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The Effect of Interfalker Variations on
Acoustic—Perceptual Mapping in Cantonese
and Mandarin Tone Systems

Gang Peng,®® Caicai Zhang,® Hong-Ying Zheng,®
James W. Minett,® and William S.-Y. Wang®

Purpose: This study investigates the impact of intertalker variations
on the process of mapping acoustic variations on tone categories
in two different tone languages.

Method: Pitch stimuli manipulated from four voice ranges were
presented in isolation through a blocked-talker design. Listeners
were instructed to identify the stimuli that they heard as lexical
tones in their native language.

Results: Tone identification of Mandarin listeners exhibited relatively
stable normalization regardless of the voice, whereas tone
identification of Cantonese listeners was unstable and susceptible
to the influence of infertalker variations. In the case of Cantonese
listeners, infertalker variations had a larger effect on the perception
of FO height dimension than of FO slope dimension.

Conclusion: The comparison between Canfonese and Mandarin
listeners’ performances reveals an interaction of intertalker variations
and the types of fone contrasts in each language. For Cantonese
tones, which depend heavily on FO height disfinctions, intertalker
variations result in FO overlapping and, consequently, ambiguities
among them in isolated tone perception. For Mandarin tones, which
are distinctive in terms of their FO contours, the differences in FO
contours alone seem sufficient to elicit reliable tone identification.
Intertalker variations therefore have relatively limited effect on
Mandarin fone perception.

Key Words: tone perception, talker normalization, fundamental
frequency, Cantonese, Mandarin

peech sounds are characterized by great intra- and

intertalker variations, yet listeners usually map

acoustic variations to the appropriate linguistic
categories without much difficulty. In tone categoriza-
tion, discrete and invariant categories are extracted
from continuous acoustic variations, where talker nor-
malization must play an important role. Moreover, lis-
teners with different native language backgrounds
(i.e., first-language background) may attach unequal im-
portance to each tone feature in tone categorization.
Gandour (1983) addressed the question of how native
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language background (e.g., Cantonese, Mandarin,
Taiwanese, Thai, and English) affects a listener’s per-
ception and discrimination of tones. He reported that lis-
teners attached different importance to two underlying
dimensions: height (average height of a pitch contour)
and direction (direction of FO movement within a sylla-
ble), depending on the tone contrasts in their native lan-
guage. For example, Cantonese listeners placed more
emphasis on the height dimension than Mandarin lis-
teners did, possibly because three of the six tones in
Cantonese contrast a relatively flat pitch contour at dif-
ferent pitch heights. On the other hand, Mandarin tones
contrast with each other in terms of direction of FO
movement (see Table 1 for an illustration of Cantonese
and Mandarin tones).

Comparing Mandarin and English listeners’ perfor-
mances in pitch perception tasks of speech and nonspeech
sounds, Bent, Bradlow, and Wright (2006) found that the
effect of native language background extended to non-
speech processing under certain stimulus and task
conditions. Moreover, Mandarin listeners tended to make
more errors in a pitch contour identification task, which
could be related to the specific features of Mandarin tones.
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Table 1. Cantonese and Mandarin tone systems.

Tone Description Example Word Gloss
Cantonese

Tone 1 High level /i/ 55 B doctor

Tone 2 High rising /i/ 25 fpk to rely on

Tone 3 Mid level /i/ 33 p= i) meaning

Tone 4 Low falling /i/ 21 LRk son

Tone 5 Low rising /i/ 23 Hi ear

Tone 6 Low level /i/ 22 ] second
Mandarin

Tone 1 High level /i/ 55 B=if doctor

Tone 2 High rising /i/ 35 %3 to move

Tone 3 Low falling-rising /il 214 (Ene to rely on

Tone 4 High falling /i/ 51 A surprised

Note.  In phonological description, Cantonese contrasts six lexical tones
on open syllables, and another three lexical tones on checked syllables
(Bauer & Benedict, 1997), whereas Mandarin has four lexical tones.
(Mandarin also has a neutral tone, but this tone does not provide lexical
contrast.) Given that this study focuses on open syllables, only the six long
lexical tones in Cantonese, and the four lexical tones in Mandarin, are
listed here. The second column describes the FO changes within a syllable.
High, mid, and low indicate average FO; level, rising, and falling specify
the direction of FO movement. In the third column, two digits nextto /i/
refer to fone franscriptions in Chao's fone lefters (Chao, 1930). The fourth
column contains a list of Chinese words that were used in the production
test. The first Chinese character corresponds to the syllable in the third
column.

In addition to the influence of native language back-
ground, sentential context has been found to affect per-
ception of vowels and tones. An early study by Ladefoged
and Broadbent (1957) investigated perception at the seg-
mental level. Synthetic /bVt/ words were embedded at
the end of a carrier sentence with various ranges of F'1
and F2, and listeners were asked to identify the target
vowel. They found that identification of the target
vowel depended on the relative F1 distance between
the target vowel and the carrier sentence. For example,
the target vowel was more often identified as /i/ when the
carrier sentence had a relatively high F1, but it was
identified as /e/ when the carrier had a relatively low
F1 (/1/ has a lower F1 than /e/)—a contrastive effect.

With regard to the process of tone perception, pho-
netic context, which contains information of a talker’s
F0 range, must also play an important role. It is highly
likely that phonetic context facilitates talker adaptation
(i.e., the process through which listeners can recognize
the same words spoken by different talkers despite the
great acoustic variations; e.g., Johnson, 2005), thereby
allowing invariant categories to be extracted from talker
variations.

Concerning the perception of lexical tones, Lin and
Wang (1984) used both synthetic and natural speech to

investigate whether identification of a target tone varies
depending on the relative FO height of the context. Dif-
ferent from Ladefoged and Broadbent’s design, in which
the last syllable of the sentence was the target, Lin and
Wang asked Chinese subjects to identify the first sylla-
ble (which carried a flat pitch contour) in a disyllabic
phrase. They found that, when subjects listened to
cross-sliced natural speech (recombination of the first
syllable and a separately produced second syllable
with increased F0), identification of the target syllable
shifted from a high tone (i.e., Tone 1; T1) to a low tone
(i.e., Tone 3 [T3]) as the FO height of the second syllable
was increased.

Despite the relatively small number of subjects
(10 Chinese subjects) and the lack of statistical analyses
in this study, the general pattern reported by Lin and
Wang (1984) revealed a similar phenomenon to that of
Ladefoged and Broadbent’s study: Subjects seemed to
base their identification on the relative distance of the
target from the context in terms of acoustic parameters
such as F1 and FO.

Recent studies on tone perception have also found
that the identification of pitch stimuli is affected by FO
information of the context in a contrastive way (i.e., iden-
tical targets tend to be perceived as low tones if the con-
textual FO is high and as high tones if the contextual FO
is low [Francis, Ciocca, Wong, Leung, & Chu, 2006;
Huang & Holt, 2009; Moore & Jongman, 1997; Wong &
Diehl, 2003]).

Apart from native language background and senten-
tial context, another factor related to tone categorization
is talker variability. For example, Wong and Diehl (2003)
looked at talker variations in the perception of Cantonese
level tones. They found that different types of stimulus
presentation affected the process of talker adaptation.
They also found significantly higher accuracy in the
blocked-talker design (only one talker in a block), in com-
parison with the mixed-talker design (more than one
talker presented in a block), which suggests that
blocked-talker presentation builds up talker expectancy,
thereby assisting listeners’ adaptation to a talker’s
voice. However, this article concentrated only on Can-
tonese level tones, which makes it difficult to generalize
its findings to other Cantonese tones.

As discussed earlier, several factors such as native
language background, sentential context, and talker
variability play a role in tone identification. This study
aims to investigate the influence of intertalker varia-
tions on tone identification for two groups of listeners
having distinct native tone language background. Previous
studies of the influence of native language background
on tone perception have focused mainly on the contrast
between native tone language and non-native tone lan-
guage (Gandour, 1983; Hallé, Chang, & Best, 2004;
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Wang, 1976; Xu, Gandour, & Francis, 2006). There is
still a lack of studies that examine the impact of inter-
talker variation on tone identification under different
configuration of tone inventories.

The present study investigates how different native
language backgrounds modulate the mapping of acous-
tic variations on to linguistic tone categories and the im-
pact of intertalker variations on this process. On the
basis of the theory of adaptive dispersion, a phonological
inventory should evolve toward a state of maximal per-
ceptual contrast to reduce confusion among phonological
categories (Liljencrants & Lindblom, 1972). Lindblom
(1986) later developed the principle of sufficient percep-
tual contrast, which is more consistent with existing nat-
ural language systems. The four Mandarin lexical tones
are distributed evenly in the tone space (Peng, 2006).
Such tone distribution follows well the principle of suffi-
cient perceptual contrast. On the other hand, the Can-
tonese six long lexical tones are distributed unevenly,
with five of the six tones crowded into the lower part of
the tone space, indicating that the Cantonese tone sys-
tem violates the principle of sufficient perceptual con-
trast. Indeed, there are ongoing changes for Cantonese
tones, mainly reflected by two tone mergers: one merger
of T3 and T6 and another of T2 and T5 (Bauer, Cheung,
& Cheung, 2003). Moreover, Cantonese has three level
tones, making them internally ambiguous when per-
ceived in isolation. However, Cantonese listeners are
able to communicate with other talkers without difficulty.
We speculate that Cantonese listeners may rely more on
other information, such as sentential context and talker
identity, to achieve effective tone identification. We expect
that, when required to identify tones in isolation without
any context, Cantonese listeners would be affected more
by talker variation than Mandarin listeners.

The design of this study is inspired partly by Gandour’s
(1983) tone perception study and the blocked-talker de-
sign in Wong and Diehl (2003). One of the main purposes
of this study is to examine whether listeners can catego-
rize varying pitch stimuli into their corresponding lin-
guistic categories without context or prior knowledge
of the talkers’ voice. In the ideal case, if listeners can es-
timate the upper and lower FO bounds of a particular
voice within a block, listeners should be able to map
each pitch stimulus on to the corresponding tone category
based on its relative position in that talker’s FO range. To
address this question, acoustic stimuli are presented to
listeners in isolation through a blocked-talker design.
All talkers are unfamiliar to the listeners, meaning that
the listeners have no prior knowledge of each talker’s
FO range.

To capture intertalker variations, in this study we
define four voice ranges (two male, two female) based
on the survey of a speech database (CUSENT; T. Lee,
Lo, Ching, & Meng, 2002). These comprise two normal

voice ranges, which generally match the average FO
ranges for male and female speakers in the database,
and two marginal voice ranges, one female voice that
was higher than average and one male voice that was
lower than average.

In summary, this study aims to answer the following
questions: (a) Are native tone language listeners able to
categorize acoustic variations into stable linguistic tone
categories without contextual information and prior
knowledge of talkers’ information? (b) How do inter-
talker variations affect the process of tone identification
in isolation? (¢) Do intertalker variations have an equiv-
alent effect on tone identification for Cantonese and
Mandarin listeners?

Method
Stimuli

The pitch stimuli used in this study were naturally
produced syllables with synthetic FO contours super-
imposed on them. To model acoustic variations in tone
perception, we designed 25 pitch stimuli following Chao’s
tone letters (Chao, 1930). According to Chao, a tone
can be described by two (or more) digits, the first digit
corresponding to the onset of the tone and the last
digit to the offset. (For a three-digit tone, the intermedi-
ate digit refers to the FO of the turning point of the pitch
contour.) A digit can be any of the five integers from 1 to
5, with 1 defining the lowest pitch and 5 defining the
highest. Two-digit tones capture level, rising, and falling
contours, and three-digit tones are either concave or con-
vex. For example, Mandarin Tone 4, which is a high fall-
ing tone, is transcribed as 51 in Chao’s tone letters.

The test stimuli in this study include only two-digit
pitch contours. Allowing each digit to be any of the five
integers gives rise to an exhaustive combination of
25 stimuli (5 x 5 = 25; i.e., 11, 12, 13, 14, 15, 21, 22, ...
51, 52, 53, 54, and 55). Three-digit pitch contours are
not considered in this study because the great majority
of tones in Cantonese and Mandarin are level, rising, or
falling. Although Mandarin T3 is traditionally described
as a falling-rising contour 214, in continuous speech, es-
pecially on non-phrase-final positions, it is mainly real-
ized as a low falling tone (except when it is followed by
another T3 syllable, where tone sandhi changes the first
T3 syllable to a rising contour; Wang & Li, 1967).

The motivation to design 25 pitch stimuli, instead of
using merely the native pitch contours in Cantonese and
Mandarin, is to investigate how a common set of acoustic
variations is categorized into discrete classes, depending
on the available tone contrasts in one’s native language.
To draw an analogy from color perception, it has been
found that the color spectrum is categorized in a way
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modulated by one’s native language background (Regier,
Kay, & Khetarphal, 2009). Similarly, in this study, we exam-
ine how long-term exposure to Cantonese and Mandarin
affects one’s categorization of acoustic variations.

Figure 1 shows the FO trajectories of the pitch stim-
uli over time. Each FO contour is a linear ramp. As can be
seen from Figure 1, each stimulus lasts for 500 ms, with
FO kept constant during the first 100 ms.

Figure 2 shows the two-dimensional tone space
(height and slope) in which each circle represents one
pitch stimulus. The position of each stimulus in this
space is determined by its height and slope, which are
calculated from the formula in Equation 1. For example,
for a high falling Stimulus 51, its corresponding height
and slope are 3 and -1, respectively. The height dimen-
sion ranges from 1 to 5, and the slope ranges from —1 to 1.
For the formula of perceptual height, what we intend to
obtain is the average height of onset and offset. For the
formula of perceptual slope, we intend to calculate the
perceptual distance between the offset and onset, which
ranges from —4 to 4 (i.e., maximally different onset and
offset are 5 and 1, respectively). The aforementioned per-
ceptual distance is then scaled down, ranging from —1 to
1, by further dividing the perceptual distance by 4.

Height = (onset + offset)/2 (1)
Slope = (offset — onset)/4,

where onset corresponds to the first digit in Chao’s tone
letters and offset corresponds to the last digit.

To investigate the effect of intertalker variations, we
selected four voice ranges (two male, two female) on the
basis of a survey of CUSENT, a database that includes
read speech materials from 68 native Cantonese speak-
ers in the training set (34 male, 34 female; T. Lee et al.,
2002). First, we calculated the average FO ranges
in the database for both male and female speakers. To

Figure 1. A schematic representation of FO trajectories of the
designed pitch stimuli. First digit in a pitch confour can be any of
the numbers from 1 to 5, and the last digit can also be any of these
5 numbers. For each stimulus, total duration of a pitch stimulus is
500 ms, and FO is kept constant during the first 100 ms.
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Figure 2. Two-dimensional space (height and slope) for 25 pitch
stimuli. Each circle represents one stimulus.
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minimize the effect of intonation, we considered only
FO values of the first syllable of each utterance. We
then selected the voices of two talkers (one male and
one female), which generally matched the average
voice range for each gender. Second, two marginal voice
ranges (one male and one female) were defined, with
F0 values higher than the female average by 2 standard
deviations for the female high voice and lower than the
male average by 2 standard deviations for the male low
voice. The voices of two other talkers compatible with the
defined marginal voice ranges were then selected.

The FO range for each voice was as follows: female
high (FH) voice, 240-350 Hz; female average (FA) voice,
200-290 Hz; male average (MA) voice, 110-160 Hz; male
low (ML) voice, 85-125 Hz. For each voice, its FO range
covered approximately 0.54 octaves. These four voices
form a continuum from high to low in terms of absolute
F0, with some overlap between the two voices with the
same gender.

For each talker, one sample of syllable /i/ with T3
was extracted from the database, and synthesized
pitch contours were superimposed on this syllable
(only the stable portion of syllable /i/ was used, and
then time was normalized to 500 ms). Mean F1, F2, and
F3 were averaged from values at the middle 30% of the
whole syllable (35%—65% of the normalized duration,
both ends included; Table 2). With tonal difference ig-
nored, the syllable /i/ exists in both the Cantonese and
Mandarin phonological systems.

As mentioned earlier, 25 pitch stimuli were defined
in terms of tone digits without specifying FO values. To
accommodate the pitch stimuli to each voice range, we
aligned the upper bound of each talker’s voice to Tone
Digit 5 and the lower bound to 1. After fitting pitch stim-
uli to the voice range, we divided the FO range of each
voice equally on a log scale into five levels (1-5) and gen-
erated 25 pitch stimuli for each voice, giving rise to
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Table 2. Formant frequencies of syllable /i/ for four talkers selected in this study.

F1 F2 F3
Voice Frequency SD Frequency SD Frequency SD
Female high 542.11 10.55 2,778.25 29.96 3,704.27 78.70
Female average 44410 20.10 2,927.26 51.31 3,512.37 32.08
Male average 318.85 2.43 2,245.11 6.19 3,015.33 188.04
Male low 322.99 2.37 2,086.75 6.17 2,944.03 4.48

Note.

Mean F1, F2, and F3 values were obtained by averaging F1, F2, and F3 values at sampling points within the middle

one third of the whole syllable. Values in the parentheses refer to SDs.

100 stimuli in total (4 voices x 25 stimuli = 100). While
the pitch contour was modulated, the formant frequen-
cies of syllable /i/ were kept intact, preserving the seg-
mental characteristics as well as gender differences. The
intensity profile was kept constant across the 100 stimuli,
as our focus here is just on whether listeners can normal-
ize intertalker variations in FO.

Subjects

Sixteen Cantonese subjects (eight male, eight female;
mean age = 20.4 years, SD = 0.78) and 16 Mandarin sub-
jects (eight male, eight female; mean age = 19.8 years,
SD = 1.34) were paid to participate in the experiment.
All subjects were undergraduates at The Chinese Uni-
versity of Hong Kong. No subject reported hearing im-
pairment or long-term music training. All subjects gave
informed consent in compliance with a protocol approved
by the Survey and Behavioral Research Ethics Com-
mittee of The Chinese University of Hong Kong.

The 16 Cantonese subjects were all native speakers
of Hong Kong Cantonese and were born and raised in
Hong Kong. They had limited knowledge of Mandarin,
which was acquired mainly through Mandarin language
courses that they took during high school. The 16 Man-
darin subjects were all native speakers of Mandarin, in
addition to various other Chinese dialects (other than
Cantonese). Most Mandarin subjects also had some ex-
posure to Cantonese, having lived in Hong Kong for
2 to 3 years by the time of the experiment.

Tasks

There were two tasks for each subject: tone produc-
tion and tone perception. It took approximately 1 hr to
finish both tasks.

In the production task, we asked a subject to read
aloud the first syllable of a list of meaningful disyllabic
words. The list contrasted all lexical tones in the sub-
ject’s native language (six words for Cantonese subjects

and four words for Mandarin subjects; the word lists are
shown in Table 1). For each tone, six repetitions were
recorded and saved for analysis.

In the perception task, the same set of stimuli was
presented to both Cantonese and Mandarin subjects.!
A blocked-talker design was adopted to facilitate talker
normalization. A practice block containing a voice that
did not occur in the subsequent test blocks was pre-
sented first to familiarize subjects with the procedures.
The results from the practice block were excluded from
the analysis. Afterward, four test blocks were presented,
each block containing stimuli from a single voice. More-
over, at the beginning of each block, one repetition of
each prototypical pitch stimulus? in that particular voice
was presented to facilitate talker normalization; this
was also excluded from the analysis.

Within each block, all 25 pitch stimuli were pre-
sented in random order and repeated nine times. In
other words, each subject listened to 900 test stimuli in
total (25 stimuli x 9 repetitions x 4 voices = 900). Each
pitch stimulus was presented in isolation; after the stim-
ulus was presented, the subject had 3 s in which to
make a choice by pressing labeled buttons on a key-
board. This study used a forced-choice identification
design. Cantonese subjects were required to identify
the heard stimulus as any of six labeled words, the
same words as those in the production test. Similarly,
Mandarin subjects were required to identify the heard

! Although the selection of voices is based on a database of Cantonese speakers,
we believe that such a selection is generally fair for both Cantonese and
Mandarin subjects. Given that Cantonese- and Mandarin-speaking popula-
tions share similar physical characteristics (e.g., body size), it is expected
that the voice range extracted from the Cantonese database is, in general,
compatible with that of Mandarin speakers. This point is also confirmed
by the production data collected from Cantonese and Mandarin subjects in
this study.

2As mentioned earlier, pitch stimuli were designed based on Chao’s tone
letters Gi.e., 11, 12, 13, 14, 15, ... 51, 52, 53, 54, and 55). Prototypical pitch
stimuli in a particular voice are therefore defined as those that exactly match
the phonological descriptions. Prototypical pitch stimuli in Cantonese are
as follows: T1, 55; T2, 25; T3, 33; T4, 21; T5, 23; and T6, 22. Prototypical pitch
stimuli in Mandarin are as follows: T1, 55; T2, 35; T3, 21; and T4, 51.
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stimulus as any of four labeled words. Subjects were
instructed to press the button as quickly and accurately
as possible. The order of blocks was counterbalanced
across subjects.

Data Analysis

The purpose of analyzing the production data is to
estimate the FO range of each subject and to make sure
that the FO ranges of the two groups of subjects were
generally comparable. In this study, native Cantonese-
and Mandarin-speaking subjects listened to the same
set of stimuli, which comprised four voice ranges derived
from a Cantonese speech database. Although we con-
sider that these voice ranges were fair for both Can-
tonese and Mandarin speakers, a comparison of the
voice ranges of the Cantonese and Mandarin subjects
recruited in this study (as a sampling of the Cantonese-
and Mandarin-speaking population) allows us to confirm
the validity of the design of the intertalker variations.
Moreover, when first exposed to unfamiliar voices, it is
possible that the listeners may resort to their own FO
ranges as a reference. Comparing the FO ranges of
Cantonese and Mandarin subjects recruited in this
study therefore allows us to determine whether the talker
normalization conditions are fair for both groups of
subjects.

In this study, FO range is estimated with reference
to the FO values of the highest and lowest tones in a sub-
ject’s native tone system. For the Cantonese tone sys-
tem, the highest pitch was calculated from tokens of
T1, whereas the lowest pitch was calculated from the
lowest portion of T4; for the Mandarin tone system, the
highest pitch was calculated from the highest portion of
tokens of T4, whereas the lowest pitch was from the low-
est portion of T3. Such a selection is based on inspection
of phonetic data reported in earlier studies (Bauer et al.,
2003; Xu, 1997). We report the FO ranges measured from
16 Cantonese and 16 Mandarin subjects in Table 3.

A Language Group (Cantonese, Mandarin) x
FO0 Bounds (upper, lower) repeated measures analysis of
variance (ANOVA) was conducted to determine whether
Cantonese and Mandarin subjects differ significantly in
their FO bounds. There was neither a significant main
effect of language group, F(1, 30) = 0.40, p = .533; nor a
two-way interaction, F(1, 30) = 1.50, p = .23; suggesting
that these two groups of subjects do not differ in their
upper or lower FO bounds and thereby share a similar
FO0 range.

For the analysis of identification responses, the cen-
ter of gravity (CG) of each tone category was calculated
as the centroid of the response distribution, following the
formula in Equation 2. This formula allows us to tran-
scribe the perceptual responses for each tone category

Table 3. Estimated fundamental frequency (FO) range (Hz) of Cantonese and Mandarin subjects according to their fone

production in isolation.

Male Lower Upper Average Female Lower Upper Average
Cantonese subjects
1 116.17 241.74 178.96 1 162.15 264.61 213.38
2 110.32 192.42 151.37 2 169.06 298.72 233.89
3 84.57 139.17 111.87 3 159.37 276.94 218.16
4 100.15 193.23 146.69 4 17217 324.99 248.58
5 87.85 154.23 121.04 5 182.26 281.49 231.88
6 91.87 152.2 122.04 6 165.86 257.42 211.64
7 84.05 157.21 120.63 7 163.45 283.33 223.39
8 79.86 140.07 109.97 8 150.14 247.13 198.64
M 94.36 171.28 132.82 165.56 279.33 222.45
Mandarin subjects
1 96.24 131.16 113.70 1 168.9 271.29 220.10
2 97.56 178.43 138.00 2 155.31 267.22 211.27
3 87.87 134.77 111.32 3 160.83 257.94 209.39
4 93.38 181.58 137.48 4 146.93 238.52 192.73
5 113.64 175.07 144.36 5 151.16 284.74 217.95
6 83.62 140.41 112.02 6 143.72 224.41 184.07
7 99.81 184.94 142.38 7 161.28 277.61 219.45
8 82.36 138.06 110.21 8 163.43 253.85 208.64
M 94.31 158.05 126.18 156.45 259.45 207.95

Note.  “Lower” and “upper” refer to the estimated FO range of a subject.
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with two numbers (onset and offset) comparable with
that of Chao’s tone letters.

5 5 5
Gonset = (1 X ZRLjJrZ X ZRQ}J"‘FS X ZR?’JJF
J=1 J=1 Jj=1
5 5 5 5
4XZR4‘j+5XZR5’j)/ Ri_’j
=1 = =1 =1

5 5 5
Gofeet = (1x Y Ri1+2x> Rig+3xY Rig+
=1 i=1 =1

5 5 55
4xY Ris+5%x> Ris)/> > Rij 2)
P i1 i1 1

CG was calculated for both onset (G,,s.t) and offset
(Gottset) Of each tone. R; ; refers to the number of times
that a pitch stimulus is identified as a particular tone
category, and i and j refer to the first digit and last digit,
respectively, of the pitch contour.

For the formulae in Equation 2, the onsets and off-
sets are weighted according to the transcription of a
stimulus in Chao’s tone letters (i.e., 1, 2, 3, 4, and 5),
which reflects the phonetic representation of a tone and
captures a tone’s perceptual property (Chao, 1930). Spe-
cifically, 1 in Chao’s tone letters corresponds to low
pitch, and 5 corresponds to high pitch. For example,
for the Stimulus 11, which represents a low level pitch,
both its onset and offset are weighted as 1.

For example, to calculate the onset CG of Mandarin
Tone 1, the value for Tone Digit 1 (i.e., 1) is multiplied by
the number of times that pitch stimuli with onset 1 (i.e.,
11,12, 13, 14, and 15) were identified as T1, the value for
Tone Digit 2 (i.e., 2) is multiplied by the number of times
that pitch stimuli with onset 2 (i.e., 21, 22, 23, 24, and 25)
were identified as T1, and so on. The aforementioned five
products are then summed and divided by the total num-
ber of times that T1 was identified. The offset CG of each
tone category is calculated in a similar way, by multiplying
a tone digit with the number of times that pitch stimuli
ending with that digit were identified as a particular tone.

Having calculated the subject’s perceptual responses
to each tone, we calculated the perceptual height and
slope, which we refer to as the perceptual CG, using the
formula in Equation 1 given earlier. We then conducted a
two-way repeated measures ANOVA for both Cantonese
and Mandarin. Four such analyses were performed, with
the dependent variable being either the height or the slope
of the perceptual CG calculated for each tone category.?

3In the two-way repeated measures ANOVA, height or slope of the perceptual
CG calculated for each tone was input to the analysis. There are cases in which
one or more subjects failed to label any heard stimuli as a particular tone,
which led to missing values in the input data. Before inputting the data to
statistical analysis, missing values are replaced by the average value from the
remaining subjects for that particular tone.

In each analysis, there were two independent variables:
voice (FH, FA, MA, and ML) and tone (six tones for Can-
tonese and four tones for Mandarin). Results of the statis-
tical analysis are discussed in the following section.
Corrections for violations of sphericity were made, where
appropriate, with the Greenhouse—Geisser method.

Results
Categorization of Cantonese
and Mandarin Tones

Figure 3a shows the perceptual CG of the six Can-
tonese tones plotted in a two-dimensional space (height
and slope). The six tones are represented by different col-
ors, and the four voices are indicated by different symbols.
Each point in this space represents the perceptual CG of
one tone calculated from one subject. This figure suggests
that each tone category lies in an area generally sepa-
rate from the other tone categories, although there is
some overlap between Tones T2 and T5, T1 and T3, T3
and T6, and T4 and T6.

Inspection of Figure 3a suggests that T1, T3, T6, and
T4 form a chain descending from high to low range in
perceptual height. Such a distinction in perception is
in line with phonological descriptions that T1 is a high
level tone; T3 is a mid level tone; T6 is a low level tone;
and T4, which often carries a falling contour, is the low-
est tone (Bauer & Benedict, 1997).

Along the slope dimension, T1, T3, and T6 lie in an
area roughly aligned to slope value 0 (indicating a level
contour), although the distribution is slightly skewed to-
ward the negative side (indicating a falling contour).
This suggests that Cantonese subjects tend to perceive
level or slightly falling pitch contours as these three
level tones. T2 and T5, which are traditionally described
as rising tones, are located mostly on the positive side of
the slope dimension (indicating a rising contour). T4,
often described as a low falling tone, is located on the
negative side of the slope. The general match of the per-
ceptual distribution and phonological description of
Cantonese tones suggests that the perceptual space of
Cantonese tones is modulated by subjects’ native lan-
guage background about the properties (e.g., height
and slope) of Cantonese tones.

Figure 3b shows the two-dimensional perceptual
space of Mandarin tones. In contrast to the Cantonese
perceptual space, the Mandarin tones are located far
apart from each other. The greater between-category
distance in Mandarin can be attributed partly to the
less dense tone system (i.e., six tones in Cantonese but
only four in Mandarin). As can be seen in Figure 3b,
the data points for each Mandarin tone are grouped to-
gether more compactly, especially for the two contour
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Figure 3. Two-dimensional plot (height and slope) of perceptual center of gravity for (a) the Cantonese
tone system and (b) the Mandarin tone system. Six Cantonese fones are represented by various colors:
Tone (T) 1 is in red; T2 is in cyan; T3 is in green; T4 is in purple; T5 is in black; and T6 is in deep
blue. Four Mandarin tones are represented as follows: T1 is in red; T2 is in cyan; T3 is in green; and
T4 is in purple. Four voices are indicated by different symbols: squares indicate female high voice (FH);
diamonds indicate female average voice (FA); triangles indicate male average voice (MA); and crosses
indicate male low voice (ML). Dotted lines specify the area within which a tone can occur.
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tones, T2 (rising tone) and T4 (falling tone). T1 (level
tone) stretches along the height dimension, because
both high and mid level pitch contour can be identified
as T1. T3 shows a relatively large within-category varia-
tion compared with the other three tones. The main body
of T3 lies on the negative side of the slope dimension,
with some outliers on the positive side. As discussed in
the Stimuli section, T3 has three variants conditioned
according to the environment in which it occurs. Although
stimuli were presented in isolation in this study, the per-
ceptual data suggest that most subjects tend to identify a
low falling pitch contour as T3.

Effect of Intertalker Variations

To compare the effects of intertalker variations on
Cantonese and Mandarin tone identification, in Figure 4
we show the perceptual CG collapsed across the subjects
of each language group. One outlier was removed from
the data when plotting Figure 4. This outlier was caused
by a particular subject, who labeled Stimulus 11 as T1 in
the ML voice condition. We considered it to be an outlier
because this subject identified 11 as T1 only this one
time (which is also the only time that this subject labeled
any stimulus as T1 in the ML condition). Moreover,
Stimulus 11 was identified mainly as either T6 or T4
by this subject. It is, therefore, not unlikely that this
subject intended to identify 11 as T4 (or perhaps T6)
but mistakenly pressed the button for T1 (on the key-
board, the labeled buttons for T1 and T4 are adjacent
to each other).

In this study, we use the term normalization to
mean that listeners can adapt to a talker’s specific char-
acteristics. Accordingly, the same tone, despite variation
in its acoustic realizations when uttered by different
talkers, should be perceptually similar across different
talkers. The perceptual similarity is reflected by the per-
ceptual height and slope of a tone. Specifically, normali-
zation of talker variations implies minimal or no shift
from talker to talker within a certain tone in the percep-
tual space.

With perceptual similarity as the criterion for talker
normalization, an obvious difference is observed be-
tween these two groups. Cantonese tones exhibit sub-
stantial fluctuation in the perceptual space as a result
of intertalker variation, whereas Mandarin tones basi-
cally remain static across the voices. In the Cantonese
perceptual space, the four voices cause a monotonic up-
ward shift in perceptual CG for each of these three tones,
T3, T5, and T6 (i.e., for each tone, the perceptual CG of
ML is the highest, followed by that of MA, then that of
FA, and the lowest CG of FH). Although there were
also shifts for the other three tones, these were not
monotonic. Moreover, for T3, T5, and T6, intertalker var-
iations have an opposite effect on the perceptual CG Gi.e.,

the higher the F0 value of a voice, the lower the perceptual
height for these three tones). For instance, in the case of
high voice (FH), the listeners bias their perception to
higher tones. The effect of perceiving low pitch-contour
stimuli of high voices as high tones implies the lack of
talker normalization.

For a comparison of the degree of perceptual disper-
sion of the two groups of listeners due to intertalker var-
iations, the mean absolute difference between the CG
per voice and the mean CG averaged across all voices
was first calculated for each tone per tonal dimension
and per subject and then averaged over the tones to ob-
tain the dispersion values. Table 4 depicts the dispersion
values of the two groups of subjects. A one-way ANOVA
shows that there is a significant effect of language back-
ground in both height, F(1, 30) = 46.92, p < .001, and
slope, F(1, 30) = 36.93, p < .001, indicating that Canton-
ese tone identification exhibits significant shifts in the
perceptual space as a result of intertalker variations
(marginal mean dispersion for Cantonese and Mandarin
in height, 0.19 and 0.08, respectively; in slope, 0.06 and
0.03, respectively).

The contrast between Mandarin and Cantonese
tone perception indicates that Mandarin subjects were
better able to normalize intertalker variations. Can-
tonese subjects did not adapt to each voice very well in
spite of the blocked-talker design, and their perception
seems to be influenced by the absolute FO values of
each voice. In our stimulus design, the secondary cues
for tone perception, such as duration and intensity pro-
file, have been neutralized (Liu & Samuel, 2004; Zee,
1978). However, Cantonese listeners probably rely on
these secondary tonal cues, as well as sentential context,
more than Mandarin listeners do to achieve effective
tone identification.

Given the different tone inventories of the two target
languages, we conducted statistical analyses on the per-
ceptual CG for each language group separately (Canton-
ese and Mandarin). For each tone category, its perceptual
CG has two features, one in the height dimension and the
other in the slope dimension. Within each dimension, we
conducted a two-way repeated measures ANOVA, with
the perceptual CG for each tone category as the depen-
dent variable and tone and voice as two independent vari-
ables. In total, four two-way repeated measures ANOVAs
were conducted, two for Cantonese (height and slope) and
two for Mandarin (height and slope).

For the perceptual height of Cantonese tones, there
was a significant main effect of tone, F(3.112, 46.686) =
98.73, p < .001, indicating that Cantonese tones differ
from each other in terms of perceptual height. The main
effect of voice failed to reach significance, F(1.939, 29.086) =
2.23, p = .127, but there was a significant Tone x Voice in-
teraction, F(3.572,53.574) =5.94, p < .01. Taken together,
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Figure 4. Average perceptual center of gravity collapsed across subjects for (a) Cantonese subjects and
(b) Mandarin subjects. Tone categories are represented by different colors. Four voices are indicated by
different symbols. Squares indicate female high voice (FH); diamonds indicate female average voice (FA);
triangles indicate male average voice (MA); and crosses indicate male low voice (ML). Dotted lines specify the
area within which a tone can occur.
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the lack of effect of voice and significant Tone x Voice in- For the perceptual slope of Cantonese tones, there
teraction can be attributed to tones shifting in different were significant main effects of tone, F(1.174, 25.705) =
directions (some upward, some downward), perhaps can- 95.66, p < .001, and voice, F(2.6, 39.0) = 3.04, p < .05,
celing out the overall effect of voice. but no significant Tone x Voice interaction, F(5.622,
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Table 4. Dispersion according to voices.

Cantonese Mandarin

Subject  Height  Slope  Subject  Height  Slope

1 0.223  0.045 1 0.138 0.035
2 0.148  0.042 2 0.053 0.023
3 0.150  0.053 3 0.085  0.023
4 0.252  0.085 4 0.080 0.015
5 0.193  0.092 5 0.043 0.018
6 0.168  0.050 6 0.098 0.055
7 0.167  0.080 7 0.105  0.023
8 0.237  0.060 8 0.098 0.035
9 0.172  0.070 9 0.118 0.030
10 0273  0.112 10 0.068 0.028
11 0.127  0.047 11 0.068 0.030
12 0.342  0.072 12 0.048 0.033
13 0.203  0.062 13 0.065 0.018
14 0.115  0.040 14 0.110  0.033
15 0.158  0.037 15 0.073 0.023
16 0.168  0.057 16 0.068 0.018
M 0.194  0.063 0.082 0.028

84.33) = 0.73, p = .621. These results suggest that the
perceptual slope differs between different tones and be-
tween different talkers. The lack of interaction effect
implies that intertalker variations may have a similar
effect on the perceptual slope of different tones.

For the perceptual height of Mandarin tones, there
were significant main effects of tone, F(1.786, 26.789) =
166.48, p < .001, and voice, F(2.749, 41.232) = 10.11,
p <.001. There was also a significant Tone x Voice inter-
action, F'(3.6, 53.989) = 3.22, p < .05. These results indi-
cate that the perceptual height varies across tones and
also across talkers. Moreover, intertalker variation may
have a greater effect on some tones.

For the perceptual slope of Mandarin listeners, there
were significant main effects of tone, F(1.183, 17.743) =
476.78, p < .001, and voice, F(2.324, 34.853) = 15.08,
p < .001. The Tone x Voice interaction was also signifi-
cant, F'(3.666, 54.993) = 3.40, p < .05. Similar interpreta-
tions can be drawn here as in the case of the perceptual
height of Mandarin tones.

Post Hoc Tests

This section further probes the interaction effects
found earlier to determine the nature of intertalker var-
iations on each tone for the two language groups.

Figure 5 breaks up the intertalker variations into
each tone. As can be seen from Figure 5a, T3, T5, and
T6 show a monotonically increasing trend in mean
height from high to low voices, whereas the other three
tones exhibit less systematic shifts. A follow-up one-way

ANOVA comparing the four voices was conducted sepa-
rately for each tone. There was a significant effect of
voice for T3, T5, and T6 but not for the remaining tones:
For T3, F(3, 60) = 5.70, p < .01; for T5, F(3, 60) = 4.29,
p < .01; for T6, F(3, 60) = 7.93, p < .001; and for the
other three tones, p > .05. The aforementioned mono-
tonically increasing trends for T3 (p < .001, n = 16), T5
(p<.01,n=16),and T6 (p <.001, n = 16) have been con-
firmed by Page’s tests, respectively (Page, 1963).

In contrast to the intertalker variations in percep-
tual height, there was no significant Tone x Voice inter-
action effect for perceptual slope, although there was a
significant main effect of voice. A one-way ANOVA also
indicated that there was no significant effect of voice for
any of these six tones. Therefore, intertalker variations
cause only minimal variations in the slope dimension, as
can be seen in Figure 5b.

Figure 6 presents the intertalker variations in per-
ceptual height and slope for the Mandarin tone system.
In terms of perceptual height, a one-way ANOVA found
no significant effect of voice for all four Mandarin tones.

For slope, a one-way ANOVA revealed a significant
main effect of voice for T1 only, F(3, 60) = 3.08, p < .05.
However, Tukey’s post hoc analysis found no significant
difference between any two voice pairs on T1, suggesting
that the aforementioned effect was too weak to warrant
meaningful interpretation.

Although there were significant two-way Tone x
Voice interactions for Mandarin tones for both height
and slope, post hoc analyses did not reveal any sig-
nificant difference between any two voice pairs for all
tones.

To summarize, intertalker variations have an un-
equal effect on perceptual height and slope. In the case
of Cantonese tone identification, intertalker variations
have a larger impact on the height dimension than on
the slope dimension, as indicated by the significant
effects of voice for the three tones, T3, T5, and T6. For
Mandarin, intertalker variations have a limited impact
on both height and slope dimensions.

Discussion

The main findings of this study are as follows: (a) In
terms of perceptual CG, the Mandarin tone system is
organized more compactly than the Cantonese tone sys-
tem, as shown by its greater between-category distances
and lesser within-category dispersion. (b) Concerning
talker normalization, tone identification of Mandarin
listeners exhibited relatively stable normalization across
the voices, whereas tone identification of Cantonese listen-
ers was unstable and susceptible to the influence of inter-
talker variations. (¢) In the case of Cantonese, intertalker
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Figure 5. Across-voice variations in (a) perceptual height and (b) slope for six Cantonese tones. The four
voices are female high (FH), female average (FA), male average (MA), and male low (ML). Asterisks indicate
the results of one-way analysis of variance comparing four voices within each tone. Error bars indicate plus

or minus standard error.*p < .05. **p <.001.
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variations had a larger effect on the height dimension than
on the slope dimension.

Between-Groups Comparison

Discussion in this section focuses on the follow-
ing two questions: (a) How does native tone language
background shape the perceptual tone space? (b) Do
intertalker variations have an equivalent effect on Can-
tonese and Mandarin tone categorization?

Inspection of the two-dimensional (height and slope)
perceptual space reveals that the perceptual distribution
of Cantonese and Mandarin tones is generally compatible
with their respective phonological descriptions, providing
evidence that tone perception is modulated by subjects’
experience of their native language. In other words, Can-
tonese and Mandarin listeners are guided by the types of
tone contrasts in their native language to group and map
acoustic variations to corresponding linguistic tones
(Gandour, 1983; Y. S. Lee, Vakoch, & Wurm, 1996).

The Mandarin and Cantonese tone spaces differ in
several respects. For example, in the perceptual space,
the Mandarin tone system is organized more compactly
than Cantonese, as shown by the greater between-category
distance and less within-category dispersion. On the
other hand, the Cantonese tone system exhibits great
within-category dispersion and between-category over-
lapping. This indicates that tone identification in isola-
tion is less stable in Cantonese. Without access to
contextual information and prior knowledge of the talk-
ers’ voice, it is not easy for Cantonese listeners to accu-
rately map acoustic variations to corresponding tone
categories. For Mandarin listeners, however, FO differ-
ences within a syllable alone seem sufficient to elicit sta-
ble and reliable tone identification.

Lack of stable adaptation to different voices could be
associated with the types of tones that are contrasted in
a language. In Mandarin, each tone bears a distinctive
F0 contour; therefore, FO difference within a syllable car-
ries sufficient information about the identity of a tone. In
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Figure 6. Across-voice variations in (a) perceptual height and (b) slope for four Mandarin tones. The

four voices are female high (FH), female average (FA), male average (MA), and ML male low (MA). Asterisks
indicate the results of a one-way analysis of variance comparing four voices within each tone. Error bars
indicate plus or minus standard error.*p < .05. **p < .001.
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Cantonese, many tones share a similar FO contour—for
example, the three level tones (T1, T3, and T6) are only
distinguishable in pitch height. FO overlapping between
voices may result in ambiguity for such tones, leading to
less stable tone identification in Cantonese. This point is
further illustrated in the next section.

The opposite effect of intertalker variations on the
perceptual height of Cantonese T3, T5, and T6 also
requires an explanation (i.e., the higher the F0 value of
a voice, the lower the perceptual height for a tone). To
probe this question, we consider the possible strategies
that listeners could have adopted in talker normalization.

One possible strategy is to figure out the FO range of
a particular voice. If listeners keep track of the heard
stimuli, they may notice that one block contains one
talker’s voice only. On the basis of such information,
they could estimate the upper and lower bounds for
that particular voice and categorize a pitch stimulus by
computing its relative position in that FO range. In this
case, we would expect the listeners to normalize the

intertalker variations well, resulting in no dramatic shift
in perceptual CG for each tone across different voices.
However, such an expectation is contradicted by the find-
ing that there is a monotonic shift in the perceptual
height of certain Cantonese tones.

The other possibility is that listeners do not esti-
mate the upper and lower bounds of a particular voice
in spite of the blocked-talker design. Rather, listeners re-
sort to an internal pitch template when listening to un-
familiar voices and categorize the pitch stimuli with
reference to the internal pitch template instead of adapt-
ing to each talker’s specific range (Bishop & Keating,
2010; Dolson, 1994; Honorof & Whalen, 2005; C.-Y.
Lee, 2009).

The second strategy explains why perceptual CG for
Cantonese tones shifts. Figure 7 is a schematic represen-
tation of this speculated internal pitch template that
Cantonese listeners could have relied on in talker nor-
malization. Let us start with the assumption that aver-
age male and female voices (MA and FA) generally fit in
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Figure 7. A schematic representation of speculated internal pitch
template that Cantonese listeners could have relied on in talker
normalization. Area within the dotted lines indicates the speculated
internal template (see the text for illustration). FH = female high voice;
FA = female average voice; MA = male average voice; ML= male low
voice.
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this internal pitch template. When listening to a very
high voice, such as FH, a listener’s expected pitch height
for T3 (midlevel tone in Cantonese) might correspond to
the lower half of the high voice. Because perceptual CG
is calculated on the basis of normalized tone digits (for
each voice, highest F0 is aligned to Tone Digit 5 and low-
est FO to Tone Digit 1), identifying pitch stimuli lying
in the lower half of FH as T3 would lower the perceptual
height of T3. Similarly, when subjects listened to a very
low voice, such as ML, a listener’s expected pitch height
for T3 would lie in the upper half of the ML, giving rise
to relatively high perceptual CG of T3. Thus, a shift in
perceptual height of Cantonese tones demonstrates
that Cantonese listeners maintain an internal pitch tem-
plate rather than dynamically adapt to each voice.

This discussion shows that, without information of a
talker’s identity, Cantonese listeners are likely to rely on
an internal pitch template to identify tone categories, re-
gardless of the specific FO range of a talker. However, it
is unclear how this internal pitch template is formed.
One possibility is that it is shaped by the average F0O
range of all voices that a subject has heard before. Can-
tonese subjects could have computed the average FO range
of Cantonese-speaking female voices and Cantonese-
speaking male voices, and use such information to
make tone judgments when neither the talker’s identity
nor contextual cues are available. This explanation
seems to fit the schematic representation in Figure 7,
which assumes that the average male and female voice
ranges (MA and FA) estimated from a sample of 34 male
and 34 female Cantonese speakers (CUSENT) generally
fall within this internal template. More research is needed
to further explore this question.

Within-Group Comparison

In this section, we discuss the magnitude of the in-
fluence of intertalker variations on two tone dimensions,
height and slope. In the case of Cantonese tone iden-
tification, intertalker variations have a larger effect on
the height dimension than on the slope dimension. For
Mandarin, the overall effect of intertalker variations
on tone perception is limited, regardless of height or
slope dimension. Therefore, the following discussion
focuses on Cantonese tone identification, especially for
the height dimension.

As mentioned earlier, the three Cantonese level tones
(T1, T3, and T6) bear a similar, relatively flat pitch con-
tour. These tones are distinguishable from one another
in terms of just pitch height. Two rising tones (T2 and
T5) share a similar onset F0 and rising contour. Phonetic
datain earlier studies show that T2 and T5 are generally
distinctive from each other in terms of the magnitude of
the rising slope (i.e., T2 has a steeper rising contour, end-
ing with a higher offset FO than T5; Bauer et al., 2003;
Rose, 1996). Given that T2 and T5 share a similar
onset FO, different offset FO values cause a difference
in overall pitch height as well. We suspect that tones
that contrast with each other in terms of pitch height
are susceptible to the influence of intertalker variations,
which introduces FO overlapping and consequently am-
biguity between these tones.

This speculation predicts that the three level tones
(T1, T3, and T6) and two rising tones (T2 and T5) in Can-
tonese are prone to the effect of intertalker variations.
Such an expectation is partly confirmed by the percep-
tion patterns reported earlier (i.e., intertalker variations
are found to have a significant effect on the perceptual
height of T3, T5, and T6). T3 and T6 are from the level
tone group, and T5 is from the rising group. It is interesting
that the remaining members in level and rising groups
(i.e., high level tone [T1] and high rising tone [T2]) are
less influenced by intertalker variations. A possible ex-
planation for this discrepancy is that T1 and T2 are pe-
ripheral tones that stand at the extreme ends of a tone
space. In the pitch height dimension, the high level tone
T1 and low falling tone T4 can be considered to be pe-
ripheral tones at two ends of the height scale. In the
pitch slope dimension, the high rising tone T2, which
has a larger rising slope than T5, may be considered pe-
ripheral at the upper end of the slope scale, with T4 at
the lower end of the slope scale. Presumably because of
their peripheral positions in the perceptual space, T1
and T2 have no extra space to shift driven by intertalker
variations. On the other hand, T3, T5, and T6, which are
intermediate tones, exhibit a larger shift from high to
low voices.

In fact, contrary to the increasing pattern in the case
of T3, T5, and T6, T1 and T2 tend to exhibit a drop in low
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voices, as shown in Figure 4a. Although one-way ANOVA
did not find a significant effect of voice on T1 and T2, the
drop in T1 for ML voice nevertheless needs an explana-
tion. We suspect that the drop in T1 is due to an artifact
rather than indicating that T1 is perceived as so low in
this condition. As discussed earlier, Cantonese listeners
seem to rely on an internal template in tone identifica-
tion. With reference to this range, probably the highest
F0in ML (125 Hz) is still not perceived as high enough to
be labeled as T1. This can be seen from the average iden-
tification rates of T1 and T3 in ML voice. Among the total
3,600 stimuli presented in this condition (25 stimuli x
9 repetitions x 16 listeners), 18.1% of the stimuli were
identified as T3, but only 2.69% of them were identified
as T1. Although some subjects identified the highest
pitch stimulus as T1 in this condition, the overall iden-
tification is inconsistent (e.g., one subject labeled Stim-
ulus 11 as T1, although such cases are rare). We suspect
that the low overall identification rates (only 2.69% in
ML voice) compromised the accurate estimation of the
perceptual height of T1. Moreover, for T1, the perceptual
CG ofthe other three voices, FH, FA, and MA, are close to
one another. Only in ML voice does T1 exhibit a substan-
tial drop. Therefore, we conclude that perceptual CG of
T1 in the ML condition reflects an artifact rather than
indicates the true perceived pitch height of T1.

General Discussion

Earlier studies exploring the effect of native lan-
guage background on tone perception have revealed in-
teresting properties about Cantonese and Mandarin
tones. In this section, we try to link the findings of this
study to earlier studies; in particular, we focus on the
role of pitch height in talker normalization.

This study found that, without access to contextual
information and prior knowledge of the talkers’ voice,
isolated tone identification in Cantonese is unstable. Es-
pecially for those tones that rely mainly on pitch height
to discriminate them, we observed a clear shift in the
perceptual space due to intertalker variation. Although
this study adopted a blocked-talker design to compen-
sate for the lack of talker and contextual information,
there is no clear indication of reliable talker normaliza-
tion among the Cantonese listeners. This lack of consis-
tent talker normalization suggests that contextual cues
or knowledge of the talker’s identity are necessary for a
listener to disambiguate certain Cantonese tones (Francis
et al., 2006).

On the other hand, Mandarin listeners seem to be
relatively immune to the influence of different voices.
For Mandarin tones, each of which carries a distinctive
FO contour (level, rising, falling, and dipping), FO differ-
ences alone seem sufficient to elicit stable and reliable

tone identification (Moore & Jongman, 1997). Talker or
contextual information could be helpful, but not neces-
sary, for Mandarin tone identification.

The contrast between Cantonese and Mandarin lis-
teners’ performances suggests that pitch height alone is
not an efficient cue for tone perception, especially in iso-
lation. For tones that are distinctive in FO contour, such
as rising and falling tones, intertalker variations have
very limited influence on their identification. However,
for level tones, which heavily depend on pitch height dif-
ferences, intertalker variations may result in overlapping
between these tones. Consequently, extra information is
required to disambiguate them.

This finding—that pitch height alone is not an effi-
cient cue for tone perception—is generally consistent
with earlier findings concerning categorical perception
and talker normalization of tones. For example, Francis,
Ciocca, and Ng (2003) reported a lack of evidence for cat-
egorical perception of Cantonese level tones (T1, T3, and
T6). On the contrary, identification crossover and dis-
crimination peak are basically matched in the case of
the high-level-to-rising tone continuum. This may sug-
gest that the categorical boundary between level tones
is vulnerable when they are presented in isolation.

In terms of talker normalization, earlier studies em-
bedding acoustic variations in carrier sentences found
that identification of a level pitch can be changed cate-
gorically depending on the FO height of the context;
therefore a level pitch can be identified as T1, T3, or T6
when the contextual FO height varies (Wong & Diehl,
2003). On the other hand, it seems that tones that are
distinctive in FO contour are relatively more resistant
to the change of context. For example, Huang and Holt
(2009) embedded a continuum of level-to-rising pitch
contour in a context with varying FO height. Although
they found a significant effect of context on the identifi-
cation rates, it seems that FO height of the context had
relatively limited impact, compared with FO differences
of the target syllables themselves.

Although manipulation of a carrier sentence is not
included in this study, our findings are generally in
line with the aforementioned studies. Intertalker varia-
tions introduce difficulties in the identification of tones
that rely mainly on pitch height but less so for tones hav-
ing distinctive FO contours. Therefore, contextual infor-
mation is crucial in the former case, which is consistent
with Wong and Diehl’s (2003) finding that context
changes the identification of a level pitch categorically.
However, for tones that are distinctive in contour, con-
text is not necessary in identification because F0 differ-
ences alone are sufficient to elicit reliable identification.

The last point that we draw upon here is Gandour’s
(1983) finding that Cantonese listeners placed more em-
phasis on the height dimension than Mandarin listeners
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did. It seems to indicate that Cantonese listeners are more
sensitive to differences in FO height than Mandarin listen-
ers, because Cantonese listeners have to make finer dis-
tinctions in FO height to tell one level tone from the other.

The question that arises is whether this point con-
tradicts our finding that Cantonese listeners did not nor-
malize the intertalker variations very well. The answer
is no. It should be pointed out that the design of this
study aims to reveal the talker normalization mecha-
nism in the process of tone identification, which is differ-
ent from the phenomenon reported in Gandour’s (1983)
study. It is likely that Cantonese listeners do make finer
distinctions than Mandarin listeners in tone perception.
For example, a recent event-related potentials study
(Zheng, Minett, Peng, & Wang, 2012), which compared
Cantonese and Mandarin listeners’ processing of rising
pitch contours, revealed a categorical effect in terms of
P300 amplitude only in the Cantonese group, suggesting
that Cantonese listeners distinguish phonologically con-
trastive differences in rising pitch with greater ease than
Mandarin listeners do. However, the task in this study
requires a different mechanism: normalizing intertalker
variations. To fulfill this task, it is necessary to figure out
the FO range of a particular voice and estimate the relative
height of a pitch in that range, which we did not observe in
the performance of Cantonese listeners.

In summary, the Mandarin tone system is well
aligned with the principle of sufficient perceptual con-
trast, whose native listeners are able to normalize inter-
talker variations to some degree when perceiving tones
in isolation. However, violation of the aforementioned
principle for the Cantonese tone system makes its native
listener unable to normalize intertalker variations well.
The larger number of tones in Cantonese may also play a
role here. Nevertheless, in practice, Cantonese listeners
are able to communicate with other Cantonese talkers
without difficulty. We speculate that Cantonese listeners
may rely more on other information such as sentential
context and talker identity, as well as secondary cues, to
achieve effective tone identification. Our findings may
also be applicable to other phonological inventories,
such as vowel inventories. For instance, a vowel system
that complies with the principle of sufficient perceptual
contrast may cause less confusion among its vowels
when perceived in isolation. Simulation studies on opti-
mized phonological inventories based on the principle of
sufficient perceptual contrast may shed more light on the
perceptual consequence of different inventory configura-
tions (de Boer, 2000; Ke, Ogura, & Wang, 2003).

Conclusion

Previous studies on talker normalization have usually
focused on one target language (e.g., Moore & Jongman,

1997, for Mandarin; and Wong & Diehl, 2003, for Can-
tonese). However, the stimuli we have used here are
acoustically unbiased to any particular tone system.
The present study therefore serves as an initial step to-
ward a fuller understanding of the interaction between
the size and configuration of phonological inventory and
the perceptual consequence of talker variability. More-
over, interest in Cantonese tones has previously focused
onits level tones (e.g., Francis et al., 2006; Wong & Diehl,
2003). Therefore, our results complement previous find-
ings on Cantonese tone perception. In summary, percep-
tion of the high level tone, T1, is less influenced by
intertalker variations than the other Cantonese level
tones. The other two Cantonese level tones, T3 and T6,
together with the low rising tone, T5, are heavily influ-
enced by intertalker variations, suggesting that the per-
ception of the intermediate tones are unstable when
perceived in isolation.
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