
 

 
 

Abstract 

The phonetic description and phonological 
analysis of Mandarin Tone 3 has been a 
complex issue that attracted divergent 
views. To better understand this tone, the 
current study has computed the mental 
representation of Tone 3 by adopting the 
reverse-correlation paradigm. Thirty 
participants (15 males, mean age = 21.94 ± 
2.4 years) were recruited to compare and 
judge which of the two randomly generated 
stimuli sounded more like Tone 3. Analyses 
on the interaction between participants’ 
response and the manipulated random 
contour in perception of this tone has 
indicated that mental representation of 
Mandarin Tone 3 reflected some of the 
phonological representations (i.e., the 
[+low] feature) as well as preserving the 
phonetic characteristics (i.e., contourisity, 
dynamic and static portions, and duration-
dependency). This method has offered 
possibilities to better understand the nature 
of linguistic elements in an integrated way. 

1 Introduction 

For citation forms in the Mandarin tonal system, 
Tone 3 is uniquely characterized as the only 
concave tone. Traditionally, it has been described 
as having a low-falling pitch at the beginning, 
followed by a rising pitch towards the end of the 
contour, and is thus analyzed as 214 on a five-scale 
system where numerical sequences represent pitch 
values, as proposed by Chao (1965, 2013). 

However, Tone 3 exhibits significant variance in 
its phonetic realization, especially in continuous 
speech, where the final rising portion may be 
omitted, resulting in a low-falling tone (Ho, 1976; 
Howie, 1974; Zhu, 2012). Additionally, the pitch 
contour of Tone 3 varies with different syllable 

durations. The concave contour is predominantly 
observed in longer syllables, while shorter 
syllables tend to exhibit low-falling variants 
(Howie, 1974; Nordenhake & Svantesson, 1983; 
Yang et al., 2017). 

In the auditory domain, perceptual tasks on 
lexical tones have shown that Tone 3 exhibits 
considerable within-category variation compared 
to the other three tones. Despite occupying a 
relatively large perceptual space, the highest 
identification rate for Tone 3 is reported for the 
low-falling contour, even when stimuli are 
presented in isolation, as shown in Figure 1 (Peng 
et al., 2012). Additionally, low-level tones, 
although less frequently observed in production, 
could also be perceived as Tone 3 (Whalen & Xu, 
2009). The effect of syllable duration on tone 
identification has also been observed, with longer 
durations eliciting more Tone 3 responses rather 
than Tone 2 (Blicher et al., 1990). 
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Figure 1 Two-dimensional plot (height and slope) of 
perceptual center of gravity for the Mandarin tone 
system, sourced from Peng, et al. (2012). 



 

 
 

Phonologically, Tone 3 is generally described as 
having a [+low] feature, starting from early 
generative phonology using single-tier analysis. 
Milliken (1989, as cited in Duanmu, 2007) argued 
that the L/Low feature is crucial for Tone 3, with 
the final rising (H/High) being a floating feature. 
Duanmu, (2007) suggested that only the L feature 
should be considered, with the rising portion being 
a product of the disyllabic foot, which should be 
excluded. Despite their differences, both analyses 
emphasized the significance of the [+Low] feature 
and avoided focusing on the pitch shape. In multi-
tiered representations, Yip (1980) proposed that the 
phonological representation of Tone 3 should not 
only focus on the [-upper] register, which she 
agreed is the most important aspect, but also 
include the contour feature, represented as LL, 
indicating a level and unchanging pitch direction 
(Bao, 1999). The view that Mandarin Tone 3 is a 
low-level tone was also supported by Shi & Ran 
(2011). These studies emphasized the dominance 
of the register in analyzing Tone 3, but also 
acknowledged the importance of the contour or 
pitch direction, although their views on the pitch 
shape varied. 

The discrepancies between phonetic and 
phonological analyses, as well as within each 
domain, have reflected different understandings of 
Tone 3, leading to difficulties in experimental 
design. Based on their divergent understandings, 
even experiments addressing the same issue of 
Tone 3 have used different stimuli. For example, 
studies considering Tone 3 as a concave tone 
tended to manipulate the turning point of the pitch 
contour (Liu, 2004), those viewing it as low-falling 
focused on the pitch slope, and those treating Tone 
3 as a low-level tone examined the effect of the 
register (Chen et al., 2010; Wang et al., 2014). 
These differing criteria for stimulus selection have 
resulted in varied outcomes, which in turn hindered 
the better understanding of Tone 3. 

To better describe, analyze, and understand Tone 
3 (as well as other tones), the reverse-correlation 
paradigm, a new data-driven method, was adopted 
in the current study. This paradigm focuses on how 
top-down representations are used to process 
incoming stimuli and can estimate the mental 
representations of categories based on participants’ 
response patterns to randomly varying information 
(Brinkman et al., 2019). Initially applied in the 
visual domain, this paradigm has been adapted to 
auditory research with the development of the 

CLEESE toolbox (Burred et al., 2019). CLEESE is 
a Python-based toolbox that enables random and 
numerous manipulations of pitch on the same base 
audio. Several studies have begun using this novel 
method in auditory perception. Wang et al. (2022) 
found that the mental representation of typically 
developing children is similar but less variable than 
that of children with autism spectrum disorder by 
generating speech, complex tone, and song stimuli 
with randomly manipulated pitch contours. 

The current study explores the mental 
representation of Mandarin tones through this 
novel paradigm, examining the relationship 
between phonetic realizations, phonological 
analyses, and mental representations under the case 
of Tone 3 description. The reverse-correlation 
paradigm will be applied to compute the mental 
representations. The study also seeks to examine 
the effect of duration on the mental representation 
of the tone. Thus, long and short stimuli will be 
generated, and their induced patterns will be 
compared. As the primary cue of lexical tones is 
fundamental frequency (f0), which becomes the 
main parameter used to manipulate tone variation, 
we also aim to determine whether listeners’ pitch 
sensitivity affects the mental representation of the 
tone. Therefore, a pitch-judgment task will be 
conducted to examine the ability to discriminate 
pitch height, and the correlation between pitch 
sensitivity and mental representation will be 
analyzed. These efforts aim to better describe and 
understand Mandarin Tone 3, thereby investigating 
the nature of speech.  

2 Methods  

2.1 Participants 

Thirty native Mandarin speakers (15 males, mean 
age = 21.94 ± 2.4 years) were recruited for this 
study. All participants were right-handed and had 
no background in music, linguistics, or psychology. 
None reported any hearing or mental health issues.  

2.2 Stimuli 

The Mandarin monosyllable yi /i/ with Tone 3 was 
produced by a female native Mandarin speaker 
who was born and grew in Beijing. A recording 
sample without creaky voice was selected, as this 
phonation type, although common observed in 
Tone 3 production, can disrupt the continuity of the 
extracted f0 contour. The pitch contour of the 
chosen sample was flattened to 188 Hz and 



 

 
 

normalized to 80 dB. To investigate the effect of 
the duration of syllable, the sample was adjusted to 
250 ms for the short condition and 450 ms for the 
long condition, creating the base stimuli. Then, 
pitch-shifting manipulation using Gaussian pitch 
noise was applied to these stimuli by sampling 
pitch values at 7 equal and successive time points, 
using a normal distribution (SD = 180 cents) in the 
CLEESE toolbox, following Burred et al. (2019). 
CLEESE is a Python-based toolbox used to 
generate variations of sound with randomly 
manipulated pitch contours while maintaining 
constant amplitude and duration, as shown in 
Figure 2.  

We optimized the algorithm by adding a 
condition that the manipulated pitch contour must 
change gradually, rather than abruptly or with large 
fluctuations, as restricted by human vocalization. 
After piloting the quality and naturalness of the 
generated syllables and the duration of the task, 
200 pairs for the long condition and 200 pairs for 
the short condition were generated, resulting in 800 
pitch variations in total. 

The stimuli for the pitch-judgment task were 
generated as pure tones in Praat (Boersma & 
Weenink, 2009) with f0 set to be level and ranging 
from 440 to 452 Hz, resulting in 12 stimuli in total. 
The duration was set to 1 second and the intensity 
to 80 dB. 

2.3 Procedure 

The experiment was conducted via Gorilla, an 
online platform validated for effective remote 
experimentation (Anwyl-Irvine et al., 2020). 
Participants were instructed to complete two tasks: 
the word-comparison task and the pitch-judgment 
task. For the first task, aimed at computing the 
mental representation of Tone 3, participants were 

asked to choose which syllable sounded more like 
the word yi3 (“以”) from two stimuli randomly 
generated by CLEESE. There were two separate 
blocks for long and short durations, with the order 
of these blocks counterbalanced across participants.  

For the pitch-judgment task, participants 
listened to two pure tones with pitch differences 
ranging from 1 Hz to 12 Hz and judged whether the 
second stimulus sounded higher, lower, or the same 
in pitch compared to the first one.  

2.4 Analysis 

The auditory classification image for each 
participant was generated using the CLEESE 
toolbox by averaging the differences reflected in 
each choice made by the participants, as described 
in Burred et al. (2019). To analyze the overall 
contouring pattern, a one-way ANOVA was 
conducted to compare the normalized pitch in Tone 
3’s mental representation at each timepoint of the 
pitch contour, determining whether the mental 
representation of Tone 3 is a level tone. 
Subsequently, a linear mixed-effects model was 
constructed to examine the effects of duration of 
the syllable (long vs. short) and listeners' pitch 
sensitivity on the normalized pitch at each 
timepoint using the lme4 package in R (Bates et al., 
2015). 

3 Results 

For the overall contour of normalized pitch in the 
mental representation of Tone 3, the one-way 
ANOVA revealed a significant main effect of 
Timepoint (F(2.001) = 67.16, p < 0.001). Post-hoc 
analysis indicated that the normalized pitch of all 
adjacent timepoints (i.e., Timepoint 1 vs. 2; 2 vs. 
3; …; 6 vs. 7) were significantly different, as shown 
in Figure 3. However, no significant differences 

Figure 3 Normalized pitch of mental representation of 
Tone 3 in each timepoint 

Figure 2 Examples of pitch manipulations created 
with CLEESE, sourced from Burred et al. (2019). 



 

 
 

were found between Timepoint 1 vs. 7 and 
Timepoint 3 vs. 5 (ps > 0.05). 

Regarding the effects of syllable duration and 
listeners' pitch sensitivity, the linear mixed-effects 
model on the normalized pitch at each timepoint, 
with Duration (long vs. short) and Pitch sensitivity 
of listeners as fixed effects, revealed no significant 
fixed effect of pitch sensitivity, nor any relevant 
interaction effects (all ps > 0.05). Consequently, 
pitch sensitivity was removed from the model and 
excluded from further analysis.  

A two-way repeated measures ANOVA with 
Duration (long vs. short) and Timepoint (1, 2, …, 
7) revealed significant main effects of Duration 
(F(1,29) = 30.42, p < 0.001), Timepoint (F(2.10, 
60.83) = 113.90, p < 0.001), and their interaction 
(F(2.48, 71.86) = 117.88, p < 0.001). Post-hoc 
analysis showed that at Timepoint 1, 2, 3, and 6, the 

normalized pitch of the short syllables was higher 
than that of the long syllables. Conversely, at 
Timepoint 7, the normalized pitch of the short 
syllable was lower than that of the long syllable 
(see Table 1). At Timepoints 4 and 5, the 
differences in normalized pitch between long and 
short syllables did not reach a significant level (ps > 
0.05). The generated classification image of Tone 3 
was shown in Figure 5. 

4 Discussions 

This study seeks to better describe and analyze 
Mandarin Tone 3 by adopting the reverse-
correlation paradigm using CLEESE toolbox. The 
comparison between the computed mental 
representation and the phonetic descriptions and 
phonological analyses are conducted based on the 
observation of their overall shape of pitch contour 
and the effects elicited by duration. The [+low] 
pitch is the most crucial feature in the mental 
representation of Mandarin Tone 3, as supported by 
the results of both analyses. In the overall pitch 
contour, Timepoint 4 exhibited the lowest pitch 
height with the smallest variance compared to the 
other six timepoints. Additionally, there is a 
consistently low portion in the middle part of the 
pitch contour, regardless of the duration of 
syllables. Specifically, when the duration is longer, 
the onset of the syllable becomes lower, and the 
offset becomes higher than that of the shorter 
syllable. Notably, both long and short syllables 
have shared a portion that represents the lowest part 
of the contour.  

The significance of low pitch in Tone 3’s mental 
contour reflects its phonetic descriptions. Although 
there are differing views on the shape of its pitch 
— whether low-falling or concave — they all 
indicate that it should be low at one portion (Zhu et 
al., 2012). The crucial role of the [+low] feature 
also aligns with the phonological analysis of Tone 

ns.

Figure 5 Classification image of Tone 3 generated by 
CLEESE  

Time estimate df t ratio p value 

T1 0.017 364 7.343 <.0001 
T2 0.008 364 3.626 0.0003 

T3 0.005 364 1.998 0.0465 
T6 0.013 364 5.759 <.0001 

T7 -0.048 364 -20.672 <.0001 

Table 1 Pairwise comparison of long and short 
duration in each timepoint 
 

 

Figure 4 Mental representation of Tone 3 in long and short duration in the group (left panel) and individual level 
(right panel). The upper right panel (orange) shows the mental representation of long syllable from subject 1-10, 
the bottom right panel (blue) shows the representation of short syllable from the same subjects. 



 

 
 

3, which emphasizes its [low] or [-upper] feature 
(Duanmu, 2007; Yip, 1980). Notably, the 
phonological view mainly emphasizes that [+low] 
is the most important feature, denying the role of 
contour in the analysis of Tone 3, which has also 
been addressed in the analysis of mental 
representation. 

For the overall contour, as indicated by the result 
that the normalized pitch of all adjacent timepoints 
were significantly different, the mental 
representation of Mandarin Tone 3 is concave 
rather than level. Specifically, the normalized pitch 
at the first and last timepoints of the contour are the 
highest, while the middle part (i.e., Timepoint 4) 
has the lowest pitch height. Although this shape of 
the contour would be altered by duration, that 
longer syllables have a relatively lower onset and 
higher offset, it remains concave in both long and 
short syllables. 

This finding contrasts with the idea that the 
phonological representation of Tone 3 is low-level 
(Yip, 1980; Shi & Ran, 2011) and shows 
consistency with the phonetic description. The 
reason that Tone 3 is phonologically analyzed as a 
level tone is mainly rooted in systematic rules and 
abstraction rather than merely focusing on the 
acoustic aspect. For instance, the view that Tone 3 
should be considered as a level tone is based on the 
perspective that when level pitch is acceptable to 
be a phonetic variant, it could be considered the 
underlying form (Maddieson, 1977). The 
inconsistency between the mental and 
phonological representation may reflect the 
distinction of focus, such that the mental 
representation might be influenced and thus 
focuses more on the acoustic characteristics. 

As indicated by the results of the current study, 
to figure out the characteristics of Mandarin Tone 
3, [+low] is indeed crucial. But contour is 
inevitable in the description as well. It might not 
matter about the exact shape of the concave, but 
[+contourisity] is significant (proposed by Zhu 
2012). In phonetic realization, the shape of the 
concave might be a result of the adjustment of 
gestures approaching to the [+low] target and thus 
would be affected by the duration of the syllable to 
be produced. This “Durational effect” has also been 
observed in the perceptual task, indicating a 
possible effect elicited by production (Blicher et al., 
1990). In the mental representation of Tone 3, we 
have also observed the concave pitch in both long 
and short tones, meaning that the seemly irrelevant 

adjustment of vocalization does contribute to how 
we define and recognize a tone. 

The larger pitch variance at the onset and offset, 
particularly at Timepoints 1 and 7, suggests the 
presence of two dynamic portions at the beginning 
and ending of the contour in Tone 3. Conversely, a 
static portion in the middle, as indicated by 
Timepoint 4 where pitch variance is relatively low, 
reflects the consistent occurrence of the low pitch 
in the contour. 

This perspective that Tone 3 may encompass 
both dynamic and static portions is further 
supported by the involvement of varying syllable 
durations. Our findings indicate that longer 
syllables exhibit a lower onset and higher offset, 
whereas shorter syllables display the opposite 
pattern. However, there was no significant 
difference between long and short syllables in the 
middle portion of the contour. This has suggested 
that the change in duration does not affect the pitch 
in this middle portion, which remains static and is 
resistant to be changed. This finding is in line with 
Zhang & Shi (2016), who have described that there 
are dynamic and static portions in the pitch contour 
of Mandarin Tone 3 based on the large sample size 
of Beijing Mandarin vocalizations. The dynamic 
and static characteristics observed in both phonetic 
and mental representation of Tone 3 have reflected 
a correspondence between acoustic and cognitive 
domains. 

In the mixed-effects model, we failed to observe 
the fixed effect of participants’ pitch sensitivity or 
the interaction effects with other factors on their 
mental representation of Tone 3, suggesting that 
auditory sensitivity might not contribute to the 
pattern of the mental representation of lexical tones 
focusing on the same acoustic parameters. 

5 Conclusions 

Based on the computation and observation upon 
listeners response pattern to the random 
manipulated f0 contours in the reverse-correlation 
paradigm, mental representation of Mandarin Tone 
3 is found to have reflected some of the 
phonological representations (i.e., [+low]) as well 
as preserving the phonetic characteristics (i.e., 
contourisity, dynamic and static portions, and 
duration-dependency). By reflecting a combination 
of phonetic and phonological characteristics, this 
method has offered possibilities to better 
understand the nature of linguistic elements in an 
integrated way.  
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