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Abstract
In Mandarin, tones have the same function as phonemes, which
can distinguish a word from others. Lexical tone processing
in speech involves acoustic perception and semantic integra-
tion. However, the mechanisms that underpin the interaction
between acoustic and semantic information in tonal processing
are not fully understood. This study investigated RSD (Rela-
tive Staring Duration) under the conditions of different image
stimuli (the pitch-highlighted image, the semantic-highlighted
image) and sound stimuli (real words, pseudo-words, and fil-
tered words) in 11 typically developing children using an SMI
eye tracker. Results indicated that Mandarin-speaking children
performed better on pitch perception in speech than in non-
speech, but showed a comparable performance on real words
and pseudo-words. Moreover, results showed that the tone per-
ception of Mandarin-speaking children was not affected by tone
types. These findings suggest that Mandarin tone perception of
children cannot rely solely on pitch processing. Meanwhile,
though the pitch perception of children is not influenced by se-
mantic information in speech, Mandarin-speaking children still
have the ability of distinguishing acoustic features from linguis-
tic meanings of high-dimensional speech signals.
Index Terms: Mandarin tone perception, children, eye-tracking

1. Introduction
Pitch plays a significant role in the perception of speech. In non-
tonal languages, pitch conveys information from word stress
and utterance accent to pragmatic stance and speaker emotion
[1]. However, in tonal languages, pitch is used to differentiate
lexical meaning of words particularly [2]. According to Chao
[3], Mandarin phonemically distinguishes four tones, which are
the high-level tone (Tone 1), the high-rising tone (Tone 2), the
low-dipping tone (Tone 3) and the high-falling tone (Tone 4).
The same segmental information /ma/ in Mandarin, for exam-
ple, can represent the meaning of “mother”, “hemp”, “horse”
and “scold” with these four tones respectively.

There are two phases in the cognitive process of tones,
namely local processing and global integration. In local pro-
cessing (low-dimensional cognitive processing), speakers iden-
tify tones from acoustic cues, such as pitch primarily. Then,
speakers combine acoustic features with linguistic meaning in
global integration phase (high-dimensional cognitive process-
ing) [4]. In tonal languages, the boundary between low and
high dimensions is not clear-cut. It is found that individuals
whose native language are tone languages perform better in both
producing and perceiving musical pitch [5]. Besides, native
speakers of Mandarin have a preeminent categorical perception
of high-dimensional speech signal compared with those of En-
glish. The categorical perception of low-dimensional speech
signal for Mandarin speakers is comparable to that of high-
dimensional one, but stronger than English speakers, whose cat-
egorical perception of low-dimensional speech signal is better
than that of high-dimensional one [6].

The research summarized above supports the notion that the
fine-tuning caused by language acquisition is demonstrated in
the processing of critical auditory dimensions in the speech sig-
nal and can be conveyed over into nonlinguistic domains like
cognitive perception [5]. In the early stage of language acqui-
sition, the tone consciousness is superior to the vowel and con-
sonant consciousness [7]. Therefore, in this study, we focus on
the tone perception of Mandarin-speaking children and explore
its characteristics.

Recent works on Mandarin tone perception of children
mainly concentrate on special populations since it is conducive
to their diagnosis and intervention. It is shown that autistic chil-
dren have the advantage of local processing compared with typ-
ically developing children [8, 9, 10, 11, 12], while having de-
fects in global integration [13, 14, 15, 16, 17, 18]. Cochlear-
implanted children are easy to discriminate Tone 1 and Tone 4,
while difficult to separate Tone 2 from Tone 3, which is simi-
lar to typically developing children. However, different SNRs
may affect the tone perception significantly [19]. Contrary to
typically developing children, the tone consciousness of chil-
dren with Down’s syndrome is irrelevant to the reading abil-
ity [20]. As for the research centering on typically developing
children, Zhang and Wang [21] find that a positive correlation
exists between their categorical perception of tone and reading
ability, and the categorical perception of children is as alike as
adults [22]. Previous studies analyze Mandarin tone percep-
tion of children based on behavioral experiments, while in this
study, we use SMI, an eye tracker, to explore the mechanism of
Mandarin tone perception of children and expect to answer the
following questions:

1. Is children’s perception of pitch change more sensitive
to speech sounds or non-speech sounds;

2. Is tone perception of Mandarin-speaking children de-
pendent on acoustic cues or integrated information in
speech;

3. Is the pitch perception of children influenced by seman-
tic information in speech?

2. Methods
2.1. Participants

11 children (Mage = 7.64, SDage = 1.9) (7 boys, 4 girls) partic-
ipated in the present study. All of them speak Mandarin Chinese
as their native language and have no history of vision or hearing
impairment.

2.2. Stimuli

Sound stimuli were monosyllable real words, pseudo-words
and filtered words. Both real words and pseudo-words were
recorded by a professional female speaker using a Zoom H6
recorder (Zoom Corporation, Japan) and AKG C544 micro-
phone (Samsung US, US). The recording rate was 44.1KHz,
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Figure 1: Real words and pseudo-words used in sound stimuli

and the sampling accuracy was 16bit. The real words contained
all six monophthongs in Mandarin, namely /A/, /o/, /7/, /i/, /u/,
/y/, and one diphthong /Au/. As for pseudo-words, vowels were
as the same as the real words while initials were changed to
make them meaningless (see Figure 1). Filtered words were
created by Praat using real words as prototypes. Pitch contour
of real words was extracted and then resynthesized with sine
waves. Therefore, the spectral information was eliminated from
the acoustic signals, leaving only the pitch information.

2.3. Procedure

Two perception tasks were conducted in the study: the pitch-
highlighted identification task and semantic-highlighted iden-
tification task. The pitch-highlighted identification task inves-
tigated children’s perceptual ability of identifying pitch direc-
tions. The semantic-highlighted identification task tested chil-
dren’s perceptual ability of extracting linguistic meanings by
integrating pitch and semantic information in acoustic signals.

E-prime software was used to connect to an SMI eye tracker
and present image and sound stimuli together. In the pitch-
highlighted identification task, the image stimulus, in which the
driving path of the car simulated pitch changes, showed four
pitch contours of Mandarin tones without any semantic infor-
mation (See the left picture in Figure 2). Three blocks were
designed with the same image stimulus and sound stimuli of
real words, pseudo-words, and filtered words respectively. Pre-
sented in random order, each block randomly played sound
stimuli twice for a total of two rounds, and each trial lasted
for 6000ms. Participants were required to stare at the corre-
sponding picture matching the pitch contour of the sound stim-
ulus. However, in the semantic-highlighted identification task,
the sound stimuli were only real words and the image stimulus
showed the lexical meaning of the words instead of the pitch
contour. For example, /tùu/ can represent meanings of “pig”,
“bamboo”, “boil” and “pillar” with different tones (See the right
picture in Figure 2). Since meanings of some words were too
abstract to use a picture to represent, only 24 sound stimuli were
used in this block. All trials were randomly played twice for two
cycles and also lasted for 6000ms. Participants were required to
stare at the corresponding picture matching the lexical mean-
ing of the sound stimulus. The two tasks were counterbalanced
among subjects.

2.4. Data analysis

The statistical software of SMI, BeGaze, was applied to divide
the image stimulus into four areas of interest (AOI), and collect

Figure 2: Samples for image stimuli: pitch-highlighted one on
the left (top left: high-level pitch; top right: high-rising pitch;
bottom left: low-dipping pitch; bottom right: high-falling pitch)
and semantic-highlighted one on the right (top left: zhu1”pig”;
top right: zhu2”bamboo”; bottom left: zhu3”boil”; bottom
right: zhu4”pillar”). They are used in different type of tasks.

Figure 3: RSD of Different Tasks in Different Tones

detailed AOI data. The relative staring duration (RSD) of the
target AOI was calculated statistically.

RSD =
Staring Duration on Target AOI

Total Staring Duration on four AOI

Therefore, the higher the RSD, the more accurate the children’s
perception of the pitch direction or meaning of each tone.

3. Results
Figure 3 presents children’s relative staring duration of dif-
ferent tones in both the pitch-highlighted task and semantic-
highlighted task. As can be seen, children performed much
better when sound stimuli were pseudo-words. In order to
further analyze the influence of sound types and tone types
on tone perception statistically, a linear mixed model using
the lmerTest package in R was conducted, where the indepen-
dent variables were sound stimuli (pseudo-words, filtered words
and real words in the pitch-highlighted task; real words in the
semantic-highlighted task) and tone types (Tone 1: high level
tone, Tone 2: rising tone, Tone 3: low/diping tone and Tone 4:
falling tone), and the random factor was participants.

Results showed that there was no significant effect of tone
types on the tone perception of children (X2 = 1.785, df = 3, p =
.148), but a main effect of types of sound stimuli (X2 = 24.969,
df = 3, p <.001). No significant two-way interaction was found
between sound stimuli and tone types (X2 = .788, df = 9, p =
.627).

To explore the within-group effect in sound stimuli, a post-
hoc multiple comparison test was conducted using the mult-
comp package in R. The results, as presented in Table 1, re-
vealed that filtered words motivated a significantly smaller RSD
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than both real words and pseudo-words in the pitch-highlighted
task (RW(P) VS FW: p <.01; PW VS FW: p <.001), whereas
there was no significant difference between real words and
pseudo-words (p = .336). Besides, the results showed that
real words in the semantic-highlighted task did not motivate a
greater RSD when compared to other sound stimuli.

Table 1: The output of multiple comparison analysis for RSD
between different sound types (Estimate, coefficient estimates;
S.E., standard errors).

Estimate S.E. z-value p-value

RW(P) VS FW 11.645 3.428 3.397 0.003**

PW VS FW 16.654 3.632 4.586 <0.001***

RW(S) VS FW 8.745 4.008 2.182 0.116
RW(P) VS PW 5.009 3.632 1.379 0.336
RW(S) VS RW(P) -2.900 4.008 -0.724 0.469
RW(S)VS PW -7.909 4.168 -1.897 0.173

Notes: **p <0.01; ***p <0.001
RW(P) = Real words (in pitch-highlighted task)
RW(S) = Real words (in semantic-highlighted task)
PW = Pseudo-words
FW = Filtered words

4. Discussion
The present study explored the mechanism of tone percep-
tion in Mandarin-speaking children using the SMI eye tracker.
Our results indicated that Mandarin-speaking children showed
superior performance on the pitch perception of speech in-
stead of non-speech, but comparable performance on real words
and pseudo-words in both the pitch-highlighted task and the
semantic-highlighted task. Moreover, the tone perception of
Mandarin-speaking children was not affected by tone types.
These findings suggest that Mandarin tone perception of chil-
dren cannot rely solely on part of acoustic signals of words in
pitch processing. Meanwhile, though the pitch perception of
children is not influenced by semantic information in speech,
Mandarin-speaking children still have the ability to distinguish
acoustic features from linguistic meanings of high-dimensional
speech signals.

Sound stimuli as real words and pseudo-words fall into the
category of speech sounds, while filtered words belong to non-
speech sounds. As for those speech sounds, the acoustic sig-
nals of tones are mainly contained in the information of the fre-
quency domain which involves both fine structure and spectral
envelope. The fine structure includes fundamental frequency
and its harmonics and the spectral envelope refers to the outer
envelope structure formed by the formants [23]. Researches
showed that fundamental frequency and its harmonics and for-
mants are the most important information in the frequency do-
main related to the perception of tones [24, 25, 26]. Reserv-
ing the fundamental frequency and removing other informa-
tion, filtered words only contain the pitch contour of real words
without any linguistic information. Consistent with previous
studies [27, 28], typically developing children’s perception of
pitch change is more sensitive to speech instead of non-speech,
which is in the contrast of children with autism [10, 12, 27]. In
[27], children with autism identified and memorized single-note
frequencies better than typically developing children. When
stimuli were speech-like sounds, the performance between two
groups were comparable, while typically developing children

performed significantly well compared with non-speech. The
result indicated that typically developing children cannot rely
solely on part of acoustic signals of words to perceive Man-
darin tones. In the present study, when comparing with filtered
words, RSD of pseudo-words was relatively higher than that of
real words. In the case that real words and pseudo-words both
contain the information of the frequency domain, real words
also carry the semantic information. The result further corrobo-
rated the above-mentioned point of view and indicated that the
semantic information of words may interfere with the tone per-
ception of Mandarin-speaking children.

The previous result seemed to turn out that the semantic in-
formation of words would hinder children’s perception of tones.
However, real words and pseudo-words in the pitch-highlighted
task showed no significant differences, meaning that the Man-
darin tone perception of children was in the same level in differ-
ent stimuli of speech sounds. Similarly, in [29], when the sound
stimuli were real syllables and pseudo-syllables in Cantonese,
the performance of typically developing individuals were com-
parable. Also in [17], the findings did not show a signifi-
cant difference between real words and nonsense words for ei-
ther typically developing children and children with autism. In
Mandarin tone perception, children perceive tone information
through the acoustic cues perception and the semantic informa-
tion integration of speech sounds. When the sound stimulus
is presented as a real word, both two channels would work si-
multaneously, and when the sound stimulus is presented as a
pseudo-word, the channel of semantic information would not
be triggered. The experimental results showed that basically,
the tone perception of Mandarin-speaking children in speech
sounds could not necessarily rely on the channel of semantic in-
formation of words but on that of acoustic cues. In other words,
children still tend to perceive Mandarin tones based on acoustic
features in high-dimensional cognitive processing.

However, it does not mean that children cannot perceive
Mandarin tones through linguistic meaning or integrated infor-
mation in high-dimensional cognitive processing. The present
study conducted a semantic-highlighted task to compare with
the pitch-highlighted task. Under the circumstance that the
sound stimuli were all real words, the image stimuli presented
on the screen were divided into two categories, the pitch di-
agrams and semantic diagrams, as mentioned in the previous
section. The pitch diagrams aimed to make the participants fo-
cus on pitch changes in the stimuli while semantic diagrams
aimed to get the participants to concentrate on the lexical mean-
ing of words. As speech sound, real words require both low-
dimensional cognitive processing and high-dimensional cogni-
tive processing. The result indicated that children could per-
ceive Mandarin tones through both pitch and semantic infor-
mation in high-dimensional cognitive processing since there
was no difference between RW(S) and RW(P). Furthermore,
it showed that children had the ability to distinguish between
acoustic features and linguistic meanings in global integration.
In this regard, scholars have explored the brain mechanisms in
high-dimensional cognitive processing through hemispheric lat-
erality studies of pitch pattern processing. The functional hy-
pothesis states that lateralization is determined by the function
of the sound signal [30], while the acoustic hypothesis states
that lateralization is determined by the physical properties of the
sound signal [31]. The results of the present study showed that
children, like adults, also had the ability to perceive Mandarin
tones through acoustic or semantic cues alone. In subsequent
studies, EEG technology could be used to further explore the
brain mechanisms of children’s Mandarin tone perception.
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In terms of the perceptual results in different tones, previous
study found that children performed better in perceiving Tone 1
and Tone 4 [19]. In [32, 33], the results showed that the Man-
darin Tone 1 and Tone 4 are acquired before Tone 2 and Tone 3.
Since the difficulty and confusability of Tone 2 and Tone 3 [32],
the perception of Tone 1 and Tone 4 would be easier. However,
our study revealed that there was no significant effect of tone
types, suggesting that the tone perception of Mandarin-speaking
children was not influenced by different tones of words. This
observation is not of expectation. Through the post-experiment
interview, it was found that most of our participants had learned
the Pinyin transcription system and tone system of Mandarin
before, which would be the reason why they had a good com-
mand of tone perception.

5. Conclusions
Our study analyzed pitch processing in a group of children
who speak a tone language using the SMI eye tracker. Results
suggest that Mandarin-speaking children are more sensitive to
pitch changes in speech than non-speech. Moreover, in speech
sounds, they depend more on acoustic cues instead of integrated
information to perceive different tones. Meanwhile, though the
pitch perception of children is not influenced by semantic in-
formation in speech, Mandarin-speaking children still have the
ability to distinguish acoustic features from linguistic meanings
of high-dimensional speech signals. In addition, the tone per-
ception of Mandarin-speaking children is not affected by tone
types.
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