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On-line perception of Mandarin Tones 2 and 3: Evidence from eye
movements
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Using the visual world paradigm, the present study investigated on-line processing of fine-grained
pitch information prior to lexical access in a tone language; specifically how lexical tone perception
of Mandarin Tones 2 and 3 was influenced by the pitch height of the tone at onset, turning point,
and offset. Native speakers of Mandarin listened to manipulated tone tokens and selected the corre-
sponding word from four visually presented words (objects in Experiment 1 and characters in
Experiment 2) while their eye movements were monitored. The results showed that 87% of ultimate
tone judgments were made according to offset pitch height. Tokens with high offset pitch were
identified as Tone 2, and low offset pitch as Tone 3. A low turning point pitch served as a pivotal
cue for Tone 3, and prompted more eye fixations on Tone 3 items, until the offset pitch directed sig-
nificantly more fixations to the final tone choice. The findings support the view that lexical tone per-
ception is an incremental process, in which pitch height at critical points serves as an important

cue. © 2013 Acoustical Society of America.
[http://dx.doi.org/10.1121/1.4795775]

PACS number(s): 43.71.Es, 43.71.Sy [MSV]

. INTRODUCTION

The present study employed the visual world paradigm
to investigate the hypothesis that fine-grained pitch cues are
exploited in an incremental fashion in the pre-lexical percep-
tion of isolated lexical tones, in which pitch height at the crit-
ical points of the syllable (i.e., onset, turning point, and
offset) serves as an important cue. Languages that utilize
phonologically contrastive variations in pitch at the lexical
level are called tone languages (McCawley, 1978). In tone
languages, such as most East Asian and African languages,
words with the same vowels and consonants have different
meanings depending on the lexical tones in which they are
enunciated. For example, the word ma in Mandarin means
“mother” when spoken in the first tone, “hemp” when spoken
in the second tone, “horse” in the third tone, and a reproach
in the fourth tone. This contrasts with intonation languages
such as English, in which pitch is used to convey emotion
and the form of utterance (i.e., statement or question), but is
not involved in determining the meaning of individual words.
For instance, in Mandarin Chinese, the four lexical tones can
be described by their fundamental frequency (F0) patterns as
high-level, high-rising, low-falling-rising, and high-falling.
Other experiments have demonstrated that when the primary
cue of pitch is missing or ambiguous, other acoustic cues
will be exploited, such as amplitude contour (Whalen and
Xu, 1992; Fu and Zeng, 2000) and duration (Blicher et al.,
1990).

YPortions of this work were presented at the 20th International Congress on
Acoustics, Sydney, Australia, August 2010, by J. Shen, D. Deutsch, and K.
Rayner, “Processing of endpoint pitch in Mandarin tone perception: An
eye movement study,” incorporating Proceedings of the 2010 Annual
Conference of the Australian Acoustical Society, p. 3666.

®Author to whom correspondence should be addressed. Electronic mail:
j2shen@ucsd.edu

3016  J. Acoust. Soc. Am. 133 (5), May 2013

0001-4966/2013/133(5)/3016/14/$30.00

Pages: 3016-3029

Research has revealed that native speakers of tone
languages utilize several pitch cues to identify lexical tones.
A multi-dimensional scaling study indicated that the major
dimensions invoked are overall pitch height, direction of
pitch change, pitch height at endpoint, and slope of pitch
change (Gandour, 1983). A considerable body of research
has tested three major pitch cues individually in lexical tone
perception, namely, overall pitch height, pitch at the critical
points, and slope of pitch change.

A. Overall pitch height

Deutsch et al. (2004) demonstrated that native speakers
of Mandarin showed a significantly higher pitch consistency
compared with native speakers of English when the different
groups were asked to enunciate a list of words in their native
language on two different days. Further data (Deutsch et al.,
2009) collected from two groups of Chinese speakers living
in two different isolated linguistic communities showed that
the pitch ranges of the subjects’ speech were clustered within
each community while differing significantly across com-
munities. These studies provided support for the hypothesis
that native speakers of tone languages acquire a mental
representation of pitch height through long-term exposure to
the pitch range of speech in the speakers’ linguistic commu-
nity (Deutsch, 1992; Deutsch, et al., 2004; Dolson, 1994).
This mental template of pitch height can potentially help
tone language speakers exploit overall pitch height as a cue
for tone perception, especially if they had only lived in one
community and thus only have one consistent pitch template
for speech.

Extensive research has been carried out to examine how
overall pitch height affects lexical tone perception. First, it
was shown in a reaction time study that overall pitch height
affected tone judgment in isolated Mandarin syllables (Shen
et al., 2011). Furthermore, in paired Mandarin syllables, the
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average and onset O of one syllable influenced tone judg-
ment for the other syllable (Lin and Wang, 1985; Fox and
Qi, 1990). In addition, the effect of overall pitch height has
been demonstrated using the paradigm of embedding the
syllables in context sentences that are manipulated in pitch,
both for Cantonese level tones (Wong and Diehl, 2003;
Francis et al., 2006), and for Mandarin contour tones
(Leather, 1983; Moore and Jongman, 1997; Huang and Holt,
20009).

While all these studies have suggested a critical role of
overall pitch height as a cue for tone perception, this cue
could be formed from a variety of sub-cues, such as the aver-
age FO of the syllable, the FO range covered by the extreme
pitch points, or the entire pitch contour. Further examination
of these other pitch cues is therefore needed to investigate
this possibility.

B. Endpoint and midpoint pitches

In several studies employing the paradigm of removing
part of a tone (Gottfried and Suiter, 1997; Lee et al., 2008;
Liu and Samuel, 2004), it was found that native speakers of
Mandarin were able to correctly identify most of the tones
with which they were presented, even with only a small pro-
portion of the sound signal available. Adopting the paradigm
from the study of Strange et al. (1983) on vowel identifica-
tion, Gottfried and Suiter (1997) investigated tone perception
by native and non-native speakers of Mandarin using four
types of syllable: Intact, center-only (without the initial six
and final eight pitch periods), silent-center (only the initial
six and final eight pitch periods are available), and onset-
only (only the initial six pitch periods are available). Native
speakers outperformed non-native speakers overall, espe-
cially for the silent-center syllables. The percentage average
correct tone identification for the silent-center syllables was
approximately 95% for native speakers, compared to 46%
for non-native speakers. As a replication and extension of
this study, Lee et al. (2008) carried out a tone identification
study using the same types of stimuli and a larger sample
size consisting of 40 native speakers, and obtained a similar
result. Using a different tone language, Thai, Zsiga and
Nitisaroj (2007) demonstrated in a series of experiments that
pitch inflections at the syllable midpoint and offset point
successfully categorized Thai tones in perceptual space.
The findings from these studies provide evidence that native
speakers of tone languages use midpoint and endpoint
pitches as perceptual cues for tone identification.

Several studies have investigated the cues of pitch
change and the timing of the pitch turning point in Tones 2
(high-rising) and Tone 3 (low-falling-rising). Shen et al.
(1993) found that the timing of the pitch turning point was
an important cue for discriminating between Tone 2 and
Tone 3. A turning point that occurred close to the tone onset
served as a cue for Tone 2, and one that occurred late in the
tone prompted more judgments of Tone 3. Findings by
Moore and Jongman (1997) showed that both timing of pitch
turning point and pitch difference between onset and turning
point influenced perception of isolated tones. The stimuli
were more likely to be identified as Tone 2 words when they
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had an early turning point and a small pitch difference
between onset and turning point. Overall, perception of Tone
2 seemed to tolerate more variability, while Tone 3 required
a late turning point and a large initial fall in FO.

The above studies all focused on the pitch information
between onset and turning point for Tones 2 and 3, and the
importance of the later parts of the tones has rarely been
investigated. Liu and Samuel (2004) provided data on per-
centage correct identification for tone stimuli that had a por-
tion of the syllable replaced by white noise (either from
syllable onset to pitch turning point, or from pitch turning
point to syllable offset). Their findings showed that for Tone
2, the information contained in the segment between the
turning point and the offset point was critical for identifica-
tion, while this phenomenon did not hold for Tone 3.
Further, it was found that for Tone 3 the first half of the syl-
lable was more important for identification than the second
half. While this finding aligns with others in suggesting that
some points or segments within the syllable contain particu-
larly salient pitch information for tone identification, it also
raises the possibility of combining segments from different
tones to create hybrid tones as stimuli for investigating the
perception of tones.

C. Slope of pitch change

The existing literature suggests that, along with pitch
height, slope of pitch change is a perceptual cue used by
native speakers for tone identification (Gandour, 1983;
Massaro et al., 1985; Chandrasekaran et al., 2007). Research
on lexical tone perception has consistently shown that native
speakers perceive pitch glides categorically, with pitch pat-
terns across the categorical boundary perceived as different
tones, while those within the boundary perceived as the
same tone (Francis et al., 2003; Xu et al., 2006; Halle et al.,
2004). For example, modeling Mandarin high level and high
rising tones, Xu et al. (2006) resynthesized a series of speech
sound tokens carrying pitch glides with the same offset pitch
height but different linear rising slopes. They found that
native speakers identified sound tokens with slopes of pitch
change larger than approximately 0.047 Hz/ms as a high ris-
ing tone, while those with shallow slopes as a high level tone.
Similar results were reported in two other studies using differ-
ent tone languages and subject groups: Cantonese rising and
falling tones by Francis et al. (2003), and Taiwan Mandarin
level, rising, and falling tones by Halle et al. (2004).

In research on Mandarin tone perception, a continuum
based on high level and high rising tones (Tones 1 and 2)
has been frequently used for creating stimuli in identification
and discrimination tasks (Chan et al., 1975; Wang, 1976; Xu
et al., 2006). However, there has not been any investigation
of the rising slopes between pitch turning point and offset in
Tones 2 and 3 to determine whether a steep slope of pitch
change alone can prompt the judgment of Tone 2 and the
lack of a steep slope can serve as a cue for Tone 3.

The existing tone perception literature has mostly
employed paradigms in which subjects identified and/or dis-
criminated between tones after the tokens were presented.
By manipulating sound to control for different acoustic cues,
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this method can provide information regarding the acoustic
cues that influence tone perception by native speakers.
However, because these cues usually co-vary (e.g., pitch
height at critical points can co-vary with the slope of pitch
change), measuring only the final tone judgment has made it
difficult to tease apart the effects of several different factors.
For example, the experiment performed by Moore and
Jongman (1997) involved three pitch cues: (1) Pitch height
at onset (with pitch height at turning point kept consistent),
(2) pitch difference between onset and turning point, and (3)
the slope of pitch change between the onset and turning
point. Changing one of these cues in such cases affects the
other two, making it difficult to know which cue is most in-
fluential in the final tone identification.

Another intriguing question is: How are these pitch cues
utilized by native speakers of tone languages in perceiving
lexical tones? Are these pitch cues used in an incremental
way and change the cumulative evidence for identifying the
tone as the speech sound unfolds? Or are they processed in a
holistic manner so as to make the judgment after the entire
syllable has been presented? The traditional paradigm that
only records off-line responses cannot provide an answer to
this question.

Taken together, the problem and the question demand
an on-line paradigm that can reflect any instant change of
tone judgment before the syllable ends. The visual world
paradigm is a good choice for tackling this problem.
Because of the incremental fashion in which listeners recog-
nize spoken words and comprehend speech, this eye tracking
method has been used to study on-line speech perception
(Rayner and Clifton, 2009). In a typical visual world study,
the subject follows instructions to either complete certain
tasks with one of a small set of objects presented in a visual
workspace while receiving auditory stimuli (see Tanenhaus
et al., 1995) or simply hears spoken sentences and views the
objects on a screen without performing any explicit task (see
Huetting and Altmann, 2007). There are two basic compo-
nents of eye movements in such a task. Fixation refers to the
period of time when the eyes remain still at a location and
extract visual information. Saccades are the movements
themselves, during which there is no new information
acquired because vision is suppressed (Matin, 1974). In this
task, either eye fixation or covert attention are to the same
location (i.e., during a fixation), or attention precedes the
eyes to the next saccade location (Rayner, 2009). The sub-
jects are pre-exposed to a set of visual objects before the
sound stimuli are presented, and then make saccades and fix-
ations on these objects while the speech sound is playing.
When the data are aggregated across a large number of trials,
there are, overall, a high proportion of fixations (POF) on the
object that corresponds to the auditory input at a certain time
point. The timing and pattern of fixation to potential refer-
ents can be used to draw inferences about perception and
comprehension, as the amount of fixation on a visual object
is considered to be a reflection of the amount of neural acti-
vation associated with the word (Tanenhaus et al., 2000).
This paradigm has lately been adapted to study sub-phonetic
processing in speech perception, so as to investigate how
fine-grained acoustic differences can be used to map speech
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sounds into phonemes and words (McMurray et al., 2002;
Dahan et al., 2001). McMurray et al. (2002) used the visual
world paradigm to demonstrate the gradient effect of voice
onset time (VOT) on lexical activation. They used pairs of
words that only have initial consonants which differed in
VOT (e.g., /b/ vs /p/) and synthesized a series of words with
a nine-step VOT continuum. The subjects were instructed to
click on the objects they heard while their eye movements
were monitored. It was found that as VOT approached the
categorical boundary, even though the subjects eventually
selected the target objects, the fixations on the lexical com-
petitor that differed in voicing increased. Dahan et al. (2001)
created subcategorical mismatches by using cross-spliced
words that contained mismatched acoustic information
between vowels and consonants. The eye fixation data
showed a significant effect on on-line lexical activation,
coming from the fine-grained co-articulatory information at
the onset of the target word. These studies demonstrated the
effectiveness of the visual world paradigm for examining
time-sensitive phonetic and lexical processing in response to
the fine-grained acoustic information in the speech sound.

Although this paradigm has been used intensively in
studying spoken word recognition, only a few studies have
so far examined on-line processing of lexical tones. Malins
and Joanisse (2010) employed the visual world paradigm to
examine how tonal versus segmental information influence
spoken word recognition in Mandarin Chinese. By compar-
ing the time course of viewing items that share the same
segmental information versus items that share the same tonal
information, they concluded that segmental and tonal infor-
mation are accessed concurrently, and play a comparable
role in Mandarin word recognition. Also using the visual
world paradigm, Speer and Xu (2005) examined the effect of
lexical tones on word recognition during the comprehension
of continuous speech. Listeners’ eye movements were moni-
tored as they listened to Mandarin sentences that contained
ambiguous word sequences resulting from the operation of
the third tone sandhi rule. Their findings suggest a very early
use of tonal information in identifying the words. While
extending the spoken word recognition literature by taking
tonal information into account, these studies focused on the
comparison of tonal and segmental processing as parallel
mechanisms in spoken word recognition. However, no study
has so far investigated on-line processing of pitch-tone map-
ping by manipulating the acoustic cues in speech sounds.

The motivation of the present study was two-fold. First,
building on the literature concerning pitch cues for tone
perception, we examined how native speakers utilize the two
acoustic cues (pitch height at critical points, and slopes of
pitch change) for discriminating Mandarin Tones 2 and 3.
Along with the manipulation of FO at syllable onset, turning
point, and offset, the eye tracking paradigm enabled us to
determine native speakers’ response to acoustic information
at specific time points within the syllable; this provided valu-
able information concerning how each of these pitch cues
influenced tone judgments.

Second, the study extended research on spoken word
recognition to investigate the processing of fine-grained
acoustic information prior to lexical access. Lexical tone
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serves this goal nicely in the sense that the lexical meaning
of syllables in a tone language differs only depending on
pitch information given that vowels and consonants are held
constant. As the visual world paradigm presents data on a
timescale of milliseconds, it satisfies the need to examine
on-line perceptual responses to instantaneous pitch changes
in a tone as the sound unfolds. In the present study, the proc-
essing of the pitch information was revealed in a dynamic
way by examining the time pattern of attention (i.e., meas-
ured by eye fixations) directed to potential referents, and
how this changed with the unfolding of the speech sound.

Both experiments had the same design. The factor of off-
set pitch had four levels: Original high, ambiguous high, origi-
nal low, and ambiguous low. The four conditions were termed
High Tone 2 condition (with original high offset pitch), Low
Tone 2 condition (with ambiguous high offset pitch), High
Tone 3 condition (with ambiguous low offset pitch), and
Low Tone 3 condition (with original low offset pitch). In all
the conditions, the onset and turning point pitch were set to
have the same low pitch values representing those pitch cues
in Tone 3.

The present study was motivated by two hypotheses.
First, the data of Gottfried and Suiter (1997) and Lee et al.
(2008) showed that native speakers were able to accurately
identify tones with only onset and offset pitch information. It
is predicted on this hypothesis that low onset pitch should
give listeners an initial impression of Mandarin Tone 3.
After the entire syllable is heard, a low offset pitch should
confirm the earlier choice of Tone 3 while a high offset pitch
should change most of the final judgments to Tone 2, given
the finding that the second half of the tone is more important
for identifying Tone 2 (Liu and Samuel, 2004).

Second, because the offset pitch values of High Tone 2
and Low Tone 3 were taken from the particular speaker’s
pitch of speech, these two conditions served as the original
conditions. The two ambiguous conditions were created by
increasing the offset pitch in the Low Tone 3 condition by
one semitone, and by decreasing that of the High Tone 2
condition by one semitone. Shen et al. (2011) found that a
difference of merely 1.5 semitones in overall pitch height
significantly influenced how Tone 3 was identified. If the lis-
teners in the present study responded to small differences in
offset pitch height in the same way, the final tone judgment
should differ for the original and ambiguous conditions.

Due to the close correspondence between orthographic
and phonological information in alphabetic languages, stud-
ies using the visual world paradigm typically use pictures of
objects as visual stimuli (e.g., Tanenhaus et al., 1995;
Huetting and Altmann, 2007). Experiment 1 of the present
study followed this paradigm to obtain results comparable to
those in the existing literature. Additionally, the stimuli in
the present study were in Chinese, which are logographic in
nature with highly arbitrary symbol-sound correspondences
(Wang, 1973; Zhou et al., 1999). As the written form of
words (i.e., characters) does not correspond to lexical tones
in Chinese, characters could then serve as visual stimuli in
the visual world paradigm. Although Chinese characters and
pictures of objects have both been used in eye tracking para-
digms to study tone perception (Speer and Xu, 2005; Malins
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and Joanisse, 2010), no study so far has employed these two
paradigms to investigate the same questions. Experiment 2
of the present study aimed at testing the paradigm of using
characters rather than pictures.

Il. EXPERIMENT 1
A. Method
1. Subjects

Twenty-four native Mandarin speakers (11 males, 13
females) were recruited from international and visiting stu-
dents and scholars at the University of California, San
Diego. The average age of the subjects was 26.8 (standard
deviation =4.1). All subjects were from Mainland China and
had been living in the United States for a mean of 7.9 months
and a range of 1 to 20 months. None of them had more than
5 years of musical training, and none had any recent musical
training within the past 10 years. No subject reported any
hearing or speech disorders, and they all had normal or cor-
rected to normal vision. Informed consent was obtained prior
to the experiment and the subjects were paid for their partici-
pation. Three additional subjects were tested but their data
were excluded from all the analyses due to excessive eye
blinking (over 30% of trials).

2. Stimuli and instrumentation

Speech tokens of eight syllables, which have meanings
for both Tones 2 and 3 in Mandarin, were recorded by a
female native speaker in a sound attenuated booth using a
Zoom H2 digital audio recorder (Zoom Corp., Tokyo), and
saved as WAV files at a sampling rate of 44.1 K and a 16 bit
resolution. (See Table I for Pinyin of these syllables and
name of the objects.) None of these syllables had fricative
consonants. The voiced portion of the sound tokens, which
carried the pitch information, began no later than 30 ms into
the syllable. The eye movement data corresponding to the
unvoiced portion was discarded from the analysis, so the
term “tone onset” is used hereafter to refer to the onset of the
voiced portion of the syllable. All the syllables ended with
either a vowel or a nasal consonant.

Using Praat software (Boersma and Weenink, 2008),
one pitch value of the speech stimulus was extracted every
10ms. The onset, offset, and turning point FOs were set as
the predefined values (see Table II). All the other FO values
within the syllable were estimated by a parabolic interpola-
tion method using Praat in order to retain the naturalness of
the speech sound (Xu and Sun, 2001, see Fig. 1). The tokens
were resynthesized from the natural speech template using
the method of Time-Domain Pitch-Synchronous Overlap-
and-Add (Moulines and Charpentier, 1990), keeping the
formant patterns and amplitudes constant, and normalizing
the duration to 500 ms (with pitch turning point at 200 ms).

These speech tokens were first identified by six native
speakers of Mandarin to ensure that they sounded natural
enough to be identified as Mandarin Tones 2 and 3. These
subjects identified tones with high offset pitches as Tone 2 in
over 80% of trials, and stimuli with low offset pitches were
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TABLE I. Sound stimuli used in Experiment 1 (visual stimuli: pictures of
objects).

Pinyin Object
Tone 2 stimuli /bi/ nose
/lei/ thunder
/lian/ curtain
/ling/ bell
/liu/ stream
[wei/ go (the game)
/yan/ rock
/yu/ fish
Tone 3 stimuli (same syllables /bi/ pen
as Tone 2 stimuli) /lei/ bud
/lian/ mask
/ling/ collar
/liu/ willow
/wei/ tail
/yan/ eye
/yu/ rain
Tone 1 (distractors) /che/ car
/dao/ knife
/deng/ lamp
/ding/ nail
/gou/ hook
i/ chicken
/shu/ book
/shua/ brush
Jti/ ladder
/zhong/ clock
Tone 4 (distractors) /chi/ wing
/dou/ bean
/jian/ arrow
/jing/ mirror
fju/ saw
/mao/ hat
/pao/ cannon
[tu/ rabbit
/xiang/ elephant
/xie/ crab

identified as Tone 3 in over 90% of trials. No subject
reported any unnaturalness in these stimuli.

Each sound token was presented twice during the
experiment. To prevent subjects’ anticipation of the experi-
ment stimuli, the same number of filler trials was created, in
which speech tokens of ten Tone 1 and ten Tone 4 words
were presented. None of the Tone 1 and Tone 4 words
shared the same syllable as any of the Tone 2 and Tone 3
words and none of the Tone 1 words shared the same

TABLE II. Pitch of onset, turning point, and offset in four conditions
(in Hz).

Onset pitch Turning point Offset pitch
Condition height pitch height height
Low Tone 3 184.9 138.6 155.6
High Tone 3 184.9 138.6 164.8
Low Tone 2 184.9 138.6 246.9
High Tone 2 184.9 138.6 261.6
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FIG. 1. Pitch patterns of tone stimuli in four conditions (offset pitch heights
from top to bottom: High Tone 2 condition, Low Tone 2 condition, High
Tone 3 condition, Low Tone 3 condition).

syllable with any of the Tone 4 words (see Table I for Pinyin
of these syllables and names of objects). All the words were
normalized to the same peak intensity using the software
Peak Pro Version 5.2 (Bias, Petaluma, CA). They were then
transferred to a Dell Precision 390 desktop computer (Dell
Inc., Round Rock, TX) and were presented at ~75 dB sound
pressure level through a BOSE Companion II speaker system
(Bose Corp., Framingham, MA). The visual stimuli were
black line-drawings of objects that corresponded to these
syllables. They were all resized to 200 x 200 pixels. All the
visual stimuli were presented in black [red-green-blue
(RGB) code 0-0-0] on a gray (RGB code 135-135-135) back-
ground on a 19-in. ViewSonic LCD monitor (ViewSonic
Corp., Walnut, CA). The eye movement data were collected
using a SR EyeLink1000 eye tracker (SR Ltd., Canada) and
a Dell Precision 390 desktop computer.

3. Procedure

The experimental software was developed using MATLAB
7.8.0 (Mathworks, 2009). The subjects were tested individually.
After arriving at the lab, the eye tracker in remote setup was
calibrated with the standard 9-point calibration procedure.
Viewing was binocular, but eye movements were recorded from
the right eye only. The sampling rate of the eye tracker was set
as 500 Hz. The order of trials was randomized for each subject.

The experiment began with two blocks of training trials
to familiarize the subject with the names of the pictures. In
the first block, each picture was displayed alone once to-
gether with its printed name. In the second block, a printed
picture name was displayed along with four candidate pic-
tures. Subjects were required to click on the correct picture
to advance to the next trial.

Ten practice trials that were identical to the test trials
were given prior to beginning the formal experiment. Each
trial started with a standard drift correction procedure, which
measures how much the difference between a participant’s
fixation and a central point “drifts” over a short time period.
Drift can occur because of factors such as fatigue and
changes in body (head) position. Then a small black box
(20 x 20 pixels) appeared at the center of the screen. The
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subjects were instructed to click on the box to activate the
trial. Once the box was clicked on, four pictures, which were
each 200 pixels (about 5° of visual angle) in height and
width, were displayed on the centers of the four quadrants of
the screen. On each trial, the four pictures consisted of a pair
of two pictures corresponding to Tones 2 and 3 objects, one
Tone 1 object and one Tone 4 object. The Tone 2 and 3
objects shared the same syllable. A set of pictures of objects
associated with the Tone 1 and Tone 4 words that were used
in filler trials were presented as Tone 1 and Tone 4 objects.
None of the Tone 1 and Tone 4 objects shared the same syl-
lable as any of the Tone 2 and Tone 3 objects, and none of
the Tone 1 objects shared the same syllable with any of the
Tone 4 objects. (See Table I for Pinyin of these syllables and
names of the objects, and Fig. 2 for an example of the visual
stimuli.) The locations of these pictures on the display were
randomized. The sound stimulus, which consisted of sound
token preceded by a 700 ms prompt sentence of “Now click
on __”, was played simultaneously with the display of the
pictures. The subjects were asked to complete the task fol-
lowing the instruction given by the sound and to make their
best decision with no time constraints.

B. Results and discussion
1. Tone identification data

Analysis of the tone identification data showed that the
subjects had an overall rate of correct response of 84.7% at
the end of the syllables. The breakdown of the correct
response rate for the four conditions was 99.7% (selecting
Tone 3 in the Low Tone 3 condition); 98.6% (selecting Tone
3 in the High Tone 3 condition); 67.1% (selecting Tone 2 in
the Low Tone 2 condition); and 74.2% (selecting Tone 2 in
the High Tone 2 condition). For further analyses, the selected
objects are termed “targets”; the objects associated with the
same syllables as the targets but different tones are termed
“competitors”; those Tone 1 and 4 objects that were pre-
sented on the same screen are termed “distractors.”

To make these proportional data more suitable for anal-
ysis of variance (ANOVA), a rationalized arcsine transform
(Studebaker, 1985) was performed to convert the proportions
into R scores before running them through the ANOVAs. In
the two low offset conditions, subjects ultimately selected
objects associated with Tone 3 more often than those associ-
ated with Tone 2, but in the two high offset conditions they
selected more Tone 2 than Tone 3 objects. These differences
were all significant [ps < 0.01], suggesting that the manipu-
lation of offset pitch height and rising slope influenced tone
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identification. Furthermore, both tones were more frequently
selected in the original conditions: Tone 3 was more fre-
quently selected in the Low Tone 3 condition compared with
the High Tone 3 condition [#(23) =2.04, p =0.05], and Tone
2 was selected more often in the High Tone 2 condition com-
pared with the Low Tone 2 condition [#(23) =1.68, p=0.1].
This finding indicates native speakers can exploit subtle
pitch cues of one semitone difference in making tone
judgments.

2. Temporal window analysis

The eye tracker recorded the subjects’ fixation positions
(i.e., coordinates on the screen) at 2 ms intervals. These coor-
dinate data were then converted to one data point every 2 ms
to show on which one of the four objects the eyes were
fixated at that moment. To account for errors of calibration
and drift in the eye tracker, the four locations containing the
objects were defined as four quadrants that were 640 pixels
wide and 512 pixels high each.

Because the present study intended to examine the fixa-
tion data in those trials that the subjects made a tone judg-
ment that was consistent with the pitch cue at the tone offset
(i.e., selecting targets instead of competitors or distractors),
those trials in which the subjects selected objects other than
the targets (15.3%) were excluded from statistical analysis
of the eye fixation data. The trials that contained blinks
(8.3%) during playing of the sound tokens were also
excluded from the analysis of the eye fixation data.

The number of fixations was counted in every 20 ms time
window, which gives 10 data counts per window to produce
the total counts of eye fixations on the target, competitor, and
the 2 distractors in each window. For each 20 ms window, the
POF data were then derived from the count data by dividing
each of the 4 fixation count data (i.e., counts of fixation at tar-
get, counts of fixation at competitor, and counts of fixation at
the distractors) by the sum of counts of 4 possible locations.
The POF data were then collapsed over subjects and items to
create 4 averaged trajectory graphs in 20ms time windows
(see Fig. 3), for each of the four conditions.

Prior eye tracking research suggests that, in the visual
world paradigm, the time to program and execute a saccadic
eye movement is approximately 150 to 200ms or less
(Rayner, 1998, 2009). To test the significance of the differ-
ence between fixation on targets and competitors while
avoiding too many ANOVAs for each condition, the POF
data were collapsed within four 150 ms time windows. The
first window was taken as 301 to 450 ms from tone onset.

FIG. 2. Examples of the visual stim-
uli in the two experiments. Left
panel: Four pictures (starting top-left
clockwise) /yu2/, /yu3/, /tu4/, /dengl/
in Experiment 1. Right panel: Four
characters (starting top-left clockwise)
/luod/, /kel/, /wen3/, [/wen2/ in
Experiment 2.
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FIG. 3. (Color online) Experiment 1 POF curves in 20 ms interval (time scale in milliseconds).

The fixation data in this window should reflect the influence
of the sound from tone onset (i.e., 1 to 100 ms into the tone)
to pitch turning point (i.e., until 250 ms into the tone)
because of the 200 ms time delay for saccade planning and
execution. Any effect from the pitch information up to
100 ms into the tone should fully reveal itself by the begin-
ning of the first window. The last window was defined as
751 to 900ms from tone onset. Considering the approxi-
mately 200 ms saccade planning and execution time, if pitch
information at syllable offset serves as a cue for identifying
the tones, the fixations should be significantly more likely to
be on the target compared to the competitor by the beginning
of the last window. The time spans of the 4 windows were:
301 to 450 ms; 451 to 600 ms; 601 to 750 ms; 751 to 900 ms.
These 4 windows respectively reflect the processing of sound
information during these time spans: 101 to 250ms; 251 to
400 ms; 401 to 550 ms; 551 to 700 ms. The means and stand-
ard deviations of the POF data within these four windows
are presented in Table III.

Repeated measures ANOVAs were carried out to exam-
ine if the POF (converted to R scores) on the four fixation
locations (i.e., target, competitor, and distractors) were dif-
ferent across the four windows. The main effect of the fixa-
tion locations and the windows were significant [location: F
(3,69) =124.07, p<0.001; window: F(3, 69)=30.27,
p < 0.001]. Specifically, to test the difference between POF
on targets and on competitors in each window, paired sample
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t tests were also undertaken on the basis of subject (¢1) and
item (z,) variability.

Results from the ¢ tests showed that for the Low Tone 3
condition, the POFs on the targets (objects associated with
Tone 3 words) were significantly higher than those on the
competitors (objects associated with Tone 2 words) for all four
windows [Window 1: Target mean = (0.426, competitor mean
=0.229, £,(23)=4.6, p<0.01 and 1,(7)=3.38, p<0.05;
Window 2: Target mean=0.574, competitor mean = 0.178,
1(23)=9.14, p<0.01 and #(7)=5.31, p<0.01; Window
3: Target mean=0.665, competitor mean=0.129, #/(23)
=11.49, p<0.0l and #(7)=5.98, p<0.0l; Window 4:
Target mean=0.746, competitor mean=0.101, #/(23)
=11.81, p<0.01 and #,(7) = 11.07, p < 0.001].

In the High Tone 3 condition, a preference for targets
over competitors started to be significant from Window 2
[Window 2: Target mean = 0.463, competitor mean = 0.254,
1(23)=5.2, p<0.01 and #(7)=3.82, p <0.01; Window 3:
Target mean = 0.585, competitor mean =0.216, #;(23) =7.79,
p<0.01 and #(7)=347, p=0.01; Window 4: Target
mean =0.690, competitor mean=0.178, #(23)=10.86,
p <0.01 and #,(7) =4.71, p < 0.01].

In the Low Tone 2 condition, a significant fixation dif-
ference between competitors and targets only began showing
in Window 2 [Window 2: Target mean = 0.246, competitor
mean = 0.396, #(23)=-2.34, p<0.05 and #(7)=—-1.77,
p>0.05]. The two curves crossed over in Window 3. In
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TABLE III. Experiment 1 means and standard deviations of POF data in four 150 ms windows.

Window 1

(301 to 450 ms)

Window 2
(451 to 600 ms)

Window 3
(601 to 750 ms)

Window 4
(751 to 900 ms)

0.426 (0.126)
0.229 (0.106)
0.152 (0.068)
0.192 (0.095)

0.342 (0.101)
0.279 (0.079)
0.168 (0.066)
0.211 (0.089)

0.244 (0.130)
0.318 (0.165)
0.184 (0.135)
0.254 (0.140)

0.247 (0.086)
0.376 (0.128)
0.172 (0.107)
0.206 (0.109)

Low Tone 3 condition Target (Tone 3)
Competitor (Tone 2)
Distractor 1

Distractor 2

High Tone 3 condition Target (Tone 3)
Competitor (Tone 2)
Distractor 1

Distractor 2

Low Tone 2 condition Target (Tone 2)
Competitor (Tone 3)
Distractor 1

Distractor 2

High Tone 2 condition Target (Tone 2)
Competitor (Tone 3)
Distractor 1

Distractor 2

0.574 (0.128)
0.178 (0.098)
0.010 (0.070)
0.148 (0.086)

0.463 (0.131)
0.254 (0.092)
0.130 (0.056)
0.154 (0.096)

0.246 (0.143)
0.396 (0.162)
0.173 (0.122)
0.186 (0.109)

0.257 (0.132)
0.430 (0.127)
0.140 (0.090)
0.173 (0.139)

0.665 (0.129)
0.129 (0.087)
0.085 (0.077)
0.121 (0.073)

0.585 (0.144)
0.216 (0.101)
0.085 (0.058)
0.113 (0.081)

0.356 (0.152)
0.317 (0.119)
0.173 (0.118)
0.154 (0.110)

0.343 (0.168)
0.363 (0.154)
0.105 (0.090)
0.190 (0.122)

0.746 (0.146)
0.101 (0.083)
0.069 (0.069)
0.083 (0.055)

0.690 (0.128)
0.178 (0.097)
0.055 (0.058)
0.077 (0.055)

0.458 (0.210)
0.245 (0.153)
0.143 (0.116)
0.154 (0.143)

0.478 (0.173)
0.250 (0.159)
0.125 (0.086)
0.146 (0.091)

Window 4, judgments were securely locked on these later-
decided targets, and the POF difference was once again sig-
nificant, but in the opposite direction [Window 4: Target
mean =0.457, competitor mean=0.245, #(23)=3.11,
p <0.01 and 1,(7) =5.24, p < 0.01].

A pattern similar to the Low Tone 2 condition was
observed in the High Tone 2 condition [Window 1: Target
mean = 0.247, competitor mean=0.376, #(23)=—3.79,
p<0.01 and #(7)=-2.05, p<0.1; Window 2: Target
mean = 0.257, competitor mean = 0.430, #(23)=—4.17,
p<0.001 and #(7)=-2.49, p<0.05]. The two curves
crossed over in Window 3. The POF on targets was signifi-
cantly higher compared to the POF on competitors in Window
4 [Window 4: Target mean = 0.478, competitor mean = 0.250,
11(23) =3.73, p < 0.01 and #,(7) =4.26, p < 0.01].

3. Analysis of diverging points

As these t-tests were carried out using data collapsed
within 150ms time windows, it is difficult to interpret the
results in terms of how pitch information at specific time points
influenced the POF data on targets and competitors. In order to
reveal these effects in a fine-grained time scale, for each 2 ms
time bin between 1 and 1200 ms from tone onset, 95% confi-
dence intervals from each POF curve were obtained using a
subjects-based bootstrap re-sampling procedure with 10000
iterations (Efron and Tibshirani, 1993). The lower boundaries
of the confidence intervals were then compared with chance
(25%) to determine the time points at which POF on target or
competitor was significantly above chance (see Fig. 4).

In the two low offset conditions, the lower boundaries
of the confidence interval began to be above chance at
314 ms (in the Low Tone 3 condition) and 346 ms (in the
High Tone 3 condition). In the two high offset conditions,
the lower boundaries of the confidence interval of POF on
competitor began to be above chance at 434 ms (in the Low
Tone 2 condition) and 348 ms (in the High Tone 2 condition).
This data consistently demonstrates a significant above

J. Acoust. Soc. Am., Vol. 133, No. 5, May 2013

chance preference to objects associated with Tone 3 words,
observed approximately between 350 and 450 ms after tone
onset. Considering the roughly 200ms saccade latency
before the fixations were observed, this suggests that the
pitch information at 150 to 250 ms into the tone, which is
around the turning point (200 ms into the tone), directed fixa-
tions to targets or competitors.

The lower boundary of POF on target (object associated
with Tone 2 words) was above chance level at 668 ms (in
the Low Tone 2 condition) and 732 ms (in the High Tone 2
condition). This result indicates the critical influence of
the offset pitch on identification of the target, considering
the approximately 500 ms tone duration in addition to the
200 ms saccade latency.

In summary, the results of Experiment 1 suggest:

(1) The critical point that influenced the on-line judgment of
Tone 3 was the turning point, which has a pitch trough.

(2) In the two high offset conditions, the high offset pitch
served as a pivotal signal for the final judgment of Tone 2.

(3) The final tone judgments were influenced by the one
semitone pitch difference of tone offset.

lll. EXPERIMENT 2

As noted above, Experiment 2 was similar to
Experiment 1 with the exception that characters instead of
pictures were used as the visual stimuli. We examined
whether the response pattern would be the same regardless
of this difference in the paradigm.

A. Method

1. Subjects

A different group of 22 native Mandarin speakers (13
males, 9 females) were recruited from international and vis-
iting students and scholars at the University of California,
San Diego. The average age of the subjects was 25.2 (stand-
ard deviation = 3.9). All were from Mainland China and had
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FIG. 4. (Color online) Experiment 1 bootstrapping curves in 2 ms interval (time scale in milliseconds). POF on target: the middle line is the mean target POF;
the other two lines are the upper and lower boundaries of the 95% confidence interval of the target POF. POF on competitor: the middle line is the mean com-
petitor POF; the other two lines are the upper and lower boundaries of the 95% confidence interval of competitor POF. Horizontal line is chance level (25%).

been living in the United States for a mean of 2.7 months
and a range of 1 to 12 months. None of the subjects had
more than 5 years of musical training, and none had any
recent musical training within the past 10 years. None of
them reported any hearing or speech disorders, and they all
had normal or corrected to normal vision. None of them had
participated in Experiment 1. Informed consent was obtained
prior to the experiment, and the subjects were paid for their
participation. Two additional subjects were tested but their
data were excluded from all the analyses due to excessive
eye blinking (over 30% of trials).

2. Stimuli and instrumentation

The sound stimuli were created in the same way as in
Experiment 1, except that ten syllables were used to carry
the Tone 2 and 3 tokens (see Table IV for their Pinyin and
the characters). The consonants of these syllables were con-
trolled in the same way as in Experiment 1. The visual stim-
uli were black Chinese characters on a gray background.
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They included ten Tone 3 characters, ten Tone 2 characters
that shared the same syllable with the Tone 3 ones, ten Tone
1 characters, and ten Tone 4 characters. None of the Tone 1
and Tone 4 characters shared the same syllable as any of the
Tone 2 and Tone 3 characters, and none of the Tone 1 char-
acters shared the same syllable with any of the Tone 4 char-
acters. They were all controlled for visual complexity (i.e.,
number of strokes) and lexical frequency. The majority of
the characters (85%) did not correspond to any object used
in Experiment 1. They were typed in Chinese Song font and
resized to 120 x 120 pixels.

The instrumentation was identical to Experiment 1
except that an Eyelink II head-mounted tracker (SR Ltd.,
Canada) was used in this experiment.

3. Procedure

The experimental procedure was identical to that in
Experiment 1, except that there was no name training block
prior to the experiment.
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TABLE IV. Sound stimuli used in Experiment 2 (visual stimuli: Chinese
characters).

Pinyin Character
Tone 2 stimuli Ni/ )
[lian/ Bk
/mian/ B
/miao/ =)
[wei/
/wen/ ]
/wu/ =
/yan/ Bl
Iyu/ B
/yuan/ R
Tone 3 stimuli (same syllables M/ i
as Tone 2 stimuli) /lian/ i
/mian/ R
/miao/ 2
[wei/ =
/wen/ [
/wu/ K
Jyan/ i
Iyu/ 53]
/yuan/ pun
Tone 1 (distractors) /chao/ it
[feng/ i
[jing/ Bl
/ke/ =
/mo/ ]
/pian/ iz
/gian/ 2
Jtong/ bii}
/yin/ =3
/zhuo/ =
Tone 4 (distractors) /dong/ MG
/gu/
/huo/ EPS
Jjia/ )
/luo/ 7%
/na/ i
/ruo/ %
/sheng/ 1>
/wang/ =
/xi/ LA

B. Results and discussion
1. Tone identification data

Analysis of the tone identification data showed that the
subjects had an overall rate of correct response of 90.1% at
the end of the syllables. The breakdown of the correct
response rate for the 4 conditions were 95.5% (selecting
Tone 3 in the Low Tone 3 condition); 91.9% (selecting Tone
3 in the High Tone 3 condition); 83.9% (selecting Tone 2 in
the Low Tone 2 condition); and 90.6% (selecting Tone 2 in
the High Tone 2 condition). For further analyses, the selected
characters are termed targets; the characters associated with
the same syllables as the targets but different tones are
termed competitors; the Tone 1 and 4 characters that were
presented on the same screen are termed distractors.

J. Acoust. Soc. Am., Vol. 133, No. 5, May 2013

Similar to the results of Experiment 1, Tone 3 characters
were more frequently selected in the low offset conditions,
and Tone 2 characters in the high offset conditions
[ps <0.01]. Tone 3 was also more frequently selected in the
Low Tone 3 condition compared to the High Tone 3 condition
[#(21) =2.26, p < 0.05], and Tone 2 was more often selected
in the High Tone 2 condition compared with the Low Tone 2
condition [#(21) =5.09, p < 0.01].

2. Temporal window analysis

The eye fixation data were processed in the same way as
in Experiment 1. Those trials in which the subjects selected
characters other than the targets (9.9%) were excluded from
further analysis of the eye fixation data. The trials that con-
tained blinks (7.7%) during presentation of the sound tokens
were also excluded from analysis of the eye fixation data.
The POF data was collapsed over subjects and items, to cre-
ate averaged trajectory graphs in 20 ms time windows (see
Fig. 5), for each of the 4 conditions.

By visual inspection, the POF curves in this experiment
appear to have a pattern similar to that of Experiment 1, so
the same 4 windows were adopted for performing ANOVAs
(the time intervals of these 4 windows are: 301 to 450 ms;
451 to 600 ms; 601 to 750ms; 751 to 900 ms). The means
and standard deviations of the POF data in these four win-
dows for the four conditions are presented in Table V.

The same repeated measures ANOVAs on the trans-
formed POF data showed that the POF on the four fixation
locations (i.e., target, competitor, and two distractors) were
different across the four windows [location: F(3,63) =79.81,
p <0.001; window: F(3, 63)=37.93, p<0.001]. Paired
sample ¢ tests that were identical to those in Experiment 1
were carried out on the basis of subject (¢1) and item (#)
variability.

The results of ¢ tests showed that for the Low Tone 3
condition, POF on the targets (Tone 3 words) were signifi-
cantly higher than those on the competitors (Tone 2 words)
beginning on Window 2 [Target mean = 0.399, competitor
mean = 0.250, #,(21)=3.80, p<0.01 and #(9)=4.40,
p <0.01] and continued significant thereafter [Window 3:
Target mean=0.499, competitor mean=0.248, ¢(21)
=5.13, p<0.001 and #(9)=3.67, p<0.01; Window 4,
Target mean = 0.587, competitor mean = 0.210, #;(21) =6.31,
p <0.001 and #,(9) =5.92, p < 0.001].

The pattern in the High Tone 3 condition was similar to
that in the Low Tone 3 condition [Window 2: Target mean
=0.359, competitor mean=0.271, #;(21)=2.80, p <0.05
and #$,(9) =1.32, p > 0.05; Window 3: Target mean = 0.430,
competitor mean = 0.249, ¢,(21) =3.81, p < 0.01 and #,(9) =
2.41, p<0.05; Window 4: Target mean = 0.502, competitor
mean=0.199, #(21)=6.00, p<0.001 and #(9)=4.71,
p<0.01].

In the Low Tone 2 condition, the preference for competi-
tors (Tone 3 words) over the targets (Tone 2 words) began to
show in Window 2 [target mean = (0.280, competitor mean
=0.343, 1,(21)=—-2.21, p<0.05; (9 =—-1.95, p=0.08].
The two curves then crossed over in Window 3 and signifi-
cantly more fixations were then on targets than on competitors
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FIG. 5. (Color online) Experiment 2 POF curves in 20 ms interval (time scale in milliseconds).

[Window 4: Target mean = 0.499, competitor mean = (0.221,
11(21)=5.93, p < 0.001 and £,(9) =7.15, p < 0.001].

The pattern in the High Tone 2 condition was again simi-
lar to the one in the Low Tone 2 condition [Window 1: Target
mean = 0.252, competitor mean =0.334, £ (21)=—-2.80,
p<0.05 and £©(9)=-1.28, p>0.05; Window 2: Target
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mean = 0.284, competitor mean=0.356, #(21)=—2.58,

p <0.05 and 1,(9) = —1.79, p > 0.05]. The two curves crossed
over in Window 3. The POF on targets was significantly
higher compared to the POF on competitors in Window 4
[Window 4: Target mean = 0.505, competitor mean =0.214,
1(21) =6.25, p < 0.001 and #,(9) =3.97, p < 0.01].

TABLE V. Experiment 2 means and standard deviations of POF data in four 150 ms windows.

Window 1

(301 to 450 ms)

Window 2

(451 to 600 ms)

Window 3
(601 to 750 ms)

Window 4

(751 to 900 ms)

Low Tone 3 condition

High Tone 3 condition

Low Tone 2 condition

High Tone 2 condition

Target (Tone 3)
Competitor (Tone 2)
Distractor 1
Distractor 2

Target (Tone 3)
Competitor (Tone 2)
Distractor 1
Distractor 2

Target (Tone 2)
Competitor (Tone 3)
Distractor 1
Distractor 2

Target (Tone 2)
Competitor (Tone 3)
Distractor 1
Distractor 2

0.321 (0.119)
0.260 (0.088)
0.229 (0.087)
0.190 (0.078)

0.300 (0.089)
0.304 (0.084)
0.217 (0.102)
0.180 (0.077)

0.280 (0.074)
0.320 (0.108)
0.205 (0.070)
0.195 (0.085)

0.252 (0.077)
0.334 (0.097)
0.209 (0.086)
0.205 (0.075)

0.398 (0.122)
0.250 (0.083)
0.082 (0.066)
0.169 (0.073)

0.359 (0.102)
0.271 (0.070)
0.197 (0.108)
0.174 (0.086)

0.280 (0.086)
0.343 (0.080)
0.187 (0.067)
0.190 (0.198)

0.284 (0.085)
0.356 (0.074)
0.205 (0.080)
0.155 (0.069)

0.495 (0.139)
0.248 (0.094)
0.118 (0.059)
0.139 (0.082)

0.430 (0.127)
0.249 (0.108)
0.158 (0.083)
0.164 (0.080)

0.361(0.133)
0.305 (0.081)
0.189 (0.078)
0.144 (0.072)

0.361 (0.113)
0.305 (0.072)
0.190 (0.077)
0.143 (0.079)

0.588 (0.153)
0.210 (0.109)
0.091 (0.046)
0.111 (0.078)

0.502 (0.157)
0.199 (0.096)
0.146 (0.097)
0.153 (0.093)

0.499 (0.151)
0.221 (0.091)
0.154 (0.088)
0.127(0.080)

0.505 (0.156)
0.214 (0.076)
0.144 (0.074)
0.137 (0.093)
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3. Analysis of diverging points

The same bootstrapping procedure as in Experiment 1
was used for Experiment 2 (see Fig. 6 for the curves).

In the Low Tone 3 and High Tone 3 conditions, the POF
curves that represent fixations on Tone 3 characters began
rising by 300 ms into the tone. The lower boundaries of the
confidence interval began to be above chance from 382 and
416 ms, respectively, for these two conditions, which indi-
cates that the sound signal around the turning point had a
critical influence on the preference toward the target.

In the Low Tone 2 and High Tone 2 conditions, the lower
boundary of the confidence interval was above chance fol-
lowing 388 ms in the Low Tone 2 condition, and 348 ms in
the High Tone 2 condition from tone onset. Approximately
after 500 ms into the tone, the fixations on the competitor
began to decrease and the ones on target to increase. The
lower boundary of the confidence interval on target (Tone 2
words) was above chance starting from 656 ms (Low Tone 2
condition) and 624 ms (High Tone 2 condition) into the tone,
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FIG. 6. (Color online) Experiment 2 bootstrapping curves in 2 ms interval (time scale in milliseconds). POF on target: the middle line is the mean target POF;
the other two lines are the upper and lower boundaries of the 95% confidence interval of target POF. POF on competitor: the middle line is the mean
competitor POF; the other two lines are the upper and lower boundaries of the 95% confidence interval of competitor POF. Horizontal line is chance level

(25%).
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which aligned with the time point of approximately 200 ms
following tone offset.

IV. GENERAL DISCUSSION

Using the visual world paradigm, the present findings
demonstrated the dynamic process of lexical tone perception
by revealing the effect of fine-grained pitch information at
tone offset and turning point on on-line tone judgment for
native Mandarin-speaking listeners. The eye fixation data in
both experiments yielded a very similar pattern. Low turning
point pitch was exploited as a cue for on-line identification
of Tone 3; offset pitch height was a critical cue for disambig-
uating Tones 2 and 3.

The temporal window and diverging point analyses both
showed that the difference between the POFs on Tone 3 ver-
sus Tone 2 items did not become significant until around
400 ms; this revealed the pivotal influence of the low pitch
trough of the turning point on Tone 3 perception. Prior stud-
ies on Mandarin tone perception and production have

High Tone3
1 . , .

09f |
wn 08 POF on target
S
T
X
iC
S
c
il
£
o)
o
o
o

01 POF on competit‘or e

0 200 400 600 800 1000 1200
Time from tone onset

High Tone2

0.9 b

POF on target

Proportion of Fixations

01f POF on competitor .

0 . . . . .
0 200 400 600 800 1000 1200

Time from tone onset

Shen et al.: On-line perception of Mandarin tones 3027

Author's complimentary copy



suggested that this low pitch target is a critical parameter of
Tone 3 (Xu and Wang, 2001; Wong et al., 2005). Taking a
broad view, the importance of turning point pitch in
Mandarin Tone 3 is also in line with data from another tone
language, Thai (Zsiga and Nitisaroj, 2007), in suggesting
that pitch inflection at the syllable midpoint could provide
perceptual cues for tone identification.

In the present study, pitch information at tone onset (1 to
100 ms) initially directed more fixations to Tone 3 words but
did not provide perceptual evidence strong enough to influ-
ence tone judgment significantly. At first sight, this finding
appears inconsistent with the results of Gottfried and Suiter
(1997) and Lee et al. (2008) since these authors used only the
initial 6 pitch cycles (about 30 ms in duration) of the syllable,
and native speakers were able to correctly identify the tones
in most cases. However, when examined more closely, the
data from both the above studies also showed that if given
only the tone onset (without offset), native speakers tend to
confuse Tone 2 with Tone 3, because these two tones share
the characteristic of low onset pitch. Since the present study
focused on word pairs consisting of Tones 2 and 3, and their
onset pitches were very close to each other (around 185Hz
for Tone 3, 200 Hz for Tone 2), our results are consistent with
these two studies in showing that native speakers had diffi-
culty in identifying the sound token as a Tone 3 word based
only on the cue of low onset pitch. These findings also align
with the literature showing that Tones 2 and 3 are particularly
difficult to differentiate, even for native speakers (Blicher
etal., 1990; Shen et al., 1993; Whalen and Xu, 1992).

To tease apart the influence of the rising slope and the
offset pitch height on on-line tone judgment, we examined
the change in fixations on Tone 2 items across time. Because
the steep slope of the rising pitch had fully unfolded by
400 ms into the tone, and on average it took 200 ms or less to
program and execute a saccade, the influence of the rising
slope should appear by 600 ms into the tone. This was indeed
shown in both experiments by POF curves that represent fix-
ations on Tone 2 items, which began rising around 500 to
600 ms. This result is in accordance with the earlier finding
that a steep slope of pitch change is utilized as a cue for
identifying Tone 2 (Xu et al., 2006). However, the diverging
point analysis showed that a preference for target Tone 2
became significant only when information concerning offset
pitch was available, which suggests that the cue of slope
works better for tone identification when it is integrated with
endpoint pitch height information.

The ultimate tone judgment data replicates findings
(Gottfried and Suiter, 1997; Lee et al., 2008) showing that
native speakers of Mandarin identify tokens with low onset
and high offset pitch mostly as Tone 2 and those with low
onset and low offset pitch as Tone 3. Overall, the mean cor-
rect rate was higher for the two low offset conditions
(96.4%) compared with the two high offset conditions
(79%). This is likely due to the ambiguity in the two high
offset conditions introduced by the hybrid pattern consisting
of the Tone 3 onset mixed with Tone 2 offset. It was also
found the listeners did respond to the difference between the
original and the ambiguous conditions, which only had one
semitone difference at the offset. Those conditions with
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original offset pitch height (i.e., Low Tone 3 and High Tone
2 conditions) were identified as the corresponding tones in
90% of the trials. This occurred significantly more often
compared to the ambiguous conditions (i.e., High Tone 3
and Low Tone 2 conditions). Overall the sound tokens in the
ambiguous conditions were identified as the corresponding
tones in 85% of the trials. This finding is consistent with
Shen et al. (2011) in showing native speakers’ high sensitiv-
ity to small pitch differences in tone perception.

As reviewed by Dahan and Magnuson (2006), spoken
word recognition is an incremental and constantly changing
process, in which listeners continually evaluate the unfolding
of the speech stream with fine-grained sensitivity, and activate
certain lexical candidates that compete for recognition, even
from the initiation of an utterance. The present study is in
accordance with this line of research by showing that even
short segments of pitch information can influence on-line tone
judgment before the syllable ends. Because the listeners had a
time interval of 700 ms to rapidly skim through the visually
displayed objects or characters at the beginning of a trial dur-
ing presentation of the prompt sentence, they already knew
the location of the corresponding visual stimulus when the
sound token was played, and so were able to direct attention
(and make a saccade) instantly to this item. In both experi-
ments, sound stimuli were manipulated in such a way that the
meaning of the spoken word depended on pitch cues at critical
points in the syllable (e.g., a low turning point pitch indicates
Tone 3 instead of Tone 2). In order to follow the instruction,
the listeners had to exploit these pitch cues, make instantane-
ous saccadic eye movements to those lexical candidates
before clicking on them. Aggregated over a large amount of
trials, the listeners’ eye fixation data (i.e., which object or
character was fixated on at a certain time point) revealed
influences of these fine-grained pitch cues on tone judgments.

By using different types of visual stimuli (object pic-
tures versus Chinese characters) in the visual world para-
digm, the two experiments reported here demonstrate a
similar time trajectory of eye fixations on the tone targets
and competitors (see Figs. 4 and 6). It suggests that when
orthographic information is controlled (e.g., number of
strokes that represents visual complexity), the written forms
of words in a logographic language may be used as visual
stimuli in a visual world study that investigates lexical tones.
However because the two experiments were carried out
using two different sets of items and two different groups of
subjects, it is difficult to make a direct comparison of the
results from using the two types of visual stimuli. This issue
will be investigated in future research.

V. CONCLUSION

In summary, using an eye-tracking paradigm for exam-
ining time-sensitive perceptual processing, the present study
demonstrates the importance of pitch height at tone offset
and turning point in the process of tone identification by
native speakers of Mandarin. The study also extends
research on spoken word recognition by providing evidence
that fine-grained pitch information influences the dynamic
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process of tone perception as the syllable unfolds, even
before the tone judgment is ultimately made.
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