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ABSTRACT 

The target vowels in the study are the two apical vowels [ ]
and [ ] in Beijing Mandarin. Identification and two-step 
ABX discrimination tests were performed to determine the 
perceptual effects of particular acoustic properties 
differentiating synthetic / �  / continua. Results show that 
variation in F3 throughout the series led to different 
phoneme identifications. An added varying F2 with varying 
F3 shifted the categorical boundary associated with the F3

cued series. The results suggest that for the apical vowels [ ]
and [ ] in Beijing Mandarin, F3 is a potent cue for the 
perceived phonemic distinction, whereas F2 contributes 
added effect. The discrimination data show that the 
perception of the two apical vowels in Beijing Mandarin is 
near categorical or in between highly categorical and 
continuous.  

1. INTRODUCTION 

There are two so-called apical vowels in Beijing Mandarin 
[4]. Articulatorily, they are syllabic apico-laminal alveolar 
approximant [ ] and syllabic apical postalveolar 
approximant [ ] [8]. Phonotactically, [ ] or [ ] is preceded 
obligatorily by a homorganic alveolar obstruent [s, ts, tsh]
or a postalveolar obstruent [ , t , t h], respectively. 
Acoustically, the difference in resonance frequency 
between the two is greatest in the third formant (F3), 
followed by the second formant (F2). The mean values of 
the first three resonance frequencies (F1, F2 and F3), for [ ]
for male speakers are 396.5, 1296 and 2922.6 Hz (n = 50), 
and 411, 1632.5 and 1962.1 Hz (n = 50) for [ ] [9]. 

The perceptual properties of the two apical vowels in 
Beijing Mandarin have rarely been studied. Howie [3] 
investigated the perception of vowels in Beijing Mandarin. 
Both natural speech and two-formant synthetic test stimuli 
were used for the identification of the vowels. Pattern 
Playback technique was used to generate the synthetic 
stimuli. However, no vowel continua were involved and 
categorical boundaries among the vowels were not 
established. So far, there is no published data of the 
perceptual quality of the two apical vowels in Beijing 
Mandarin. An investigation to obtain the objective data is 
called for.  

The present experiment was designed (i) to determine the 
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tual effect of varying F3 as well as F2 in combination 
ying F3 on the categorical boundary of synthetic / �
tinua, and (ii) to determine whether the perception of 
o apical vowels is continuous or categorical. 

2. METHOD 

imuli 

 study, the target vowels were [ ] and [ ] in Beijing 
arin. As mentioned earlier, the two apical vowels are 
ed obligatorily by a homorganic fricative or affricate. 

minate the effect of the syllable initial consonant on 
rception of vowels and to make the test stimuli sound 
aningful syllables, all the synthetic stimuli were CV 
les, where the consonant was a Gaussian noise with 
ration of 150 msec. 

 sets of stimuli were designed. The first one was the 
ed series with the first two formants based on [ ]
ition I). The second one was same as the first except 
e first two formants were based on [ ] (Condition II). 
ird set consisted of F1 for all stimuli was the mean of 

 [ ] and F1 for [ ], and the varying F2/F3 combinations 
ition III).  

ariables in these series (conditions) were F2 and F3

alues ranged between those for [ ] and [ ]. Both F2

3 continua were divided in six steps to form a set of 
 patterns. The vowel continua / �  / had a varying F3

alues of  2922, 2762, 2602, 2442, 2282, 2122 and 
Hz. In combination with the F3 values, the added 
ponding F2 values were 1296, 1352, 1408, 1464, 
 1576 and 1632 Hz, respectively.  

timuli were synthesized based on the spectral 
rements of the vowels [ ] and [ ] from 10 male 

ers [9], using the HLsynTM speech synthesizer. A high 
tone [55] (F0 = 150 Hz) was superimposed on the 
i. Four formants were specified with a fixed value of 
Hz for F4. The vocalic portion of the stimuli had the 
duration of 350 msec. Including the “syllable initial 
nant” (noise) of 150 msec, the total duration of every 
 test syllable was 500 msec. 

bjects 

n college students served as subjects in the tests. They 
orn and grew up in Beijing. All were native speakers 

ijing Mandarin with no history of hearing loss. They 
aid for their participation. 



2.3 Procedure 

All the test syllables placed on a compact disc were 
randomized and played on a Sony CD player. The stimuli 
were delivered to a Sennheiser HD 340 headphone. 
Subjects had three seconds to make their responses and the 
tests took place in a quiet room. 

Each subject participated in two identification tests and a 
following two-step ABX discrimination test. For the 
identification test, the subjects were told to circle the 
meaningful monosyllable in Chinese character that they 
heard, as either [s 55] ‘to ponder’ or [ 55] ‘teacher’, on an 
answer sheet provided. For the two-step ABX 
discrimination test, each ABX triad was arranged in all 
possible permutations (ABA, ABB, BAA, and BAB) to 
counterbalance series or order effects.  

Subjects were instructed that they would hear a series of 
triads in which X was identical to either A or B. They were 
to record on an answer sheet whether the third stimulus 
matches the first (as in the sequence ABA) or the second (as 
in the sequence ABB). No other responses were accepted, 
and the subjects were asked to guess if necessary. 

3. RESULTS                                  

3.1. Vowel Identification 

The three figures (Fig. 1, 2 and 3) on the right show the 
pooled responses of 15 subjects to the vowel stimuli in the 
identification tests. The frequencies of the first two 
formants for all stimuli in Conditions I and II (Fig.1 and 2) 
were based on F1 and F2 for either [ ] or [ ], respectively. 
The values of F1 and F2 for the stimuli in Condition I (Fig. 1) 
were based on [ ], while those in Condition II (Fig. 2) were 
based on [ ]. F3 was the only variant in these conditions. 
Differing from Conditions I (F1 = 396.5 Hz) and II (F1 = 
411 Hz), F1 for the stimuli in Condition III was 403.8 Hz 
and the F2/F3 combinations varied throughout the series as 
shown on the X-axis in Fig. 3. 

The results of the identification tests show that the variation 
in F3 is effective in producing a perceived contrast between 
[ ] and [ ]. As stated earlier, Condition I refers to the F3

cued series with F1, F2 based on [ ], Condition II to the F3

cued series with F1, F2 based on [ ], and Condition III to 
F2/F3 cued series with constant average F1. As shown in the 
figures, in all conditions, judgments shift from /s / to / / as 
F3 decreases. Stimuli 1, 2, 3 and 4 with F3 of 2922, 2762, 
2602 and 2442 Hz, were identified primarily as [ ], and 
Stimulus 7 with F3 of 1962 Hz was identified as [ ].

It should be noted that the locations of the categorical 
boundary differ in three conditions. The categorical 
boundary for Condition I is at 2122 Hz (Stimuli 6), for 
Condition II, it is in between 2442 Hz (Stimuli 4) and 2282 
Hz (Stimuli 5), and in between 2282 Hz (Stimuli 5) and 
2122 Hz (Stimuli 6) for Condition III. As can be seen in Fig. 
1 and Fig. 2, the categorical boundary shifts towards the left 
in Condition II (Fig. 2) as compared to Condition I (Fig. 1).  
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It shows that the first two formants have an effect on the 
identification of the two apical vowels [ ] and [ ].  The 
graph for Condition III provided further evidence that 
between F1 and F2, it is F2 that gave rise to the boundary 
shift. As shown in Fig. 3, the additional F2 variation shifts 
the categorical boundary, in that the boundary shifts back 
towards the right. For Condition I in Fig. 1, a lower F3 is 
required for the listeners to hear the stimulus as [ ],
compared to Condition II in Fig. 2.  In contrast, for 
Condition III, with F1 being constant, the additional F2

variation shifts the categorical boundary in between those 
for Conditions I and II. The results presented so far are 
based on averaged data from 15 listeners. It should be noted 
that though the absolute positions of the categorical 
boundary for the individual listeners differ from one to 
another, each of the 15 listeners offers a similar pattern of 
boundary shift, the extend of which varies.  

3.2. Vowel Discrimination 

The curves in Fig. 4, 5, and 6 show the percentages of 
correct responses in the two-step ABX discrimination test. 
The stimuli used in discrimination test correspond to those 
in the identification tests. Fig. 4 shows the discrimination 
result for the stimuli in Condition I, Fig. 5 for Condition II, 
and Fig. 6 for Condition III. The dark lines on the graphs 
connecting points represent the obtained percentages of 
correct discrimination for various combinations of F-values. 
The predicted discrimination function, represented with the 
light lines, was computed on the basis of the obtained 
identification results using an equation from Liberman et al. 
[5], with the assumption that discrimination was no better 
than identification. In other words, listeners were able to 
discriminate the stimuli only to the extent that they can hear 
them phonemically.  

In this section, we focus on the graphs in Fig. 5 and Fig. 6, 
and Fig. 4 will be discussed later. As shown in Fig. 5 and 
Fig. 6, a comparison of the predicated curves with the 
curves of obtained discrimination data shows the two 
curves in Condition II and III are similar in shape. This 
means the pattern of variations in the percentage of correct 
discrimination is similar to the pattern of the change in 
phoneme identification. As can be seen, the discrimination 
peaks occur at the phoneme boundaries. It seems that the 
perception of the two apical vowels is more likely to be 
categorical than continuous. Compare Condition II (Fig. 5) 
with Condition III (Fig. 6), an added varying F2 results in an 
improvement in the percentage of correct discrimination. It 
indicates that F2 not only has added effects on vowel 
identification, but also in discrimination. However, it 
should be noted that the discrimination peaks in the present 
study are broader in size and less remarkable in sharpness 
compared to that for the extreme categorical perception as 
in the case of stop consonants [2, 5, 7]. Thus, it is possible 
that the two apical vowels in Beijing Mandarin may be 
conceived as falling somewhere between categorical and 
continuous perception. 
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In addition to the difference in the size and sharpness of 
discrimination peaks, indicating that the perception of the 
two apical vowels seems to be in between categorical and 
continuous, further evidence is provided by the discrepancy 
in percentage between the obtained and predicted 
discrimination curves in Conditions I, II and III (Fig. 4, 5 
and 6). On the one hand, the discrepancy in the result is less 
than what should be in the perception of vowels [1, 2, 7]. 
The obtained curve for vowel perception is far higher than 
the predicted curve, and the perception of vowels is 
generally characterized as non-categorical or continuous. 
On the other hand, the discrepancy in the result is 
somewhat greater than it should be in the perception of stop 
consonants [2, 5]. The two curves shown to be are almost 
perfectly parallel to each other, suggesting the perception of 
stop consonant is categorical. Thus, the result shows that 
the perception of the two apical vowels cannot simply be 
classified into either extreme categorical or continuous, but 
somewhere in between. The discrimination data show that 
the obtained functions generally tend to lie above the 
expected functions for all three conditions (Condition I, II 
and III). It may be that the listeners use some cues other 
than those manipulated in the identification of stimuli as 
phonemes for discriminating the stimuli [6]. 

The graph in Fig. 4 shows that there is no remarkable 
discrimination peak as in Fig. 5 and Fig. 6. The 
discrimination is poorer than those shown in Fig. 5 and Fig. 
6. All discrimination data in Fig. 4 has a percentage of 
correct discrimination below 80% and there was no 
discrimination peaks at the phoneme boundary. There is no 
clear answer to this phenomenon. A possible explanation 
may be that the Gaussian noise generated to substitute the 
syllable-initial fricative or affricate was somehow 
perceived more as [s] than [ ] by the listeners. In 
combination with the vocalic portion of the stimuli, of 
which the F1 F2 based on [ ], the stimuli throughout the 
continua were perceived as the same phoneme by the 
listeners and so poorer discrimination resulted. However, 
even if the Gaussian noise is the cause, it does not seem to 
matter in the study as any effect it gives rise to would be the 
same for all stimuli.  

4. CONCLUSIONS 

The investigation was conducted to determine the 
perceptual effect of the second and third formants on the 
identification and discrimination of the two apical vowels, 
[ ] and [ ], in Beijing Mandarin. Several conclusions are 
drawn. First, the effects of the variation in the third formant 
demonstrated that the third formant is a potent cue for 
differentiating the two apical vowels [ ] and [ ] in Beijing 
Mandarin. Second, an addition of the second formant 
causes a boundary shift and result in better category 
discrimination. Third, the discrimination results indicate 
that the perception of the two target apical vowels in 
Beijing Mandarin are neither categorical nor continuous, 
but somewhere in between the two. Nonetheless, it seems 
that the perception of the apical vowels is nearly categorical 
rather than continuous. Forth, by generating the vowels 
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