with a carrier syllable (e.g., Kong &
Zeng, 2006). The formant structure of a given easyllable varies depending on the tone, and

each tone has its distinct formant structures,(Emgckson et al., 2004; Kong & Zeng, 2006).

1.3.4 Duration of Tones

At least in some tone languages, the relative duratf a tone type is consistently shorter
or longer than other tone types. In Mandarin, faraple, each of the four tones has an intrinsic
duration, with Tone 3 having the longest duratemg Tone 4 having the shortest duration (Fu &
Zeng, 2000; Kuo et al., 2008; Xu, 1997). The déferes in relative duration among the
Cantonese tones are controversial (Fok, 1974; Kh&@iocca, 2007; Rose, 2000). According
to Fok (1074), only Tone 3 (Upper Middle Level) lzaelative duration that is significantly
longer than that of the other five tones, and thegee no significant differences in duration
among the other five tones, as illustrated in FegurAccording to Rose (2000), however, the
duration of Tone 4 (Low Falling) is significantlrarter than that of the other five tones, and

there are no significant differences in duratioroamthe other five tones.

10



1.3.5 Amplitude of Tones

Similar to the amplitude of a sound, the amplitofla tone is the magnitude of the air
pressure directly related to the production oftdree, usually measured in pascals at a talker’s
mouth opening (Coster & Kratochvil, 1984; Sagardlet1986). It reflects the air pressure that is
originated from the lungs and subsequently shagdteglottis and the vocal tract (Baken &
Orlikoff, 2000). It usually fluctuates during thegaluction of a tone, and each tone type in
Mandarin has a distinct amplitude contour (Kong &ng, 2006; Kuo et al., 2008; Fu & Zeng,
2000; Whalen & Xu, 1992). For instance, Tone 41{f@) has a falling amplitude contour,
whereas Tone 2 (Rising) has a rising amplitudeaant~urthermore, Tone 3 (Dipping) has a
dipping amplitude contour, and Tone 1 (High Level¥ a flat contour of relatively high
amplitude (e.g., Whalen & Xu, 1992). Similar pattewere found in tone production studies in
Japanese (e.g., Simada & Hirose, 1971), Swedistd{i@&g Fujimura & Hirose, 1970), and Thai
(e.g., Erickson, 1976 & 1993).

The amplitude cue of a tone can be further brokémat least two components:
amplitude envelope and amplitude periodicity (eRmpsen, 1992; Fu & Zeng, 2000). Amplitude
periodicity is defined as the amplitude fluctuatiorthe waveform of a sound between the rates
of 50 and 500 Hz (Rosen, 1992). It reflects thegokeally recurring pattern of amplitude
fluctuation in the waveform due to the periodicmfpas in transglottal pressure as vocal folds
close and open during the production of a soun#€B& Orlikoff, 2000). Thus, amplitude
periodicity is related to FO: whereas FO directigiexes the rate of vocal fold vibration,
amplitude periodicity is an indirect acoustic ci¢he rate of vocal fold vibration (Kong & Zeng,

2006).

11



The amplitude envelope of a tone is defined aathplitude fluctuation in the waveform
of a tone at the rate of 2 to 50 Hz (Rosen, 19BR¢. amplitude envelope of a tone can be
estimated from the waveform of the tone in two stéprst, the waveform is divided into a
sequence of equal time frames of at least 50 edtads long, but no longer than 500
milliseconds. Then, the root-mean-square (RMS) aug# within each frame is computed and
plotted in a two-dimensional line graph, and time lin the graph is the estimated amplitude
envelope of the tone (Fu & Zeng, 2000). The amgétanvelope of each of the four Mandarin

tones is displayed in Figure 2.

—o—Tone 1 —&—Tone 2 —4&—Tone 3 —O0—Tone 4

70

69 -

68 -

67 4

66 -

65 -

64 |

RMS Amplitude (dB SPL)

63 +

62 4

61 -

60

T T T T T T T T T T
1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20

Time Frames

Figure 2. Amplitude envelopes of the four Mand&ones: each tone was divided into twenty
equal time frames, and the root-mean-square (RMB)itude within each time frame was
averaged across sixty tone tokens produced intisolay five male talkers and five female
talkers with the carrier syllables /a/, /i/, I@},/lyl and/ (adapted from Fu & Zeng, 2000).

As illustrated in Figure 2, the amplitude envelgba tone reflects the overall rising,

falling or steady trend of amplitude change thraugtthe production of the tone (Baken &
12



Orlikoff, 2000; Titze, 1995). In Mandarin, for exata, Tone 1 (High Level) has a flat amplitude
envelope, whereas Tone 2 (Rising) exhibits a riasimplitude envelope. Tone 3 (Dipping) shows
a dipping amplitude envelope, and finally, Tond-4lling) demonstrates a falling amplitude
envelope. Amplitude envelope co-varies with FO oanin Mandarin tones produced in
isolation. This covariability was measured usingrBen’s linear correlation method (i.e.,
Pearson’s Product Moment), and the Pearson’s atioelcoefficients for the four Mandarin
tones ranged from 0.50 to 0.83 (e.g., Kuo et 8082. The correlation coefficients were higher
for Tone 3 (Dipping) and Tone 4 (Falling Tone), aoer for Tone 2 (Rising) and Tone 1

(High Level). However, the statistical significanaiethese differences was not reported.

1.3.6 Summary of the Acoustic Features of Tones

So far, several acoustic features of tones have ideatified. They include FO, harmonic
structures, formant structures, amplitude envelap®litude periodicity and duration. Among
these acoustic features, FO has been investigaganidst extensively, and therefore tones are
typically defined in terms of their FO contour ametative FO height (see Yip, 2002, for a review).
In recent years, with the advent of cochlear implaochnology, the other acoustic features such
as amplitude envelope and amplitude periodicityehgained considerable attention from
researchers (e.g., Fu & Zeng, 2000; Kuo et al.82@0e to the important contribution of
amplitude envelope and amplitude periodicity toetperception in cochlear implant users (e.g.,

Kong & Zeng, 2006; Luo, Fu, Wei & Cao, 2008).

13



1.4 Perception of Chinese Tones

Perception of Chinese tones has been studied wairdjor phrase discrimination or
identification tasks (for a comprehensive reviege &renmayr, Qi, Liu, Liu, Chen, Han,
Schatzer & Zierhofer, 2011, and Khouw & Ciocca, 20@sually, upon hearing the presentation
of two words or phrases differing only in tonestdners in a discrimination study were to report
whether the stimuli presented were identical or hoain identification study, on the other hand,
listeners were presented a spoken word or phradehan instructed to identify the word or
phrase from a list of written words/phrases, guamt to one of the pictured objects. The stimuli
was presented either in isolation, or embeddedcar@der sentence such as “Whereis ___ ?” or
“Pointto __ ?” These word or phrase identificatiasks were often called tone identification
tasks even though the listeners were not asketktdify the tones specifically (for a
comprehensive review, see Krenmayr et al., 2011).

Strictly defined tone identification tasks wereelgirused in previous studies of Chinese
tone perception probably because not every nagigalser of a Chinese language was able to
label the tone of a spoken word in his/her nataregliage (Bauer & Benedict, 1997; Khouw &
Ciocca, 2007; Yip, 2002). Typically, native speakef Cantonese without extensive
professional training in phonetic transcriptionGzntonese are unable to name the tone of a
spoken Cantonese word at all (Bauer & Benedict/ 18&tthews & Yip, 1994). Thus, strictly
defined tone identification tasks would not be fieleswith naive native speakers of Cantonese.
In the following discussion, the terone identification will continue to be used loosely to refer

to the type of word or phrase identification usegievious studies on Chinese tone perception.
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1.4.1 Perception of Chinese Tones in Isolation

Perception of Chinese tones in isolation has eerstigated in several studies. When
presented individually, Cantonese tones producedifigrent talkers with a carrier CV syllable
in isolation could be identified by native listes@f Cantonese with approximately 75%
accuracy in a 6-alternative-forced-choice (6AFGktée.g., Fok, 1974; Khouw & Ciocca, 2007).
Mandarin tones presented in similar fashion co@ddentified by native listeners of Mandarin
with perfection or near-perfection (e.g., Fu & ZeBQ00; Kuo et al., 2008; Liang, 1969).

The fact that tone height is used for phonemicltooatrasts in Cantonese but not in
Mandarin may explain the above differences betwéandarin and Cantonese listeners in
identifying the tones in their native languagesthia above tone perception studies, the
Cantonese listeners identified the contours of Qade tones almost as accurately as the
Mandarin listeners identified the contours of Mam#ones. However, the Cantonese listeners
sometimes confused tones with similar contourdiftérent height, especially Tone 2 (High
Rising) vs. Tone 5 (Low Rising), and Tone 3 (Upptddle Level) vs. Tone 6 (Lower-Middle).
The confusion between two tones with similar corgdaut different height could be accounted
for given the finding that tone height was a lesigest perceptual cue than tone contour in
Cantonese (Barry et al., 2004b; Gandour 1981 & 19835andour’s (1981) multidimensional
scaling analysis of Cantonese tone identificationative listeners, for instance, tone height only
accounted for 20% of the variance, whereas tontooorould explain 34% of the total variance.

A careful examination of the Cantonese tones ilist in Figure 1 could explain why
tone height is a less salient perceptual cue intd@&se. Tone 2 (High Rising) and Tone 5 (Low
Rising) both have a rising tone contour, with altidentical FOs for the first three quarters of

the tone duration. They differ in tone height omthe last quarter of the tone duration (Barry et
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al., 2002a; Khouw & Ciocca, 2007; Rose, 2000). éssTione 3 (Upper-Middle Level) and Tone
6 (Lower-Middle Level), they both have a flat tozentour, and only differ in the relative tone
height slightly. Thus, the tone height differenbeswveen Tone 2 (High Rising) and Tone 5 (Low
Rising) and between Tone 3 (Upper-Middle Level) @ode 6 (Lower-Middle) are rather small-
scale acoustic differences. Therefore, it is ngpigsing that Cantonese listeners sometimes mis-
identified these tones with similar contours bdtedlent height, especially when they were
presented individually with a CV syllable and with@ontextual cues.

The inter-talker variation in relative tone heigbuld further complicate the
identification of Cantonese tones with similar aans but different height. For instance, when
three Cantonese level tones produced with a C\ecayllable in isolation by different talkers
were mixed randomly and presented one by one,ehsteners identified the three tones with
only 48.6% success in a 3AFC task (chance = 33.##@jir identification accuracy improved to
80.3% when the stimuli produced by each talker weesented in a separate block (Wong &
Diehl, 2003). The interpretation of these findimgshat native Cantonese listeners needed to
hear at least several Cantonese tone tokens prabdhyce talker in order to determine the talker’s
normal Cantonese tone range and correctly pertee/&alker's Cantonese tones (Francis,
Ciocca, Wong, Leung, & Chu, 2006; Wong & Diehl, 3D0

While the Chinese tone perception literature iatiis a general agreement on the
difficulties in perceiving individually presentedatonese tones with similar contours but
different height, there is some controversy overdategorical nature of tone perception. The
majority of relevant studies indicated categorjpaiception of Cantonese and Mandarin tones in
native speakers (see Zheng, Minnett & Wang, 20di0a feview). For instance, synthetic level

tones that differed only in FO and fell along andé@tinuum with equal intervals among them
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were unambiguously identified by native speaker€@aritonese as belonging to distinct
Cantonese tone categories. In pairwise discrimonatf these synthetic tones, a pair of tones
belonging to the same tone category was mostlyeperd as identical, whereas a pair of tones
belonging to different tone categories was maimdscpived as different. Similar findings were
reported for contour tones (see Zheng et al., 20Hdwever, two studies, one on Thai tones
(Abramson, 1979) and one on Cantonese tones (Brabicicca & Ng, 2003), suggested that the
discrimination of level tones was not categorieakn though the identification of level tones
was. In these studies, synthetic level tones da@iffeonly in FO and lying along an FO continuum
with equal intervals were identified unambiguoustybelonging to distinct tone categories, but
in pairwise discrimination of these synthetic torte® tones belonging to the same tone
category were not consistently perceived as idahtiRather, the closer the acoustic distance
between two level tones (in terms of FO different®® more often they were perceived as
identical. Likewise, the greater the acoustic distabetween two level tones, the more often
they were perceived as different (Abramson, 1978né&is & Ng, 2003). Thus, discrimination of
Thai and Cantonese tones was found to be continndhsse two studies. It is difficult to
reconcile the conflicting findings from these twadies and the other studies on categorical
perception of tones, because different experimen&thods were used (e.g., differences in ISI
and FO intervals among synthetic tones). Giventtimfocus of the current study is not on
categorical perception of tones, it suffices titeeate that the majority of behavioral and
electrophysiological studies indicated categonEkteption of Cantonese and Mandarin tones

presented in isolation (see Zheng et al., 2010a f@view).
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1.4.2 Perception of Chinese Tones in Connected Sphke

As discussed in Section 1.3 above, Chinese tonesnnected speech may have surface
realizations that differ drastically from their camcal forms displayed in Figures 1 & 2 above
(Gu, Hirose & Fujisaki, 2005; Li et al., 2002; Mbaa., 2006; Shen, 1990; Shih, 1988; Xu, 1992,
1997 & 2006). Nonetheless, native speakers of Mamda Cantonese could identify tones in
their native language with perfection or near petrém when the tones were produced and
presented in connected speech, even in the abeésgetactic and semantic cues in the carrier
sentences (e.g., Li et al., 2002; Wong & Diehl,200u, 2004). In Xu’s (2004) study, for
example, native listeners of Mandarin identifiedridarin tones produced and presented in
connected speech with 97 to 99.7% accuracy. In VBaehl's (2003) study on the
identification of the three Cantonese level tonesuksed above, native listeners of Cantonese
demonstrated near-perfect performance (mean = $&%6; 4%; chance = 33.4%) when the
target tones were embedded in the carrier sentéta?e yat® ko*3 tsf* ha?* " (The next
characteris ). Similar results were founstudies on tone perception in connected speech
with different prosodic patterns of intonation astcess (e.g., Gu & Lee, 2007; Shih, 1988; Wong,
1999). These results indicate that perception oft@wese tones is significantly better in
connected speech than in isolation, even whendheexrted speech provides merely a tonal
context with no syntactic or semantic cues. In otherds, the tonal context is crucial for tone

perception, at least in Cantonese.

1.4.3 Acoustic Cues for Chinese Tone Perception Native Listeners
The importance of the explicit FO cue for tonecegtion has been investigated in studies

on filtered speech and auditory chimeras. In studreauditory chimeras, certain acoustic cues
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were digitally removed or altered from naturallpguced tones, and participants were asked to
label the digitally modified tones. In Xu & Pfings{(2003) auditory chimera study on Mandarin
tone perception, for example, when the FO of am#juproduced Mandarin word with Tone 4
(Falling) was digitally replaced with a rising FOrtour without changing anything else, the
word was perceived by native listeners of Mandasone 2 (Rising). This seemed to suggest
that the FO cue overrode any other acoustic cudgdndarin tone perception. In Wong &
Diehl's (2003) study on Cantonese tone perceptiaconnected speech, when the FO of a carrier
sentence was shifted up by 13% without changind-thef the target word embedded in the
sentence, the target word with Tone 1 (High Lewa}$ mis-perceived as having Tone 6 (Lower-
Middle Level). On the other hand, when the FO ohaier sentence was shifted down by 19%
without changing the FO of the target word embeddete sentence, the target word with Tone
6 (Lower-Middle Level) was mis-perceived as havirame 1 (High Level). Thus, the FO cue
seemed to dominate other acoustic cues in tonepoa in native listeners with normal hearing.

However, tone perception is possible without thglieit FO cue. In Liang’s (1963) study,
for example, native listeners of Mandarin identfeach of the four Mandarin tones produced
and presented in isolation with 94.6% accuracy4”MRC task (chance = 25%) even when the
tones had been high-pass-filtered with a cut-@fjfrency of 300 Hz to remove the explicit FO
cue. This was consistent with Schouten’s (1938)ifig that pitch perception was possible even
in the absence of explicit FO. This is often callesidue pitch or the phenomenon of missing
fundamental.

Liang’s (1963) finding has been used as evidensaipgort that, in the absence of
explicit FO, harmonic structures could cue Mandé&oime perception (Kong & Zeng, 2006; Liang,

1963). However, the high-pass filter with a cutfoéiquency of 300 Hz only removed explicit
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FO, and hence the output of the high-pass filte&ximed more than just harmonic structures.
Among other things, it contained formant structuessplitude and duration cues which could
aid tone perception in Mandarin (see discussioovigelThus, the above-mentioned score of
94.6% might have included the contribution of fonthstructures, amplitude and duration, and
therefore the independent contribution of harmotod®ne perception is still not completely
clear. Nevertheless, Liang’s (1963) study indicated Mandarin tone perception was possible
without the explicit FO cue, but was more accuveitl the explicit FO cue (99% correct) than
with the harmonics, amplitude, duration and form&nictures combined (94% correct).
Indeed, several studies have indicated that forsianttures, which are maintained in
whispered speech, can allow tone perception, bilit paorer accuracy than with the explicit FO
cue (Kong & Zeng, 2006; Liang, 1963; Liu & Samud04). For example, in Liang’s (1963)
study on whispered speech which did not containrA@ harmonics, native listeners of
Mandarin were able to identify the four Mandarinds in naturally whispered speech in a 4AFC
task with 64% accuracy (Liang, 1963). Similar reswere reported by Liu & Samuel (2004)
and Kong & Zeng (2006). In addition, Liu & Samu2004) and Kong & Zeng (2006) compared
Mandarin tone perception using naturally whispesjeelech and synthesized whisper speech.
While the naturally whispered speech contained auoga fluctuation which could cue tone
perception (see discussion below), the amplitudbersynthesized whisper speech was kept
constant. The naturally whispered speech yieldpérsor Mandarin tone identification
performance, with a mean difference of approxinyabgbercentage points between the natural
and the synthesized stimuli in both studies. Tharspant structure could aid Mandarin tone

perception, but the formant structure cue and thelitude cue combined produced better results.
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Temporal cues such as duration or amplitude atanealso cue tone perception, but with
less accurate results than the spectral cues (Feng, 2000; Kon g & Zeng, 2006; Kuo et al.,
2008; Whalen & Xu, 1992). In Fu & Zeng's (2000)ayufor example, wide-band noise carriers
with the intrinsic duration of each Mandarin tonere/presented to native speakers of Mandarin
for a 4AFC tone identification task. The native agers identified each tone with 35.6%
accuracy (chance level = 25%). Similar results vievad in Kuo and colleagues’ (2008) study
(mean =38%; chance level = 25%). Thus, the duratienalone could aid tone perception in
Mandarin with above-chance accuracy. The role o€ tduration in Cantonese tone perception
has not been investigated in published studiesttaréfore is not clear.

Amplitude can also aid tone perception (Fu & Z&2@f)0; Kong & Zeng, 2006; Whalen
& Xu, 1992). In Whalen & Xu’'s (1992) study on Mamatatone perception, for example, each of
the four Mandarin tones produced in isolation wtfite carrier syllable /ba/ or /ji/ was used to
synthesize a signal-correlated-noise (SCN). Théh&gis consisted of several steps. First, the
waveform of each tone was digitized with a sampiaig of 10 kHz. Second, each waveform
was half-wave-rectified. Finally, half of the samloints of the rectified waveform were
randomly selected, and the sign of these samptagpwias inverted. This produced SCNs which
only retained the amplitude cue of the originaletdokens. Native listeners of Mandarin were
able to label the Mandarin tone contained in eaCN @/ith approximately 75% accuracy in a
4AFC task. Similar results were found in other gggaan the independent contribution of the
amplitude cue to tone perception in Mandarin (Fdefag, 2000; Kong & Zeng, 2006).

As mentioned in Section 1.3.4 above, the amplittidecan be further broken down into
at least two components: amplitude envelope anditme periodicity. Studies have shown that

amplitude envelope or amplitude periodicity aloaa aid tone perception (Fu & Zeng, 2000;
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Kong & Zeng, 2006; Kuo et al., 2008). In Fu & Zen(P000) study on Mandarin tone
perception, for example, amplitude envelope andliéude periodicity were each extracted from
Mandarin tones produced naturally in isolation vétkingle-vowel carrier such as /a/, /il, /ul, /ol,
Iyl or kl. The extraction was done using Elliptical Infenimpulse Response (EIIR) filters with a
slope of 96 dB/octave. A 50Hz-lowpass filter wasdifor the extraction of amplitude envelope,
and a 50Hz-500Hz-bandpass filter was utilized tiergxtraction of amplitude periodicity. The
amplitude envelope or amplitude periodicity exteaicirom each tone was used to modulate an
SCN using the same approach as in Whalen & Xu (1Exth SCN was then equalized in
duration to remove the duration cue. The SCNs, by retained either the amplitude
envelope or the amplitude periodicity of the oraditone tokens, were used as stimuli for a
4AFC tone identification task. Using either the ditnde envelope cue or the amplitude
periodicity cue alone, the native listeners of Manid were able to label the Mandarin tone
contained in each SCN with approximately 60% aaour&imilar results were found in other
studies (e.g., Kong & Zeng, 2006; Kuo et al., 2008jus, either the amplitude periodicity cue or
the amplitude envelope cue alone could providdasefft acoustic information for the
identification of Mandarin tones in native speakers

Furthermore, a significant effect of tone type wesorted in the above studies on
Mandarin tone perception using amplitude enveldpeea In Fu & Zeng’s (2000) study, for
example, Tone 4 (Falling), was identified with tiighest accuracy (78%), followed by Tone 3
(Dipping) (76%), and Tone 1 (High Level) (44%). Bod (Rising) was identified with the lowest
accuracy (35%). These differences were statisyicadjnificant (p < 0.001). Fu & Zeng (2000)
suggested that this effect of tone type could ha@xed on the basis of the correlation

coefficient between the FO contour and the ampditeiavelope of each tone type in Mandarin.
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As discussed in Section 1.3.5, FO contour and @ug@ienvelope co-vary in Mandarin tones. Fu
& Zeng (2000) argued that a Mandarin tone withghbr correlation coefficient between its FO
contour and amplitude envelope was identified witligher degree of accuracy, as illustrated in
Figure 3. However, Fu & Zeng (2000) did not repanether the correlation coefficients
between the FO contour and the amplitude envelbffeedour Mandarin tones were

significantly different.
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Figure 3: Scatterplot of Mandarin listeners’ toderitification performance as a function of the
FO contour and amplitude envelope correlation ecefits of the Mandarin tones. The stimuli
were signal-correlated noises containing only tin@l&ude envelope cue (adapted from Fu &
Zeng, 2000).

Fu & Zeng’s (2000) argument was further weakeneddnflicting findings from Kuo
and colleagues’ (2008) study. In this later stuikhne 4 (Falling) was identified with the highest
degree of accuracy (55%), followed by Tone 2 (Rjsi#5%). Tone 3 (Dipping) was identified
with the lowest accuracy (31.5%). These differereere statistically significant (p < 0.001).
Moreover, in Kuo and colleagues’ (2008) study, f@econtour and amplitude envelope
correlation coefficients could not be used to prethe outcome of the Mandarin tone

identification using amplitude envelope. For ins&@&nlone 3(Dipping) demonstrated the second
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highest correlation between its FO contour and dugd envelope (r = 0.79) but was identified
with the lowest accuracy (31.5%). On the other hdme 1 (High Level) which exhibited the
lowest correlation between its FO contour and atungdi envelope (r = 0.5) was nonetheless
identified with higher accuracy (33%) than Tond>8ping).

It is difficult to reconcile the conflicting findigs from Fu & Zeng’s (2000) study and
Kuo and colleagues’ (2008) study. First, neithadgtreported the statistical significance of the
FO contour and amplitude envelope correlation eciefits for the four Mandarin tones. Second,
different types of stimuli were used in these twalges. In Fu & Zeng’s (2000) study, the
stimuli were SCNs generated using Schroeder’s (18&8hod described above. In Kuo and
colleagues’ (2008) study, the SCNs were generataxbbvolving the extracted amplitude
envelope with a noise carrier. Thus, it is difficdd determine whether these two types of SCNs
conveyed the amplitude envelope of Mandarin tonés &gual effectiveness.

Studies of Cantonese tones reveal that amplitededicity also allows for perception
above chance levels (e.g., Yuan et al., 2007 & 290@n, Yuan, Lee, Soli, Tong & van Hasselt,
2007; Yuen, Tong, van Hasselt, Yuan, Lee & SolD20However, no studies have examined
the role of amplitude envelope in Cantonese tomegpdion. In Yuen and colleagues’ (2007)
study, for example, Fu and colleagues’ (1998) nethas used to extract amplitude periodicity
from naturally produced Cantonese tones with theerasyllable /ji/ or /wai/ in isolation. The
amplitude periodicity extracted from each tone wsed to synthesize an SCN containing only
the amplitude periodicity of the tone. Native listes of Cantonese in the study were able to
identify each Cantonese tone contained in the S@iNsapproximately 56% accuracy in a
6AFC task (chance = 16.7%). In a follow-up studyé¥ et al., 2009), disyllabic carriers /hoi

gwok/ and /ngoi gwok/ were used instead of the msglabic carriers /ji/ and /wai/, and the
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stimuli were prepared using the same procedure teiprevious study (Yuen et al., 2007).
Native listeners of Cantonese identified each Gage tone contained in the noise carriers with
64% accuracy in a 6AFC task (chance = 25%). Thugplitude periodicity appears to cue tone

perception in Cantonese as well as in Mandarin.

It is important to point out that the amplitudedaturation cues could only aid tone
perception in the absence of explicit FO. Wheniek#0 was available, it seemed to override
the amplitude and duration cues. In Lin’s (1988)gt tones were synthesized using the FO
contour, amplitude contour and duration of natyratbduced Mandarin tones. The synthesized
tones could have conflicting cues (e.g., havingR@eontour of Tone 1 (High Level), the
amplitude contour of Tone 2 (Rising) and the doratf Tone 4 (Falling)). They could also have
converging cues (e.g., having the FO contour, thelitude contour and the duration of Tone 1
(High Level)). In a 4AFC tone identification tasiative listeners of Mandarin recognized the
tonal identities of the tones with converging cudh 98.8% accuracy, and labeled the tones
with conflicting cues according to the FO contod#®of the time. Thus, the explicit FO cue
seemed to override the amplitude cue and the duratie.

In summary, FO appeared to be the most dominaniséicacue for the perception of
Mandarin and Cantonese tones in native listendiswarmal hearing. In the absence of an
explicit FO cue, tone perception is possible witieo acoustic cues such as harmonic structures,
formant structures, amplitude and duration. Inipalar, the amplitude envelope cue or the
amplitude periodicity cue alone has been repodeadd tone perception in Mandarin with

significantly above-chance accuracy in native tists with normal hearing.
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1.4.4 Acoustic vs. Linguistic Processing of Tones

Tone perception is modulated by both acousticlagdistic factors (e.g., Burnham,
Francis, Webster, Luksaneeyanawin, Attapaiboorcetda & Keller, 1996; Lee, Vakoch &
Wurn, 1996). In Lee and colleagues’ (1996) studyame discrimination in native listeners and
non-native listeners, for example, Cantonese tams pvith real word and non-word carrier
syllables were presented to native listeners ot@wse and monolingual English listeners. The
native listeners of Cantonese performed signifigargtter in the real word condition (98%
correct) than in the non-word condition (89% cotyethe native listeners’ superior
performance in the real word condition could bealaited to the availability of acoustic,
phonemic and lexical cues in the real word condjtlmut only acoustic and phonemic cues in the
non-word condition. Thus, the role of lexical pres&g is important in the perception of
Cantonese tones in real words.

The relative contribution of acoustic processing phonemic processing to Cantonese
tone perception could be estimated by comparingénmrmance of the native Cantonese
listeners and that of the monolingual English histes in Lee and colleagues’ (1996) study. In the
discrimination of Cantonese tones in the non-wanadition, both acoustic and phonemic cues
were available to native Cantonese listeners, biytacoustic cues were present for the
monolingual English listeners because tonal cotsr@® phonemic in Cantonese, but not in
English. The availability of phonemic cues in agightto acoustic cues for the native Cantonese
listeners is likely to explain why they performeetter (mean = 89% correct) than the
monolingual English listeners (mean = 65% corrgcthe non-word condition.

The reliance on phonemic processing can be manguulsy lengthening the

interstimulus interval (I1SI) (e.g., Burnham, FrasdiVebster, Luksaneeyanawin, Attapaiboon,
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Lacerda & Keller, 1996; Werker & Logan (1985). IreYKer & Logan’s (1985) behavioral study
on phoneme discrimination in native speakers oflielngfor example, an 1SI of 1500 ms seemed
to favor phonemic processing, whereas an ISI of &G@®b0 ms allowed for acoustic processing.
The stimuli used in this experiment were two vasasf /t/ (i.e., a dental [t] and a retrofle}) [
produced with the vowel /a/ in a CV syllable. Irtledlock of stimuli, pairs of [ta] vs. [ta], [ta]
vs. [ta], and fa] vs. fa] were included, and the silent gap between tlestimuli within each
pair varied from one block to another (i.e., 2500 Br 1500 ms). The pair [ta] vsa], which did
not constitute a phonemic contrast in English, mase often perceived as identical with a silent
gap of 1500 ms than with a silent gap of 250 or 380 Thus, the pair [ta] vea]] was processed
more categorically, according to the phonemic syst€ English, with the silent gap of 1500 ms.
But with a shorter silent gap of 250 or 500 ms, IiShdisteners could perceive the within-
category distinction. This finding supports themld@hat acoustic information is more transient,
and the use of longer ISIs will force listenersdty on phonemic information

Similar findings have been reported in behaviotadi®es of tone perception. In Burnham
and colleagues’ (1996) study on Thai tone and malisome discrimination in native speakers of
Thai, for example, pairs of naturally produced Tiogies were discriminated significantly faster
with a 1500-ms silent gap between the two tonernskethin a pair than with a 500-ms silent
gap. In contrast, pairs of violin pitches were distnated significantly faster with a 500-ms
silent gap between two tones within a pair thamwitl500-ms silent gap. Furthermore, with the
1500-ms silent gap, Thai tones were discriminatgwifecantly faster than the violin pitches.
Thus, for the native speakers of Thai, an ISI didLlhs seemed to facilitate phonemic

processing, whereas an 1SI of 500 ms appeared¢o éeoustic processing.
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In summary, tone perception can be influenceddmystic and phonemic information.
The relative reliance on acoustic versus phonenficzmation in tone perception may be teased
apart by manipulating the ISI in the stimulus prgagon, or by comparing the performance of
native listeners versus non-native listeners oin@ fanguage. For non-native listeners of a tone
language, the processing is presumably acousticaligd because tones are not phonemically

contrastive.

1.4.5 Measurement Used in Previous Studies on ToBéscrimination

In the tone discrimination studies discussed abp&eent correct and reaction time were
used to measure participants’ perception abilitResaction time is easy to measure and is not
affected by ceiling effects (e.g., Salthouse & Hadd002). As a measure of response latencies,
reaction time is sensitive to between-group and/éen-condition differences, and therefore can
effectively differentiate groups and experimentditions (e.g., Salthouse & Hedden, 2002).
Unfortunately, reaction time cannot measure thpaese accuracy, and thus has limited use.

In contrast, percent correct measures or numbeoroéct responses can help determine
response accuracy in a tone perception experirberfiortunately, they are negatively affected
by floor or ceiling effects, and do not take pap@nts’ perceptual biases into account, which
could be problematic in some situations. Consifigrinstance, the following hypothetical
experiment which presented pairs of identical fiedent stimuli and required participants to
press the “Same” or “Different” button upon heareagh pair of stimuli. 80% of the pairs
presented consisted of different stimuli, and #@aining pairs included identical stimuli. At the
end of the experiment, two participants both sc&®@¥b correct, but Participant A had no false

alarm whereas Participant B’s false alarm ratéi3%4. Clearly, Participant B had a complete
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perceptual bias in favor of thfferent pairs at the expenses of tBame pairs. That is, she
always pressed thHaifferent button regardless of the stimuli presented, and ter percent
correct score of 80% was not a useful estimateenpbrceptual ability. On the other hand,
Participant A did not have a significant bias Enfferent or Same pairs, and her percent correct
score of 80% was likely to be a fair measure ofgerceptual ability. This example illustrates
how percent correct measures could be misleadirgalthe existence of perceptual biases.

With the advent of signal detection theory, sevarahsures have been proposed to
control for participants’ perception bias while raeang their perception ability (e.g., Grier,
1971; Hodos, 1970; Donaldson, 1993). In particulao, sets of these measures have withstood
rigorous empirical tests in academic and clinitafies (MacMillan & Creeelman, 1991; Swets,
1996; Wickens, 2002). The first set of measuresistsof d’ (a measure of perceptual ability)
andp (a measure of perceptual bias) (Swets, 1986) s€ébend set includes A’ (a measure of
perceptual ability) (Grier, 1971) and B’ (a measof@erceptual bias) (Hodos, 1970). d’ ghd
measures have two major limitations. First, theyusth not be computed if there is a ceiling or
floor effect inthe Different responses ddame responses. Second, they assume normal
distribution and equal variances in thgferent responses arftame responses. If these
assumptions are violated, d’ afigneasures will no longer be accurate estimategiptual
ability and bias. In this case, A’ and B’ measuseaild be more appropriate estimates of
perceptual ability and bias because they do nainassiormal distribution and equal variances.
For this reason, A’ and B’ measures are often ctared “nonparametric.”

Although recent studies have questioned the “narpatric” nature of A’ and B’
measures (e.g., Macmillan & Creelman, 1996; Pas@nawvley, Berens, & Skelly, 2003),

scholars (including the critics of these measuagsge that A’ and B’ do not require the normal
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distribution and equal variance assumptions (ss&Rg Crawley, Berens, & Skelly, 2003).
More importantly, these measures have a rathersimigrpretation: A’ measures range from
0.5 (chance level performance) to 1 (perfect peuzperformance) (e.g., Grier, 1971). B’
measures go from -1 (extreme bias in favor ofSérme responses) to 1 (extreme bias in favor of
theDifferent responses), with the value of 0 meaning no respoiase(e.g., Hodos, 1970).

In summary, as measures of overall perceptual acgwand bias in a discrimination
experiment, d’ an@§ measures or A’ and B’ measures present severahdayes over traditional
measures such as number of correct responses erahpeorrect measures. When the
assumption of normal distribution and equal vargsndoes not hold, d’ arfdmeasures lose
their advantages, and A’ and B’ measures would beerappropriate. Combined with reaction
time measures, A’ and B’ measures can capture nsgpaccuracies, biases and latencies even if

the assumption of normal distribution and equailaraes is violated.

1.5 Rationale for the Current Dissertation

Currently available commercial cochlear implanttegss have been reported to be
ineffective in encoding the explicit FO cue and tia@monic structures of a sound due to the poor
spectral resolution in the cochlear implant systéng., Loizou, 2006; Wilson & Dorman, 2008).
Experimental speech processing strategies (e.g.&bu, 2004) have demonstrated promising
clinical results in improving tone perception irchtear implant users by enhancing the encoding
of the amplitude envelope cue. Thus, studies omdleeof amplitude envelope in tone
perception may help improve speech processingegiest for cochlear implant users who speak

a tone language.
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Given the importance of research on the role gflautde envelope in tone perception,
this dissertation was designed to address sonteeafriresolved issues regarding the
independent contribution of amplitude envelopeottetperception in individuals with normal
hearing. As mentioned above, previously publishadiss on the role of amplitude envelope in
tone perception focused on Mandarin. Each of the Ktandarin tones has a distinct contour,
and tone contour alone can be used to perceivecttegories. Therefore, previously published
studies did not investigate whether amplitude espelcould be used to cue tone perception in
tone languages such as Cantonese, Thai & Taiwavigsh must use both tone contour and tone
height for accurate perception of phonemic tonatests.

Cantonese is a good candidate for the investigatiavhether amplitude envelope can
systematically cue tone contour and tone heightdioe perception. As discussed in Section 1.1
above, tone languages use tone height, tone coat@combination of both for phonemic tonal
contrasts, and Cantonese is one of the few languagjeg both tone height and tone contour for
phonemic tonal contrasts. Thus, if amplitude enpeloan cue tone perception in Cantonese, it
should theoretically be possible to cue tone péiaen any tone language,

The independent contribution of amplitude envellqp€antonese tone perception was
examined in a preliminary study in preparationtfos dissertation (Zhou, 2010). Using the same
approach as in Fu & Zeng (2000), amplitude enveloae extracted from six Cantonese tones
produced naturally in isolation with the carrielialgle /ji/. As illustrated in Figure 4, the fallin
tones (Tone 1 and Tone 4) had amplitude envelojtesaalling slope; the rising tones (Tone 2
and Tone 5) exhibited amplitude envelopes witlsiagi slope, whereas the amplitude envelopes
of the level tones (Tone 3 and Tone 6) were retfitiflat. Moreover, the high tones

demonstrated amplitude envelopes in the relatikigiier amplitude range, whereas the low
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tones display amplitude envelopes in the relatil@lyer amplitude range. Thus, each Cantonese
tone type has an amplitude envelope with a speaiiitour and a relative height resembling its
FO contour and relative FO height, as illustrate&igure 4. More specifically, the relative
amplitude height of a Cantonese tone is assocvwithdts FO height, whereas the contour of the

amplitude envelope of a Cantonese tone is relatgd £0 contour.
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Figure 4. Amplitude envelope (left panel) and F@toar (right panel) of each Cantonese tone
produced with the syllable /ji/ in isolation. Eacime was divided into 20 equal time frames. The
root-mean-square (RMS) amplitude and mean FO wéhoh time frame was averaged across 20
tone tokens produced by one male talker and onaléetalker (adapted from Zhou, 2010).

A linear correlation analysis revealed a fair etation between the FO contour and the
amplitude envelope (abbreviatedr”—GAE covariability hereafter) for each of the six Cantonese
tones, with Pearson’s correlation coefficients ragdrom 0.45 to 0.71, as illustrated in Figure 6.
There were significant differences across tonegype ) = 29.62; p < 0.001). In particular, the
falling tones exhibited a higher correlation cogéfnt (r = 0.71) than the rising tones (r = 0.53;
t3) = 8.53; p < 0.006) which in turn demonstratedghbr coefficient than the level tones (r =

0.45; t3) = 9.45; p < 0.005). These correlation patternsevganilar to those observed in Fu &

Zeng (2000) and Kuo et al. (2008). That is, thérfgltones exhibited a higher degree of FO-AE
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covariability than the rising tones which in turandonstrated a higher degree of FO-AE
covariability than the level tones.

In order to determine whether the amplitude erpelcue alone could aid Cantonese tone
perception in a preliminary study of the curremgipposed dissertation, the amplitude envelope
of each Cantonese tone was used to modulate ara8€iding to Fu & Zeng's (2000) approach.
As discussed in Section 1.3.5 above, each SCN ioedtanly the amplitude envelope of a
Cantonese tone. Yet, native listeners of Canto(res20) were able to identify the Cantonese
tone contained in each SCN with approximately 4@%ueacy in a 6AFC tone identification task
in the preliminary study (chance level = 16.7%)efhwas a significant effect of tone type; 65
= 29.59; p < 0.001). The falling tones and thengsiones were identified with higher accuracy
than the level tones (p < 0.001), as illustrateHigure 5. This could be accounted for on the
basis of the FO-AE covariability. As illustratedfigure 6, the falling tones (Tone 1 and Tone 4)
and the rising tones (Tone 2 and Tone 5), whictewdzntified with higher accuracy than the
level tones (Tone 3 and Tone 6), had higher FCaamglitude correlation coefficients than the
level tones (Tone 3 and Tone 6). However, theiglahip between the FO-AE covariability and
Cantonese tone identification using amplitude empewas not linear. For instance, as discussed
above, the falling tones (Tone 1 and Tone 4) hadifstantly higher FO-amplitude correlation
coefficients than the rising tones (Tone 2 and Teondéut there was no statistically significant
difference in the identification of falling toneengus rising tones using amplitude envelope
alone (p = 0.28). Thus, the degree of FO-AE cowdrig could not be used to fully predict the

identification of Cantonese tones using amplitucectope alone.
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Figure 5: Cantonese tone identification using atugé envelope. The chance level, represented
by the dotted line, was 16.7%. The error bars sereone standard error from the group
average (adapted from Zhou, 2010).
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Figure 6: Scatterplot of twenty native Cantonesteliers’ tone identification performance as a
function of the FO contour and amplitude envelopeetation coefficients of Cantonese tones.
The horizontal whiskers represent the 95% confidentervals of the correlation coefficients.
The stimuli used were signal-correlated noisesainimtg only the amplitude envelope cue
(adapted from Zhou, 2010).
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Analysis of the perceptual patterns indicated éhfatling tone (i.e., Tone 1 or Tone 4)
was identified as a falling tone 74% of the timeising tone (i.e., Tone 2 or Tone 5) was
identified as a rising tone approximately 83% & time, and a level tone was identified as a
level tone only 36% of the time (chance level =488). Thus, on average, the tone contour was
identified with 54.2% accuracy (SD = 0.07; chanc&34%), which was significantly above
chance (i) = 13.8; p = 0.001). However, it was puzzling ttiet level tones were mis-identified
as rising tones 45% of the time.

Analysis of the perceptual patterns also revediatthe high tones (i.e., Tone 1, Tone 2
& Tone 3) were differentiated from the low tone®(€ 4, Tone 5 & Tone 6) with 59.1% success
using the AE cue (chance = 50%; SD = 0.@8;* 5.2; p = 0.002). Thus, on average, the tone
height was recognized by the listeners signifigaalove chance level. However, it was
puzzling that Tone 1 (High Falling) was mis-idesiif as Tone 4 (Low Falling) 39% of the time,
and Tone 5 (Low Rising) was mis-identified as T@n@ligh Rising) 37% of the time (chance =
16.7%).

It was also puzzling that, in previously publisistddies on tone perception using
amplitude envelope alone, some tone types wergifigehwith much lower accuracy than others,
and no consistent patterns were observed across sihedies. In Fu & Zeng's (2000) study on
Mandarin, for example, the rising tone was ideetifivith significantly the lowest accuracy
(mean = 35.5%; chance = 25%). In Kuo and colledd@898) study on Mandarin, the dipping
tone produced significantly lower identificationrfe@mance (mean = 31.5%; chance = 25%)
than all other tones. The puzzling findings in thpseviously published studies could not be

fully explained yet, as discussed in Section 1abh@8ve.
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In these previously published studies as well @herpreliminary study of this
dissertation, only word identification tasks wesed, and the stimuli were SCNs re-synthesized
using either Fu & Zeng’s (2000) method or Kuo aalleagues’ (2008) approach. Upon hearing
each stimulus, participants were to identify, frarist of written Chinese characters differing
only in tones, the character representing the $tism#As mentioned above, the SCNs were wide-
band noises re-synthesized from single-syllabledadinat had been low-pass-filtered with the
cut-off frequency of 50 Hz. These SCNs containetthing but the amplitude envelope of the
original words. Yet, participants were asked tonidg, from the list of written Chinese words
differing in only tones, the original word on thadis of which each SCN had been re-
synthesized. This was a very difficult task becabhseparticipants had to use the auditorily
presented SCN to retrieve a lexical item from thesntal lexicon, and then match the retrieved
lexical item with one of the written Chinese wopissented on the computer screen or on paper.
In fact, a few participants in the preliminary expeent of the current study complained about
the difficulty of the task.

One way to alleviate this problem is to ask teehers to name the tone contained in an
auditorily presented SCN. Unfortunately, as mergtbm Section 1.4, naive native listeners of
Cantonese are typically unable to name the torzespioken Cantonese word. Thus, a better
alternative would be to use a pair-wise tone disicration paradigm. This paradigm would only
require listeners to report whether two auditopifgsented SCNs contain the same tone or two
different tones.

In the current study, a tone discrimination paradigas used to investigate the
independent contribution of amplitude envelope émiGnese tone perception. The stimuli were

SCNs re-synthesized as in the preliminary studg &ection 2 for more detail). Each SCN was a
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wide-band noise containing only the amplitude eopelof a Cantonese tone produced in
isolation with a carrier syllable. There were twperimental conditions: in Condition One, each
SCN was presented at the original intensity le¥éhe Cantonese tone based on which the SCN
was re-synthesized (see Section 2 for more detdils was to preserve the original height and
contour of the amplitude envelope of each Cantotws®in order to determine the combined
contribution of the contour and the relative heighthe amplitude envelope to Cantonese tone
perception.

In Condition Two, the amplitude of the SCNs wasaiged to the grand average peak
amplitude of the Cantonese tones based on whicB@Ns were re-synthesized. This
equalization would eliminate the peak amplitudéedénces among the six Cantonese tones and
hence reveal the effect of removing the relativekpgemplitude differences on Cantonese tone
perception using amplitude envelope. This woultlinm isolate the independent contribution of
the contour of the amplitude envelopes to Cantotwse perception using amplitude envelope.
For instance, if Condition Two produces signifidgmaferior results than Condition One, it
would suggest that the relative peak amplitudestgfices among the Cantonese tones is
important for Cantonese tone perception using dog#ienvelope alone. Thus, the comparison
of the results from Condition One and Condition Twauld help tease apart the relative
contribution of the contour and the relative heighamplitude envelope to Cantonese tone
perception in native listeners of Cantonese.

An alternative approach to tease apart the relativeribution of the height and the
contour of the amplitude envelope would be to iheeeRMS or peak amplitude of the SCNs
randomly in Condition Two (i.e. to shift the RMSmeak amplitude of some SCNs up or down

randomly). However, this alternative approach poedlundesirable side effects in a pilot study
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involving five native listeners of Cantonese. Fwstance, when the peak amplitude of some
SCNs was randomly shifted up or down, a pair oéttwkens such as Tone 1 (High Falling) vs.
Tone 1 (High Falling) might or might not be pereaivas identical by the native listeners,
depending on whether the peak amplitude of thetbme tokens were shifted in the same
direction (i.e., up or down) and by the same mamgi&t Due to this kind of undesirable side
effect, the amplitude roving approach was rejeced, the amplitude equalization was used
instead in the current study. The amplitude eqatibn approach had the advantage of avoiding
the above-mentioned undesirable side effects valgitgeving the objective of teasing apart the
relative contribution of the height and the contofiamplitude envelope to Cantonese tone
perception in the current study.

The current study not only involved native listenef Cantonese (abbreviatedths
Cantonese group hereatfter), but also English-speakers with no &ron informal learning of a
tone language (abbreviatedthe English group hereafter). The reason for including the English
group in the current study was the following. Asatissed in Section 1.4.4 above, native
speakers of a tone language discriminate native ¢contrasts in non-words more accurately than
non-native speakers, probably because the nateaksps have access to phonemic cues in
addition to acoustic information, whereas the native speakers only have access to acoustic
cues (e.g., Lee et al., 1996). The SCNs used inudhrent study were comparable to non-words
since they only contained the amplitude envelopekseooriginal words based on which they
were re-synthesized. Thus, if the Cantonese gnotipei current study could discriminate the
Cantonese tone contrasts contained in the SCNs awotgately than the English group, it would

suggest that the Cantonese group had access temlwoues in addition to acoustic
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information, whereas the English group only hadeasdo acoustic cues. It would also suggest
that the SCNs were effective in conveying the phdneontrasts of the Cantonese tones.
Four specific questions were to be answered irctineent study:
(1) Can native listeners of Cantonese use the amplitugmvelope cue alone to
discriminate pairs of Cantonese tone contrasts?

a) More specifically, can native listeners of Car@ge use the amplitude envelope
cue alone to discriminate pairs of Cantonese tonérasts involving a level tone
and a contour tone?

b) In addition, can native listeners of Cantonesethe amplitude envelope cue alone
to discriminate pairs of Cantonese tone contrastslving tones with similar
contours but different height as listed in Appenédour?

(2) Using the amplitude envelope cue alone, do nativisteners of Cantonese
discriminate

a) Cantonese tone contrasts in one carrier sylladtker than in the other?

b) some pairs of Cantonese tone contrasts betardthers?

If so, can the results be accounted for on theshzghe degree of FO-AE

covariability or other factors?

(3) Using the amplitude envelope cue alone, does ther@@anese group discriminate

Cantonese tone contrasts more accurately than thenglish group?

(4) What are the relative contributions of the contourand the height of amplitude

envelope to Cantonese tone perception using amplda envelope alone?
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2. Methods

2.1 Participants

Seventy adults between twenty-five and forty yedirgge participated in the current
study. Two native speakers of Cantonese (one mal@ae female) produced Cantonese tones
based on which the stimuli for the study were netisgsized (see Sections 2.2 and 2.4 for
details). Another seven native speakers of Cantses/ed as naive judges to rate the
perceptibility of the Cantonese tones producedibytivo native speakers of Cantonese. Thirty
additional native speakers of Cantonese partiaipiat¢he perceptual experiment of the current
study, and were randomly coded from C1 to C30.tylinglish-speaking adults with no formal
or informal learning experience of a tone langualge participated in the perceptual experiment
of this study. They were randomly coded from EE&8. All participants had a pure-tone air
conduction thresholds of 25 dB HL or better bilatigrat octave frequencies between 250 Hz
and 8000 Hz (ASHA, 1997). They also had Type A tgmggrams (ASHA, 1997) and present

ipsilateral acoustic reflexes at 90dB HL at 1000 Hz

2.2 Recording and Selection of the Stimuli

The stimuli used in the current study were SCNsyr@hesized from Cantonese tones
produced in isolation with the carrier syllablé gr /wai/. The use of tones produced in isolation
as stimuli for this study was to control for sevetaiables affecting Cantonese tone perception,
such as co-articulation (e.g., Li, Lee & Qian, 2)0&tonation (e.g.,Wong, 1999) and emphatic
stress (e.g., Gu & Lee, 2007). The rationale fangighe carrier syllables /ji/ and /wai/ was
many-fold. First, the carrier syllables /ji/ andaliwvere used in previous studies on the role of

amplitude in Cantonese tone perception (i.e., Yatal., 2007; Yuen et al., 2007). Thus, using
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these two carrier syllables in the current studybdacilitate the comparison of the results of
this study with those of previous studies on Cagsertone perception using amplitude cues only.
Second, each of the two carrier syllables coulddymbined with each of the six Cantonese tones
to constitute a meaningful and common word in Caese (Yuan et al., 2007; Yuen et al., 2007),
as illustrated in Table 3 above. This would enshag the carrier syllables used in the current
study represent familiar words occurring frequemi{Cantonese daily conversation. Third, the
two carrier syllables have very different formattistures (Yuan et al., 2007; Yuen et al., 2007).
As discussed in Section 1.3.3 above, formant sirastaffect tone perception. Therefore, using
carrier syllables with different formant structureghe current study would shed light on the
possible effect of formant structures on tone gatfoa using amplitude envelope alone. Lastly,

in the previous studies using /ji/ and /wai/ asdhgier syllables, a significant effect of carrier
syllable was found (Yuan et al., 2007; Yuen et2007). Although the authors fell short of
providing further detail on the significant effexftcarrier syllable, the mere finding of a
significant effect of carrier syllable suggestedtttihe amplitude of a tone might be affected by
the type of carrier syllable. Therefore, it woulel &dvantageous to include several types of
carrier syllables in the current study. Unfortuihgtasing too many carrier syllables would
lengthen the time required for the perceptual a@rpent exponentially and could cause excessive
fatigue to the participants. Using only /ji/ andalivas the carrier syllables would limit the

experiment to within three hours, thereby reduc¢ireggpotential effect of fatigue.

Stimulus recording was done with each of the Qagge talkers individually, with a
Technica Audio AT892CT4 head-mounted microphonetipoed directly in front of the talker
in a sound-attenuated booth. The microphone wasemed to a digital recording device, a Dell

Dimension E521 computer with a Sigma C-Major Austbaind card, located in an adjacent

41



sound-attenuated booth. The recording software &&onge was used, with a sampling rate of
44010Hz, and a resolution of 16 bits. Twelve writ@@hinese characters representing the twelve
target syllables (see Table 3) were individuallgganted on a computer screen to each talker,
with a two-second pause between any two chara&ach talker was instructed to read each
character aloud and as naturally as possible,fegshe were reading the letters on an eye exam
chart during a vision examination. Each characts presented ten times, in a random order
with the constraint that no character be presemtest or more in a row. Thus, the two talkers
each produced ten tokens of each target syllatdigligg a total of 240 tone tokens recorded
digitally.

The 240 tone tokens were further analyzed usingadftevare Praat and according to Fu
& Zeng's (2000) procedure. Only two tokens produmgéach talker for each target syllable
were selected as stimuli, using the following prhge. First, each of the ten tone tokens
produced by each talker with each target syllatde divided into twenty equal time frames, and
the RMS amplitude and mean FO within each time &amre computed. The FO was estimated
using a short-term autocorrelation method (Rabib@r,7). Then, the mean FO within each time
frame was averaged across the ten tokens. SimitadyRMS amplitude within each time frame
was averaged across the ten tokens. Lastly, théakems with the least deviation from the ten-
token average were selected as the exemplars totypes of that target syllable of that talker.
With twelve target syllables and two talkers in tuerent experiment, a total of forty-eight target

syllable prototypes were selected.

The forty-eight target syllable prototypes werentlequalized in duration to remove the
duration cue for the tone identification task ie #xperiment because the purpose of this

experiment was to determine whether native liseenéCantonese can use the amplitude

42



envelope cue alone to identify Cantonese tonesduihetion-equalizing procedure consisted of
two steps. First, the grand average duration affathe tone tokens produced by both talkers
were computed. Then, the duration of each of thiy-feight target syllables were equalized to
the grand average duration using a linear intetpolanethod (Fu & Zeng, 2000). For instance,
supposé(n) is the output function of a target syllable at aaynple poinn. If the duration of
the target syllable wasns and the grand mean duration of all target Bidawasl ms, then the
duration of the target syllable was increased tos using the following linear interpolation
formula (Fu & Zeng, 2000):

g(n) = f(m) + a[f(m+1)-f(m)],

where g(n) is the output of the linear interpolatiat a given sample point n,

m is the integral part of the product n*t/T, and

a is the remainder of the product n*t/T.
The impact of this duration equalization on thecpetibility of the target syllables was assessed
using an identification task performed by sevewaaiative listeners of Cantonese. The stimuli
were presented to the naive listeners using a@ualplex computer with the Excel/Visual Basic
software. While seated in a sound-attenuated batdtie Graduate Center, the judges listened to
the stimuli binaurally via TDH-50 headphones, vitte peak intensity level of stimuli calibrated
to 70 dB SPL. This intensity level was used inghaiminary study (Zhou, 2010), and was
considered comfortably audible by all participaiise stimuli were separated by talker because
previous studies suggested that native listene@aaftonese needed to hear several tokens
produced by a talker in order to familiarize thelmsg with the talker's pitch range and to
recognize the talker's tones (Wong & Diehl, 20@8ith one male talker and one female talker

in the current study, there were two sets of taégbypes. Within each set, the tone prototypes
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were further divided into two blocks accordingle tarrier syllable (i.e., /ji/ and /wai/). Thus,
there were a total of four blocks of tone protogpend these blocks were presented to the
judges in a random order using Excel/Visual Basach block contained ten identical tokens of
each tone prototype produced by a talker. Eachtmken was embedded in the carrier sentence
“Im* it hym’ tsy? o*2  tsi/ (“Please circle the character ). The pre@m of
each block consisted of the following parts:
1. A pre-recorded introduction in Cantonese was giwethe talker of the stimuli. The
English translation of the introduction was asdoi:
“There is an answer sheet (see Appendix One) imt fvbyou. Please look at the
six large-print words on the answer sheet as | teaoh aloud one by one.”
Each large-print word represented the written fofreach of the stimuli to be
presented in the block. The talker read the sixdadwice and in the same order as
they were printed on the answer sheet. The purpioides introduction was to
familiarize the listeners with the talker's voiceddaones.
2. Pre-recorded instructions in Cantonese producetidialker were then presented.
The English translation of the instructions was:
“Now you will hear each of the above Cantonese waon@ny times. Upon
hearing each word, you must circle one and onlyahvagacter on the answer
sheet, even if you have to guess.”
3. Each stimulus was presented with the carrier seetana random order with an ISI

of three seconds.
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This was a 6AFC identification task, and the amppassing criteria was that at least six
of the seven judges must each identify each too®iype produced by each talker with 90%
accuracy (chance level = 16.67%) . The actual teswdre better than the a priori passing
criteria: each of the seven judges identified éacdke type produced by each talker with each
carrier syllables with 90% or higher accuracy, whicas comparable to those reported in
previous studies (e.g., Khowe & Ciocca, 2007). Thius forty-eight duration equalized tone
prototypes presented in this rating session weee lessed to generate the SCN stimuli for the

tone discrimination experiment in the current study

2.3 Synthesis of the Stimuli

For ease of discussion, the forty-eight durationatiged target tone prototypes will be
labelednatural tones below. Having passed the above rating procedheenatural tones were
further processed using Praat software accorditiget@rocedure used in Fu & Zeng (2000) to
extract the amplitude envelope. Each natural toa® fst half-wave rectified, and low-pass
filtered using an EIIR filter with a cut-off freqney of 50 Hz and a slope of 96 dB/octave (Fu &
Zeng, 2000). The waveform of the extracted ampéitedvelope was transformed into an SCN
by randomly changing the sign of half of the sanga@ts in the waveform (Fu & Zeng, 2000;
Whalen & Xu, 1992). This type of SCN is a wide-baruise retaining only the amplitude
envelope cue of a natural tone. In the currentystedch SCN was labelegeocessed tone.
Given forty-eight natural tones selected for theent study, forty-eight processed tones were
generated, and were used as stimuli in the torgichimation experiment.

For Condition One of the tone discrimination expennt, the original amplitude (or

intensity level) of each of the processed tone pvaserved. Thus, both the peak amplitude of
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each processed tone was maintained at the origiesisity level of the natural tone token based
on which the processed tone was generated. Forittond@wo, the peak amplitude (or intensity
level) of each processed tone was equalized tgrdned mean peak amplitude of all the forty-
eight processed tones in order to eliminate th& pe#litude differences among the six
Cantonese tones. As discussed in Section 1.5 atioseyould help determine the independent
contribution of the contours of the amplitude eopels to Cantonese tone perception. At the
same time, the amplitude equalization could retleakffect of the relative height of amplitude

envelope to Cantonese tone perception.

2.4 Experimental Procedure

The twenty-four processed tones based on the &talider’'s natural tones were
separated from those of the male talker’'s, whiehdgd two blocks of stimuli for each condition
of the tone discrimination experiment, and a tofdbur blocks for the whole experiment. Thus,
each block contained twenty-four processed tonertskroduced by the same talker, twelve of
them with the carrier syllable /ji/, and the remiagtwelve with the carrier syllable /wai/. The
twelve processed tone tokens with each carriealsidlfell into six Cantonese tone categories,
with two exemplars for each category. The six toagegories with each carrier syllable were
arranged into thirty-six pairs of tone contrastslaswn in Appendix Four. Each tone pair
occurred randomly ten times in a block. Thus, tivesee 2 (carrier syllables) x 36 (tone pairs) x
10 (tokens), totaling 720 pairs of stimuli in edatker block in each condition.

The thirty-six tone pairs consisted of thilyfferent pairs (e.g., Tone 1 vs. Tone 2),
and sixSame pairs (i.e., Tone 1 vs. Tone 1, Tone 2 vs. Tone.2Tone 6 vs. Tone 6) produced
by the same talker with the same carrier syllabte.eachSame pair, two different exemplars of
the same tone type were used. The amplitude ere®lojthe two exemplars were similar but
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not identical as shown in Figure 7, which woulddaphonemic processing instead of acoustic
processing in the Cantonese group in the curremt discrimination experiment (Strange, 2010).
For eaclDifferent pair, on the other hand, only the exemplar withldast deviation from the

ten-token average (see Section 2.2) was used.
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Figure 7. Amplitude envelopes of the two token3 afie 1 (High Falling) produced by the male
talker with the carrier syllable /ji/.
There was a practice session before the tone wisiion experiment. Each listener
was seated in a sound-attenuated booth at the &m@enter, and listened to the stimuli via a
pair of TDH-50 headphones. The four blocks of stinere presented in a random order via
Excel/Visual Basic, and the presentation of eaoklbtonsisted of the following parts:
1. A pre-recorded introduction was given by the talbd&the stimuli. The introduction was

in Cantonese for the Cantonese group and in Enfgirstne English group, but the
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content of the introduction was the same for batugs. The English version of the
introduction was as follows:

“There are six tones in Cantonese. Here they &f&é six processed tones contained in
the block were then presented in a random ordéh, avone-second pause between two
tones.)

“Two of these tones have a falling pitch.” (The Hligalling Tone and the Low Falling
Tone were then presented respectively, with a ecersl pause between them.)

“The first tone has a higher pitch level than teemd tone. Please listen again.” (The
High Falling Tone and the Low Falling Tone werertipeesented once again, with a one-
second pause between them.)

“Another two Cantonese tones have a rising pit€htie High Rising Tone and the Low
Rising Tone were then presented respectively, avibhe-second pause between them.)
“The first tone has a higher pitch level than teead tone. Please listen again.” (The
High Rising Tone and the Low Rising Tone were thersented once again, with a one-
second pause between them.)

“The remaining two tones have a level pitch. (Thep&r-Middle Level Tone and the
Lower-Middle Level Tone were then presented respelgt with a one-second pause
between them.)

“The first tone has a higher pitch level than teead tone. Please listen again.” (The
Upper-Middle Level Tone and the Lower-Middle LeVi@ine were then presented once
again, with a one-second pause between them.)

“Once again, here are the six tones in Canton€$hke six tones were then presented

once again in the following order with a one-secpadse between any two tones: High
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Falling Tone, Low Falling Tone, High Rising Toneyw Rising Tone, Upper-Middle
Level Tone, and Lower-Middle-Level Tone.)
. Pre-recorded instructions were given by the tatée¢he stimuli. The instructions were in
Cantonese for the Cantonese group and in EnglistnéoEnglish group, but the content
of the instructions was the same for both group& English version was as follows:
“You will hear pairs of Cantonese tones now. Upearing each pair, you must
decide whether the pair consists of the same Cas#tone or two different
Cantonese tones, and then you must click the tefteoright button on the mouse
accordingly.”
For the odd-numbered listeners in each languaggpgtbe left button on the mouse was
labeled “Same”, whereas the right button was lab&lefferent.” For even-numbered
listeners, the left button on the mouse was labddflerent”, whereas the right button
was labeled “Same.” All participants were rightitlad, and decided on their own to use
their right hands to press the mouse buttons. Teeg instructed to position their right
index finger between the left button and the rigiton before and after pressing a
mouse button.
. Each of the thirty-six pairs of tone contrasts et by the talker with each of the
carrier syllables were presented once in a randal@roThere was a 1500-ms silence
between the two tones of each pair, and a 4-seiobadal between the onsets of two
adjacent pairs. The responses were recorded andgsed in Excel/Visual Basic, and no

feedback was provided.
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The practice session lasted approximately twentwtes per listener. The actual
experiment was conducted in the same way as tlotiggaession with two exceptions. First, the
pre-recorded introduction was not presented irattteal experiment. Second, ten identical
tokens of each pair of tone contrasts producedabi &alker with each carrier syllable were
presented in each condition in the actual experiniére actual experiment lasted approximately
three hours per listener, including a brief breat®en blocks.

At the end of the experiment, there was a briefespiin which each listener verbally
explained their decision-making criteria used ia discrimination experiment. After the survey,
each listener was given a brief tone identificatiest in order to assess their ability to process
natural tones in Cantonese. The procedure anditheliswere the same as those used in the
rating of the natural tones (see Section 2.3 abavil) only two exceptions. First, each of the
stimuli used in the brief tone identification tess not embedded in the carrier sentence, but
presented in isolation. Second, the English ligtemethe brief tone identification test were
instructed to report on the answer sheet (see Appdiree) whether each stimulus sounded
like a question or statement. The results of thietidentification test and the survey were used

to help interpret the results from the tone disaration experiment.

2.5 Data Processing and Analysis
2.5.1 Acoustical Analysis of the Cantonese Tonesedbin the Current Experiment
2.5.1.1 FO Contours and Amplitude Envelopes of theantonese Tones
Using the procedure described in Section 2.2 alibeeaverage FO contour and
amplitude envelope of each of the six Cantonesestpnoduced by each talker with each carrier

syllable were computed. The correlation betweerFtheontour and the amplitude envelope of
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each tone type produced by each talker with eactecayllable was estimated using the SPSS-
19 quadratic regression analysis. The quadrati@ssgn was used in stead of the linear
regression because the amplitude envelopes andrft@ues resembled quadratic curves more
than straight lines, as illustrated in Figure 8.

As mentioned in Section 2.4 and described in AppeRdur, the six tone types produced
by each talker with each carrier syllable wererageal into thirty-six tone pairs, totaling 144
tone pairs for the discrimination experiment (i36,tone pairs x 2 talkers x 2 carriefsyr each
of these 144 tone pairs, &Q-AE covariability index was estimated by averaging the FO-AE
correlation coefficients of the two tones in eaelr.gFor example, the FO-AE correlation
coefficient of Tone 1 produced by the male talkéhwhe carrier syllable /ji/ and that of the
corresponding Tone 2 were averaged to derive th@B-Qovariability index for this pair of

Tone 1 vs. Tone 2.

2.5.1.2 Acoustical Distance Indices

The acoustical distance between the two tonesméach of the thirty-six tone pairs
produced by each talker with each carrier syllatds estimated using two acoustical distance
indices. The first acoustical distance index waspgbak amplitude difference (in dBSPL)
between the two tones within a tone pair. It meadtine acoustical distance between the two
tones in terms of the relative height of their aitople envelopes, and was therefore labeled
amplitude envel ope height differenceindex, or AE height difference index. The second
acoustical distance index was computed by correjaframe by frame as illustrated in Figure 8,
the amplitude envelopes of the two tones withiareetpair using the SPSS-19 quadratic

regression analysis. The quadratic correlationfmiefts measured the similarity between the
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contours of the amplitude envelopes of the two somi¢hin a tone pair, and were therefore
labeledamplitude envelope contour similarity indices, or AE contour similarity indices for

short.

2.5.2 Processing and Analysis of Tone DiscriminatioData

To determine whether native listeners of Cantoesd#d use amplitude envelope alone
to discriminate pairs of Cantonese tone contrastsh Cantonese participant’s average A’ and
B’ measures in Condition One (i.e., stimuli withgimal amplitude) were computed and
compared with the theoretical chance level. A’ Bhavere used for the following reasons. First,
as discussed in Section 1.4.5, A’ and B’ presertateadvantages over traditional measures
such as percent correct and number of correct nsgso especially in the presence of response
biases. Second, unlike d’ afdneasures, A’ and B’ do not assume normal distiobuand equal
variances in the responses. This is particularjyartant because the pilot data of the current
study did not appear to be normally distributechveitjual variances.

A’ and B’ were calculated using the following forfaa:

Let H = Hit Rate (%), and F = False Alarm Rate (%).

Then, A’=0.5 + (H-F)(1+H-F) / [4H(1-F)], if b F, or

A’ = 0.5 + (F-H)(1+F-H) / [4F(1-H)], if H< F (Grier, 1971);
and B’ =H(1-H)/[F(1-F)]-1,ifH1-F, or

B' = 1 — F(1-F) / [H(1-H)], if H< 1 — F (Hodos, 1970).

In order to determine whether native listeners aftGnese could use amplitude envelope

alone to differentiate level tones from contourdsneach Cantonese participant’s average A’
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measures for the pairs involving a level tone acdraour tone in Condition One were compared
with the theoretical chance level. Lastly, in orttedetermine whether native listeners of
Cantonese could use amplitude envelope cue aladiffecentiate low tone from high tones,
each Cantonese participant’s average A’ measurdbld@airs involving tones of similar
contours but different height in Condition One weoenpared with the theoretical chance level.
For a detailed item analysis of the current torsernination experiment, the thirty-six
tone pairs used in the experiment were divided fioto mutually exclusive groups as follows:
1. the sixSame pairs;
2. the six pairs consisting of tones with similar @ars but different height (SCDH Pairs);
3. the twelve pairs consisting of tones with differeattours but same height (DCSH Pairs);
4. the twelve pairs consisting of tones of differeomtours and different height (DCDH
Pairs).
This grouping was based on the contour and théwvelaeight of the amplitude envelopes of the
two tones within each tone pair. A complete listhadse four categories of tone pair types is
included in Appendix Four. Each participant’s p@tosorrect measures, A’ measures, B’
measures and reaction time measures for each @duhéone pair types produced by each of the
two talkers with each of the two carrier syllablegach of the two conditions were computed.
The reaction time measures of the two groups dfgiaants were analyzed using a mixed
design ANOVA with repeated measures on 2 conditioAgalkers x 2 carrier syllables x 4 tone
pair types for main effects of group, experimegtaidition, talker, carrier syllable and tone pair
type, and interactions among these factors.
If the B’ measures indicate a perceptual biastimer group of participants, the A’

measures of the two groups of participants wouldrmdyzed using a mixed design ANOVA
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with repeated measures on 2 conditions x 2 tabk@rsarrier syllables x 4 tone pair types. If the
B’ measures indicate no perceptual bias in eithen of participants, the percent correct
measures of the two groups would be used instetlteoh’ measures in the mixed design
ANOVA with repeated measures on 2 conditions Xi&ta x 2 carrier syllables x 4 tone pair
types. As discussed in Section 1.4.5, in the aleseha perceptual bias, A’ measures and percent
correct measures would be equally appropriate nessi tone discrimination accuracy. Due to
their computation simplicity and ease of interptieta percent correct measures would replace
A’ measures for the detailed item analysis if theri@asures indicate no perceptual bias in either
group of participants.

Finally, the relative contribution of the contoundathe height of amplitude envelope to
Cantonese tone discrimination using amplitude epeeivas determined using two different
methods. The first method was based on the detiddedanalysis of the above-mentioned four
tone pair types. As mentioned in Section 2.4 abthexe were two conditions in the current tone
discrimination experiment. In Condition One, thegoral amplitude or intensity level of each of
the processed tone was preserved. Thus, the pgakuata of each processed tone was kept the
same as that of the original natural tone tokeedas which the processed tone was generated.
In Condition Two, the peak amplitude of each preedsone was equalized to the grand mean
peak amplitude of all the forty-eight processede®im order to eliminate the peak amplitude
differences among the six Cantonese tones. Thi@@pmdition Two, the contribution of the
relative height of amplitude envelope to Cantortese discrimination was eliminated, and the
results from Condition Two would reveal the indeghemt contribution of the contours of the

amplitude envelopes to Cantonese tone discriminabivaddition, the comparison of the results
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from both conditions would help determine the inelggent contribution of the relative height of
amplitude envelope to Cantonese tone perception.

The second method was based on the SPSS-19 mudigrkession analysis. It would
guantitatively correlate the thirty Cantonese pgrtints’ discrimination results (i.e., the percent
correct measures or A’ measures) in Condition Oitle tlve three types of acoustical indices (i.e.,
the FO-AE covariability indices, the AE height @ifénce indices and AE contour similarity
indices). The results of this multiple regressioalgsis would reveal, in quantitative terms, the
relative contributions of the FO-AE covariabilithe contour and the height of amplitude

envelope to Cantonese tone discrimination usingitudp envelope alone.

2.5.3 Analysis of the Survey and the Tone Identifation Test

The participants’ responses to the brief surveahaiend of the current tone
discrimination experiment were grouped into meafuhgategories of similar responses. The
participants’ performance in the tone identificattest at the end of the current tone
discrimination experiment was analyzed in termmdividual average percent correct, group
average percent correct, and standard deviatidresindividual percent correct measures from
this tone identification test were compared withsén of the tone discrimination experiment

using the SPSS-19 linear regression analysis.
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3. Results
3.1 Acoustical Analysis
3.1.1 FO Contours and Amplitude Envelopes of the @#onese Tones

The female talker’s average FO contour and amierelope for each tone produced
with each carrier syllable were highly correlateithvthose of the male talker according to the
SPSS-19 quadratic regression analysis (r= 92%,@0€Q). Therefore, the two talkers’ FO
contour and amplitude envelope for each tone typdyced with each carrier syllable were
combined for further analysis, as displayed in Feg®L A visual inspection of Figure 8 suggested
that the amplitude envelopes produced with the//sydiable exhibited a significantly wider
amplitude range than those produced with the lj@bie. That is, the amplitude range spanned
from 45.5 to 78 dBSPL for the tones produced with /ivai/ syllable, but only from 47 to 73.5
dBSPL for those produced with the /ji/ syllable cmtrast, the FO contours produced with the
/wail/ syllable did not show a wider FO range thamse produced with the /ji/ syllable. The FO
range was between 107 and 220 Hz for the tonesupeadwith the /wai/ syllable, and between

106 and 230 Hz for those produced with the /jilagye.
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Figure 8. Amplitude envelopes and FO contoursarit@nese tones produced with the syllable

/jil or /wai/ in isolation. Each tone was dividedao 20 equal time frames. The root-mean-

square (RMS) amplitude and mean FO within each fiamee was averaged across 20 tone

tokens produced by one male talker and one feratdert

The correlation between the FO contour and the i&undel envelope of each tone

produced by each talker with each carrier syllatds measured using the SPSS-19 quadratic
regression analysis discussed in Section 2.5.1FOR&E correlation coefficient r for each tone
type produced by each talker with each carrieabd is displayed in Table 4. These FO-AE

correlation coefficients measures were higher thase reported in previous studies (e.g., Fu et

al., 2000; Kuo et al., 2007; Zhou, 2010). Previsusglies used a linear regression to measure the
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FO-AE correlation and significantly under-estimatied FO-AE correlation because the

amplitude envelopes and FO contours resembled guadurves more than straight lines.

Tone Talker Carrier Syllable r r-squared
Female ljil 0.96 0.92
. : wai/ 0.97 0.94
Tone 1 (High Falling) Male Jjil 0.91 0.83
Iwail 0.94 0.88
Female ljil 0.91 0.83
. - Iwai/ 0.90 0.81
Tone 2 (High Rising) Male Jiil 0.86 0.74
Iwail 0.89 0.79
Female ljil 0.89 0.79
. Iwail 0.86 0.74
Tone 3 (Upper Middle Level) Male liil 0.85 072
/wai/ 0.84 0.71
Female ljil 0.96 0.92
. Iwail 0.96 0.92
Tone 4 (Low Falling) Male Jjil 0.93 0.86
Iwail 0.94 0.88
Female ljil 0.92 0.85
. Iwai/ 0.92 0.85
Tone 5 (Low Rising) Male Jiil 0.89 0.79
Iwail 0.91 0.83
Female ljil 0.83 0.69
. Iwail 0.89 0.79
Tone 6 (Lower Middle Level) Male Jiil 087 076
/wai/ 0.89 0.79

Table 4. Quadratic correlation coefficients betwdenF0 contour and the amplitude envelope of
each Cantonese tone produced in isolation witlcéneer syllable /ji/ or /wai/ by a male talker
and a female talker.

As mentioned in Section 2.4 above, the six tonesymoduced by each talker with each
carrier syllable were arranged into thirty-six tquears, totaling 144 tone pairs for the
discrimination experiment (i.e., 36 tone pairs tatkers x 2 carriersfor each of these 144 tone
pairs, arFO0-AE covariability index was estimated by averaging the FO-AE correlation
coefficients of the two tones in each pair. Formegke, the FO-AE correlation coefficient of Tone

1 produced by the male talker with the carrieragy# /ji/ and that of the corresponding Tone 2

were averaged to derive the FO-AE covariabilityexdor the pair of Tone 1 vs. Tone 2. The FO-
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AE covariability indices of these 144 thirty-sixigaranged from 0.83 to 0.97, with a grand

mean of 0.91 and a standard deviation of 0.3]@strihted in Figure 9.

N =144, Mean = 0.90, SD = 0.03, Max = 0.97, Min = 0.83

08 088 090 092 094 0986

FO-AE Covariability Indices

[ (2]
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Figure 9.Histogram of the 144 FO-AE covariability indices

The 144 FO-AE covariability indices were subseglyambrmalized using arcsine-
transformation for further statistical analysisplarticular, the 144 arcsine-transformed FO-AE
covariability indices were analyzed using a 2 @ath x 2 (carriers) ANOVA. The main effects
of talker and carrier syllable were statisticailyrsficant as displayed in Table 5. Overall, the
tones produced by the male talker yielded signifilgghigher FO-AE covariability indices (mean
= 0.93; SD = 0.03) than those produced by the fertedker (mean = 0.89; SD = 0.02), and the

tones produced with the /wai/ syllable yielded gigantly higher FO-AE covariability indices
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(mean = 0.91; SD = 0.02) than those produced byjitteyllable (mean = 0.90; SD = 0.02). The

interaction between talker and carrier syllablemit reach statistical significance, as illustrated

in Table 5.
Factors SS DF MS F p-value, Power
Talker 0.02 1 0.02 75.88 | <0.001| 0.99
Carrier 0.01 1 0.01 2563 | <0.001| 0.99
Talker x Carrier 0.01 1 0.01 3.39 0.074 | 0.99

Table 5. Effects of talker and carrier syllabletba FO-AE covariability indices.

3.1.2 Acoustical Distance Indices

As defined in Section 2.5.1.2, the acoustical distandices consisted of AE contour
similarity indices and AE height difference indic&fie AE contour similarity index of a tone
pair measured the acoustical similarity betweenABeontours of the two tones within the tone
pair. It was calculated by correlating, time frabyetime frame as illustrated in Figure 8 and
Appendix 5, the amplitude envelopes of the two songhin a pair using the SPSS-19 quadratic
correlation method. The AE contour similarity inelicfor the thirty-six tone pairs produced by
the two talkers ranged from -0.54 to 1, with a grarean of 0.48 and standard deviation of 0.56,
as illustrated in Figure 10. The AE contour siniilaindices were the highest for tisame pairs
(i.e., close or equal to 1.0), slightly lower fbetpairs consisting of two tones with similar
contours but different height (i.e., ~ 0.95), ahd lbwest for pairs consisting of a falling tone

and a rising tone. These data will be further dbedrin the next paragraph.
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N = 144, Mean = 0.5, SD= 0.6, Max = 1.0, Min = -0.5

# of Observations

Figure 10. Histogram of the 144 AE Contour Simthathdices

The AE contour similarity index for each tone gaioduced by each talker with each
carrier syllable was normalized using arcsine-fi@mnsation before further statistical analyses.
The AE contour similarity indices of the tone pagireduced by the male talker were then
compared with those produced by the female talkergua 2 (talkers) x 2 (carriers) ANOVA.
The main effects of talker and carrier syllable evstatistically significant as displayed in Table
6. Overall, the tones produced by the male talkedgd significantly higher AE contour
similarity indices (mean = 0.50; SD = 0.52) thaosth produced by the female talker (mean =
0.42; SD = 0.59), and the tones produced withwa/ syllable yielded significantly higher AE
contour similarity indices (mean = 0.53; SD = 0.88n those produced with the /ji/ syllable

(mean = 0.40; SD = 0.59). The interaction betweadket and carrier syllable was also
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significant. That is, the above-mentioned carndiable effect was greater for the male talker
(means = 0.59 for /wai/ and 0.45 for /ji/) than foe female talker (means = 0.50 for /wai/ and
0.39 for /ji/), as indicated by the effect size sw&d by Cohen’s d (0.27 for the male talker, and

0.17 for the female talker).

Factors SS DF MS F p-value, Power

Talker 0.84 1 0.84 34 <0.001| 0.99

Carrier 7.86 1 7.86 10 0.003| 0.87
Talker x Carrier 0.86 1 0.86 23 <0.001| 0.99

Table 6. Effects of talker and carrier syllabletba AE contour similarity indices.

On the other hand, the AE height difference indiex tone pair was computed as the
peak amplitude difference (in dBSPL) between the tones within the pair, and thus measured
the acoustical distance between the two tonegmnstef the relative height of their amplitude
envelopes. The AE height difference indices fortthigy-six tone pairs produced by the two
talkers ranged from 0.06 to 6.46 dBSPL, with a drarean of 2.5 dBSPL and standard deviation
of 1.9, as illustrated in Figure 11 and AppendiXbe AE height difference indices were the
lowest for theSame pairs (i.e., close or equal to 0), slightly higfarthe pairs consisting of
tones with different contours but similar heightgdahe highest for the remaining two categories
of tone pairs (i.e., pairs involving tones with dancontours but different height, and pairs

consisting of tones with different contours andedé#nt height).
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Figure 11. Histogram of the 144 AE Height Differerladices

The AE height difference indices of the tones poatliwith each carrier syllable by the
male talker were arcsine-transformed and then coadpaith those produced by the female
talker using a 2 (talkers) x 2 (carriers) ANOVA.€lmain effects of talker and carrier syllable
were statistically significant as displayed in T@Bl Overall, the tones produced by the male
talker yielded significantly higher AE height difésnce indices (mean = 2.61; SD = 2) than those
produced by the female talker (mean = 2.44; SD88)1and the tones produced with the /wai/
syllable yielded significantly higher AE height fdifence indices (mean = 2.79; SD = 1.95) than
those produced with the /ji/ syllable (mean = &B; = 1.8). The interaction between talker and

carrier syllable did not reach statistical sigrafice. That is, the above-mentioned carrier syllable
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effect was greater for the male talker (means ¥ B/wai/ and 2.25 for /ji/) than for the female
talker (means = 2.56 for /wai/ and 2.25 for /j@3, indicated by the effect size measured by

Cohen’s d (0.31 for the male talker, and 0.16 lierfemale talker).

SS DF MS F p-value| Power
Talker 0.18 1 0.18 23 <0.001| 0.99
Carrier 0.56 1 0.56 15 <0.001| 0.96
Talker x Carrier 0.02 1 0.02 27 <0.001| 0.99

Table 7. Effects of talker and carrier syllabletba AE height difference indices.

3.2 Results from the Discrimination Experiment
3.2.1 Overview of B’ Measures

The thirty Cantonese participants’ individual B’ aseres for Condition One (i.e., stimuli
with original amplitude) ranged from -0.09 to 0.Ahd those of the English group varied from -
0.05 to 0.32. The group average and standard dmviatre 0.02 and 0.06 respectively for the
Cantonese, and 0.01 and 0.06 for the Englishlusdriited in Figure 12. Neither group’s average
B’ measure was statistically different from @4t=-1.62 and p = 0.11 for the Cantonese group;
tog) = 0.14 and p = 0.27 for the English group). As tieered in Section 1.4.6, the theoretically
possible range of B’ measures spans from -1 taith, indicating no perceptual bias, -1
suggesting extreme bias in favor of Bane pairs, and + 1 meaning maximum bias for the
Different pairs. Thus, neither the Cantonese group nor tigigh group demonstrated
statistically significant bias in Condition Onetb& current tone discrimination using amplitude

envelope alone.
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Figure 12. B’ measures for the tone discriminatismg amplitude envelope (0 = no perceptual
bias; -1 = maximum bias in favor 88me pairs; + 1 = maximum bias f@ifferent pairs)

The thirty Cantonese participants’ individual B’ aserres for Condition Two (i.e., stimuli
with equalized peak amplitude) ranged from 0.1Q.42, and those of the English group varied
from -0.18 to 0.33, as illustrated in Figure 12eTroup average and standard deviation were
0.25 and 0.11 respectively for the Cantonese, @2 -and 0.10 for the English. A 2 (conditions)
X 2 (groups) repeated measures ANOVA indicatedttieB’ measures in Condition Two were
significantly worse than those in Condition Onedaher group as shown in Table 8. However,

these results did not necessarily suggest thabtieediscrimination in Condition Two was more
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biased in Condition One. As mentioned in Secti@h the stimuli in Condition Two had been
equalized with respect to their peak amplitude lleated hence the peak amplitude differences
among the six Cantonese tones had been removeshihitn Two. Thus, somBifferent pairs
in Condition One (e.g., the pairs consisting of tawes with similar contours but different
height) might sound more likéame pairs in Condition Two, as illustrated in Figure TBis
factor was not taken into account in the computatibthe B’ measures in Condition Two in
order to maintain consistency in the computatioB’aheasures across conditions. Thus, the
worse B’ measures in Condition Two should probdigdynterpreted as a negative effect of the
removal of the peak amplitude differences amongth€antonese tones on the current tone

discrimination using amplitude envelope.

Factors SS DF MS F p-value, Power
Group 0.44 1 0.44 107 | <0.001| 0.97
Condition 0.42 1 0.42 37 <0.001| 0.95
Group x Condition, 0.81 1 0.81 165 | <0.001| 0.94

Table 8. Effects of language group and experimeraatiition on the B’ measures.
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Figure 13. Amplitude envelopes of Tone 2 (High Rggiand Tone 5 (Low Rising) produced by
the female talker with the carrier syllable /wdihe peak amplitudes of both tones have been
equalized.
3.2.2 Overview of A’ Measures

Each participant’s A’ measure for Condition One.(istimuli with original amplitude) is
displayed in Figure 14. These A’ measures rangad §.86 to 0.95 among the Cantonese
participants, and from 0.59 to 0.91 among the Bhgbarticipants, with the possible range going
from 0.5 (chance level) to 1 (perfect discriminajiol he group average and standard deviation
were 0.9 and 0.03 respectively for the Cantonesepgrand 0.7 and 0.09 for the English group.
A one-way ANOVA suggested that the Cantonese goutperformed the English group{fss)
=143.72; p < 0.001). However, each group’s A’ noeasn Condition One was significantly
above the chance level of 0.5 (Cantonese greup=t78.6 and p < 0.001; English groupgt =

12.9 and p < 0.001).
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Figure 14. The sixty participants’ A’ measures ion@ition One of tone discrimination using
amplitude envelope (chance = 0.5; perfect discratiom = 1).
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The thirty Cantonese participants’ individual A’ asaires for Condition Two (i.e.,

stimuli with equalized peak amplitude) ranged fro:81 to 0.88, and those of the thirty English

participants from 0.55 to 0.84, as illustrated igufe 15. The group mean and standard deviation

were 0.84 and 0.03 respectively for the Cantonesapg and 0.65 and 0.08 for the English

group. A 2 (conditions) x 2 (groups) repeated mezsANOVA suggested that both groups

performed significantly better in Condition Onertha Condition Two, and the Cantonese group

outperformed the English group in both conditiaasshown in Table 9.
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Figure 15. A’ measures for tone discrimination gsimplitude envelope (0.5 = chance level; 1

= perfection)
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Factors SS D MS F p-value, Power
Group 0.44 1 0.44 107 | <0.001| 0.97
Condition 0.42 1 0.42 37 <0.001| 0.95
Group x Condition| 0.81 1 0.81 165 | <0.001| 0.98

Table 9. Effects of language group and experimeaaatlition on the A’ measures for tone

discrimination using amplitude envelope.

3.2.3 Overview of Reaction Time Measures

The thirty Cantonese participants’ individual awgraeaction time measures in

Condition One (i.e., stimuli with original amplitefiranged from 276 to 369 ms, and those of the

thirty English participants from 261 to 475 ms amdime English participants, as illustrated in

Figure 16. The group average and standard deviatava 328 ms and 68 ms respectively for the

Cantonese group, and 375 and 80 ms for the Engiialp. A one-way ANOVA suggested that

the Cantonese group’s grand mean reaction timeureass significantly shorter than that of

the English group (It ssy= 7.93; p < 0.007).
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Figure 16. Reaction time measures for the toneidigtation using amplitude envelope

The thirty Cantonese participants’ individual aggraeaction time measures in
Condition Two (i.e., stimuli with equalized peak@itude) ranged from 339 to 444 ms, and
those of the English participants varied from 3®5%0 ms, as illustrated in Figure 16. The
grand mean and standard deviation were 401 ms hntstespectively for the Cantonese group,
and 442 and 83 for the English group. A 2 (condigjax 2 (groups) repeated measures ANOVA
of the sixty participants’ individual average reanttime measures for Condition One and
Condition Two suggested that both groups respofetdr in Condition One than in Condition

Two, and the Cantonese group was consistentlyrfésta the English group in both conditions.
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Effect SS DF MS F p-value| Power
Group 0.02 1 0.02 76 <0.001| 0.97
Condition 0.01 1 0.01 26 <0.001| o0.61
Talker x Carrier 0.01 1 0.01 19 <0.001| 0.41

Table 10. Effects of language group and experini@otadition on reaction time measures for tone
discrimination using amplitude envelope.

Thus, the repeated measures ANOVA of the sixtyi@pants’ individual average
reaction time measures and A’ measures for Comd@oe and Condition Two exhibited similar
patterns. That is, the sixty participants performexte accurately and faster in Condition One
than in Condition Two, and the Cantonese groupertpmed the English group in both
conditions in terms of accuracy and speed. In ai@euantify the correlation between the
reaction time measures and the A’ measures, tiye gaxticipants’ individual average A’
measures in Condition One and Condition Two werapared with their corresponding reaction
time measures using the SPSS-19 linear regressaiysés. The correlation coefficient was -
0.68 and was statistically significant{§y= 101.93; p < 0.001). Thus, the A" measures were
fairly well correlated with the reaction time meessiin the current tone discrimination

experiment.

3.2.3 Pairs Involving a Level Tone and a Contour Tioe in Condition One

Each participant’s A’ measure for the pairs involya level tone and a contour tone in
Condition One (i.e., stimuli with original ampliteafilwas also computed. These A’ measures
ranged from 0.79 to 0.93 among the Cantonese pmamits, and from 0.56 to 0.91 among the
English participants, as illustrated in Figure Tie group average and standard deviation were
0.87 and 0.05 respectively for the Cantonese, attldand 0.09 for the English. A one-way

ANOVA suggested that the Cantonese group’s avehageeasure was significantly higher than
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that of the English group ({sg)= 107.96; p < 0.001). However, each group’s averlg
measure was significantly above the chance level®{Cantonese groug:d¢f = 43.4; p < 0.001;

English group: gy = 10.97; p < 0.001).
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Figure 17. Discrimination of the pairs involvindewel tone and a contour tone (LC Pairs), and
the pairs consisting of two tones with similar @ans but different height (SCDH pairs) in
Condition One (A’ of 0.5 = chance; 1 = perfect distnation)
3.2.4 Tones with Similar Contours but Different Heght in Condition One

Each participant’s A’ measure for the pairs invotytwo tones with similar contours but
different height in Condition One (i.e., stimulitioriginal amplitude) was also computed.

These A’ measures ranged from 0.76 to 0.93 aman@#ntonese participants, and from 0.55 to
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0.89 among the English participants. The groupageand standard deviation were 0.86 and
0.05 respectively for the Cantonese, and 0.67 0®Ifor the English, as illustrated in Figure 17.
A one-way ANOVA suggested that the Cantonese gogEnd mean A’ measure was
significantly higher than that of the English graifp, ss)= 115.83; p < 0.001). However, each
group’s A’ measure was significantly above the dealevel of 0.5 (Cantonese groupgt =

41.42; p < 0.001; English groupigy = 10.04; p < 0.001).

3.2.5 Detailed Item Analysis
3.2.5.1 Overview

As described in Section 3.2.1, the B’ measurgbh@turrent tone discrimination
experiment indicated no perceptual bias in favaeithfer theDifferent pairs orSame pairs
among the sixty participants. In the absence afgqgeual bias, A’ measures and percent correct
measures would be equally appropriate measuresefdiscrimination accuracy in the current
experiment, as discussed in Section 1.4.5 above t®their computation simplicity and ease of
interpretation, percent correct measures were unsénils detailed item analysis.

Each participant’s percent correct measures ation time measure for each of the
four tone pair types produced by each of the tWeta with each of the two carrier syllables in
each of the two conditions were computed, yieldBgercent correct measures and 32 reaction
time measures per participant, and a total of J##0ent correct measures and 1920 reaction
time measures. The 960 percent correct measuf@sndition One (i.e., stimuli with original
amplitude) ranged from 0.75 to 0.93 among the Gaade participants, and from 0.29 to 0.97
among the English participants. The grand mearstarttlard deviation in Condition One were

respectively 0.84 and 0.18 for the Cantonese grangh0.67 and 0.17 for the English group. In
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Condition Two (i.e., stimuli with equalized peak@itude), the percent correct measures ranged
from 0.01 to 0.93 among the Cantonese participanis$,from 0.22 to 0.9 among the English
participants. The mean and standard deviation imd@ion Two were respectively 0.57 and 0.16

for the Cantonese group, and 0.41 and 0.15 foEtigdish group, as illustrated in Figure 18.
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Figure 18. Cantonese (C) and English (E) Parti¢gdddscrimination of four different types of
tone pairs in Condition One and Condition Two
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The 1920 percent correct measures were arcsingforamed and then analyzed using a 2
(groups) x 2 (conditions) x 2 (talkers) x 2 (carsgllables) x 4 (tone pair types) repeated
measures ANOVA, and the results are displayed bieTal. The talker effect was the only main
effect that did not reach statistical significan@ed the interaction between talker and other
factors were also statistically insignificant. Tieenaining main effects were all statistically
significant, and the majority of the interactiomsang these remaining factors were also
statistically significant. The details of the sigrant main effects and important interactions will

be discussed in the next section.
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Factors SS DF MS F p-value Power

group 17.99 1 17.99 | 2432 <0.001 1.00
condition 0.01 1 0.01 9 0.005 0.83
talker 0.00 1 0.00 3 0.080 0.42
carrier 465| 1 4.65 | 4109 < 0.001 1.00
tonetype 40.63 3 13.54 106 <0.001 1.00
group*condition 0.06 1 0.06 37 <0.001 1.00
group*talker 0.00 1 0.00 0 0.943 0.05
condition*talker 0.00 1 0.00 0 0.760 0.06
group*carrier 4.62 1 4.62 | 2906 <0.001 1.00
condition*carrier 0.03 1 0.03 26 <0.001 0.99
talker*carrier 0.00 1 0.00 2 0.176 0.27
group*tonetype 12.89 | 3 4.30 | 1724 <0.001 1.00
condition*tonetype 0.02 3 0.01 5 0.003 0.91
talker*tonetype 0.02 3 0.01 5 0.073 0.40
carrier*tonetype 1460 | 3 4.87 | 2608 < 0.001 1.00
group*condition*talker 0.00 1 0.00 3 0.099 0.38
group*condition*carrier 0.04 1 0.04 27 <0.001 0.99
group*talker*carrier 0.00 1 0.00 1 0.361 0.15
condition*talker*carrier 0.00 1 0.00 0 0.832 0.06
group*condition*tonetype 0.01 3 0.00 2 0.094 0.54
group*talker*tonetype 0.00 3 0.00 1 0.649 0.16
condition*talker*tonetype 0.01 3 0.00 2 0.068 0.59
group*carrier*tonetype 11.80 | 3 3.93 | 2519 < 0.001 1.00
condition*carrier*tonetype 0.00 3 0.00 1 0.260 0.35
talker*carrier*tonetype 0.01 3 0.00 2 0.074 0.58
group*conditionion*talker*carrier 0.00 1 0.00 4 0.056 0.49
group*conditionion*talker*tonetype 0.01 3 0.00 1 0.300 0.32
group*condition*carrier*tonetype 0.03 3 0.01 11 <0.001 0.99
group*talker*carrier*tonetype 0.00 3 0.00 1 0.617 0.17
condition*talker*carrier*tonetype 0.01 3 0.00 3 0.072 0.44
group*condition*talker*carrier*tonetype 0.00 3 0.00 1 0.377 0.27

Table 11. Effects of language group, experimeraaddion, talker, carrier syllable and tone pair
type on the percent correct measures of tone diswation using amplitude envelope.
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Figure 19. Cantonese (C) and English (E) Parti¢ggdddiscrimination of four different types of
tone pairs in Condition One and Condition Two
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As illustrated in Figure 19, the 1920 reaction timeasures ranged from 171 to 579 ms
among the Cantonese participants, and from 152@ams among the English participants. The
mean and standard deviation were 369 and 79 faCamtonese group, and 417 and 109 for the
English group. The 1920 reaction time measures aiseanalyzed using a 2 (groups) x 2
(conditions) x 2 (talkers) x 2 (carrier syllables} (tone pair types) repeated measures ANOVA,
and the results are displayed in Table 12. Thestadkfect was the only main effect that did not
reach statistical significance, and the interachietween talker and other factors were also
statistically insignificant. The remaining mainexfts were statistically significant, and the
majority of the interactions among these remairfiaugors were also statistically significant. The
details of the significant main effects and impottateractions will be discussed in the next

section.
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Factors SS DF MS F p-value | power

group 2830000 1 2830000 | 1743 <0.001 1.00
condition 4976 1 4976 7 0.015 0.66
talker 2557 1 2557 4 0.071 0.50
carrier 833000 1 833000 | 1043 <0.001 1.00
tonetype 1350000 3 451000 8 <0.001 1.00
group*condition 31400 1 31400 23 <0.001 0.99
group*talker 69 1 69 0 0.813 0.05
condition*talker 98 1 98 0 0.779 0.12
group*carrier 215000 | 1 215000 174 < 0.001 1.00
condition*carrier 24500 1 24500 16 <0.001 0.92
talker*carrier 1939 1 1939 2 0.190 0.19
group*tonetype 1530000 3 509000 377 <0.001 1.00
condition*tonetype 8481 3 2827 3 0.034 0.56
talker*tonetype 15700 3 5239 5 0.072 0.40
carrier*tonetype 774000 | 3 258000 208 < 0.001 1.00
group*condition*talker 2402 1 2402 3 0.123 0.26
group*condition*carrier 22200 1 22200 18 <0.001 0.99
group*talker*carrier 544 1 544 1 0.467 0.35
condition*talker*carrier 801 1 801 1 0.258 0.15
group*condition*tonetype 4099 3 1366 1 0.308 0.24
group*talker*tonetype 1635 3 545 0 0.761 0.11
condition*talker*tonetype 11000 3 3682 4 0.071 0.41
group*carrier*tonetype 679000 | 3 226000 186 < 0.001 1.00
condition*carrier*tonetype 1669 3 556 1 0.646 0.22
talker*carrier*tonetype 6729 3 2243 2 0.128 0.45
group*conditionion*talker*carrier 2633 1 2633 3 0.123 0.34
group*conditionion*talker*tonetype 5692 3 1897 1 0.251 0.31
group*condition*carrier*tonetype 23700 3 7914 8 < 0.001 0.88
group*talker*carrier*tonetype 1930 3 643 1 0.658 0.08
condition*talker*carrier*tonetype 8700 3 2900 3 0.082 0.34
group*condition*talker*carrier*tonetype 4030 3 1343 1 0.393 0.08

Table 12. Effects of language group, experimerdaddion, talker, carrier syllable and tone pair
type on the reaction time measures of the toneidistation using amplitude envelope.

Thus, the repeated measures ANOVA of the 192Gicgattme measures and the 1920
percent correct measures concurred to suggeshhgdlker effect did not reach statistical
significance but the main effects of group, comuditicarrier syllable and tone pair type were all
statistically significant. The 1920 percent cormagasures and the 1920 reaction time measures

were then compared using the SPSS-19 linear regnessalysis in order to quantify the
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correlation between the two types of measures.cbhelation coefficient was 0.76, and was
statistically significant (fr, 3s3sy= 11946; p < 0.001). Due to this high correlati@tween the
reaction time measures and the percent correcturesaghe following discussion will focus

more on percent correct measures

3.2.5.2 Main Effects of Group and Condition and the Interaction

The between-group differences in the percent comeasures and the reaction time
measures of the current tone discrimination expaninwvere both statistically significant as
illustrated in Tables 13 and 14{fss)= 2432 and p < 0.001 for percent correct measkyess)
= 1743 and p < 0.001 for reaction time). Thathg, Cantonese group was more accurate and
faster than the English group when the results footh conditions were combined, as shown in
Tables 13 and 14. The main effect of condition @las statistically significant (Fsg=9 and p
= 0.005 for percent correct measuresg;sg= 7 and p < 0.015 for reaction time). Thus, theysi
participants as a group were more accurate anerfess€Condition One (i.e., stimuli with original
amplitude) than in Condition Two (i.e., stimuli Wiequalized peak amplitude), as indicated in
Tables 13 and 14. The interaction between groupcandition was also statistically significant
for both the A’ and reaction time measureg gg = 37 and p < 0.001 for percent correct
measures; (r sgy= 23 and p < 0.001 for reaction time). That ith@ligh the Cantonese
participants were more accurate and faster thakmigéish participants in both conditions, the
between-group difference in accuracy and speed&dasged in Condition Two, as displayed in

Tables 13 and 14.
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Condition 1 | Condition 2 | 2 Conditions Combined
Cantonese Group 0.84 0.67 0.75
(0.18) (0.17) (0.04)
English Group 0.57 0.41 0.49
(0.16) (0.15) (0.15)
2 Groups Combined 0.69 0.54 0.62
(0.18) (0.17) (0.18)

Table 13. Group average percent correct measudestandard deviation (in parentheses) in
Conditions One and Two of tone discrimination usamgplitude envelope.

Condition 1 | Condition 2 | 2 Conditions Combined
Cantonese Group 328 401 364
(68) (71) (40)
English Group 375 442 408
(80) (84) (81)
2 Groups Combined 352 421 386
(68) (71) (69)

Table 14. Group average reaction time and stardiar@tion (in parentheses) in Conditions One
and Two of tone discrimination using amplitude dope.
3.2.5.3 Effect of Carrier Syllable and its Interacton with Group and Condition

The main effect of carrier syllable was statidhjcaignificant (F1, ssy= 4109 and p <
0.001 for percent correct measureg;sg = 1043 and p < 0.001 for reaction time). The earri
syllable /wai/ produced significantly faster andremaccurate responses than the carrier syllable
fji/, as shown in Figures 20 and 21. The interacbetween carrier syllable and group was also
statistically significant (fr, sy= 2906 and p < 0.001 for percent correct meas#iess = 174
and p < 0.001 for reaction time). That is, althotigh carrier syllable /wai/ produced
significantly more accurate and faster responsas tine carrier syllable /ji/ in both groups of
participants, the carrier syllable effect was mum@nounced in the Cantonese group than in the

English group as illustrated in Figures 20 and 21.
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condition in Cantonese tone discrimination usingknode envelope
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Figure 21. Effects of carrier syllable (in reacttome) and its interactions with group and
condition in Cantonese tone discrimination usingkode envelope

The interaction between carrier syllable and comdiwas also statistically significant
(F, s8= 26 and p < 0.001 for percent correct measuresgf= 16 and p < 0.001 for reaction
time). In other words, although the carrier syliahbai/ produced better results than the carrier
syllable /ji/ in both conditions, this carrier file effect was greater in Condition One (i.e.,

stimuli with original amplitude) than in Conditidrwo (i.e., stimuli with equalized peak
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amplitude), as indicated in Figures 20 and 21.li,aHte three-way interaction among carrier
syllable, group and condition was also significstatistically, but they did not seem to be
relevant to the research questions of the curtadiysTherefore they will not be discussed

further.

3.2.5.4 Effect of Tone Pair Types and its Interaatin with Group, Condition, and Carrier

The main effect of tone pair type was statisticalpnificant (ks, 177y= 106 and p < 0.001
for percent correct measureg Iz7y= 8 and p < 0.001 for reaction time). Tukey's HP&t hoc
tests were used for pairwise comparison of thegmercorrect measures for the four categories of
tone pairs. As illustrated in Figure 22, the pawmsasisting of tones with similar contours but
different height were discriminated with signifi¢tbrthe lowest accuracy, whereas the other
three types of tone pairs did not produce stasilyisignificant differences in discrimination
accuracy among themselves. Tukey’'s HDS post hog weere also used for pairwise comparison
of the reaction time measures for the four categoof tone pairs, and the results were parallel to
those of the percent correct measures as illugtratBigures 22 and 23. That is, the pairs
consisting of tones with similar contours but diffiet height were discriminated with
significantly the longest reaction time, whereas dkher three types of tone pairs did not yield

statistically significant differences in discrimtian accuracy among themselves.
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Figure 23. Effects of tone pair types (in reactiome) and interactions with language group,
experimental condition and carrier syllable in @areise tone discrimination

The interaction between tone pair type and groap statistically significant (§177)=
1724 and p < 0.001 for percent correct measures;4= 377 and p < 0.001 for reaction time).
Tukey’s HDS post hoc tests were used to comparpehfermance of the two groups for each of
the four categories of tone pairs. As indicate#ligures 22 and 23, although the Cantonese
group outperformed the English group for each aategf tone pairs, the performance gap

between the two groups was smaller for one cate@ery tones with similar contours but
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different height) than for the remaining three gatges. The theoretical implication of this result
will be discussed in Section 4.2.3.

The interaction between tone pair type and comlitvas also statistically significant
(Fz.177y= 5 and p = 0.003 for percent correct measurgsy#= 3 and p = 0.034 for reaction
time). Tukey's HDS tests were used to compareédbalts of the four categories of tone pairs in
each of the two conditions. In Condition One (istimuli with original amplitude), there was no
significant difference in percent correct measam®ng the four categories of tone pairs at the
alpha level of 0.05, as illustrated in Figures 8dl 22. In Condition Two (i.e., stimuli with
equalized peak amplitude), however, the pairs stingi of tones with similar contours but
different height were discriminated with signifitgrlower accuracy than the other three
categories of tone pairs, and the tones with diffecontours but similar height were
discriminated with lower accuracy than thamepairs, as illustrated in Figure 22. In terms of
reaction time (see Figure 23), the pairs consistirtgnes with different contours and different
height were discriminated with significantly shenteaction time than the other categories of
tone pairs in Condition One. In Condition Two, hee the pairs consisting of tones with
similar contours but different height were discmiatied with longer reaction time than the other
categories of tone pairs. The theoretical implaatf these findings will be discussed in Section
4.

The interaction between carrier syllable and tpaie type was also statistically
significant (k3 177y= 2608 and p < 0.001 for percent correct measkyesiz)= 208 and p <
0.001 for reaction time). Tukey's HDS tests weredu compare the results of the two carrier
syllables for each of the four categories of toagg With the carrier syllable /ji/, only the tane

with similar contours but different height weredtisinated with significantly lower accuracy
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than the other categories of tone pairs as showigure 22. With the carrier syllable /wai/,
however, the pairs involving tones with similar tmurs but different height and the pairs
consisting of tones of different contours but samheight were discriminated with significantly
lower accuracy than the other categories of toms.pa terms of reaction time (see Figure 23),
the tones with similar contours but different heiglere discriminated with longer reaction time
than the other categories of tone pairs with eitlaerier syllable as displayed in Figure 23.
Lastly, among all the three-way interactions imitad tone pair type, only the interaction
among tone types, carrier and group was signifistatistically (kz, 177y= 2519 and p < 0.001
for percent correct measureg; f77y= 186 and p < 0.001 for reaction time). Amongladl four-
way interactions involving tone types, only thesnaiction among tone pair type, carrier,
condition and group was significant statisticaf77y= 11 and p < 0.001 for percent correct
measures; E177y= 8 and p < 0.001 for reaction time). Howeversthateractions did not seem

to be relevant to the research questions of therustudy, and will not be discussed further.

3.3 Correlation between Tone Discrimination Resultaind the Three Acoustical Indices

Each Cantonese participant’s percent correct medsueach of the thirty-six tone pairs
produced by each talker with each carrier syllabl€ondition One (i.e., stimuli with original
amplitude) was computed. This yielded 144 percenect measures per participant, and a total
of 4320 percent correct measures for the thirtyt@ase participants. These 4320 percent
correct measures were then normalized using ttsnartransformation.

An SPSS-19 multiple regression analysis was usedrelate the Cantonese
participants’ 4320 percent correct measures in @iondOne with the three types of acoustical

indices described in Section 3.1 (i.e., the FO-Akatiability indices, the AE height difference
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indices, and the AE contour similarity indices)ngsthe. The coefficient of the correlation
between the FO-AE covariability and the Cantonestgipants’ percent correct measures in
Condition One was 0.06 when the other two acoustidéces were partialled out. This
coefficient was statistically significantfi9)= 27; p < 0.001), and thus the FO-AE covariability
indices accounted for 0.4% of the variance in that@nese participants’ tone discrimination
performance in Condition One.

The coefficient of the correlation between the Adight difference indices and the
Cantonese participants’ percent correct measurésimlition One was 0.28 when the other two
acoustical indices were partialled out. This coggfit was also statistically significani§io)= 7;

p < 0.001), and thus the AE height difference iadialone accounted for 8% of the variance in
the Cantonese participants’ tone discriminatiorigrarance in Condition One. The coefficient
of the correlation between the AE contour similaniidices and the Cantonese participants’
percent correct measures in Condition One was\WttEh the other two acoustical indices were
partialled out. This coefficient was also statisliig significant (f1319)= 7; p < 0.001), and thus
the AE contour similarity indices alone accounted32% of the variance in the Cantonese
participants’ tone discrimination performance inn@ion One.

Of all three acoustical factors examined, the ARtcor similarity indices accounted for
the most variance in the Cantonese participant€gme correct measures in Condition One, and
the AE height difference indices accounted fordeeond most variance. Combined together, the
AE height difference indices and the AE contourikinty indices accounted for 37% of
variance in the Cantonese participants’ tone disaation performance in Condition One when

the FO-AE covariability indices were partialled ot three acoustical indices together
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accounted for approximately 37.5% of the variamcthé Cantonese participants’ percent correct

measures in Condition One.

3.4 Results of the Survey and the Tone Identificain Test
3.4.1 Survey

All participants stated that Condition Two of themnt tone discrimination experiment
(i.e., stimuli with equalized peak amplitude) wasrendifficult than Condition One (i.e., stimuli
with original amplitude). The decision as to whethdone pair contained two identical or
different tones was reportedly easy and fairly clad in Condition One, but often difficult in
Condition Two. Even the participants who perfornaeound chance level in Condition One said
the decision was not difficult in Condition Onetlpauch more difficult in Condition Two.

Before the experiment, none of the sixty partictpdmew about the six-tone
classification of Cantonese tones. After the expent, forty of the participants (twenty-nine
native Cantonese speakers and eleven native Ersglesdkers) somewhat remembered the six-
tone classification, and stated that there wereféillimg tones, two rising tone, and two tones
that were neither falling nor rising. These eletamglish participants’ individual overall A’
measures for the current discrimination experimesre compared with those of the remaining
nineteen English participants using a one-way ANOVRAe between-group difference in A’
measures (0.75 — 0.62 = 0.13) was statisticallyiognt (R1, 25y = 157; p < 0.001).

Twenty-two participants (seventeen native Cantospsakers and five native English
speakers) even remembered the tdtatdone or level tone, and used them appropriately. As for
the low versus high tone dichotomy, fifteen papiits (twelve native Cantonese speakers and

three native English speakers) remembered the teighgone andlow tone, and described the
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high tones as being higher in louder, or more isg¢athan the low tones. Thus, some participants
from both language groups learned from the brigbduction to the six Cantonese tones during
the practice session.

For the forty participants who remembered the snetclassification, their decision as to
whether a tone pair presented in the current aisgation experiment contained two identical or
different tones was based on two criteria: the lsimty or difference in the slope of the tones
(i.e., falling, rising or neither), and the simitgror difference in the loudness or intensity leve
of the tones. As for the twenty participants wha ot remember all six Cantonese tones, five
native speakers of English said they just listeiodtie two tones within a pair carefully, and
then decided whether the two tones sounded diffenenot. The remaining fifteen participants
(one native speaker of Cantonese and fourteenengiwakers of English) reported that, to a
certain extent, they were able to pay attentioh¢ointensity and the rising or falling slope of a

tone, and then decide whether a tone pair contamedones of identical intensity and slope.

3.4.2 Identification of Natural Tones in Cantonese

As described in Section 2.4 aboeagch of the sixty participants in the current Caate
tone discrimination experiment was given a brieiiification test of naturally produced
Cantonese tones at the conclusion of the toneidlis@ation experiment. The Cantonese
participants were instructed to identify each @ tiaturally produced Cantonese tones on the
answer sheet (see Appendix Two). On the other tardEnglish listeners were instructed to
report on the answer sheet (see Appendix Threedheheach of the naturally produced

Cantonese tones sounded like a question or statefenpurpose of the identification test was
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to assess each participant’s ability to processrabtones in Cantonese (see Section 2.4 for
details).

Each Cantonese participant’s average percent ¢omeasure for the tone identification
test was provided in Figure 24. The measures rafiged0.79 to 0.94, with a group mean of
0.85 and a standard deviation of 0.04. The groupnmes significantly above the chance level
of 16.7% (fg) = 121; p < 0.001). These thirty Cantonese paditig tone identification scores
were compared with their tone discrimination scaneSondition One using the SPSS-19 linear
regression analysis. The correlation coefficie®aiBon’s r) was 0.69 and was statistically
significant (f2g) = 27; p < 0.001). Thus, the thirty Cantonese pidints’ tone identification

scores were fairly well correlated with their tatiscrimination scores.
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Participants

Figure 24. Thirty Cantonese participants’ perforogim tone identification (chance = 16.7%).

93



For the English participants, 83% of the syllahath a falling tone or a level tone were
identified as statements, whereas 89% of the dghabith a rising tone were recognized as
guestions. In order to derive a percent correatestay the English participants’ tone
identification performance, these identificatioritpens were operationally defined as correct
responses because they were consistent with Enggistody rules. That is, statements are
typically produced with a falling or level FO contpand questions are generally produced with
a rising FO contour. The operationally defined patcorrect measures for the thirty English
participants are illustrated in Figure 25. The nuees ranged from 0.69 to 0.95, with a group
mean of 0.86 and a standard deviation of 0.07.gfrbep mean was significantly above the
chance level of 50%¢£b) = 66; p < 0.001). The thirty English participartishe identification
scores were compared with their tone discriminasicores in Condition One using the SPSS-19
linear regression analysis. The correlation coeffic(Pearson’s r) was 0.38, and was
statistically significant (fr, 26y= 5; p= 0.039). Thus, the thirty English partioips tone

identification scores were somewhat correlated thi#ir tone discrimination scores.
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Figure 25. Thirty English participants’ performanocéone identification (chance = 50%).

4. Discussion
As mentioned in Section 1.5 above, this dissertatias designed to answer four specific
guestions:
(1) Can native listeners of Cantonese use the amplitugmvelope cue alone to
discriminate pairs of Cantonese tone contrasts?
a) More specifically, can native listeners of Car@ge use the amplitude envelope
cue alone to discriminate pairs of Cantonese tonérasts involving a level tone

and a contour tone?
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b) In addition, can native listeners of Cantonesethe amplitude envelope cue alone
to discriminate pairs of Cantonese tone contrastslving tones with similar
contours but different height as listed in Appenéour?

(2) Using the amplitude envelope cue alone, do nativisteners of Cantonese
discriminate

a) Cantonese tone contrasts in one carrier sylladtker than in the other?

b) some pairs of Cantonese tone contrasts betardthers?

If so, can the results be accounted for on theshzghe degree of FO-AE

covariability or other factors?

(3) Using the amplitude envelope cue alone, does ther@@anese group discriminate

Cantonese tone contrasts more accurately than thenglish group?

(4) What are the relative contributions of the contourand the height of amplitude
envelope to Cantonese tone perception using amplda envelope alone?

The answers to these research questions will loesisd below.

4.1 Cantonese Tone Discrimination using Amplitude &velope

As mentioned in the introduction, tone discriminattasks have not been used in
previously published studies on tone perceptiongiamplitude envelope. Thus, the current
experiment may be the first one to investigate tiserimination using amplitude envelope
alone, and any meaningful outcome from the custrdy would shed new light on tone
perception using amplitude envelope alone. As dsstin Section 3.2.1 above, all Cantonese
participants and 40% of the English participantshacurrent tone discrimination experiment

were able to use the amplitude envelope cue atwdestriminate pairs of Cantonese tone
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contrasts with significantly above-chance accurdéwt is, they were able to differentiate tones
with different contours, and distinguish low toriesm high tones (including tones with similar
contours but different height). This suggested #maplitude envelope alone provided a
sufficient cue for differentiating tones with difent contours, and tones with similar contours
but different height. This was a unique contribntad the current study to the research on the
role of amplitude envelope in tone perception beeaurevious studies (e.g., Fu & Zeng, 2000;
Kuo et al., 2008) focused on Mandarin which onlgditone contour to differentiate tones.

The current study also indicated that native spsad®eCantonese were able to use
amplitude envelope to discriminate Cantonese taritbssignificantly greater accuracy and
shorter reaction time than native speakers of Ehghs reviewed in Section 2.4.4 above,
previous studies (e.g., Lee et al., 1996) repdhatinative speakers of a tone language
discriminate tones in their native language bettan non-native speakers of that language due
to the use of both linguistic and acoustic processi the native speakers of the tone language,
but the use of only acoustic processing in the matn+e speakers of the tone language. Thus, the
superior performance of the Cantonese group cordgarte English group was likely to be
related to the phonemic status of tones in Cantoaed not in English. That is, the Cantonese
listeners may have used the phonemic tone categorigelp discriminate the tones.

Alternatively, one may argue that experience wothet in their native language may
have resulted in better loudness perception irCdrgonese listeners, and therefore gave the
Cantonese listeners some advantage over the fatglesh listeners. However, this alternative
explanation would have difficulties explaining atli@dings from the current experiment. As
described in Section 2.4 above, there were tworaxeeatal conditions in the current experiment.

In Condition One, the amplitude of each stimulusamed the same as that of the original
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natural tone based on which the stimulus had beaymthesized. In Condition Two, the peak
amplitude of all stimuli was equalized, which elraied the peak amplitude differences among
the six Cantonese tones. Thus, the tones whiclsinathr contours but different height in
Condition One became tones with similar contousegpal height in Condition Two due to the
removal of the peak amplitude differences amongikelifferent tones. An example of these
tones with similar contours amdual height in Condition Two was illustrated in Figur@ in
Section 3.2.1 above. Clearly, these tones hadagifilt not identical acoustics. If experience
with tones in their native language were to resulietter loudness/amplitude envelope
perception in the Cantonese listeners, they shioaNe been able to detect the difference
between tones such as Tone 2 (High Rising) vs. boh@w Rising) in Figure 13 with greater
accuracy than the English listeners, but they digtparformed with significantly lower
accuracy than the native English listeners astrtitesd in Figure 18 in Section 3.2.5.1 above. A
reasonable explanation for the Cantonese listepe’er performance came from the finding
from the post-experiment survey in the current giisge Section 3.4.1). That is, most Cantonese
listeners reported that they had used the phonemecategories in Cantonese to help
discriminate the tones in the current experiente dcoustic difference between tones such as
Tone 2 (High Rising) vs. Tone 5 (Low Rising) in &ig 13 had been reduced drastically as a
result of the peak amplitude equalization in CaondifTwo, and therefore the two tones were
perceived as two tone tokens belonging to the sanmeecategory in Condition Two. As for the
English listeners, they relied mainly on acoustiteda, and therefore were able to detect the
minute difference between tones such as Tone (Riging) vs. Tone 5 (Low Rising) in Figure

13 with greater accuracy than the Cantonese listgas displayed in Figure 18.
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In summary, the current study suggests that n&amgonese listeners used both
linguistic and acoustic cues for the current toisertmination using amplitude envelope,
whereas native English speakers relied mainly oustec cues. This is consistent with previous
studies on discrimination of naturally producede®ie.g., Lee et al., 1996). However, none of
the previously published studies on tone discritnimaused stimuli containing only the
amplitude envelope cue. Thus, the current studyasiakunique contribution to the research on
tone discrimination by revealing the role of amyd envelope in tone discrimination, and by
teasing apart the relative contribution of acoustid linguistic processing to tone perception

using amplitude envelope alone.

4.2 Acoustic Factors in Cantonese Tone Discriminath using Amplitude Envelope
4.2.1 FO-AE Covariability

Previous studies on tone perception using amplicimelope have reported that the
degree of FO-AE covariability is the most importéattor affecting tone perception using
amplitude envelope (e.g., Fu & Zeng, 2000). Thanisone perception using amplitude
envelope alone, a tone with an amplitude envelbaedosely resembles its FO contour would
be recognized with greater accuracy than a tonesevhmplitude envelope does not closely
resemble its FO contour (Fu & Zeng, 2000). Howesasrgiscussed in Section 1.4.3, a careful
examination of the previous studies on tone peraepitsing amplitude envelope revealed that
the perceptual patterns in these previous stuadiek aot be fully accounted for on the basis of
FO-AE covariability. Furthermore, as described @ct®n 3.1 above, the degree of FO-AE
covariability only accounted for 0.4% of the vagarn the current tone discrimination

experiment. Thus, the results in the current Caegertone discrimination using amplitude
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envelope could only be minimally accounted for lhg tlegree of FO-AE covariability in
Cantonese tones. This indicates that there mustiae variables that affected Cantonese tone

discrimination using amplitude envelope in the entrstudy.

4.2.2 Acoustical Distance Indices

As discussed in Section 2.5.1.2, the acoustic@hdce indices consisted of the AE height
difference index and the AE contour similarity ird&€hese acoustical distance indices
accounted for 37% of the variances in the curremé discrimination experiment. This is
consistent with findings from previously publish&ddies which suggested that tone contour and
tone height were important acoustic cues for Cagderione perception (e.g., Barry, 2004b;
Gandour, 1981 & 1983) as discussed in SectionHbvever, these previous studies did not use
stimuli containing amplitude envelope alone. Therefthe current study makes new
contribution to the research on tone discriminabgnmevealing the role of amplitude envelope
contour and height in tone discrimination, and bating the terms and conceptsaocbustical
distance indices, AE height difference indices andAE contour similarity indices. These terms
and concepts have never been discussed or examipegliously published studies on tone
perception using amplitude envelope (e.g., Fu &gZ@000; Kuo et al., 2008). Not only were
these terms created out of nomenclature necessitygithe current experiment, but their
relative contribution to the current Cantonese tdiserimination using amplitude envelope was

also investigated.
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4.2.3 Relative Contribution of the Acoustical Distace Indices to Cantonese Tone
Discrimination using Amplitude Envelope

As discussed in Section 1, Cantonese uses boghctmrtour and tone height for
phonemic contrasts (Fok, 1974; Yip, 2002). If atuale envelope alone can provide sufficient
acoustic cues for the perception of tone contodrtane height in Cantonese, it would be
reasonable to hypothesize that the contour of aungi@ienvelope provides an acoustic cue for the
perception of tone contour, and the relative heafl@mplitude envelope serve as an acoustic for
tone height. This hypothesis was tested empirigalthe current experiment which included two
experimental conditions. In Condition One, eachstus was presented with the original
amplitude (or intensity level) of the natural tdmesed on which the stimulus had been re-
synthesized. In Condition Two, the peak amplitublalisstimuli was equalized, which
eliminated the peak amplitude differences amongth€antonese tones. Thus, the role of
amplitude envelope in Cantonese tone discriminatias investigated in Condition One,
whereas the independent contribution of the contbamplitude envelope to Cantonese tone
discrimination was examined in Condition Two. Ihe&twords, the relative contribution of the
contour andheight of amplitude envelope to Cantonese tone discritiwnaould be teased
apart by comparing the results from the two coodgi This experimental design had not been
used or discussed in previous studies on tone jpgooeusing amplitude envelope (see Kuo et al.,
2008, for a review).

As described in Section 3.2 above, Condition Onoelgpced significantly better results
than Condition Two. Thus, the removal of the peaplktude differences among the six
Cantonese tones impeded Cantonese tone discriomnaing amplitude envelope. This was

true for both the Cantonese group and the Englishp Item analysis of both the Cantonese

101



group and the English group revealed that the pawnaving tones with similar contours but
different height were the most affected by the reahof the peak amplitude differences among
the six Cantonese tones as illustrated in FigurariBdescribed in Section 3.2.5. Thus, the
relative height of amplitude envelope is an indisgable cue for the perception of tone height in
Cantonese. This is consistent with findings frommMpyus studies which suggested that the tone
height cue was an indispensable cue for Cantoeseperception (e.g., Barry, 2004b; Gandour,
1981 & 1983). However, these previous studies diduse stimuli containing amplitude
envelope alone. Therefore, the current study makether unique contribution to the research
on tone discrimination by revealing the role of ditage envelope height in tone discrimination.

The discrimination of Cantonese tone contours veasfiected as much as by the
removal of the peak amplitude differences amongiba¢ones as described in Section 3.3 above.
Thus, the contour of amplitude envelope alone piedia fairly robust acoustic cue for the
discrimination of tone contour in Cantonese, inghesence or absence of the relative amplitude
height cue. This is a new finding given that tHatree amplitude envelope height had not been
controlled for in previously published researcht@me perception using amplitude envelope (e.g.,
Fu & Zeng, 2000; Kuo et al., 2008).

The relative contributions of the contour and hemffamplitude envelope to the current
Cantonese tone discrimination experiment were dfisshusing the SPSS-19 multiple
regression analysis. As described in Section 3tBe2¢contour of amplitude envelope contributed
more than the relative height of the amplitude &peto the current Cantonese tone
discrimination using amplitude envelope. This soah unique contribution of the current study

to the research on tone perception using ampliémgelope since the relative contributions of
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amplitude envelope height and contour had not beesstigated in previously published studies

on tone perception using amplitude envelope (seed{al., 2008, for a review).

4.2.4 Summary of the Acoustical Factors

In the current study, three acoustical variablashzeen identified to have significantly
contributed to Cantonese tone discrimination usimglitude envelope: the FO-AE covariability,
the contour of amplitude envelope, and the reldiright of amplitude envelope. Only the first
two of these variables (i.e., the FO-AE covariapiéind the contour of amplitude envelope) had
been investigated in previously published studieg (Kuo et al., 2008, for a review). In the
current study, not only were the three acoustiealbles investigated, but their relative
contributions to tone perception using amplitudeedope were also examined. That is,
amplitude envelope contour contributed the mosidatonese tone discrimination using
amplitude envelope, accounting for 32% of the vargain the current tone discrimination
experiment. Amplitude envelope height had the seéeoast contribution, accounting for 8% of
the variances when the amplitude envelope contagragntrolled for. The degree of FO-AE
covariability had the least, but statistically sfgrant contribution, accounting for 0.4% of the
variances. Together, the three factors accountedniy 37.5% of the variance in the current
Cantonese tone discrimination using amplitude epessland hence there should be other factors
in Cantonese tone perception using amplitude epeelm fact, as discussed in Section 4.1
above, there seemed to be linguistic variabletiffig Cantonese tone discrimination using

amplitude envelope.
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4.3 Linguistic Factors in Cantonese Tone Discrimin#on using Amplitude Envelope

As described in Section 3.2, carrier syllable tomk type seemed to affect Cantonese
tone discrimination using amplitude envelope. Tikathe carrier syllable /wai/ produced
significantly better results than the carrier dyiéa/ji/ in Cantonese participants, and some tone
pairs were discriminated with significantly greadéecuracy than others. Previous studies on tone
perception using amplitude envelope suggestedhkainderlying mechanism for these carrier
syllable effect and tone type effect was the degfdé-AE covariability (e.g., Fu & Zeng,

2000). That is, carrier syllables that producedsowith amplitude envelopes closely resembling
the FO contours would be recognized with greateuracy than carrier syllables that produced
tones with amplitude envelopes greatly deviatiogrfthe FO contours. Likewise, tone pairs
whose amplitude envelopes closely resembled theRtburs would be recognized with greater
accuracy than tone pairs that greatly deviated fifueri~0 contours. However, as described in
Section 4.2.1 above, the degree of FO-AE covartglmhly accounted for 0.4% of the variances
in the current tone discrimination experiment. T,ithe degree of FO-AE covariability could

only minimally account for the carrier syllable et and tone type effect in the current study.
The acoustical distance mechanism (i.e., the alcaligtistance indices) accounted for more but
not even half of the variance in the current toiser@mination experiment. Thus, there should be
other factors involved in Cantonese tone percepiging amplitude envelope.

Indeed, there was at least one linguistic fadtat seemed to constrain the acoustical
distance mechanism in the current Cantonese t@eemination experiment. This linguistic
factor appeared to be related categorical peraepfis discussed in Section 1.4.1 above,
categorical perception of tones has been a cons@aléssue, and previous studies provided

empirical evidence for and against the existenaatdgorical perception of tones (see Zheng et
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al., 2010, for a review). Although the purposeld turrent study was not to investigate the
issue of categorical perception of tones, the tesilthe current study did provide some
evidence in favor of categorical perception of grkhe first piece of evidence came from the
discrimination of tones with similar contours biffefent height in the current study as
discussed in Section 4.1. The second piece of peearose from the discrimination of the

Same pairs. As discussed in Section 2.3 above, &aohe pair used in this experiment consisted
of two different tokens of a Cantonese tone prodweigh a specific carrier syllable by a native
Cantonese talker. For example, @aene pair used in the current tone discrimination expent
consisted of two different tokens of Tone 1 (Higtllirg) produced with the carrier syllable /ji/

by the male talker. As illustrated in Figure 7 ic8on 2.3 above, the acoustics of the two tokens
were very similar, but not identical. Twenty of ttimerty English participants mistakenly
considered these two tokens as representing tiereiiit Cantonese tones at significantly above
chance level (i) = 2.08; p = 0.028), whereas all of the Cantonestqgpants correctly

perceived these two tokens as representing the €ami@nese tone with significantly above
chance accuracy, as displayed in Figure 18. Tiggests that the Cantonese participants tended
to perceive these two tokens phonemically, instdaging pure acoustic criteria, whereas the
English participants seemed to rely more on acogsis.

The Cantonese patrticipants’ phonemic perceptidhefCantonese tones may have
somewhat constrained the acoustical distance mesrhatescribed in the previous section. That
is, two tone tokens differing within certain acaoastoundaries (as those illustrated in Figures 7
and 13) were perceived by Cantonese participarttskags belonging to the same tone category,
which prevented the acoustical distance mechamsm dperating within those boundaries. In

contrast, two tones differing beyond certain adoustundaries were treated as belonging to two
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different tone categories by the Cantonese paatitsy in which case the acoustical distance
mechanism seemed to be operating. These findings seasistent with results from previous
studies in favor of categorical perception of nallyrproduced tones (see Zheng et al., 2010, for
a review). It would be interesting to investigatea future study, the boundaries among
Cantonese tones when amplitude envelope is theamalijable cue for Cantonese tone
perception in native speakers of Cantonese. Fdirtteebeing, it suffices to say that the
Cantonese participants’ phonemic perception of Q@age tones may have somewhat
constrained the operation of the acoustical diganechanism in the current tone discrimination
study, and could explain why the acoustical distamechanism could only account for 37.5% of

the variance in the current tone discriminationezkpent.

4.4 Summary of the Findings from the Current Study

In the current tone discrimination study, the Cae&e participants were able to use the
amplitude envelope cue to discriminate Cantonease pairs above chance level, and with
greater accuracy and shorter reaction time thandhiee speakers. This suggested that
amplitude envelope alone was effective in conveyiagtonese tone contrasts to native listeners
of Cantonese. In particular, when only the ampétedvelope cue was available in Cantonese
tone perception, the relative amplitude height wdsspensable for the perception of tone height,
whereas the contour of amplitude envelope provaleabust and sufficient cue for the
discrimination of tones with different contours.-A& covariability in Cantonese tone
production played a weak but statistically sigraficrole in Cantonese tone discrimination using
amplitude envelope alone. Together, these threestical factors accounted for 37.5% of the

variances in the current Cantonese tone discrimoimaln addition, linguistic factors such as
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phonemic perception of Cantonese tones seemed/éoptayed an important role in native
speakers of Cantonese in the current experimedtsamewhat constrained the operation of the

acoustic factors.

5. Theoretical and Clinical Implications

The current study indicated that amplitude envelpae can aid tone perception in a
language such as Cantonese which uses both totmicamd tone height for phonemic tonal
contrasts. Since tone languages in the world asertded to use only tone height, tone contour
or a combination of both for phonemic tonal cortsd¥ip, 2002), it is theoretically possible for
amplitude envelope to cue tone perception in ang tanguage. The clinical implication of this
finding could be far-reaching. As discussed abogehlear implant users who speak a tone
language have difficulties perceiving tones andeafoee overall speech due to the limitations of
currently available commercial speech processirajesiies in encoding FO. Experimental
speech processing strategies (e.g., Luo & Fu, 2684¢@ demonstrated promising results in
improving tone perception in cochlear implant usgrenhancing the encoding of the amplitude
envelope cue. These experimental strategies cadthpally be adapted to enhance the
encoding of the amplitude envelope cue in Cantotwses and thus improve tone perception in
Cantonese-speaking implantees, given the curnediniy that amplitude envelope could also cue
Cantonese tone perception. In broader terms, $iveceurrent dissertation suggests that it is
theoretically possible for amplitude envelope te tane perception in any tone language, the
above-mentioned experimental speech processinggta could possibly be adapted to
enhance the encoding of the amplitude envelopéncary tone language, and thus improve tone

perception in cochlear implantees who speak ang lammguage.
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Furthermore, the current finding that amplitudeedope could cue certain tone types
better than others for tone perception could helgh better speech processing strategies to
improve tone perception in cochlear implant us€hat is, when designing algorithms for
encoding the amplitude envelopes of tones, onelghimar in mind that an algorithm that works
well for one tone type might not be suitable fdresttone types. Therefore, various tone types
should be taken into consideration.

Similarly, given the current finding that someraarsyllables produced consistently
better tone discrimination results than otherspiild imply that amplitude envelope may cue
some carrier syllables better than others for fereeption. This outcome could also help
improve speech processing strategies for a beterperception in cochlear implant users. For
example, when designing algorithms for encodingatin@litude envelopes of tones, one should
keep in mind that an algorithm that works well wathe carrier syllable might not be suitable for
other carrier syllables. Therefore, various camsiglables should be taken into consideration.
Since carrier syllables consist of vowels and caasts, various combinations of vowels and

consonants should be taken into account.

6. Conclusion

This dissertation has shed new insight into #wy wature of the role of amplitude
envelope in tone perception. In particular, it hesle several unique contributions to the
research on the role of amplitude envelope in fmareeption. These unique contributions could
potentially help improve tone perception in cochliegplant users, which could in turn
contribute to the improvement of overall speecttegtion in cochlear implant users. Since

speech perception is an indispensable part of gailyal communication, this dissertation could
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potentially help improve the verbal communicati@ils in cochlear implant users. Thus, the
clinical implications of this dissertation could ta-reaching.

However, there were several limitations in thissdrtation. First, the tone discrimination
experiment lasted approximately three hours pdrggaant, and thus the results might have been
affected by the effect of fatigue. In other wortl& results of the current experiment may have
under-estimated the contribution of amplitude eopelto Cantonese tone discrimination.

Second, the stimuli used in the current tone grgnation and identification experiments
were based on tones produced with the carrierldghd|ji/ and /wai/ only. As discussed in
Section 3.2 above, there was significant effecasfier syllable in the current tone
discrimination experiment. That is, the carriefdayle /wai/ produced significantly faster and
more accurate responses than the carrier syllgbl€hus, further studies using all possible
Cantonese carrier syllables as stimuli may be sacgdo determine whether the amplitude
envelopes of Cantonese tones produced with anyo@ese carrier syllables can effectively cue
tone perception in Cantonese.

Third, the tones used in the current tone discration and identification experiments
were produced by one male talker and one femdtertahly. Although the main effect of talker
did not reach statistical significance in the cotr®ne discrimination experiment, the statistical
power was relatively low (~0.42) as discussed ictiSe 3.2. Therefore, it is difficult to interpret
this statistically insignificant main effect of kel and its interactions with other factors as
discussed in Section 3.2. More talkers may be reegdiiture studies in order to increase the
statistical power, and hence facilitate the intetation of the main effect of talker and its

interactions with other factors.
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Lastly, each tone used in the current discrimoratind identification experiments was
produced with a monosyllabic carrier in isolatitiris difficult to extrapolate the findings of the
current study to connected speech in Cantoneses, Timtiher studies using tones produced in
connected speech are necessary to investigate evtetiplitude envelope alone can cue tone

perception in connected speech in Cantonese.
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Appendix One:

Answer Sheet for Cantonese Listeners’ Tone Identigation (with Carrier Syllable /ji/)

B LIERK = B8, (Please circle the appropriate character uporirfigeaach word.)

. x®x &% =& J EFH =
2. ®k ® = JL B =
3. x® #®# = JU B =
4. ® ®H = JL EHF =
5.
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Appendix Two

Answer Sheet for Cantonese Listeners’ Tone Identigation (with Carrier Syllable /wai/)

B LIERMN = B8 (Please circle the appropriate character uporifgeaach word.)

1. B R B A
2. R fx R B &
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Appendix Three

Answer Sheet for the English Group’s Tone Identifiation

Upon hearing each word, please decide whetheuindmlike a statement or question, and circle
the appropriate answer below.

1. Question Statement
2. Question Statement
3. Question Statement
4. Question Statement
5.
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Appendix Four
A complete list of the four categories of tone paitypes used in the current study
1. SamePairs

Tone 1 (High Falling) vs. Tone 1 (High Falling)

Tone 2 (High Rising) vs. Tone 2 (High Rising)

Tone 3 (Upper Middle Level) vs. Tone 3 (Upper Maltevel)
Tone 4 (Low Falling) vs. Tone 4 (Low Falling)

Tone 5 (Low Rising) vs. Tone 5 (Low Rising)

Tone 6 (Lower Middle Level) vs. Tone 6 (Lower Midd_evel)

2. Pairs consisting of tones with similar contdous different height (SCDH Pairs)

Tone 1 (High Falling) vs. Tone 4 (Low Falling)
Tone 2 (High Rising) vs. Tone 5 (Low Rising)
Tone 3 (Upper Middle Level) vs. Tone 6 (Lower MigldLevel)
Tone 4 (Low Falling) vs. Tone 1 (High Falling)
Tone 5 (Low Rising) vs. Tone 2 (High Rising)
Tone 6 (Lower Middle Level) vs. Tone 3 (Upper MeldLevel)

3. Pairs consisting of tones with different conslut similar height (DCSH Pairs)

Tone 1 (High Falling) vs. Tone 2 (High Rising)

Tone 1 (High Falling) vs. Tone 3 (Upper Middle keév
Tone 2 (High Rising) vs. Tone 1 (High Falling)

Tone 2 (High Rising) vs. Tone 3 (Upper Middle Level
Tone 3 (Upper Middle Level) vs. Tone 1 (High Fadj)
Tone 3 (Upper Middle Level) vs. Tone 2 (High R@in
Tone 4 (Low Falling) vs. Tone 5 (Low Rising)

Tone 4 (Low Falling) vs. Tone 6 (Lower Middle Léve
Tone 5 (Low Rising) vs. Tone 4 (Low Falling)

Tone 5 (Low Rising) vs. Tone 6 (Lower Middle Level)
Tone 6 (Lower Middle Level) vs. Tone 4 (Low Fadin
Tone 6 (Lower Middle Level) vs. Tone 5 (Low Risjng

4. Pairs consisting of tones with different consoand different height (DCDH Pairs)

Tone 1 (High Falling) vs. Tone 5 (Low Rising)

Tone 1 (High Falling) vs. Tone 6 (Lower Middle lety
Tone 2 (High Rising) vs. Tone 4 (Low Falling)

Tone 2 (High Rising) vs. Tone 6 (Lower Middle Level
Tone 3 (Upper Middle Level) vs. Tone 4 (Low Faljn
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Tone 3 (Upper Middle Level) vs. Tone 5 (Low Rising
Tone 4 (Low Falling) vs. Tone 2 (High Rising)

Tone 4 (Low Falling) vs. Tone 3 (Upper Middle Léve
Tone 5 (Low Rising) vs. Tone 1 (High Falling)

Tone 5 (Low Rising) vs. Tone 3 (Upper Middle Level)
Tone 6 (Lower Middle Level) vs. Tone 1 (High Fadj)
Tone 6 (Lower Middle Level) vs. Tone 2 (High Rig)n
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