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ABSTRACT 
With a discrimination task and a goodness rating task, we 
examined the categorical and gradient modes of alveolar-
retroflex perception in different vowel contexts for listeners 
of Beijing Mandarin and Taiwan Mandarin. The results 
show that Beijing and Taiwan listeners have different 
perceptual boundaries along the /ʂ-s/ continuum, with a 
lower cutoff frication frequency required for the retroflex 
percepts for Beijing listeners. Listeners’ alveolar-retroflex 
boundaries shift to lower frequencies in the rounded vowel 
context to normalize for vowel coarticulatory effects. 
Discrepant within-category sensitivity was found in that 
while both Beijing and Taiwan listeners perceive all 
retroflex variants as equally good, Beijing listeners 
consider the endpoint variant of the alveolar as the best 
category exemplar. We suggested an articulatory 
explanation for this asymmetrical within-category 
discriminability and also discussed the findings with 
respect to the hyperspace effect in perception. 
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1. INTRODUCTION 
The distinction between the alveolar the alveolar /s, ts, tsʰ/ 
and retroflex /ʂ, tʂ, tʂʰ/ sibilants is a critical characteristic of 
Standard Mandarin. In production, researchers have found 
that the acoustic realizations of the alveolar-retroflex 
contrast may be influenced by linguistic factors like vowel 
context (e.g., [1]) and prosodic prominence ([2]). A recent 
study by Chang [3] further demonstrated that linguistic (i.e., 
vowel context) and sociolinguistic (i.e., dialect) factors 
collectively contribute to the phonetic variation of such a 
place contrast.  However, little is known about whether 
similar variability is also present in perception. The goal of 
the current study, therefore, is to investigate if speakers of a 
different dialectal background would perceive the 
Mandarin alveolar-retroflex contrast differently in a given 
vowel context. Different acoustic realizations of the 
alveolar-retroflex contrast between Beijing and Taiwan 
Mandarin reported in [3] motivated a hypothesis that the 
category boundary would lie in different places along the 
spectral continuum. In addition, retroflex productions in 
Taiwan Mandarin have been found to be acoustically less 
retroflexed (i.e., have a higher spectral mean of the 
frication noise) than in Beijing Mandarin [4], and the 
magnitude of the alveolar-retroflex contrast in Taiwan 
Mandarin is generally smaller [3] as well. Therefore, 
Taiwan Mandarin listeners were hypothesized to have 
different best category exemplars from their Beijing 
counterparts. Finally, given that both Beijing and Taiwan 

speakers produced a smaller place contrast in the rounded 
vowel context [3], the category boundary location and the 
internal structure were hypothesized to change across 
vowel context. Two experiments were designed to verify 
the aforementioned hypotheses. An ABX discrimination 
task was conducted to locate the perceptual boundary 
between Mandarin alveolars and retroflexes. A goodness 
rating task looked into the internal structure of both 
categories in perception.   

2. METHODOLOGY 

2.1. Participants 
The participants for this study were 30 Beijing Mandarin 
(born and raised in Beijing or its vicinity) and 30 Taiwan 
Mandarin native speakers (born and raised in Taiwan). 
They were between 18 and 35 years of age. None of the 
participants reported any past or present speech or hearing 
disorders.                

2.2. Considerations for stimuli construction 
To avoid goodness ratings being confounded by the 
naturalness of the stimuli, we chose to modify naturally- 
produced stimuli to create the acoustic continua instead of 
using synthesized stimuli for our perception tasks. Using 
the 3-Dimensional Deep Search (3DDS) method, Li and 
colleagues [5, 6] found the necessary perceptual cue for 
English fricative /s-ʃ/ distinction lies in the frequency of the 
lowest bound of the wideband noise (“the cutoff 
frequency”, hereafter), as raising the cutoff frequency of /ʃ/ 
by removing the frication region between 2-4 kHz will 
convert /ʃ/ into /s/ in perception. In light of their findings, 
once the cutoff noise frequencies of Mandarin /s/ and /ʂ/ are 
identified, raising the cut-off frequency of /ʂ/ to that of /s/ 
can morph /ʂ/ into /s/. To create an acoustic continuum 
between /ʂ/ and /s/, one can edit out the frication noise with 
a high-pass filter starting at the cut-off frequency of /ʂ/ in 
steps, until reaching the cut-off frequency of /s/. Beren, a 
software system developed by the Human Speech 
Recognition (HSR) Group at University of Illinois in 
Urbana-Champaign, allows such editing of naturally-
produced speech signals using the short-time Fourier 
transform [7] and was used for constructing the stimuli for 
this study. 
      To maximize the acoustic contrast for subsequent /ʂ-s/ 
continuum construction, we chose one Beijing Mandarin 
speaker for the recording of the stimuli, as Chang [3] 
reported that Beijing Mandarin speakers generally 
produced a larger alveolar-retroflex contrast than their 
Taiwan counterparts. From the audio recording, one pair of 
/ʂa-sa/ and /ʂu-su/ that shared the same syllable duration 



(560 ms and 480 ms respectively) were extracted for 
auditory stimulus construction. 

2.3. Stimuli 
To create an 8-step acoustic continuum from /ʂ/ to /s/ in 
each vowel context, the frication region between the 
alveolar and retroflex was divided into 7 equal intervals on 
the log scale, yielding 8 cutoff frequencies (see Table 1 for 
the cutoff frequencies of each step of the /ʂa-sa/ and /ʂu-su/ 
continua). The 8 steps of the continuum were constructed 
by modifying the frication in /ʂa/ at 8 cut-off frequencies. 
Figures 1 and 2 show how this step-by-step high-pass 
filtering of the noise was carried out for the /ʂa-sa/ and /ʂu-
su/ continua respectively. To verify the goodness of the 
edited sound files, they were played to two Beijing 
Mandarin and two Taiwan Mandarin native speakers. The 
sounds were judged to be natural sounding, and the 
endpoints of the two continua were unambiguously 
identified. In addition to the two fricative continua, two 
filler continua /i-y/ and /ti-di/ were included in the stimuli. 

Table 1: Cutoff frequencies (kHz) of each step of the   
/ʂa-sa/ and /ʂu-su/ continua 

continuum 
step 

/ʂa-sa/ 
continuum 

/ʂu-su/ 
continuum 

Step 1 1.39 1.24 
Step 2 1.61 1.4 
Step 3 1.89 1.61 
Step 4 2.24 1.85 
Step 5 2.67 2.12 
Step 6 3.15 2.41 
Step 7 3.68 2.72 
Step 8 4.23 3.12 

Figure 1: AI-grams (a time-frequency representation; see 
[5, 6] for more discussion) showing the construction of 
the 8-step  /ʂa-sa/ continuum. The shaded area indicates 

the region of noise that is being filtered out. 

 
Figure 2: AI-grams showing the construction of the 8-

step  /ʂu-su/ continuum.  

 
      The stimuli used in the ABX task consisted of two 
blocks. In each block, the B stimulus was two steps to the 
right of stimulus A on the continuum, making up six 2-step 
AB pairs from each 8-step continuum. Each AB pair was 
combined with stimulus X (i.e., stimulus A or B) and 
presented in four combinations (ABB, ABA, BAA, BAB), 
making a total number of 192 trials (4 acoustic continua * 6 
two-step pairs* 4 presentation combinations *2 blocks). All 

stimulus trials were presented in different random orders 
for each participant. The inter-stimulus interval within each 
ABX trial was set at 500 milliseconds. 
      In the goodness rating task, the participants heard a 
stimulus and saw the prompt question on screen asking 
“How is the pronunciation of this ___?”, the blank being 
the character representation of either syllable from the 
minimal pair. For example, when step 1 (i.e., /ʂa/) from the 
/ʂa-sa/ continuum is played, the participants will be asked 
“How is the pronunciation of this SA?” in one trial, and 
“How is the pronunciation of this SHA?” in the other. This 
setup made no assumption that a bad pronunciation of /sa/ 
entails a good pronunciation of  /ʂa/. That said, each step 
from the four continua was rated twice, making a total 
number of 64 trials. All stimuli were presented in a random 
order to each participant.  

2.4. Procedure 
At the beginning of the ABX task, the participants were 
told that they would hear three Mandarin sounds (sounds 1, 
2 and 3, which correspond to ABX) in a sequence and they 
had to judge whether sound 3 was the same as sound 1 or 
sound 2. A response page appeared on the monitor after 
each sound sequence was played. All responses were 
logged automatically in E-Prime. The participants were 
encouraged to respond as quickly and accurately as 
possible. There was a 6-trial practice before the experiment.  
      In the goodness rating task, upon hearing a stimulus, a 
screen with a Visual Analogue Scale prompted the 
participants to rate the pronunciation. Participants were 
allowed to listen to and rate each sound as many times as 
they deemed necessary. There were 16 trials in the practice. 
The practice stimuli included both ends of a continuum to 
implicitly familiarize the participants with the range of 
acoustic stimuli they would be hearing. 

3. RESULTS 
In categorical perception literature (e.g., [8, 9]), listeners 
were found to best discriminate two sounds across the 
phoneme boundary. Following that, we assumed that a 
significant increase in accuracy in this task would be where 
the category boundary was located. Figure 3 shows the plot 
of the mean /ʂa-sa/ discrimination accuracy with a 95% 
confidence interval for both listener groups. A one-way 
repeated measure ANOVA, with PAIR as the within-
subject variable and ACCURACY as the dependent 
variable, was conducted on Beijing and Taiwan listeners' 
data respectively. For Beijing listeners, the analysis 
revealed a significant main effect for PAIR (F(5, 
145)=17.734; p<.001), meaning that accuracy was not the 
same for all stimulus pairs. Post-hoc tests with a Bonferroni 
correction exploring the simple main effect of PAIR 
showed that pairs 1-3, 2-4 and 3-5 were not significantly 
different from each other, but pair 4-6 was significantly 
higher in accuracy than pairs 1-3, 2-4, and 3-5. This 
suggests that the phoneme boundary was between steps 4 
and 6, which corresponds to 2.91 kHz, halfway between the 
cutoff frequencies of steps 5 and 6 in the AI-grams (see 
Table 1 and Figure 1). For Taiwan listeners, a significant 
main effect for PAIR was observed as well (F(5, 
145)=9.25; p<.01). Pairwise comparisons showed that the 
accuracy rate of pair 5-7 was significantly higher than 
previous pairs, suggesting that the perceptual discontinuity 
must have occurred between step 6 and step 7. This would 
correspond to 3.41 kHz, halfway between the cutoff 
frequencies of steps 6 and 7 in the AI-grams.  



Figure 3: /ʂa-sa/ discrimination 

 

      The plot of the /ʂu-su/ discrimination performance 
for Beijing and Taiwan listeners is displayed in Figure 
4. Upon the same analysis as above, it is shown that for 
Beijing listeners, the category boundary was located 
between steps 6 and 7, corresponding to 2.56 kHz in 
the AI-grams (see Table 1 and Figure 2). For Taiwan 
listeners, the category boundary was located between 
steps 7 and 8, corresponding to 2.92 kHz. 

Figure 4: /ʂu-su/ discrimination 

 
      As the /ʂ-s/ boundary location (appearing in Figures 5-8 
as a dotted line) was decided based on the ABX data 
analysis, the two endpoints on the /ʂ-s/ continuum could be 
compared to their within-category variants. If an endpoint 
stimulus has significantly better rating scores than its sub-
phonemic variants, then the endpoint stimulus is considered 
a better exemplar for its category. If the ratings for the sub-
phonemic variants and end-point stimulus are not 
significantly different, then the category is considered to be 
represented by an exemplar cloud without a better category 
member. While participants could listen to the same 
stimulus and rate it as many times as they like in the 
goodness rating task, only the last response of each trial 
was used for data analysis.  
      Figure 5 displays the plots of Beijing listeners' 
goodness judgments of stimuli from the /ʂa-sa/ continuum. 
The plot on the left shows listeners' ratings in response to 
the question “How is the pronunciation of this SHA?”, and 
the plot on the right shows the ratings of the stimuli when 
being asked the opposite question “How is the 
pronunciation of this SA?” Each data point in the SA data 
set was inverted by 100 minus each point (the Visual 
Analogy Scale corresponds to a 0-100 scale) and correlated 
with its corresponding data in the SHA data. A strong 
correlation between the SHA dataset and the inverted SA 
dataset would suggest that listeners consider a bad instance 
of /ʂa/ a good instance of /sa/, and vice versa. The two sets 
of data were submitted to a one-way repeated measure 
ANOVA separately. For the SHA dataset (the left panel in 
Figure 5), there was a significant main effect of 
STIMULUS (F(7,203)=46.493, p<.001). Follow-up post-
hoc tests revealed no statistical significance among steps 1-
5 within the category of retroflex, suggesting that no single 

member of the retroflex category was rated better than the 
other. On the other hand, within the category of alveolar, 
step 8 was found to be significantly different from steps 6 
and 7. That is, step 8 was considered a better exemplar of 
the alveolar category. Now, the SA dataset (the right panel 
in Figure 5) was submitted to the same statistical analysis 
and a significant main effect of STIMULUS 
(F(7,203)=47.191, p<.001) was also found. Follow-up post-
hoc tests revealed no statistical significance among steps 1-
5 within the category of retroflex. Within the alveolar 
category, step 8 was found to be significantly different 
from step 6 and marginally differently from step 7. The 
correlation coefficient between the SHA dataset and 
inverted SA dataset was 0.797, suggesting the two datasets 
were strongly correlated. 

 Figure 5: Beijing listeners’ goodness rating of /ʂa-sa/  

      As for Taiwan Mandarin listeners, subphonemic 
variants of both /ʂa/ and /sa/ were perceptually equivalent 
to their respective endpoint stimulus (see Figure 6). The 
correlation coefficient between the SHA dataset and 
inverted SA dataset was 0.401.  

 Figure 6: Taiwan listeners’ goodness rating of /ʂa-sa/ 

 
Figure 7 displays the plots of Beijing listeners' 

goodness judgments of stimuli from the /ʂu-su/ continuum. 
For both datasets, pairwise comparisons showed no 
statistically significant difference among any steps within 
the category of retroflex. In contrast, within the category of 
alveolar, step 8 was found to be significantly different from 
step 7 in both datasets. The correlation coefficient between 
the SHU dataset and inverted SU dataset was 0.61. 

Figure 7: Beijing listeners’ goodness rating of /ʂu-su/ 

 
 For Taiwan listeners (see Figure 8), pairwise 

comparisons showed no statistically significant goodness 



rating difference among any steps within the category of 
retroflex (except for step 7 in the SU dataset). Step 8 was 
the only alveolar exemplar in the stimuli being treated and 
had no other within-category member to compare to. The 
correlation coefficient between the two datasets was 0.467. 

Figure 8: Taiwan listeners’ goodness rating of /ʂu-su/ 

 

4. DISCUSSION AND CONCLUSION 
The current study showed clear dialectal differences in the 
perception of the Mandarin alveolar-retroflex contrast. 
With the ABX task, we see that Beijing and Taiwan 
Mandarin listeners had different locations of the category 
boundary along the /ʂ-s/ continuum, with Taiwan listeners’ 
perceptual boundary located one step closer to the alveolar 
end of the continuum than Beijing listeners. That is, given 
the same /ʂ-s/ continuum, Taiwan listeners allocated a 
wider range of noise frequency band to retroflexion than 
Beijing listeners. With the goodness judgments, we see that 
Beijing listeners showed clear gradient sensitivity to the 
sub-phonemic variation within the alveolar category, while 
this was less clear for Taiwan listeners, as few members 
(i.e., 2 members along the /ʂa-sa/ continuum and 1 member 
along the /ʂu-su/ continuum) were considered as the 
alveolar.  
      However, Beijing and Taiwan listeners did converge in 
1) vowel context-moderated perception, as the category 
boundary shifted toward lower noise frequencies in the /u/ 
context. This shift indicates perceptual compensation for 
coarticulation from the following rounded vowel. And 2) 
lack of sensitivity to the sub-phonemic variation of the 
retroflex category, as both groups of listeners perceived 
almost all variants of retroflexes as equally good. This 
pattern held true for both the /a/ and /u/ contexts.   
      One question then arises of why there was discrepant 
sensitivity to within-category variation for the alveolar and 
the retroflex. An articulatory/acoustic account was 
provided here in an attempt to link between speech 
perception and speech production. Articulatorily, whether 
constriction is made behind the teeth or against the alveolar 
ridge, alveolars have a relatively small resonant cavity 
anterior to the constriction. Alveolars essentially involve 
only a tongue tip raising gesture. According to Keyser and 
Stevens [10], “before a front vowel, the F2 starting 
frequency for an alveolar is only slightly higher than it is 
before a back vowel, indicating about the same fronted 
tongue-body position as that for the alveolar preceding a 
back vowel” (p. 48). The less variable articulatory gestures 
result in a more specific acoustic landmark for the 
alveolars—high-frequency frication noise. In contrast, 
retroflexion has more complex tongue configurations and 
articulatory properties (e.g., the subliminal space that adds 
volume and complexity to the resonant cavity), thereby 
contributing to more variability in its acoustics. In addition, 
optional enhancing gestures to the retroflexes like tongue 
blade raising [11] or lip rounding [12] can further 

contribute to the acoustic variability. Taken together, the 
acoustic properties associated with the retroflex consonant 
are more complex than those of the alveolar consonants 
[13], such that retroflex productions may exhibit greater 
variance than alveolar productions (as found in [3]). We 
suggest that the acoustic characteristics may in turn 
impinge on perception such that listeners become more 
tolerant with a phoneme that has more acoustic variability, 
but more sensitive to a phoneme that has a more specific 
acoustic profile.  
      In studying the perceptual best exemplars, Johnson et 
al. [14] found that listeners’ choices of perceptual best 
vowel exemplars to be more extreme than their own 
productions. They called this perceptual vowel space 
expansion a hyperspace effect. The hyperspace effect may 
extend to fricative perception given that Taiwan speakers 
generally produce a lesser degree of retroflexion than 
Beijing speakers and are expected to give a better rating to 
retroflex stimuli produced by a Beijing speaker. However, 
this was not observed in their goodness rating data, as the 
rating scores on the endpoint /ʂ/ was not significantly 
different from those on the other /ʂ/ variants. Therefore, 
Taiwan listeners’ retroflex perception data did not provide 
evidence for the hyperspace effect. 

In conclusion, this study demonstrated that linguistic 
(i.e., vowel context) and sociolinguistic (i.e., dialect) 
factors collectively and variably affect the perception of the 
Mandarin alveolar-retroflex contrast. 
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