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Abstract 
This paper investigates the relationships between body height 
and formant frequencies in young male adults. A total of 121 
speakers were recorded uttering four Chinese vowels. The 
body height data of the speakers was close to be normally 
distributed, with a large range and standard deviation. Three 
subsets of formant parameters: the individual first four 
formant frequencies, formant interspaces and the sum of 
different formant frequencies were investigated. Moderate but 
significant negative relationships were found between most 
formant parameters of the three subsets and height. 
Comparatively, the strongest correlations were found between 
the subset of different formant frequency summations and 
height. A regression function was also given through multiple 
regression analysis. These results imply that formant 
parameters, especially the sum of different formant 
frequencies, can provide a relatively accurate indication of 
male speakers’ heights.  
Index Terms: Standard Chinese, body height, formant 
frequencies, correlation, regression 

1. Introduction 
Formant frequencies and structure are always predicted to 
provide reliable cues to speaker’s body size, especially the 
height. Hypotheses as such are mostly based on the notion that 
the most important determinant of formant parameters in 
humans could be the vocal tract length (VTL), and that the 
human body height could be correlated with VTL. The latter 
has been corroborated by the authors in [1], who measured the 
VTLs of 129 normal humans, aged 2-25 years, and revealed a 
strong positive correlation between VTL and height (r=0.926, 
p<0.0001). However, few studies, except for [2], were found 
to investigate the correlation between VTL and height in 
adults. The authors in [2] investigated 15 males aged from 24-
55 years, and found no significant correlation between VTL 
and height (r=0.08). The study, however, is based on a small 
sample, therefore the results are questionable. 

Compared with the acquisition of the anatomical data of 
the vocal tract size, formant frequencies and heights are easier 
to be measured. Thus, there has been a rich repertoire of 
studies that examined the relationship between formant 
frequencies and heights. For adult males, however, the 
previous studies have yielded controversial results. Some 
authors found no correlation [3-4]. Some studies found 
correlations but the results did not reach statistical significance. 
For example, [5] found that men with low-frequency formant 
and small formant dispersion (Df, defined as the averaged 
difference between successive formant frequencies (e.g., 

(F4 F1)/3 or (F3 F1)/2), and was found to be closely tied to 
both VTL and body size of macaques [6]) tended to be taller 
(r= 0.36, p=0.06, N=26). In contrast, some studies revealed 
significant negative correlations between certain vocalic 
formants and height in male speakers. For example, [7] 
investigated five Spanish vowels, and found F2 measured in 
the vowel /e/ correlated with height significantly (r= 0.57, 
p<0.01, N=27). [8] explored eight German vowels, and found 
a moderate but significant correlation between male speakers’ 
heights and F3 of [ø:] (r= 0.44, p<0.01, N=43). By averaging 
two formants, the author also found the maximal correlation 
was slightly improved in the case of F3 + F4 of [ø:] (r= 0.46). 
[9] found heights were significantly negatively correlated with 
Df ((F3 F1)/2 (i.e., first three formants were analyzed) in their 
study, r= 0.32, p=0.024, N=50). In [10], the authors recorded 
lists of isolated vowels, words, and sentences spoken in 
Canadian English by 34 adult males. Not only Df ((F4 F1)/3 
(i.e., first four formants were analyzed) in their study, both 
when all vowels were analyzed together and when tokens of 
schwa were analyzed separately), but also all four individual 
formants of schwa were found to perform a significant effect 
that varied with height. [11] investigated formant frequencies 
and dispersions of F1-F4 for the vowels /a:/ and /i:/, and only 
found a weak but significant negative correlation between F2, 
F3, and F4 of /i:/ and height (r= 0.260, 0.299, and 0.320, 
respectively, p<0.05, N=60). Recently, A new measure of 
formant structure, ‘formant position’ (Pf, which referred to the 
average standardized formant values, e.g., 
(F'1+F'2+F'3+F'4)/4) was introduced by [12]. The authors 
found the Pf was significantly negatively associated with 
height in two studies(r= 0.24, p<0.01, N=175; r= 0.38, 
p<0.05, N=32, respectively), and claimed that Pf was more 
strongly related to height than Df. The findings were 
supported by [13], which also found a significant negative 
relation between Pf and males’ heights (r= 0.31, p<0.01, 
N=176).  

Owing to the different methodologies used in the previous 
studies, it is hard to compare their results directly. Undeniably, 
some studies showed various problems. For example, the 
sample sizes were too small (15-43) [3-5, 7-8, 10]; the age 
ranges were too large (18 68 years in [9] and 18-50 years in 
[11]); or the height range was too small [3]. Another 
influencing factor is that different formant parameters, namely, 
individual formants, average of two or more formants, Df and 
Pf were used in different studies.  

Based on a large and still growing database, the purpose of 
this paper is to examine the relationship between body heights 
of young Chinese adult males and various formant frequencies 
and derived formant measures. 

536978-1-4799-4219-0/14/$31.00 c©2014 IEEE

语音乐律报告2014

1



2. Method 

2.1. Speakers and Recording 
121 male speakers aged 19-30 years (mean 24.4 years, 
standard deviation (SD) 2.8 years) were recruited for this 
study. All speakers' nationalities were self-identified Han. 
They were students (accounting for a large proportion), 
teachers, physicians and public servants. None of them had 
any noticeable voice and speech disorders. All speakers were 
able to speak Standard Chinese fluently. The speech materials 
were  four monophthongs: [a] (or the character “ ”, [a55]), [ ] 
(“ ( )”, [ 55]), [i](“ ”, [i55]) and [y] (“ ”, [y55])in two 
styles: sustained form and normal-speaking (other three 
vowels including [u] were also collected, but not shown here, 
because the numbers of valid speakers were less than 100). 
Speakers were instructed to produce the sustained vowels at 
their comfortable levels of pitch and loudness for at least 2s. 
They also were required to read the vowels (or characters) 
naturally. Both styles were repeated twice. The SONY ECM-
44B microphone was used to record the materials in sound-
attenuated rooms at Peking University and the Second 
Hospital of Dalian Medical University. All recordings were 
made at a sampling rate of 22 kHz and 16 bit depth. 

2.2. Procedures  

2.2.1. Body Height Measurement 

The body height was measured without shoes from a steel 
measuring tape (millimeters) stick affixed to a wall. 
Measurements were made to the nearest 1 millimeter.  

2.2.2. Acoustic analysis 

Wavesurfer [14] was chosen to extract formant values using 
the LPC-based algorithm. The steady-state segment of the 
vowel was chosen by hand for formant tracking. Generally, the 
center frequencies of first four formants values (F1-F4) were 
obtained automatically with the default settings. All 
measurements were compared with automatically extracted 
values and visual estimates based on the gray-scale 
spectrogram (bandwidth 250Hz). When values generated were 
judged to be incorrect, such as lower formants were skipped or 
F4 and F5 merged, the LPC spectra would be recomputed with 
altering(increasing) the LPC order and/or number of formants 
until the LPC peak displayed overlaid on the spectrogram 
properly. Meanwhile, if the four repeats of one vowel sounded 
very different and the formants displayed large discrepancies, 
the vowel would be discarded from analysis. F1-F3 were 
measured for all valid vowels. If F4 was not clearly enough on 
the spectrogram, in few cases, F4 was judged to be 
unmeasurable. Finally, the formant frequencies of four repeats 
were averaged for calculation.  

We then computed the combination of F1-F4 of each 
vowel in two different ways and formed other two subsets of 
formant parameters. One was the interspace between two 
different formants (DFI), including six new variables: F4 F1, 
F4 F2, F4 F3, F3 F2, F3 F1 and F2 F1. Another was sum 
of formant frequencies (SFF) , including eleven new variables: 
F1+F2, F1+F3, F1+F4, F2+F3, F2+F4, F3+F4, F1+F2+F3, 
F1+F2+F4, F1+F3+F4, F2+F3+F4 and F1+F2+F3+F4. For 
correlation and regression analysis purposes, the new three 
variables (F4 F1, F3 F1 and F2 F1) and another three 
variables (F1+F2, F1+F2+F3 and F1+F2+F3+F4) were 

equivalent to the widely used parameter Df and recently found 
parameter Pf, respectively, though they were not averaged or 
standardized. 

2.2.3. Statistical analysis 

Pearson’s correlation and multiple regression approach were 
made to estimate the relationship between height and formant 
parameters using IBM SPSS, version 19.  

3. Results  

3.1. Descriptive statistics 
Figure 1 shows the histogram of all 121 speakers’ heights 
(quantized in terms of 5 cm bins). The number of speakers 
across each bin are also displayed. The distribution is close to 
be normal. The height ranges from 155.0 cm to 197.6 cm 
(mean 176.6 cm, SD 8.9 cm).  

Table 1 provides a summary of the mean, minimum, 
maximum and the SD of individual F1-F4 measures of all 
speakers. N stands for the number of valid speakers measured. 
There are three, one and two speakers’ data that were 
disregarded for the vowel [a], [i] and [y], respectively. 
Meanwhile, F4 of five and three speakers were unmeasurable 
for the vowel [a] and [ ], respectively.  

 
Figure 1: Histogram showing height distribution 

Table 1. Mean, min, max and SD for individual F1-F4. 
N means the number of valid speakers measured. 

V F(Hz) Mean Min Max SD N 
[a] F1  780 646 934 62 118 

F2  1195 1011 1485 92 118 
F3  2644 2117 3013 181 118 
F4  3594 3124 4243 184 113 

[ ] F1  515 408 673 47 121 
F2  1136 932 1468 97 121 
F3  2586 2146 3009 169 121 
F4  3463 2962 3920 217 118 

[i] F1  285 219 359 31 120 
F2  2188 1764 2608 161 120 
F3  3077 2751 3583 169 120 
F4  3658 3130 4269 194 120 

[y] F1  284 225 376 32 119 
F2  1902 1632 2150 105 119 
F3  2265 2003 2628 122 119 
F4  3283 2960 3652 154 119 
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Table 2. Pearson’s correlation coefficients between formant frequencies of [a], [ ], [i]and [y]and height.

Formants Parameters (Hz) [a] [ ] [i] [y] 
Individual formant 
frequencies (IFF) 

F1 F4 

F1 0.409*** 0.025 0.116 0.155 
F2 0.358*** 0.365*** 0.484*** 0.446*** 
F3 0.183* 0.280** 0.380*** 0.399*** 
F4 0.196* 0.361*** 0.460*** 0.475*** 

Different formant 
interspaces 

(DFI) 

F4 F1 0.061 0.369*** 0.426*** 0.444*** 
F4 F2 0.021 0.205* 0.063 0.196* 
F4 F3 0.008 0.168 0.170 0.165 
F3 F2 0.001 0.068 0.078 0.020 
F3 F1 0.043 0.281** 0.340*** 0.370*** 
F2 F1 0.108 0.336*** 0.457*** 0.383*** 

Sum of formant 
frequencies (SFF) 

F1+F2 0.414*** 0.322*** 0.494*** 0.470*** 
F1+F3 0.288** 0.260** 0.411*** 0.402*** 
F1+F4 0.291** 0.338*** 0.484*** 0.485*** 
F2+F3 0.322*** 0.392*** 0.509*** 0.457*** 
F2+F4 0.318** 0.430*** 0.542*** 0.529*** 
F3+F4 0.244** 0.366*** 0.461*** 0.519*** 
F1+F2+F3 0.378*** 0.369*** 0.525*** 0.465*** 
F1+F2+F4 0.369*** 0.408*** 0.555*** 0.539*** 
F1+F3+F4 0.304** 0.351*** 0.479*** 0.521*** 
F2+F3+F4 0.330*** 0.420*** 0.528*** 0.531*** 
F1+F2+F3+F4 0.369*** 0.404*** 0.541*** 0.536*** 

Significant level (2-tailed): *p<0.05.  **p<0.01.  ***p<0.001. 
 

3.2. Correlation and regression for all speakers 
The Pearson’s correlation coefficients between 21 formant 
parameters of each vowel and speakers’ body heights are 
shown in Table 2. The 21 parameters are divided into three 
subsets, which are individual formant frequencies (IFF), DFI 
and SFF.  

For vowel [a], all IFFs (F1-F4) significantly negatively 
correlate with height. The predictive power of higher formants 
(F3 and F4), however, was poorer than of the lower formants 
(F1 and F2). No significant correlations between the six DFI 
parameters and height were found. In contrast with DFI, 
significant negative relationship between all eleven SFF 
variables and height were observed. The minimum and 
maximum r value were 0.244 (F3+F4) and 0.414 (F1+F2), 
respectively. The best predictive variable was F1+F2 
(r= 0.414, p<0.001), followed by F1 (r= 0.409, p<0.001). For 
vowel [ ], F2, F3 and F4 (but not F1) were found to be 
significantly negatively related to height. F4 F2 and three 
other variables (F4 F1, F3 F1 and F2 F1), which were 
equivalent to Df, were significantly negatively associated with 
height. Similarly, all eleven SFF variables were observed to 
correlate with height significantly negatively. The best 
predictive variables of three subsets showing in red were 
F2(r= 0.365, p<0.001), F4 F1(r= 0.369, p<0.001), and 
F2+F4(r= 0.430, p<0.001), respectively. Compared with 
vowel [ ], the situation of vowel [i] was basically the same: F2 
to F4, except for F1 were significantly negatively linked to 
height. Three variables equivalent to Df were significantly 
negatively associated with height. All eleven SFF variables 
were shown to associate with height significantly negatively. 
However, the best predictors of three subsets showing in red 
were F2(r= 0.484, p<0.001), F2 F1(r= 0.457, p<0.001), and 

F1+F2+F4(r= 0.555, p<0.001), respectively. Generally, it was 
evident that the predictive power of vowel [i] was better than 
of vowel [ ]. For vowel [y], the situation was also comparable 
to vowel [ ] and [i]. We found significant negative 
correlations between F2, F3, F4, F4 F2, three variables 
equivalent to Df and all SFF variables and height. The best 
predictors of three subsets were F4(r= 0.475, p<0.001), 
F4 F1(r= 0.444, p<0.001), and F1+F2+F4 (r= 0.539, 
p<0.001), respectively. 

As a whole, all formant variables correlated with height 
negatively, except for F3 F2 of [i]. More than two IFF 
variables of each vowel significantly negatively correlated 
with height. Most DFI variables (including Df) of vowel [ ], 
[i] and [y], but not of [a], were good predictors for height. The 
SFF variables (including Pf) showed better predictive ability 
than IFF and DFI. The maximum correlation coefficient of 
each vowel was found in the SFF subset, which was displayed 
in red. An example of one significant correlation was 
illustrated in scatter plots for F1+F2+F4 of vowel [i] with 
height (Figure 2). 

Subsequently, multiple regression analysis was performed 
to estimate height from formant parameters. Firstly, for each 
vowel, IFF variables (F1-F4) were selected as the independent 
variables. Then all IFF variables of the four vowels (4*4=16 in 
all) were mixed together as the independent variables. Finally, 
all DFI and SFF variables ((6+11)*4=68 in all) were combined 
together as the independent variables. Due to the multi-
collinearity between independent variables, a stepwise method 
was chosen for all regression analyses. The selection  criteria 
for adding and removing variables, based on F-test were set by 
F<0.05 and F>0.1, respectively. Results of five effective 
models were shown in Table 3. Better results were obtained 
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when DFI and SFF variables were included in the model. The 
regression function with the largest R coefficient was: 

Height = 300.575  0.008* i(F1+F2+F4)  
                 0.008* y(F1+F2+F3+F4)  0.017* (F2 F1) 
In addition, from Table 2 and Table 3, we could find that 

the R value for collection of different formants of each vowel 
was very similar to (slightly bigger than) the r value for the 
sum of homologous formants, suggesting that the new derived 
variables (SFF) increasing the predictive ability effectively.  

 
Figure 2: Scatter plots for F1+F2+F4 of [i](Hz) with 

height(cm). 

Table 3. Results of five effective regression models. 

Vowel Variables R adj. R2 Std.error 
[ ] F2, F4 0.448 0.187 8.006 
[y] F2, F4 0.529 0.268 7.469 
[i] F1, F2, F4 0.566 0.302 7.446 

Mixed i(F4), y(F3), 
  (F2) 

0.577 0.314 7.319 

Mixed i(F1+F2+F4), 
y(F1+F2+F3+
F4),  (F2 F1) 

0.619 0.365 7.039 

4. Discussion and Conclusion 
This study found that there were significant negative 
relationships between adult male speakers’ heights and both 
individual formant frequencies (IFF) and derived formant 
variables, namely, DFI and SFF. The results disagreed with 
the findings of [3-5]. The discrepancies could be attributed to 
several factors: the size or height range of the sample 
population were too small for an effective test (which would 
underestimate the underlying correlation), or different formant 
variables were used in the earlier studies. We found IFF had 
strong relationships with height. However, formants with 
different order and of different vowels showed variations. (As 
one reviewer pointed out that, it was unclear why the higher 
correlation happened on certain vowels, like [i] and [y]. 
Certainly, further studies were needed.) These results were 
supported by [7-8, 10-11], who found that certain order 
formant frequency of certain (not all) vowel did have a 
moderate but significant correlation with height. In the present 
study, by contrast, most IFFs of all investigated four vowels 
strongly associated with height. One possible explanation is 
that the sample size was larger, and the height distribution 
clearly trended to be normal with a large range and SD in our 
study. Different from other three vowels, unexpectedly, F1 of 
[a] showed better estimation accuracy than the higher 

formants, which needed further studies. In line with studies 
[12] and [13] based on large database (175 and 176 speakers), 
which reported that Pf strongly related to height, we found that 
SFFs as new variables, some of which were equivalent to Pf, 
showed the strongest relationship with height. Although DFIs 
(including Df) were also found to correlate with height, the 
correlations were slightly weaker. One possible explanation 
was given in [12]: Adding one formant and subtracting 
another, as in Df calculation, captures information about 
formant spacing but partly cancels information about formant 
positions. The results of multiple regression analysis 
confirmed the ability of SFFs, and also implied the 
effectiveness of combining the formant variables of different 
vowels. Although the correlations were significant, anyhow, as 
the correlation coefficients were not very high (|r| 0.555, 
adjusted R2 0.365), from a practical point of view, the 
application of the estimation of adult males’ body heights from 
formant frequencies should still be with caution.  

This pilot study carries three limitations. Firstly, only four 
vowels, other than long materials were investigated. Secondly, 
one critical hypothesis of the database is that the height of 
whole adult male population distributes normally, and the 
current data does not satisfy the real condition of Chinese 
young adults very well. Meanwhile, as one recent authoritative 
investigation [15] showed that the mean and SD heights of 
Chinese school students aged 19 to 22 years were 172.07 cm 
and 6.19 cm (N=23770), respectively. The corresponding 
values in our study were both larger comparatively, which 
would maybe slightly overestimate the underlying correlation. 
Thirdly, the results were based on high-quality recordings, 
other than telephone calls with restricted frequency.  

In conclusion, the present study revealed that there were 
moderate but significant negative relationships between adult 
male speakers’ body heights and formant parameters, which 
included individual formant frequencies, formant interspace 
and the sum of different formant frequencies. However, as the 
correlation coefficients are not very high, it is suggested that 
for forensic purpose the estimation of adult males’ heights 
only based on formant frequencies should still be done with 
caution. In future studies, more speakers should be recruited to 
make the height distribution more practical. Other variables, 
such as standard deviation of fundamental frequency [16] and 
Long-Term Formant Distribution [17], should also be 
integrated. The exploration of adult female speakers will be 
interesting as well. Such investigations are currently 
undertaken by the authors.  
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type of phonation, CF singers more than OM singers in the 
lower part of the pitch range. Most singers increased glottal 
adduction with rising F0.  © 2014 S. Karger AG, Basel 

 Introduction 

 Colorful face (CF) and the Old man (OM) are two im-
portant male Kunqu Opera roles. The voice of the CF role 
is typically described as ‘resonant’ and ‘vigorous’ and uses 
a number of vocal effects. The OM singers, by contrast, 
use deep and hoarse voice as they play the roles of middle-
aged or elderly gentlemen. In the tradition of the Kunqu 
Opera, both use modal register to sing and recite on stage. 
However, the details of the phonation and articulation 
method have not been investigated. The voice quality de-
pends on the muscular, aerodynamic, and acoustical con-
ditions in the glottis and the vocal tract. Therefore, it is 
relevant to analyze subglottal pressure, voice source and 
resonance characteristics associated with the voice tim-
bres of these two roles.

  In our previous investigations, both similarities and 
differences were found between the OM role and the CF 
role with regard to equivalent sound level, fundamental 
frequency (F0) and long-term-average spectrum (LTAS) 

 Key Words 

 Kunqu Opera · Formant · Flow glottogram · 
Electroglottogram 

 Abstract 

  Objective:  This investigation analyzes flow glottogram and 
electroglottogram (EGG) parameters as well as the relation-
ship between formant frequencies and partials in two male 
Kunqu Opera roles, Colorful face (CF) and Old man (OM).  Par-

ticipants and Methods:  Four male professional Kunqu Op-
era singers volunteered as participants, 2 singers for each 
role. Using inverse filtering of the audio signal flow glotto-
gram parameters and formant frequencies were measured 
in each note of scales. Two EGG parameters, contact quo-
tient (CoQ) and speed quotient, were measured.  Results:  
Formant tuning was observed only in 1 of the OM singers 
and appeared in a pitch range lower than the passaggio 
range of Western male opera singers. Both the CF and the 
OM role singers showed high CoQ values and low values of 
the normalized amplitude quotient in singing. For 3 of the 4 
singers CoQ and the level difference between the first and 
second partials showed a positive and a negative correlation 
with fundamental frequency (F0), respectively.  Conclusions:  
Formant tuning may be applied by a singer of the OM role, 
and both CF and OM role singers may use a rather pressed 
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 [1, 2] . As compared with the CF role the OM role showed 
significantly higher equivalent sound level and lower 
mean F0 in singing. The main LTAS peak of the CF role 
appeared at higher frequency than that of the OM role 
and in both roles this peak was higher in frequency and 
wider in bandwidth than in nonsingers’ standard conver-
sational speech. In addition, the CF role singers demon-
strated a speaker’s formant peak in their LTAS curves. 
These observations raise the question to what extent these 
differences emanate from the voice source and the vocal 
tract. Therefore, in the present article, flow glottogram 
and electroglottogram (EGG) as well as the formant fre-
quency characteristics will be analyzed.

  A flow glottogram shows transglottal airflow versus 
time. It reflects glottal opening and closure from the per-
spective of time and airflow amplitude and is commonly 
obtained by inverse filtering. This technique eliminates 
the contributions of the vocal tract to the output sound. 
In cases of high F0 it is unreliable or impossible to use. 
Hence it is applicable to the voice of CF and OM roles as 
their F0 ranges are considerably lower than those of oth-
er Kunqu Opera roles.

  Several parameters are typically used to characterize 
the voice source, such as the peak-to-peak pulse ampli-
tude and the maximum flow declination rate (MFDR). 
These parameters seem to be useful to reveal glottal fea-
tures. The peak-to-peak pulse amplitude has been found 
to be strongly correlated with the amplitude of the funda-
mental  [3, 4] ; MFDR has been found to be closely related 
to vocal intensity  [5] , sound pressure level  [3] , and to sub-
glottal pressure  [6] . The ratio between peak-to-peak pulse 
amplitude and MFDR, i.e. the amplitude quotient (AQ), 
has also been analyzed in the parameterization of the glot-
tal source  [7–9]  and has been found to systematically re-
flect changes in phonation type  [9, 10] . However, it typi-
cally differs between sexes due to the F0 differences  [9] . 
Therefore, the normalized version of AQ (NAQ), which 
is the product of AQ and F0, was introduced as a comple-
ment to AQ  [11] . NAQ has been used both in speech  [12, 
13]  and singing  [10, 14]  analyses. High AQ or NAQ val-
ues have been shown to indicate a less adducted phona-
tion type. Closed quotient (ClQ), defined as the ratio be-
tween the closed phase of glottal flow and the period, is a 
frequently used time-based parameter. It has been found 
to be associated with the level difference between the first 
and second voice source partials (H1-H2)  [6, 15] , and low 
values of H1-H2 are typically associated with pressed 
voice and strong high-frequency partials  [16–18] .

  The EGG reflects vocal fold contact  [19]  and is only 
indirectly related to glottal airflow  [20] . Some EGG pa-

rameters appear to be related to phonation type, such as 
F0, open quotient, contact quotient (CoQ) and speed 
quotient (SQ)  [21] . The open quotient and CoQ are re-
ciprocal parameters; the former is the ratio between the 
de-contact phase of the EGG signal and the fundamental 
period while the latter is the ratio between the contact 
phase and the period. A high CoQ is typically associated 
with a pressed voice while a low CoQ is mostly observed 
for breathy voice. The CoQ and the ClQ are not necessar-
ily equal, since transglottal airflow may occur during in-
complete glottal closure  [22] . The definition of SQ is the 
ratio between de-contacting phase and contacting phase 
in the EGG. In other words, high SQ indicates that the 
glottal closing is quicker and the voice has more high-
frequency energy.

  Formant tuning or vocal tract tuning is a topic that has 
been discussed in recent years  [23–27] . It increases the 
sound level of the vocal output, and it is assumed to help 
the singer avoid register breaks  [27–31] . In some male 
singing voices, formant tuning has been observed in and 
above the passaggio, between the pitches of E4 and G4 
 [27, 31] , while formant detuning has been found in pro-
fessional male opera singers  [32] . Two types of formant 
tuning have been reported: (1) tuning F1 and/or F2 to a 
harmonic partial, and (2) tuning F1 or F2 to a frequency 
just above its nearest partial. On the other hand some 
singers have been found to keep F1 and F2 constant and 
independent of F0.

  Method 

 Four male professional Kunqu Opera singers volunteered as 
participants, 2 singers for the CF role (CF1 and CF2) and 2 singers 
for the OM role (OM1 and OM2). CF1, CF2 and OM1, who are 
performers of the Kunqu Opera Theater of Jiangsu Province, were 
recorded in a quiet living room, about 4 × 5 × 3 m. OM1 works at 
the Northern Kunqu Opera Theater and was recorded in an an-
echoic room, about 3.6 × 2.6 × 2.2 m. Each singer was asked to sing 
as on stage four songs from their respective role repertoires. A 
Sony Electret Condenser Microphone, placed off axis on the chest 
at 21 cm for all singers, was used to record the audio signals. The 
EGG signal was obtained by an EGG system (Electroglottograph 
Model 6103; Kay, USA). Those signals were simultaneously re-
corded and digitized with 16 bits resolution at a sampling frequen-
cy of 20 kHz and recorded on dual-channel wav files into the 
ML880 PowerLab system. A 1-kHz calibration tone was recorded 
and its sound pressure level, measured by means of a TES-52 
Sound Level Meter (TES Electrical Electronic Corp., Taiwan, 
ROC), was announced at the end of each song. The analyses were 
conducted on all /a/ vowels extracted from the recordings.

  For formant frequency analysis, the files were converted into 
smp format and calibrated by means of the Soundswell Core Signal 
Workstation (Hitech Development, Stockholm, Sweden) using the 
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sound level calibration tone. Most of the syllables contain more 
than one tone. Sections from the middle part of the tone were se-
lected for inverse filtering. The filtering was performed by means 
of the custom-made DECAP program (Svante Granqvist, KTH). 
It displays waveform and spectrum in separate windows ( fig. 1 ). 
The frequencies and bandwidths of the inverse filters are set man-
ually (in the lower window). Then the acoustical signal is filtered 
with the inverse of the transfer function associated with the given 
formant frequencies and bandwidths and is displayed as a flow 
signal (in the upper window). The derivative of the EGG (dEGG) 
signal was displayed along the same time axis of the flow glotto-
gram and delayed by about 1 ms, corresponding to the travel time 
of sound from the glottis to the microphone. Four criteria were 
used to help adjusting the formant frequencies and bandwidths: 
(1) a ripple-free closed phase; (2) smoothly declining source spec-
trum envelope; (3) synchronicity between the MFDR and the pos-
itive dEGG peak, and (4) the open phase starts no later than the 
negative dEGG peak. The reliability of these measures was tested 
by comparing them for 32 samples with those independently ob-
tained by the second author. The results showed no significant dif-
ference (paired t test, p > 0.05) from the original formant frequen-
cy results; parameters of a linear correlation between the original 
and second measures are listed in  table 1 .

  Analyses of the flow glottograms obtained were carried out us-
ing the Snaq module in the Soundswell Core Signal Workstation. 
After manual marking of the period and of the closed phase, the 
program calculates the following parameters: (1) F0, (2) MFDR, 
(3) AQ, (4) NAQ, (5) H1-H2, and (6) ClQ.

  The EGG signals were analyzed using Matlab-based VoiceLab 
(Linguistic Lab of Peking University). The low-frequency compo-
nent of EGG signals, which was caused by the up and down laryn-
geal movements, and the high-frequency noise were reduced by 
means of the wavelet transform. The moments of glottal contact 
and of loss of glottal contact were approximated using the com-
monly used 35% of the EGG amplitude criterion ( fig. 2 ). Three 

parameters were calculated: (1) F0; (2) CoQ and SQ. F0 was trans-
formed into semitones and the mean and standard deviation of 
CoQ and SQ were calculated for each pitch.

  Results 

 Formant Tuning 
  Figure 3  shows F1, F2 and harmonic partials for 2 CF 

and 2 OM singers. The relationships between formants 
and F0 were analyzed by means of linear regression, 
showing the R 2  and slope values listed in  table 2 . F1 and 

2.396 2.398 2.400 2.402 2.404 2.406 2.408

Flow glottogram Derivative of EGG

Unfiltered spectrum

Filtered spectrum
F1

F2
F3

F4
40

20

0

dB

1,000 2,000 3,000 4,000 Hz

s

  Fig. 1.  Example of Decap display showing the flow 
glottogram and dEGG signals in the upper win-
dow and the spectrum before and after inverse fil-
tering in the lower window. The small circles in 
the lower window represent the frequencies and 
bandwidths of the inverse filters. 

 Table 1.  Slopes, intercepts, correlations, and standard deviations 
for the relationships between the formant results determined by 
two authors

  Roles Formant Slope Intercept R2 Standard
deviation, Hz

CF1 F1 1.54 –441 0.61 28
F2 1.44 –558 0.43 24

CF2 F1 0.88 111 0.89 10
F2 0.76 270 0.83 20

OM1 F1 0.87 112 0.84 14
F2 0.78 227 0.72 11

OM2 F1 1.34 –314 0.95 9
F2 1.18 –224 0.98 12
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35% criterion
level
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Contacting De-contacting

De-contact phase

Contact phase

Period

  Fig. 2.  Example of an EGG waveform. The top and bottom hori-
zontal dashed lines represent maximum and minimum amplitude 
and the middle one 35% of the EGG amplitude used for defining 
the contact phase. SQ is defined as the ratio between the de-con-
tacting and contacting phases. 
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  Fig. 3.  F1, F2 (big dots) and the harmonics (dotted lines marked with H2–H8). The gray areas represent the fre-
quency ranges that meet the 50-Hz criterion of formant tuning. 

 Table 2.  Correlations and   slope constants for the relationships be-
tween F0 and F1 and between F0 and F2 for the four participants

Singer F1  F2

R2 slope  R2 slope

CF1 0.29** 0.58 0.20** 0.36
CF2 0.33** 0.23 0.86** 0.85
OM1 0.00 0.05 0.22* 0.50
OM2 0.41** 0.50 0.56** 1.12

 Correlations significant at the * p < 0.05 and ** p < 0.01 levels 
(two-tailed).
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F2 tended to increase significantly with F0 (p < 0.01) for 
CF1, CF2 and OM2, while for OM1 significant correla-
tion was found only for F2 (p < 0.05). The slope values are 
smaller than 1 except for F2 of CF2.

  F1 and F2 are close to a partial at several pitches ( fig. 3 ). 
A frequency difference less than 40 or 50 Hz between F1 
or F2 and its nearest partial has been applied as a criterion 
of formant tuning  [33, 34] .  Table 3  lists the tones where 
the 50-Hz criterion was met in our material. F1 or F2 was 
close to a harmonic in many cases, especially for OM1, 
although for nonadjacent scale tones. For most cases in 

the table the formant was close to but not identical with 
the frequency of the partial.

  Flow Glottogram Data 
 Many flow glottogram parameters analyzed show a 

correlation with other such parameters, as can be seen in 
 table 4 . For all singers: (1) F0 is significantly and positive-
ly correlated with MFDR and negatively correlated with 
AQ; (2) MFDR is significantly negatively correlated with 
AQ and H1-H2. H1-H2 is positively correlated with AQ 
and negatively correlated with F0, but only significantly 

 Table 3.   Scale tones where F1 and F2 fell within 50 Hz of a harmonic in all measurements of that pitch for the indicated singers

Singers Pitch range Pitch where F1 is close to a harmonic Pitch where F2 is close to a harmonic

CF1 E3–G#4 C#4–D#4, G#4
CF2 E3–G#4 F3, F#3, A3, D4 F3, F#3, G#3, A3, D4, G#4
OM1 C#3–E4 D3, D#3, G3, G#3, B3–D4 C#3, D3, E3, G3, G#3, A#3–D4
OM2 C#3–F#4 C#3–F3, G#3, A3, D#4 C#3, D#3, A3, B3, E4

 The second column shows the singers’ pitch ranges.

 Table 4.  Pearson correlation between indicated flow glottogram parameters 

Singers Parameters F0 MFDR AQ NAQ H1-H2 ClQ

CF1 F0 1.00 0.66* –0.83* –0.15 –0.75* 0.35*
MFDR 0.66* 1.00 –0.78* –0.55* –0.72* 0.42*
AQ –0.83* –0.78* 1.00 0.65* 0.73* –0.33
NAQ –0.15 –0.55* 0.65* 1.00 0.29 –0.22
H1-H2 –0.75* –0.72* 0.73* 0.29 1.00 –0.59*

CF2 F0 1.00 0.54* –0.91* 0.27 –0.67* 0.38*
MFDR 0.54* 1.00 –0.50* 0.19 –0.54* 0.29
AQ –0.91* –0.50* 1.00 0.12 0.74* –0.52*
NAQ 0.27 0.19 0.12 1.00 0.05 –0.25
H1-H2 –0.67* –0.54* 0.74* 0.05 1.00 –0.78*

OM1 F0 1.00 0.57* –0.84* 0.23 –0.45* 0.18
MFDR 0.57* 1.00 –0.64* –0.28 –0.42* 0.14
AQ –0.84* –0.64* 1.00 0.31 0.37* –0.31
NAQ 0.23 –0.28 0.31 1.00 –0.10 –0.19
H1-H2 –0.45* –0.42* 0.37* –0.10 1.00 –0.46*

OM2 F0 1.00 0.57* –0.86* 0.02 –0.24 –0.20
MFDR 0.57* 1.00 –0.65* –0.36* –0.49* 0.06
AQ –0.86* –0.65* 1.00 0.47* 0.23 0.09
NAQ 0.02 –0.36* 0.47* 1.00 –0.02 –0.08
H1-H2 –0.24 –0.49* 0.23 –0.02 1.00 –0.70*

 F0 in semitones. Correlations significant at the * p < 0.05 level (two-tailed).
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for CF1, CF2 and OM1. The correlation between H1-H2 
and ClQ is negative and significant for CF1, CF2 and 
OM2, which is consistent with previous research  [6, 15] .

  Linear regression analysis was carried out for param-
eters that showed a significant correlation.  Table 5  shows 

the slopes. In some cases the slopes clearly differed be-
tween roles: MFDR increased more with F0 for OM than 
for CF; H1-H2 more with AQ for CF than for OM; H1-H2 
decreased more with MFDR for CF than for OM, and H1-
H2 decreased more with F0 for CF than for OM.
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  Fig. 4.  Mean value and standard deviations of CoQ and SQ as a function of F0 in semitones re 55 Hz. 

 Table 5.  Slopes of the linear regression between the indicated pairs of parameters

Singer  Parameter pair (independent, dependent)

 F0, MFDR F0, AQ F0, H1-H2 MADR, H1-H2 AQ, MFDR AQ, H1-H2 H1-H2, ClQ

CF1 66 –0.024 –0.6 –0.006 –2,764 20 –0.010
CF2 74 –0.017 –0.5 –0.003 –3,649 27 –0.015
OM1 132 –0.020 –0.2 –0.001 –6,248 6 –0.016
OM2 121 –0.027 –0.1 –0.001 –4,464 4 –0.019
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  For each pitch in the range E3–E4 a paired t test was 
run for each of these parameters between singers. No pa-
rameter showed any difference between roles. Singers of-
ten show differences in phonation characteristics be-
tween high and low notes. Therefore the comparisons 
with pitch groups seemed relevant. The pitch of A#3 was 
chosen as the boundary between high and low notes, 
since the EGG parameters showed break points in the vi-
cinity of this note ( fig. 4 ). A paired t test for each param-
eter in the same pitch group between singers showed that, 
in the low pitch range, H1-H2 was significantly higher for 
the OM role than for the CF role.

  EGG Data 
  Figure 4  shows the mean value and standard deviation 

of CoQ and SQ at each pitch for 4 singers. CoQ differs 
between singers of the same role, for the CF role in the 
low pitch range (E3 to C4, note 19–27, 165–262 Hz), and 
for OM role in the high pitch range (A#3 to F#4, note 
25–33, 233–370 Hz). As for SQ, the 2 CF singers are alike 
while the 2 OM singers differ, particularly in the low pitch 
range (A#3 to F#4, note 25–33, 233–370 Hz).

  The result of a Pearson correlation between F0, CoQ 
and SQ is listed in  table 6 . For singers CF1 and CF2, F0 
and CoQ show significant positive correlation; SQ is neg-
atively correlated with F0 and CoQ. For OM1, F0 and 
CoQ show significant positive correlation. The SQ of 
OM1 is discontinuous at A#3 ( fig.  4 ). Both below and 
above A#3, it is significantly and negatively correlated 

with F0. OM2, by contrast, shows a significant negative 
correlation and his SQ shows a significant positive cor-
relation with CoQ.

  Discussion and Conclusion 

 Assessing occurrence of formant tuning requires two 
conditions to be fulfilled: (1) the formant frequency data 
must be accurate and (2) there must be a convincing for-
mant tuning criterion. In our case, where the F0 distance 
between the data points is small, another condition could 
be added: (3) that the separation between the formant and 
a partial is kept small with changing F0.

  Our formant data were derived from inverse filtering, 
a well-established method in voice research  [35] . The 
method often reflects even small errors in filter settings in 
terms of drastic flow glottogram deviations from a physi-
ologically realistic shape, or by source spectrum envelope 
peaks or valleys near formants. Also, independent deter-
mination by the second author showed no significant dif-
ference from the original formant frequency results. 
Hence, our formant frequency data can be assumed to be 
reliable.

  Adopting the definition of formant tuning proposed 
by Henrich et al.  [34]  we tentatively applied a maximum 
separation of 50 Hz between partial and formant. This 
frequency difference corresponds to about 2 semitones in 
the vicinity of the pitch of E4. At lower F0 this criterion 
becomes increasingly generous. The F0 range of the OM 
role goes down to about 140 Hz, so in this case the 50-Hz 
criterion needs to be applied with caution. For a low F0, 
such as 150 Hz, the probability that this criterion is met 
is 67%, while for a high F0, such as 400 Hz, the probabil-
ity decreases to 25%.

  Alternatively, a semitone criterion can be applied. 
However, this criterion is also associated with problems. 
For high order harmonics, 1 semitone is too large; for ex-
ample the separation between partials number 8 and 9 is 
about 2 semitones, so here any formant frequency would 
meet the 1-semitone criterion. The semitone criterion is 
also problematic in the low F0 range since here formant 
tuning will apply to rather high partials.

  A third criterion would be that the formant is system-
atically shifted between scale tones such that the distance 
to its nearest partial is constantly kept narrow. This pat-
tern was observed in the case of OM1 in the pitch range 
B3 to D4. Incidentally, this would have contributed to the 
lack of correlation between F1 and F0, as shown in  table 2 . 
It may also be mentioned that this pitch range is lower 

 Table 6.  Pearson correlation between the indicated EGG parame-
ters 

Singer F0 CoQ SQ

CF1 F0 1 0.75* –0.62*
CoQ 0.75* 1 –0.48*
SQ –0.62* –0.48* 1

CF2 F0 1 0.55* –0.55*
CoQ 0.55* 1 –0.23*
SQ –0.55* –0.23* 1

OM1 F0 1 0.40* 0.04*
CoQ 0.40* 1 –0.02
SQ 0.04* –0.02 1

OM2 F0 1 –0.02 –0.54*
CoQ –0.02 1 0.19*
SQ –0.54* 0.19* 1

  F0 in semitones. Correlations significant at the * p < 0.05 level 
(two-tailed).
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than the passaggio of Western male singers, where for-
mant tuning has been reported  [27, 31] . A possible reason 
why the Kunqu Opera singers apparently avoid formant 
tuning is that they strive to maintain vowel quality rea-
sonably independent of F0.

  Also by applying the 50-Hz criterion we noted formant 
tuning for singer OM1 between B3 and D4. Here, the 
maximum distances between formants and partials were 
33 and 45 Hz for F1 and F2, respectively. Thus, although 
the 50-Hz criterion is not perfect, it is acceptable in this 
pitch range.

  NAQ, assumed to reflect glottal abduction  [11] , 
showed no correlation with F0 for our Kunqu singers. 
This suggests that they keep the same degree of glottal 
abduction throughout their pitch range. By contrast, 
Björkner et al.  [10]  noted that Western baritone singers 
showed higher NAQ values on a high than on a low F0. 
This suggests that the Kunqu singers produce their high 
pitches with firmer glottal adduction than what seems 
common among Western baritone singers. Moreover, 
normal and pressed voice in normal Western speakers 
correspond to NAQ values in the range 0.13–0.16 and 
0.10–0.15, respectively  [9] . The CF and OM singers’ 
NAQ values were remarkably low, ranging between 0.06 
and 0.12, thus suggesting use of a more hyperfunctional 
type of phonation than is common in the Western 
world.

  MFDR, a parameter closely correlated with subglottal 
pressure and representing the strength of vocal tract ex-
citation, was significantly higher for the OM role than for 
the CF role. This gives reason to expect that the OM sing-
ers were singing more loudly than the CF singers. This 
expectation is corroborated by data published elsewhere 
 [1] . Furthermore it can be noted that the OM singers in-
creased their MFDR about twice as much with increasing 
F0 than the CF singers.

  H1-H2 has been extensively used in descriptions of 
voice source characteristics, low values typically being as-
sociated with pressed voice and strong high-frequency 
partials  [16–18] . In the low pitch range, the CF singers 
showed significantly lower H1-H2 values than the OM 
singers. This is consistent with the LTAS analysis show-
ing that these singers, unlike the OM singers, demonstrat-
ed a speaker’s formant near 3 kHz  [2] . H1-H2 tended to 
decrease with increasing F0 only for CF voices, suggesting 
a more hyperfunctional phonation at high pitches. This 
conclusion is supported also by the CoQ that tended to 
increase with F0, particularly for the CF singers. On the 
other hand, as mentioned above the NAQ values showed 
no variation with F0. It seems that the relationships be-

tween these flow glottogram parameters need to be fur-
ther explored in future research.

  Most of the mean CoQ for the 4 singers are higher 
than the CoQ of pressed phonation reported in previous 
investigations, which like us have applied a criterion 
threshold of 35% of the EGG amplitude for defining CoQ 
 [36] . Hence, the current participants used pressed voice 
when singing. However, as illustrated in  figure 4  differ-
ent singers of the same role behaved somewhat differ-
ently. CF1 varied his CoQ substantially in the low pitch 
range as shown by the large standard deviations. Thus, 
he apparently varied phonation type between normal 
and pressed, and sometimes even breathy. On the other 
hand, CF2 kept his phonation mode more constant. Both 
OM1 and OM2 tended to increase CoQ with F0 in the 
low pitch range. Their CoQ values were rather high, sug-
gesting that they both maintained a rather pressed pho-
nation voice.

  In conclusion, of the 4 singers only OM1 demonstrat-
ed formant tuning. It was observed in the pitch range B3 
to D4, which is lower than the passaggio range of West-
ern male opera singers, where formant tuning has been 
observed. With regard to phonation type, both the CF 
and the OM role singers showed high CoQ values and 
low NAQ values in singing, which suggests a rather 
pressed type of phonation. In the low pitch range, the CF 
singers seemed to use a more pressed phonation than the 
OM singers, and they also showed stronger energy in the 
high-frequency range of the spectrum. For 3 of the 4 
singers analyzed, CoQ and H1-H2 were positively and 
negatively correlated with F0, respectively, which sug-
gests that with rising F0 these singers increased glottal 
adduction and modified their phonation towards a more 
pressed type.
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Loudness and Pitch of Kunqu Opera
语音乐律
*Li Dong, †Johan Sundberg, and *Jiangping Kong, *Beijing, China and yStockholm, Sweden

Summary: Equivalent sound level (Leq), sound pressure level (SPL), and fundamental frequency (F0) are analyzed in
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each of five Kunqu Opera roles, Young girl and Young woman, Young man, Old man, and Colorful face. Their pitch
ranges are similar to those of some western opera singers (alto, alto, tenor, baritone, and baritone, respectively). Differ-
ences among tasks, conditions (stage speech, singing, and reading lyrics), singers, and roles are examined. For all
singers, Leq of stage speech and singing were considerably higher than that of conversational speech. Interrole differ-
ences of Leq among tasks and singers were larger than the intrarole differences. For most roles, time domain variation of
SPL differed between roles both in singing and stage speech. In singing, as compared with stage speech, SPL distribu-
tion was more concentrated and variation of SPL with time was smaller. With regard to gender and age, male roles had
higher mean Leq and lower average F0, MF0, as compared with female roles. Female singers showed a wider F0 dis-
tribution for singing than for stage speech, whereas the opposite was true for male singers. The Leq of stage speech was
higher than in singing for young personages. Younger female personages showed higher Leq, whereas older male per-
sonages had higher Leq. The roles performed with higher Leq tended to be sung at a lower MF0.
Key Words: Equivalent sound level–Sound pressure level–Fundamental frequency–Kunqu Opera–Task–Condition–
Singer–Role.
INTRODUCTION

The Kunqu Opera is a traditional performing art in China. It has
been handed down orally since the middle of the 16th century
and is revered as the ancestor of all Chinese Operas. It is com-
monly praised for its elegant phrases, wonderful stories, and
beautiful melodies and is performed by at least 10 artists, Jing,
Guansheng, Jinsheng, Laosheng, Fumo, Zhengdan, Guimen-
dan, Liudan, Fuchou, and Xiaochou, each with a special voice
timbre.1 The roles can be divided into five groups, namely:

1. Sheng (Young man roles) recites and sings in both modal
and falsetto register. Both Guansheng, who wears an of-
ficer’s hat, and Jinsheng, who wears a headband, change
their voice quality according to the age and identity of the
personages. AGuansheng performer acts as a young king
or a gifted scholar, and his voice quality has been de-
scribed as ‘‘broad and bright’’ having ‘‘a heavy oral reso-
nance.’’ Jinsheng performers often act in love stories and
sing with a brighter, lyrical voice.

2. Dan (Female roles) includes Laodan (Old woman role),
Zhengdan (Middle-aged woman role), Guimendan
(Young woman role), and Liudan (Young girl role). To
portray their different ages and identities, Dan performers
sing with different voice qualities; in general, the older
the personage, the greater the proportion of modal voice.
Thus, Laodan performers recite and sing with loud modal
voice, Liudan performers with falsetto voices, whereas
Zhengdan and Guimendan use both these registers.

3. Jing (Colorful face roles) performers sing with their faces
painted in different colors depending on the identity of
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the personage. The voice quality has been described as
‘‘resonant and vigorous.’’ Often, they use a series of spe-
cial effects to display different characters, such as voice
bursts and ‘‘intense resonance.’’

4. Mo (Old male roles), including Laosheng (Old man role)
and Fumo (secondOldman role), recite and sing inmodal
register. Laosheng performers play the roles of middle-
aged or elderly gentlemen. The Fumo performer intro-
duces the story at the beginning of the performance.

5. Chou (Buffoon roles), including Xiaochou (Clown role)
and Fuchou (secondClown role), recite and sing with reg-
ister shifts between falsetto and modal. Fuchou pays
more attention to expression than to voice. Xiaochou is
a comical role performed with a loud and clear voice.

Summarizing, the voice timbres mirror the ages, characters,
and identities of the various personages. The voice qualities
deviate dramatically from both conversational speech and
Western operatic tradition, which have been well described in
previous research.2–4 In contrast, few attempts have been made
to describe the acoustic characteristics of Kunqu Opera roles
in scientific terms, although these characteristics possess
a general relevance from the point of view of voice science,
illustrating the flexibility of the human voice and exemplifying
how the voice can be used in artistic, musical, and dramatic
contexts. The present study investigates the 1) differences
among roles; 2) differences among singing, stage speech (also
called recitative in Peking Opera5), and reading lyrics; 3) intra-
role differences between songs; and 4) differences between
singers of the same role. The investigation focusses on two pri-
mary acoustic properties of the voice, loudness and fundamental
frequency (F0), in five Kunqu Opera roles, two female (Young
girl and Young woman), and three male (Colorful face, Old
man, and Young man).
METHODS

Four female and six male professional performers of Kunqu
Opera, aged 25–47 years, volunteered as subjects, two
15
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TABLE 1.

Ages (y) of the Ten Performers

Roles Young Girl Young Woman Colorful Face Old Man Young Man

Singer 1 45 47 27 46 45

Singer 2 41 27 25 44 27

Li Dong, et al Kunqu Opera 15
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performers in each of five roles (Table 1). Their professional ex-
periences varied between 7 and 27 years. The singers were told
to sing just as on stage. As there are no songs that are common
to all these roles, the singers were asked to perform three or four
songs of their own choice that belonged to their repertoire at the
time of the recording. The songs had duration of between 2 and
3 minutes and differed in emotional color. The two Young girl
FIGURE 1. Leq at 0.3 m for reading lyrics, stage speech, and singing. In ea

of the different lyrics, and the right group the Leq values of stage speech an
singers sang only three songs because one of the songs was
very long. The singers also recited a section of stage speech.
In addition, all singers read, in modal voice, the lyrics of the
songs chosen, duration between 2 and 3.5 minutes. The lan-
guage differed from Mandarin Chinese but was identical with
what they used in their roles on stage, which actually corre-
sponds to ancient Chinese.
ch panel, the left group of columns shows the Leq values of the reading

d three or four songs.
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TABLE 2.

The Leq and SPL at 0.3 m Averaged Across the Three or Four Songs Sung and Spoken by the 10 Kunqu Opera Singers

Subject

Reading Lyrics Singing Stage Speech

MeanLeq MeanSPL MeanLeq MeanSPL Values MeanSPL

Young girl l 73.4 65.52 86.3 77.48 90.2 78.38

Young girl 2 83 73.84 89.3 79.24 93 80.47

Young woman 1 68 60.91 80.7 74.04 86.1 78.39

Young woman 2 77.1 67.8 82.7 74.74 90 81.1

Colorful face 1 75.4 66.42 90.5 83.66 91.7 80.14

Colorful face 2 76.2 68.02 92.1 86.34 91.7 83.61

Old man 1 81.2 71.08 92.6 83.8 89.9 77.52

Old man 2 82.7 72.75 95.4 87.9 98 87.27

Young man 1 73.2 64.06 88.8 81.71 91.5 81.15

Young man 2 73.5 64.85 87.9 79.53 92.9 80.36

The columns marked Reading lyrics refer to the singers’ reading of the song lyrics.
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Young girl singer 2 and Old man singer 2, who both are per-
formers of the Northern Kunqu Opera Theater, could be re-
corded in an anechoic room, about 3.63 2.63 2.2 m, as they
lived in Beijing, the city where the research was carried out.
The other singers, who were performers at the Kunqu Opera
Theater of the Jiangsu Province, had to be recorded in an ordi-
nary room, about 43 53 3 m. Audio was picked up by a Sony
Electret Condenser Microphone placed off axis at a measured
distance that varied between 15 and 21 cm for the different
singers. All sound level data were normalized to 30 cm. The
signals were digitized on 16 bits at a sampling frequency of
20 kHz and recorded on single channel wav files into ML880
PowerLab system. Sound pressure level (SPL) calibration was
carried out by recording a 1000-Hz tone, the SPL of which
was measured at the recording microphone by means of
a TES-52 Sound Level Meter (TES Electrical Electronic,
Corp., Taiwan, China). This SPL value was announced in the
recording file together with respective microphone distance.

Two programs were used for analyzing the recordings.Wave-
Surfer-1.8.8p3 was used to measure the F0. After converting the
files into the smp format and eliminating pauses longer than 10
milliseconds from the recordings, the Soundswell Core Signal
Workstation 4.0 was used to analyze the equivalent sound level
(Leq). The distribution of SPL values was determined by means
of the Soundswell Histogram module. Statistic analyses were
completed using SPSS 18. Given the small sample Leq and
FIGURE 2. Leq at 0.3 m, averaged across subjects for the indicated

conditions. The bars represent ±one standard deviation.
mean F0 (N� 8), the mean values were compared by t test.
For the larger sample of time variation of SPL (N > 360),
a Mann-Whitney U test was used.
RESULTS

Figure 1 shows the Leq for the different singers and tasks. The
within-subject averages across read texts and songs are listed in
Table 2 together with the values pertaining to stage speech.
With regard to the reading of the lyrics, the intrasubject varia-
tion was rather small, whereas the variation between the differ-
ent songs was larger, means 2.5 and 4 dB, respectively. There
were clear Leq differences between the songs sung by the
same singer, which does not seem surprising because the Leq
of singing would depend on the character of the song.
As can be seen in Table 2, the Leq of singing was, on average

across subjects, 12.3 dB (standard deviation [SD]: 3.6 dB)
higher than that of the reading lyrics. Stage speech showed
even higher Leq values, average 15.1 dB (SD: 3.6 dB). For all
roles, the Leq differences between reading lyrics and singing
were significant, and also between reading lyrics and stage
speech (P < 0.05). The Leq of stage speech was higher than
that of songs for all singers except Colorful face 2 and Old
man 1. However, only Young woman and Young man roles
showed significant differences between singing and stage
speech (P < 0.05). Thus, the Leq values of singing and stage
speech were similar, but both were significantly higher than
that of the reading of the lyrics. Also, the variation among
singers was greater in singing than in stage speech.
The Leq values for the two performers of the same role varied

in many cases. With regard to reading lyrics, the Leq values
were significantly different between the two singers of the
Young girl and of the Young woman roles, and with respect to
singing the two Old man role singers showed significant differ-
ences (P < 0.05). The female roles who spoke louder in reading
the lyrics also recited the stage speech and sang louder. For
male roles, in contrast, the Leq of stage speech and singing
had little to do with the Leq of reading lyrics.
17



FIGURE 3. Box plot of SPL at 0.3 m. Crosses inside boxes represent the medians. The box represents the value between the first and third quartile

locations. The whiskers represent adjacent values. The horizontal axis labels are acronyms of the singers, Y—young, G—girl, W—woman, M—

man, CF—colorful face, O—old, S—representing singing, and ST—stage speech.
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Comparing the five roles, there were some Leq differences
(Figure 2). As a whole, the Leq of male roles were higher
than those of the female roles. In both singing and stage speech,
Colorful face andOld man showed the highest values and Young
woman the lowest, and the differences between roles were
much larger in singing. The Leq of most roles differed signifi-
cantly for singing (P < 0.05). Only Young girl and Young man
roles did not show significant difference in singing. With regard
to the age of the characters, the younger females and older
males had higher Leq.

Themean values of SPLwere about 10 dB lower than the Leq
values (Table 2). This is not surprising, given the influence of
soft phonation and pauses on the SPL. The mean SPL will
drop considerably if the recorded signal contains long soft or
silent sections, whereas under the same conditions the Leq
will remain similar. The reason is that, unlike the SPL average,
the Leq is calculated on the basis of linear sound pressure.
Therefore, the narrow distribution of SPL values will decrease
the difference between the SPL average and the Leq. The SPL
of singing had a more concentrated distribution compared with
that of stage speech (Figure 3). With respect to the roles, singers
of the same role had similar distributions of SPL, whereas
singers of different roles showed differing distribution in sing-
ing but not in stage speech.

The SPL differences between adjacent voiced segments re-
flect the time domain variation of loudness. As can be seen in
Figure 4, this difference was significantly larger for stage
speech than for singing (P < 0.05), indicating that the variation
FIGURE 4. Means of the absolute values of SPL differences be-

tween adjacent voiced segments. The bars represent +one standard

deviation.
was greater in stage speech. For most roles, the variation of SPL
with time differed significantly between roles in both singing
and stage speech (P < 0.05; Table 3).

The average F0s, MF0, of the different roles are shown in
Figure 5. As expected, female roles showed higher means
than male roles. For all roles, MF0 was lowest in reading and
highest in stage speech. The differences were significant
(P < 0.05), except for singing and stage speech of the Old
man role singers. TheMF0 for the different roles showed signif-
icant differences for singing (P < 0.05), although MF0 for
Young girl and Young woman roles were similar. For the male
characters, the younger roles used higher MF0. TheMF0 differ-
ences between singing and stage speech were much larger in the
female than in the male roles.

The means and SD of F0 for each singer are listed in Figure 6.
Female singers showed a wider F0 distribution for singing than
for stage speech, whereas the opposite was true for male
singers. Between singers, the SDF0

showed great variation for
stage speech but small variation for singing, the latter reflecting
mainly compositional characteristics. The singers of the same
role showed similar SDF0

for the same task except for the Old
man role. The female singers showed smaller SDF0

than male
singers when reciting stage speech.

Comparing the data shown in Figures 2 and 5, interesting re-
lationships between mean Leq andMF0 can be observed for the
different roles. Within roles, there was a positive correlation,
implying that the MF0 was high when the singers produced
a high Leq. In contrast, the roles performed with higher Leq
tended to be sung at a lower MF0. It seems likely that these re-
lationships between Leq and MF0 belong to the characteristics
of the different roles.
DISCUSSION

Our analyses comprised no more than two singers for each of
the five roles. On the other hand, all singers were professional
and earned their livelihood from singing, suggesting that they
had well-established singing skills and well-controlled voices.
Second, four songs with different emotions were enough for re-
flecting the variations of songs in the same role. The songs of
Kunqu Opera could be divided into two groups, the South
song and the North song. Typically, South songs are smooth,
18



TABLE 3.

The P values According to a Mann-Whitney U test (Significance Level 0.05) of the Difference in Time Variation of SPL

Between the Roles in Singing and in Stage Speech

Role

Singing Stage Speech

Young

Woman

Colorful

Face

Old

Man

Young

Man

Young

Woman

Colorful

Face

Old

Man

Young

Man

Young girl 0.000 0.000 0.000 0.000 0.000 0.014 0.904ns 0.927ns

Young woman 0.000 0.160ns 0.001 0.002 0.000 0.000

Colorful face 0.010 0.105ns 0.025 0.020

Old man 0.184ns 0.831ns

Abbreviation: ns, not significant.
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whereas North songs are more excited. All roles include both
South songs and North songs except Colorful face; at present,
most songs of that role are of the North song type. Thus, includ-
ing several song samples for each role should have enhanced the
credibility of the results. However, therewas only one sample of
stage speech for each singer, which might have limited the rep-
resentatively of the findings. The variance of stage speech
should be considered in the future.

As was shown in Figure 1, some singers’ Leq was higher
when they were reading the text of stage speech than when read-
ing the lyrics of the songs, possibly because they were influ-
enced by the speaking style of stage speech. In fact, they read
the texts of stage speech more emotionally than the lyrics.
When reading the lyrics of the songs, they perhaps adopted their
voice habits of conversational speech.

Considering the age, dialect, and the recording place, some
point should be mentioned. In all roles, singer number 1 was
older than the singer number 2, particularly for Young woman
and Young man. The younger singers showed higher Leq than
the older singers, especially in stage speech. Another factor is
the dialect. Young girl 2 and Old man 2 both came from North
China and their dialect was northern mandarin. The other
singers came from South China, and their dialect was the Wu
dialect, which sounds gentler than Mandarin. The style of north
Kunqu Opera is bold, whereas the style of south Kunqu Opera
was gentle. Although the singers performed similar plays and
FIGURE 5. The MF0 (in semitones re 55 Hz), averaged across sub-

jects for the indicated conditions. The bars represent ±one standard

deviation.
used the same language when they were acting, they were prob-
ably influenced by their cultures and dialects. Also, it cannot be
excluded that the different recording conditions between the
north and south groups had an effect. Young girl 2 and Old
man 2 were recorded in a sound-treated booth with an abnor-
mally low reverberation level, which may have caused them
to increase vocal loudness. On the other hand, the Leq differ-
ence was small between the lyrics reading of Old man 2 and
Old man 1, who were recorded in different rooms.
Previous research has found a strong positive correlation be-

tween Leq and MF0 in speech produced at different loud-
nesses.6 The correlations differed between roles in singing.
The Leq and MF0 were only significantly correlated for the
Old man and Young man roles (P < 0.05, R2 > 0.9). The songs
sung by each of the singers differed in emotional color, and
this is likely to weaken the correlation. In speech, none of the
correlations were significant (significance level is 0.05). How-
ever, the ranges were narrow both in Leq and in MF0.
In the tradition of Kunqu Opera, the Young girl and the Young

woman roles are performed in falsetto register, whereas theCol-
orful face and the Old man roles use modal register. Mean Leq
and MF0 were intermediate for Young man role, and this role
uses modal voice in the lower pitch range and falsetto in the
higher. The relationships between vocal register and Leq and
MF0 in Kunqu Opera would be worthwhile to study more in de-
tail in the future.
FIGURE 6. Mean and standard deviation of the distribution of F0 (in

semitones re 55 Hz) observed in the 10 Kunqu Opera singers’ singing

of three or four songs and their stage speech. Crosses inside boxes rep-

resent the means. The box represents the positive and negative standard

deviation. Y—young, G—girl, W—woman, M—man, CF—colorful

face, O—old, S—representing singing, and ST—stage speech.
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CONCLUSION

This study explored the differences in Leq, SPL, and F0 among
tasks, singers, conditions, and roles. The interrole difference
was larger than the intrarole difference. The singers of the
same role showed a similar F0 concentration, not only for sing-
ing but also for stage speech. The variation of SPL with time
differed between most roles in both singing and stage speech.

On average, the Leq of stage speech and singing were 15 and
12 dB higher than conversational speech as documented in the
singers’ reading of lyrics. The Leq of stage speech were higher
than singing for all the singers of Young girl, Young woman, and
Young man roles. The between-role Leq differences were
smaller in stage speech than in singing. In singing as compared
with stage speech, the SPL distribution was more concentrated
and the time domain variation of SPL was smaller.

The mean Leq and MF0 varied systematically with the sex
and age of the singer. Male roles had higher mean Leq and
lowerMF0 than female roles. The F0 distribution of singing, ex-
pressed in semitones, was wider than that of stage speech for
female singers and narrower for male singers. There was not
much difference in F0 concentration between singers while
singing. The female singers showed smaller SDF0

than male
singers in stage speech. With regard to the ages of the charac-
ters, younger female personages showed higher Leq, whereas
older male personages had higher Leq. The roles performed
with higher Leq tended to be sung at a lower MF0.
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 Long-term-average spectrum characteristics of Kunqu Opera 
singers ’  speaking, singing and stage speech      

    LI     DONG  1  ,       JIANGPING     KONG  1     &         JOHAN     SUNDBERG  2    

  1 Peking University, Department of Chinese Language and Literature, Beijing, China, and  2  Department of Speech Music 
Hearing, School of Computer Science and Communication, KTH, Stockholm, Sweden                             

  Abstract 
 Long-term-average spectrum (LTAS) characteristics were analyzed for ten Kunqu Opera singers, two in each of fi ve roles. 
Each singer performed singing, stage speech, and conversational speech. Differences between the roles and between their 
performances of these three conditions are examined. After compensating for Leq difference LTAS characteristics still dif-
fer between the roles but are similar for the three conditions, especially for Colorful face (CF) and Old man roles, and 
especially between reading and singing. The curves show no evidence of a singer ’ s formant cluster peak, but the CF role 
demonstrates a speaker ’ s formant peak near 3 kHz. The LTAS characteristics deviate markedly from non-singers ’  standard 
conversational speech as well as from those of Western opera singing.  

  Key words:   Kunqu Opera  ,   LTAS  ,   role  ,   singer   ’   s   formant cluster  ,   speaker ’ s formant   

  Introduction 

 The voice timbres of Kunqu Opera singers are sup-
posed to mirror the ages, characters, and identities 
of the respective roles, which have been described 
elsewhere (1). In our previous investigations, Kunqu 
Opera singers ’  stage speech, singing, and conversa-
tional speech were found to differ with regard to 
equivalent sound level (Leq) and fundamental fre-
quency (F0) (1). These parameters were somewhat 
higher for stage speech than for singing, and both 
were signifi cantly higher than for conversational 
speech. They also differed between roles. However, 
Leq and F0 differences would not be enough for 
describing all relevant acoustic characteristics of the 
specifi c voices of the different Kunqu Opera roles. 
Also spectrum differences would be important. 
Already Leq differences are typically accompanied 
by frequency-dependent effects on the voice source 
spectrum (2 – 5). Furthermore, at high F0 singers 
may vary the formant frequencies and the distances 
between them (6 – 8). This affects the levels of for-
mant peaks in the spectrum and hence also the voice 
timbre. Therefore, an exhaustive description of the 

vocal style of Kunqu Opera singing needs to analyze 
also spectrum characteristics. 

 The long-term-average spectrum (LTAS) is an 
effective tool for voice analysis. It represents the over-
all spectral characteristics of a voice and typically 
stabilizes after 30 – 40 seconds of running speech 
(9 – 14) and singing (15 – 18). The LTAS contour 
refl ects both the voice source and the vocal tract 
resonance characteristics. In singing as well as in 
speech an LTAS typically shows a peak near 0.5 kHz. 
The reason is that F1 is frequently located in this 
range. Classically trained Western singers, such as 
bass, baritone, and tenor singers, typically display 
another pronounced peak in the high-frequency part 
of an LTAS, between about 2.5 and 3.3 kHz (8,15). 
This peak has been referred to as the singer ’ s formant 
cluster and has been explained as the result of clus-
tering formants 3, 4, and 5 (15). For professional 
voice users, such as actors and country singers, a 
prominent peak often occurs at a slightly higher fre-
quency, near 3.5 kHz. It has been called the speaker ’ s 
formant (12 – 14,19). It has been explained as the 
result of the closeness of F3 and F4 (14). 
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   LTAS analysis of Kunqu Opera singers ’  voices    73

 Also the singer ’ s formant has been explained as 
the consequence of a reduction of the frequency dis-
tance between higher formants. Acoustic theory of 
voice production (7) predicts that the levels of two 
formants generally increase by 6 dB each if the dis-
tance between them is halved. Likewise, vowels with 
a high fi rst formant, such as /a/, or a high second 
formant, such as /i/, have strong singer ’ s formants, 
and vice versa. Formant frequencies are determined 
by vocal tract shape. For example, the singer ’ s for-
mant is highly dependent on the physiological con-
fi guration of the vocal tract, particularly the shape of 
the larynx tube and the area ratio between the larynx 
tube opening and the pharyngeal tube at the level of 
this opening (15). 

 The amplitudes and frequencies of the LTAS 
peaks just mentioned are infl uenced also by voice 
source. The amplitudes of the voice source partials 
depend mainly on the maximum fl ow declination 
rate which occurs during the closing of the glottis 
(7). If the rate is slow, the amplitude of the partials 
in high frequency will be low, and vice versa. The 
type of closure also infl uences the amplitude of the 
partials. For example, in  ‘ breathy ’  phonation, in 
which the vocal folds fail to close the glottis com-
pletely, the amplitudes of the upper partials are 
decreased, which reduces the prominence of the 
singer ’ s formant. 

 In this investigation, voice characteristics of 
Kunqu Opera performers of fi ve traditional roles, 
Young girl (YG), Young woman (YW), Young man 
(YM), Colorful face (CF), and Old man (OM), are 
analyzed in terms of LTAS. The aim was to investi-
gate 1) whether the LTAS of Kunqu Opera singers 
are similar in conversational speech, singing, and 
stage speech; and 2) whether the Kunqu Opera sing-
ers demonstrate a singer ’ s formant or speaker ’ s for-
mant LTAS peak. Comparisons of LTAS of classically 
trained Western singers and normal speakers and 
those of Kunqu Opera singers are made to illustrate 
the differences.   

 Method 

 Four female and six male professional performers of 
Kunqu Opera used in our previous study (1) were 
subjects also for the experiment (Table I). The sing-
ers were told to sing three to four songs just as on 
stage. The total duration of the songs, which differed 
in emotional color, was 6 – 18 minutes. The singers 
also recited a section of stage speech, which lasted 
for 1 – 3 minutes. In addition, all singers read, in 
modal voice and in the style of conversational speech, 
the lyrics of the recorded songs. This reading, hence-
forth referred to as reading, took between 2 and 3.5 
minutes. The language differed from Mandarin 

 Chinese but was identical with what they used in 
their roles on stage, which actually corresponds to 
ancient Chinese in Ming Dynasty. 

 YG singer 2 and OM singer 2, who work at the 
Northern Kunqu Opera Theater, were recorded in 
an anechoic room, about 3.6    �    2.6    �    2.2 m. The 
other singers, who are performers of the Kunqu 
Opera Theater of Jiangsu Province, had to be 
recorded in a quiet living room, about 3.5    �    5  �    3 m; 
the background noise was 35 dB(A), and the rever-
beration time was about 0.3 s. Although the room 
acoustic was quite different from a typical Kunqu 
Opera stage, none of these highly experienced singers 
complained about diffi culties to control their voices. 
A Sony Electret Condenser Microphone, placed off 
axis at a measured distance that varied between 15 
and 21 cm for the different singers, was used to 
record the audio signals (critical distance of the room 
was about 75 cm). The signals were digitized on 16 
bits at a sampling frequency of 20 kHz and recorded 
on single-channel wav fi les into ML880 PowerLab 
system. Sound pressure level (SPL) calibration was 
carried out by recording a 1 kHz tone, the SPL of 
which was measured at the recording microphone by 
means of a TES-52 Sound Level Meter (TES Electri-
cal Electronic Corp., Taiwan, ROC) and then 
announced in the recording fi le together with the 
respective microphone distance. All sound level data 
were normalized to 30 cm. 

 The LTAS analysis of the wav fi les was accom-
plished using the WaveSurfer software (1.8.8p3). The 
FFT window length was set to 128-point, the band-
widths of the analysis fi lters to 303 Hz, and the fre-
quency range to 0 – 10 kHz. After eliminating pauses 
longer than 10 ms from the recordings, LTAS were 
computed for each singer ’ s entire recording in each 
condition. The recordings of singing were long, and 
those of reading lyrics and of stage speech was rather 
short (1 – 3 minutes). Therefore, for each singer, 
LTAS was computed for each 40-second section of 
the recordings of singing so as to allow analysis of 

  Table I. Information of ten performers.  

Roles Singer
Age 

(years)

Professional 
experiences 

(years) Gender

Young girl 1 45 25 Female
2 41 21 Female

Young woman 1 47 27 Female
2 27 8 Female

Colorful face 1 27 9 Male
2 25 7 Male

Old man 1 46 27 Male
2 44 25 Male

Young man 1 45 25 Male
2 27 8 Male
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variation. Since the main sound energy appeared in 
the frequency range 0 – 5 kHz, the analysis was lim-
ited to this range. The curves for reading and stage 
speech were adjusted so as to compensate for Leq 
differences. This compensation was realized by mul-
tiplying the level values by the LTAS mean gain fac-
tors reported in previous research for different 
frequency bands (1,5). The gain factor increases with 
frequency in the low-frequency range, keeps stable 
in the middle range (from 1.3 to 3 kHz) at 1.4 for 
male singers and at 1.6 for female singers, and 
decreases in the high-frequency range. For instance, 
to compensate a difference in Leq of 10 dB between 
two voice samples of a male singer, the LTAS level 
of the voice with lower Leq is increased by 
10    �    1.0    �    10 dB in the 500 Hz frequency band, 
while the LTAS level in the 3000 Hz frequency band 
is increased by 10    �    1.4    �    14 dB. To obtain a quan-
titative measure of LTAS similarity, correlations (lin-
ear regression) were calculated between pairs of 
LTAS curves, using SPSS 18. 

 F0 was extracted using the WaveSurfer software. 
The extraction method was ESPS (Entropic Speech 
Processing System), using the algorithm of ACF 
(Auto Correlate Function); F0 was limited from 60 
to 900 Hz; the analysis window length was 0.0075 s; 
and the frame interval was 0.01 s. The description 
statistics were accomplished using SPSS.   

 Results 

 After the LTAS had been compensated for Leq differ-
ences (1,5), the differences between them for the three 
conditions were substantially diminished, especially for 
the CF and OM roles (Figure 1). The LTAS curves 
for the three different conditions differ in a similar way 
for the two singers of the same role. For the female 
singers stage speech showed considerably less energy 
in the low-frequency range, up to about 0.6 kHz. This 
would depend on their elevated F0 range. On the other 
hand, for the CF and OM roles, the LTAS curves of 
all three conditions are quite alike. For YG, YW, and 
YM roles, the maximum peak in stage speech is located 
near or somewhat higher than in singing, and the peak 
is also narrower. The stage speech curve exhibits sev-
eral peaks. Their center frequencies are close to har-
monic. For example, for YG1, the center frequencies 
of the second, third, fourth, and fi fth peaks of the stage 
speech appear at 1.8, 2.4, 3.1, and 4.2 kHz, i.e. close 
to 3, 4, 5, and 7 times 600 Hz. 

 Pairwise LTAS comparisons of conditions are 
listed in Table II in terms of the determination coef-
fi cients. After the compensation for Leq differences, 
the data show higher correlations than the original 
data, especially between reading and singing and 

between reading and stage speech. This suggests 
that Leq variation was an important reason for the 
differences between three conditions. With regard 
to the correlations between the compensated data, 
all of them were signifi cant, and for most singers 
reading lyrics and stage speech showed the lowest 
similarity; the spectrum level of reading lyrics and 
singing were highly correlated (R 2     �    0.9 in 8 of the 
10 singers). Thus the LTAS curves of Kunqu Opera 
singers ’  singing and reading show high similarity. 

 The voice timbres differ between roles (1), and 
LTAS curves can refl ect the voice timbre. Thus, it 
also seems relevant to examine how the LTAS dif-
fer between the roles. Although in the present study 
no more than two representatives of each role were 
analyzed, the average LTAS for a role seems worth-
while to study. It should be borne in mind that our 
subjects were professional representatives of the 
respective roles and hence their voice must contain 
typical characteristics of that role. Furthermore, 
such an average LTAS will reduce the salience of 
individual characteristics. For example, of the two 
OM singers, one showed a marked peak near 3000 
Hz, while the other did not, so this peak is rather 
weak in the average LTAS. On the other hand a 
marked peak appeared in this frequency range in 
both CF singers ’  LTAS, so it became prominent in 
the average LTAS, thus suggesting that this may be 
a typical property of this role. 

 The left and right panels of Figure 2 show the 
average LTAS for each of the roles for singing and 
stage speech. All roles display a main peak between 
0.7 and 1.1 kHz; for the CF and OM roles it 
appears at somewhat higher frequencies than for 
the other roles, for both singing and stage speech. 
The curves differ in steepness in the octave above 
the main peak. In singing it is more than 16 dB/
oct for the CF and OM roles and much less for 
the three young roles, no more than 4 dB/oct for 
the YW role. In stage speech the spectrum slope in 
this octave is 8 dB/oct for the YM role, 12 dB/oct 
for the YG, YW, and CF roles, and 17 dB/oct for 
the OM role. A second peak can be observed at 3 
kHz. It is particularly marked for the CF role and 
the stage speech of the YM role. 

 To see the LTAS characteristics of Kunqu Opera 
singers ’  singing and stage speech, it is relevant to 
compare their LTAS with that of standard conversa-
tional speech, which has been reported in a previous 
study (5). Figure 3 shows how the Kunqu Opera 
singers ’  LTAS curves deviate from this reference. For 
both singing and stage speech, the LTAS level around 
1 kHz is higher than the reference. This applies to all 
roles. In the female roles ’  singing, the LTAS level 
between 1 and 2 kHz is much stronger than the 
reference. A marked valley occurred in the vicinity of 
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   LTAS analysis of Kunqu Opera singers ’  voices    75

  Figure 1.     LTAS curves for lyrics reading, singing, and stage speech (R, SI, and ST, respectively). The horizontal lines correspond to the 
separation of the fi rst and third quartiles of the F0 distribution.  
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2 kHz for OM and CF roles. Between 1.5 and 
4.5 kHz there are between one and three peaks 
for most singers. The CF shows a positive deviation 
from the reference between 2.5 and 4.5 kHz, and 
for the YM role a peak, particularly marked for 
stage speech, can be seen around 4 kHz. Less clear 
peaks can be observed near 3 kHz for the YG, YW, 
and YM roles. 

 Figure 4 compares the LTAS curves of different 
Kunqu Opera singers with those of comparable 
Western opera singers (8), using similarity in pitch 
range as criterion and the akronyms SI for singing 
and ST for stage speech: alto for YGSI, YGST, 
YWSI, and YWST; baritone for CFSI, CFST, 
OMSI, OMST, and YMSI; and tenor for YMST. In 
both singing and stage speech, the main peak of 
Kunqu Opera singers ’  LTAS curves appears at 
higher frequency than for the Western opera singers, 
and the LTAS level below the main peak frequency 
is clearly lower. However, this may be because the 
LTAS curves of the Western opera singers were 
derived from commercial recordings in which the 
singers were accompanied by an orchestra. In the 

female roles ’  singing, the LTAS level between 1 and 
2 kHz is much stronger than in the case of Western 
altos. The female Kunqu Opera singers and the 
Western altos both display an LTAS peak near 3 
kHz, which is somewhat higher in frequency and 
less marked in the Kunqu Opera singer voices. The 
LTAS curves of the CF role show a peak similar to 
that of Western baritone singer ’ s formant cluster, 
even though its center frequency is higher. Its level 
is comparable for stage speech but clearly weaker in 
singing. The LTAS curves of OM role ’ s singing and 
stage speech and YM role ’ s singing show no obvious 
peak in this frequency range. In YM role ’ s stage 
speech, two small peaks present between 2 and 3 
kHz, while Western tenor singer ’ s formant cluster 
appears at higher frequency and is more marked. 

 The standard deviations associated with the 
LTAS curves for the ten subjects ’  singing are shown 
in Figure 5. This standard deviation (SD LTAS ) varies 
considerably between roles and singers. It is particu-
larly wide for YW2 and particularly narrow for the 
OM and CF roles. For the female roles, the SD LTAS  
between 1 and 2.5 kHz is similar to the difference 

  Table II. Coeffi cients of determiation for the correlations between three conditions for ten singers before and after 
compensation of the Leq differences (Original and Compensated, respectively) (5). All correlations are signifi cant.  

Singers

Reading and singing Reading and stage speech Singing and stage speech

Original Compensated Original Compensated Original Compensated

R 2 Slope R 2 Slope R 2 Slope R 2 Slope R 2 Slope R 2 Slope

Young girl 1 0.78 1.00 0.97 1.16 0.40 0.61 0.76 0.81 0.78 0.76 0.83 0.72
Young girl 2 0.91 1.05 0.93 1.04 0.73 1.01 0.86 1.03 0.84 0.99 0.88 0.96
Young woman 1 0.49 0.84 0.76 1.15 0.32 0.63 0.74 1.01 0.84 0.85 0.87 0.83
Young woman 2 0.92 0.99 0.96 1.10 0.47 0.64 0.73 0.70 0.67 0.74 0.77 0.70
Colorful face 1 0.86 1.03 0.97 0.92 0.77 0.90 0.95 0.82 0.96 0.90 0.96 0.89
Colorful face 2 0.74 1.05 0.93 0.92 0.67 0.90 0.91 0.83 0.94 0.87 0.94 0.88
Old man 1 0.93 0.87 0.97 0.77 0.96 0.92 0.97 0.83 0.97 1.02 0.98 1.07
Old man 2 0.79 1.24 0.96 1.24 0.71 0.96 0.92 0.96 0.95 0.80 0.96 0.78
Young man 1 0.81 1.03 0.98 0.94 0.71 0.81 0.93 0.72 0.96 0.82 0.96 0.77
Young man 2 0.64 0.84 0.87 0.84 0.37 0.54 0.76 0.58 0.86 0.79 0.89 0.70

  Figure 2.     Mean LTAS of the two singers of the indicated roles.  
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   LTAS analysis of Kunqu Opera singers ’  voices    77

between their LTAS for singing and the LTAS for 
standard conversational speech (Figure 3). This indi-
cates that for these voices the LTAS curves vary con-
siderably depending on what segment is chosen for 
analysis. 

 The SD LTAS  in the frequency range of the singer ’ s 
formant cluster is relevant for determining whether 
or not a voice possesses a singer ’ s formant cluster; a 
low SD LTAS  would imply that the spectrum level in 
the corresponding frequency range shows a small 
variation. In the case of the CF role, particularly in 
the case of singer 2, the SD LTAS  is quite narrow in 
the frequency range of the singer ’ s formant cluster. 
This means that these singers tended to produce 
strong partials in this frequency region. The three 
young roles, especially YW2 and YM2, show large 
values of SD LTAS  near 3 kHz. 

 Traditional Kunqu Opera singing is performed 
without sound amplifi cation and typically accompa-
nied by a solo Kun bamboo fl ute. The singer ’ s for-
mant cluster in Western operatic singing seems to 
have been developed in response to the sound qual-
ity of Western orchestra, enhancing partials in a 
frequency range where the competition with the 
accompaniment is moderate. It is then relevant to 
ask if a similar relationship exists between the tim-
bral quality in Kunqu Opera singing and the Kun 
bamboo fl ute. Figure 6 shows LTAS curves, mea-
sured over several minutes of playing of the Kun 
bamboo fl ute for two types of music,  ‘ south song ’  
and  ‘ north song ’ . Both demonstrate three peaks 
below 5 kHz. The main peak appears in the low-
frequency range, near 700 and 1200 Hz. Both show 
secondary peaks between 2 and 3 kHz and between 
4 and 5 kHz.   

 Discussion 

 LTAS curves of most Kunqu Opera singers show one 
or more peaks in the high-frequency range. Clear 
peaks in an LTAS curve may refl ect either of three 
conditions or combinations of them: 1) stable for-
mants frequencies; 2) narrow formant bandwidths; 
and 3) partials in the corresponding frequency region. 
Since the frequencies of the higher formants are 
rather constant, the fi rst condition is mostly met. 
Regarding the second condition, a long closed phase 
will make the bandwidths narrow, and, with respect 
to the third, a high F0 implies wide separation of 
spectrum partials, so that the peaks at high frequen-
cies may refl ect both harmonic partials and formants. 
Conversely, an LTAS peak will be a sign of a stable 
formant when the F0 average is low or when the 
variation of F0 is great. Compared with the CF role, 
the YG, YW, and YM roles, who all sing in a high F0 
range, showed lower spectrum level at high frequen-
cies. This may be a combined effect of formants and 
partials. 

 A tendency to cluster two formants will result in 
a peak at the center frequency of the cluster sur-
rounded by valleys. The singer ’ s formant is produced 
by clustering F3, F4, and F5, and the center fre-
quency of the peak appears between 2.5 and 3.3 kHz, 
depending on the voice classifi cation. According to 
Bele (14), the speaker ’ s formant is produced by low-
ering of F4 such that it approaches F3, and the cen-
ter frequency is between 3.15 and 3.7 kHz. Both CF 
singers and one of the OM role singers show peaks 
near 3 kHz surrounded by valleys, while the other 
singers do not. The peak has wider bandwidth 
and lower level than the singer ’ s formant in Western 

  Figure 3.     Differences between the LTAS of singing, stage speech of Kunqu Opera singers, and standard conversational speech (5). The 
LTAS of standard conversational speech was compensated for the Leq difference for the different singers.  
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78 L. Dong et al. 

baritones ’  LTAS. Thus, it is not comparable to the 
singer ’ s formant cluster but similar to the speaker ’ s 
formant. 

 Formant frequencies affect the shape of the LTAS 
curve, as mentioned. For Kunqu Opera singers, F2 
in low vowels, e.g./a/ and/ ɑ /, produce a strong spec-
trum peak which tends to extend the main peak up 
to 2 kHz. By contrast, the center frequency of the 
main LTAS peak in previously published studies of 
conversational speech and of Western opera singing 
is typically located in a lower frequency range, about 
500 Hz. In Kunqu Opera singers ’  front vowels, F2 
in singing is up to 2.5 kHz and close to F3. This will 
raise the level of the second marked LTAS peak and 
form a valley between the main peak and the second 
peak, as in the case of the CF singers (Figure 1). 

 There may be several reasons for the absence of 
the singer ’ s formant cluster in Kunqu Opera: 1) The 
presence of a singer ’ s formant cluster reduces the 
differences between vowels, and text intelligibility 
may be particularly important in Kunqu Opera; 
and 2) the singer ’ s formant cluster boosts the sound 
of the singer ’ s voice so it can be heard over an accom-
panying orchestra. However, Kun bamboo fl ute, 
which is the most common accompaniment for 
Kunqu Opera, shows a peak in the frequency range 
of the singer ’ s formant cluster (Figure 6). Thus, it 
has an LTAS curve totally different from that of a 
Western opera orchestra, which shows a rather low 
level around 3 kHz. Hence, a speaker ’ s formant 
would be more effective than the singer ’ s formant 
cluster to boost the singer ’ s voice. For female roles, 

  Figure 4.     LTAS of singing, stage speech of YG, YW, CF, OM, and YM roles and singing of Western opera singers. SI: singing, ST: stage 
speech.  
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  Figure 5.     LTAS curves and standard deviations of the different singers ’  singing.  
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80 L. Dong et al. 

which show lower Leq than the male roles, the LTAS 
levels between 1.5 and 2 kHz are higher than that of 
the bamboo fl ute. This may help the female roles to 
cut through the sound of bamboo fl ute.   

 Conclusion 

 LTAS characteristics of Kunqu Opera performers of 
the roles YG, YW, YM, CF, and OM were found to 
differ between the roles. The CF role demonstrated 
a speaker ’ s formant peak in their LTAS curves. In 
singing, the LTAS curves for the performers of the 
three young roles showed a great variability near 3 
kHz between consecutive parts of the song, as 
refl ected in terms of large values of SD LTAS . This 
implies a great variation of voice timbre and/or vocal 
loudness. None of the roles showed a singer ’ s for-
mant cluster. For all roles the main LTAS peak 
showed wider bandwidth and appeared at a higher 
frequency in singing and stage speech than in non-
singers ’  standard conversational speech. The sing-
ers ’  reading differed considerably from their singing 
and stage speech, but the substantially lower Leq 
seemed to be an important reason for this differ-
ence. Thus, after compensating the LTAS curves for 
this difference, the characteristics of reading, sing-
ing, and stage speech became strikingly similar, 
particularly for the CF and OM roles. For all roles 
the similarity was particularly high between reading 
and singing.                    
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普通话圆唇研究 *

潘晓声 孔江平

提要  本文目的在于讨论汉语普通话圆唇特征的定义问题。本研究从汉

语普通话录像中提取出元音发音时关键帧的唇形内外轮廓线，并进一步

计算得到唇圆度、宽度和开口度等参数，用于分析圆唇元音、非圆唇元

音与上述参数之间的关系。实验结果表明，唇圆度和唇开口度并不具备

区分圆唇元音和非圆唇元音的功能，而唇宽度具有区别意义的功能。完

整发音过程可以分为张嘴与闭嘴两个阶段，二者有着不同的唇形运动模

式。综合此二阶段唇形的变化规律，本文主张使用内外唇宽度之和为特

征，用其变化表示圆展唇运动的动态过程。实验还发现普通话发音的唇

部生理运动具有一定的随意性，但基本上总能保持同一发音人圆唇元音

比非圆唇元音的唇宽度更窄这一特性。

关键词  汉语普通话  圆唇  唇宽度  唇开口度  唇圆度  唇突度

1  引言

圆唇是语音学和音系学的一个基本概念，在各种教学参考书中

都可以见到，但各家的描述并不统一，本文希望通过实验语音学的

方法找到关于圆展唇运动特征的最合适定义。

音系学研究中，有学者（Chomsky，Halle 1968；Ladefoged 1975）

将圆唇作为一种区别性特征，用于区分语音类别。语音学研究的结

果认为元音音质是由舌位前后、高低和是否圆唇所共同决定，这

三者都通过对共鸣腔形状的影响来改变元音的共振峰结构。另外，

只有圆展唇具有语言学意义，语音学家们在研究唇的协同发音时

（Hardcastle，Hewlett 1999），一般也只关注圆唇元音和非圆唇元音

* 本文得到国家社科基金重大项目（13&ZD132）、国家自然科学基金支持

项目（61073085）、国家社科青年基金项目（12CYY031）和教育部社科青年基

金项目（12YJC740082）的资助。
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之间过渡时唇形的变化规律。

《普通语言学纲要》（罗常培、王均 2002）关于圆唇元音的定

义是“双唇撮敛成圆形，不圆唇元音是两唇舒展，成扁平形或保

持自然状态”；《语音学教程》（林焘、王理嘉 1992）中指出“嘴

唇圆的是圆唇元音，嘴唇不圆的是不圆唇元音”；而《现代汉语》

（北京大学中文系现代汉语教研室 2009）中的定义则是“嘴唇向前

伸，呈圆形，是圆唇元音”。然而某些不属于圆唇元音的语音，比

如［ʅ］，在发音时，其嘴唇形状也很圆，因此本文认为唇形状上呈

现圆形并不能用于区分圆唇元音和非圆唇元音。此外，上述教材都

明确指出圆唇元音的定义主要考虑的是唇形呈圆形，但都没有进一

步说明圆唇指的是嘴唇外轮廓还是内轮廓呈现圆形。值得注意的

是，除了在《现代汉语》中指出圆唇元音的发音与突唇动作相关之

外，另几种教材都仅仅是以嘴唇形状是否是圆形作为判断圆唇元音

的标准。在一些语言中，唇突度可以作为圆唇元音的区别特征。比

如Lindau（Lindau 1978）和Ladefoged等人（Ladefoged，Maddieson 

1990）提出使用垂直敛唇（vertical lip compression）和水平撮

唇（horizontal lip protrusion）来区分瑞典语的圆唇元音。胡方

（2007）提出可以使用水平撮唇（horizontal protrusion）和垂直撮唇

（vertical protrusion）来区分宁波方言的两个前高圆唇元音［y］和

［ʏ］。Chomsky等人（1968）在《英语音型》一书中，专列了一项

关于唇的区别性特征：圆唇和非圆唇，并指出圆唇由唇孔变窄所形

成，非圆唇则否。Ladefoged（1975）的区别性特征系统中也包括了

圆唇化这一特征，但他用两嘴角水平宽度的倒数来定义圆唇程度。

Chomsky和Ladefoged定义圆唇特征的区别在于，前者使用唇形内

轮廓的宽度，而后者使用唇形外轮廓宽度。Abry等人（1986）在研

究中指出，所有语言中区分圆唇元音和非圆唇元音的参数是嘴唇宽

度，即开口时的水平宽度，它和所有关于嘴唇突度的参数成反比。

前人的研究从个人的主观经验出发，观察的角度不同，则使用的参

数也不同。唇圆度、唇突度、唇宽度和唇开口度都有人使用，因此
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各家对圆唇的定义也并不一致。

《实验语音学概要》（吴宗济、林茂灿 1989）中，鲍怀翘提取

了五位被试的唇形参数，包括唇突度、唇开度和唇形面积。结果表

明展唇元音的开口度大于圆唇元音的开口度，舌高度相同的元音，

展唇元音的唇形面积大于圆唇元音。另外，作者认为唇突度特征对

于区分元音圆展作用不大。但由于当时的实验条件，无法提取到发

音时嘴唇的动态变化，所采集的唇形参数的精度也受实验器材和算

法的限制。今天，我们可以利用数字化技术提取到精度更高的唇形

参数，本文对唇形参数的提取和分析将做进一步细化处理。

鉴于圆唇的定义对于语音学、音系学都是一个重要的基础问

题，各家对于圆唇特征定义不同的主要原因可以归为两点：1、圆

唇只是一个概念，在舌位相同时人们发现圆唇的变化对元音的声学

特征有影响，因此用它作区别性特征。究竟用唇圆度还是其他参数

来定义并不重要，因此没有必要精确的提取参数作分析。2、受技

术手段和实验条件的限制，无法提取某些唇形参数，或提取的参数

精度不够，无法对唇形进行量化的描述。

一般认为，发圆唇元音时，唇形呈现撮拢状态，而非圆唇元音

则否。因此，本文假设圆唇元音比非圆唇元音的唇宽更窄，唇形更

圆，唇开口度更小。通过对8个发音人汉语普通话圆唇元音和非圆

唇元音样本的唇形参数进行统计，以验证上述假设是否合理，并希

望找出最合适的参数用于定义圆唇特征。

2  实验方案

2.1  实验材料

本文希望作为样本的元音，发音时唇形动作不受到辅音的影

响。汉语普通话的单元音中，/ə/、/a/和 /ɑ/都不能单念，一定要和

辅音相配合发音，且配合不同发音部位的辅音时，这几个元音所
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表现的唇形不同，即元音唇形受到辅音发音动作的影响，因此将

其排除。/ i /的两个变体 / ɿ /和 / ʅ /也必须和辅音相结合才能发音，但         

/ ɿ /只能与舌尖前辅音 /ʦ /、/ʦʰ/和 /s/相配合，/ʅ /必须要与舌尖后辅音        

/tʂ/、/tʂʰ/、/ʂ/和 /ʐ/相配合，它们的唇形受辅音的影响基本相同，且

不存在不受影响的形式。因此本文最终选择8个汉语普通话零声母

元音加上两个非零声母单元音 /ɿ/和 /ʅ /，共10个音节进行圆唇特征

研究。其中元音［ʅ］和［ɿ］分别配合声母［tʂ］和［ts］发音。/ɛ/

和 /o/平时使用较少，一般作为普通话的语气词存在。最终所使用

的发音样本如表1所示：

表1 汉语普通话元音的国际音标及对应汉字和拼音标注

国际

音标
ᴀ ɤ ɛ ɚ i o u y ʅ ɿ

汉字 阿 饿 欸 儿 衣 哦 屋 淤 之 资

汉语
拼音

a e ê er i o u ü zhi zi

为了使样本来源具有更广泛的代表性，而不仅仅是代表受过专

业语言学训练的发音人，本文的8位发音人中并没有全都受过语言

学专业训练，但所有被试人员都受过高等教育。

此外，不是所有发音人都认识国际音标，因此实验不要求发音

人读这些元音所对应的国际音标，而是给出这些音节所对应的汉字

与拼音标音，并求发音人按拼音方案中的标音朗读。发音人具体朗

读的汉字以及拼音标音见表1。

8位发音人，10个音节，每人朗读所提示的汉字各三次，本文

共得到240段录像用于提取实验参数。

为更精确的提取唇形参数，我们要求发音人正面朝向录像机，

在发音时头部基本保持静止不动，以免得到的参数受点头运动和发

音人身体晃动的影响。发音从闭唇状态开始，发音完成后最终恢复

到闭唇状态，在两个音节之间停顿1到2秒，由此可以尽量减少前

后音节的协同发音影响。要求被试发音持续一段时间，以保证可以
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从录像视频中提取到代表此元音发音动作稳定段的唇形关键帧。

实验数据的采集在上海师范大学语言研究所的专业隔音室录像

室中进行。实验使用专业录像机采集发音人的唇形数据，录像速率

为30帧每秒。

2.2  唇形参数提取

本实验采用的是北京大学中文系语音乐律实验室二维唇形处理

平台提取唇形参数，该平台在Windows平台下用Matlab语言编程

实现。

Liew等（2000）假设唇形是左右对称的，通过对唇形的变形

可以得到任意形状的唇形轮廓，并用双曲线表示唇形的外轮廓。但

在语言学研究中，唇形的内轮廓与语音的相关性往往要高于唇形外

轮廓。由此，本文在Liew研究工作的基础上，加入了描述唇形内

轮廓的参数。

根据内唇的开合状态，本文将唇形分为三大类：闭合状态和半

开状态和全开状态。唇形的三种开合状态具体如图１所示：

图1 （a） 闭合状态 图1 （c） 全开状态图1 （b） 半开状态

在闭合状态时，内唇的上下轮廓线重合为一条曲线。事实上，

可以把闭合状态看成是半开状态的一个特例。如果半开状态的内唇

宽度不断变小，极端情况是两个内唇唇角完全重合，即内唇宽度为

0的半开状态就是闭合状态。另外，全开状态也看成半开状态的一

个特例。即内唇的两个唇角与外唇的两个唇角完全重合的半开状态

就是全开状态。由此，闭合状态和全开状态都可以看成半开状态的

特例，三种不同的唇形状态可以用一个模型来表示。

本文在Liew的算法基础之上，加入了描述唇形内轮廓的参数，
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建立自已的唇模型，具体如图２所示。

图２ （a） 使用唇模型重构的

唇形轮廓

图２ （b） 去除伴随动作重构

的唇形

本文称用于重构唇形内外轮廓的参数为重构参数。重构参数具

体可以分为两类，分别是在图２（b）中可以标出的参数，如h1，

h2，w1，w2等，以及部分无法在图２（b）中标出的参数，比如歪

嘴程度等。

重构参数共有11个，具体包括：左侧外唇宽度（w1）、左侧

内唇宽度（w2）、上唇外轮廓开口度（h1）、下唇外轮廓开口度

（h2）、上唇内轮廓开口度（h3）、下唇内轮廓开口度（h4）、人中凹

陷程度（xoff）、下唇圆弧度（δ ）、唇闭合处曲率（ql）、头部倾斜

程度（qx）和歪嘴程度（s）等。

图２（a）是通过手工改变唇模型的重构参数所重构的唇形轮

廓。可以发现，无论是唇形的内外轮廓，本文的唇模型都能精确

描述。 

人们发音时总是不自觉的会带有歪嘴和头部倾斜等伴随动作，

因此图２（a）中的两嘴角高度并不处在同一水平线上。头部倾斜

幅度越大，两嘴角坐标的垂直距离就相差越大，两嘴角坐标的水平

距离也会相应的变小，此时两嘴角之间的水平宽度并不能真正代表

唇宽度。为避免发音时伴随动作对唇形特征造成影响，本文在提取

唇形参数时，将表示伴随动作的参数值归零，即去除了表示歪嘴和

头部倾斜的伴随动作。将图２（a）的唇形轮廓去除伴随动作后如
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图２（b）所示。

从图２（a）中可以提取去除伴随动作之后的唇形轮廓几何特

征，本文称之为唇形几何特征参数。实验所提取的唇形几何特征参

数共有10个，分别为：1.外唇水平宽度：外唇两嘴角之间的水平距

离，宽度为两倍的左侧外唇宽度（w1）。2.内唇水平宽度：内唇两

嘴角之间的水平距离，宽度为两倍的左侧内唇宽度（w2）。3.外唇

开口度：唇形外轮廓在垂直方向上的最大距离，高度为唇外轮廓开

口度（h1）和下唇外轮廓开口度（h2）之和。4.内唇开口度：嘴唇

内轮廓在垂直方向上的最大距离，上唇内轮廓开口度（h3）和下唇

内轮廓开口度（h4）之和。5.外唇面积：嘴唇外轮廓所包含的区域

内像素点的总数。6.内唇面积：嘴唇内轮廓所包含的区域内像素点

的总数。7.外唇周长：嘴唇外轮廓线上的像素点总数。8.内唇周长：

嘴唇内轮廓线上的像素点总数。9.外唇圆度：嘴唇外轮廓接近圆形

的程度。10.内唇圆度：嘴唇内轮廓接近圆形的程度。

一些文献在假设唇形是一个椭圆的前提下，用椭圆的长短轴之

比来表示唇圆度。但严格来说，唇形并不是椭圆，而是一个更加复

杂的几何形状。如果仍然使用长短轴之比表示唇圆度的话就不够精

确。比如正方形A和圆B，如果A的边长等于B的直径，则二者的

宽高比相同，但它们的圆度完全不同。因此，本文采用数学上定义

圆形度的方法来表示唇圆度（Baddeley et al. 2009）：

圆形度 = 4π *面积 /周长的平方

形状越圆，圆形度的取值越大，当唇形为绝对圆形时，圆形度

达到最大值1。

具体提取唇形参数的步聚如下：首先由手工从中录像中提取可

以代表元音音节发音时的嘴唇轮廓形状的关键帧；然后手工调整重

构参数，通过目测使重构的唇形轮廓和关键帧的嘴唇内外轮廓线之

间的误差最小；之后将代表头部倾斜程度的重构参数qx与歪嘴程

度的重构参数 s置零以消除伴随动作，最后再次重构唇形轮廓，并

从中提取唇形几何特征参数。
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2.3  实验方案

每个人的唇形宽窄厚薄都由于生理条件的差异而各有不相同，

另外发音的动作习惯也都有所区别。因此在发音时，唇形轮廓的几

何参数将具有个人生理特征。同一个发音人在发不同元音时，其唇

形可以反映元音的部分特性，唇形特征之间的比较可以被认为是元

音特征的比较，而不同发音人的唇形特征受个人生理的制约，不具

可比性。

实验1：本文假设圆唇元音比非圆唇元音的唇宽更窄，唇形更

圆，唇开口度更小，分别对8个发音人录像样本的元音关键帧进行

统计分析。通过比较同一发音人的圆唇元音和非圆唇元音发音特征

的唇形参数，以找出其中的一个或多个作为圆唇的区别特征。

实验2：本文通过统计张嘴与合嘴阶段内外唇参数的变化范围，

来说明嘴唇发音动作在不同发音阶段有着不同的运动模式。并综合

两个发音阶段的规律，提取出适合描述圆展唇动作动态过程的特征。

实验3：本文通过计算得到各个发音人的唇形参数的最小值和

最大值，二者之差就是此发音人发音时唇形参数的变化范围。将此

变化范围做归一化处理，可以消去不同发音人唇形参数的个人生理

特征，但保留了个人的发音动作习惯。从归一化之后的唇形参数分

布可以说明发音人的发音动作习惯是否具有共性。

3  实验结果及分析

每个发音人都有30个语音的唇形样本，其中包括9个圆唇元音

样本和21个非圆唇元音样本。以外唇宽度为例，如果满足实验1的

假设，每个圆唇元音样本的外唇宽度就会小于其它非圆唇元音样本

的外唇宽度。9个圆唇元音的外唇宽度最多会出现189次满足实验1

假设的情况。针对每个发音人，本文提取内外唇宽度、内外唇圆度

和内外唇开口度等6个唇形几何参数，分别进行圆唇元音和非圆唇
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元音间的相同参数的比较，统计出每个参数实际满足实验1假设的

次数以及其占最大满足假设次数的百分比，结果如表2所示。

表2 圆唇元音和非圆唇元音唇形参数比较

外唇宽度 内唇宽度 外唇圆度 内唇圆度 外唇开口度 内唇开口度

W2<W1 W4<W3 R2>R1 R4>R3 H2<H1 H4<H3

发音人1 100% 98% 41% 32% 85% 96%

发音人2 100% 99% 81% 47% 74% 88%

发音人3 100% 95% 75% 80% 61% 61%

发音人4 99% 98% 54% 79% 63% 76%

发音人5 95% 98% 39% 66% 67% 90%

发音人6 99% 99% 89% 70% 46% 72%

发音人7 100% 99% 87% 76% 52% 83%

发音人8 100% 97% 44% 77% 81% 81%

平均 99% 98% 64% 66% 66% 81%

表2中W1、W3、R1、R3、H1和H3分别表示非圆唇元音的外唇

水平宽度、内唇水平宽度、外唇圆度、内唇圆度、外唇开口度和内

唇开口度；W2、W4、R2、R4、H2和H4分别表示圆唇元音的外唇水

平宽度、内唇水平宽度、外唇圆度、内唇圆度、外唇开口度和内唇

开口度。表格内的值为每个参数实际满足实验1假设的次数与最大

满足假设次数的百分比，结果四舍五入取整数，计算公式为：

round（count（参数满足实验1假设次数）/189）*100%

从表2可得知，平均99%的样本，外唇宽度满足实验1的假设。

平均98%的样本，内唇宽度满足假设。其它唇形参数中，只有内唇

开口度达到81%的样本满足实验1的假设，而内外唇圆度和外唇开

口度满足实验1假设的比例都不到70%。实验1结果表明外唇宽度

和内唇宽度都适合作为圆唇的区别特征，而内外唇圆度和开口度无

法有效区分圆唇元音和非圆唇元音。

为描述圆唇运动的动态过程，本文将完整发音过程分为闭嘴

与张嘴两个阶段。闭嘴阶段包括发音的准备动作阶段和发音完成后

的复位阶段，此时内唇宽度、圆度和开口度的值都恒为0。而由于

逆向协同发音的作用，外唇宽度在未发音之前就开始逐渐变窄，它
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在闭嘴阶段能有效描述圆唇运动的发音动作。张嘴阶段主要是有声

段，所有作为唇形样本的关键帧均来自于有声段。实验2分别对每

个发音人圆唇元音和非圆唇元音内外唇宽度的变化范围进行统计平

均，结果如表3所示。由表可知圆展唇元音内唇宽度的平均变化范

围远大于外唇宽度的平均变化范围。另外，有声段语音的声学特性

和内唇的开口形状更加相关。因此，在张嘴阶段内唇宽度的变化更

适合表示圆唇运动。综合考虑发音的两个阶段，本文提出使用内外

唇宽度之和为特征，其变化可以良好的描写圆唇运动的动态过程。

表3 发音人圆唇元音及非圆唇元音内外唇宽度的平均变化范围

（单位：像素）

发音人 1号 2号 3号 4号 5号 6号 7号 8号

内唇宽度平均变化范围 37 52 40 52 41 43 49 39

外唇宽度平均变化范围 11 17 13 17 8 17 23 9

个人生理特征和发音动作习惯的不同造成了不同发音人的唇形

参数不能直接相互比较。根据实验1和实验2的结果，实验3使用内

外唇宽度之和为特征，对其变化范围进行归一化处理，以消除不同

发音人嘴唇宽窄各有不同的个人生理特征，并保留了个人的发音动

作习惯。归一化之后，内外唇宽度之和的分布如图３（a）所示。对

所有发音人的元音样本唇宽参数取均值，其分布如图３（b）所示。

图３ （a） 所有发音人元音

样本

图３ （b） 所有发音人元音样

本均值

从图３（a）可知每一个元音的内外唇宽度之和变化范围大，说

明不同发音人的发音习惯具有一定的随意性，有人发音动作幅度较

大，有人发音动作幅度较小。而从图３（b）可知，虽然发音动作
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具有随意性，但总体上保持非圆唇元音的内外唇宽度之和大于圆唇

元音。事实上，从每个发音人的样本也基本上得到了相同的规律。

4  讨论

本文提出圆唇的本质是唇宽变窄，使用内外唇宽度之和为特征

可以描述圆展唇的运动过程，发音动作幅度有着较大的随意性，但

同一发音人总会保持圆唇元音的唇宽小于非圆唇元音的唇宽。 

一些文献使用唇突度为圆唇的特征，本文不对唇突度进行讨论

有如下原因：1.本文希望找到一种简单可计算的圆唇的特征。使用

录像机采集侧面人脸提取唇突度的方法有着较高的技术难度。其他

三维数据采集设备虽然可以实时采集唇突度，但价格昂贵，数据预

处理复杂，距大范围应用还有一定距离。2.本文提出以内外唇宽度

之和为特征已经可以良好的描述圆展唇运动。3.鲍怀翘的研究已经

证明唇突度对于区分元音圆展作用不大。

由于提取唇形关键帧仍没有一定的标准，因此本文所有的数

据及推论都是建立在我们对关键帧的提取标准之上，即元音共振峰

稳定段中，发音动作保持基本不变时的某一帧。在唇形录像样本中

提取关键帧的位置不同，会影响采集到的唇形几何特征，导致实验

结果发生变化。而事实上，本实验中如果没有事先作保持发音动作

一段时间的约定，从实际数据中我们会发现在元音共振峰的稳定段

中，发音动作仍然处于变化之中。

王志明、蔡莲红（2002）使用算法来自动提取唇形关键帧，可

以实现大量数据的快速处理，本文的方法则是对语音的共振峰和录

像数据进行人工判断，由此决定关键帧的位置。王志明的方法好处

在于提取的所有关键帧都是按相同的标准所得。本文的方法优点在

于更多的利用了语音学的知识，缺点是同时也具有更多的主观性，

在唇形相似的相邻帧中，选择关键帧往往具有随意性。另外，手工

提取关键帧速度较慢，无法做到大量快速提取。
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关于圆唇特征定义学界并没有取得一个统一观点，目前仍没有

标准定义，这造成研究成果之间不具备相互比较的基础。本文对6

种唇形参数进行统计分析后，分别指出其单独做为圆唇特征的不足

之处，并提出使用内外唇宽度之和作为圆唇特征，可以区分圆展唇

元音，其变化能描述动态的圆展唇发音动作。

5  总结

语音学还是一门发展中的学科，很多术语的概念也没有形成多

数人接受的共识，对于圆唇的定义也是如此。本文通过实验采集各

种唇形参数，利用统计的方法，提出圆唇的本质是唇宽度的变窄，

而非嘴唇的形状变圆。在生理上，发音是一个动态过程，本文提出

内外唇宽度之和的变化可以描写圆展唇发音动作的变化。此外，根

据实验结果，虽然普通话发音时，唇部发音动作具有较强的随意

性，但基本上总能保持同一发音人圆唇元音比非圆唇元音的唇宽度

更窄这一特性。
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方言 年第 期 — 页 年 月 日 出 版于北京 ）

河南禹州方言声调的声学及感知研究

张锐锋 孔江平
北京大学中文系 北京 ￡

，
北京大学中 国语言学研究中心 北京

提要 本文对中 原官话禹州方言的声调进行了 实验研究 用声学方法确定了该方言四声的调值 并通过

感知听辨发现
， 在禹 州方言声调感知中基频模式和 发声类型都起作用 前者起主要作用

，
后者起补偿作

用 。 在基频区别力弱时 发声对感知的作用较大 在基频区别力 强时 发声对感知的贡献就变小 。

关键词 声调 范 畴感知 挤喉音 发声 基频 开商 速度商

壹 引 言

禹州 市原为禹 县 隶属于河南省许昌市 ，
位于郑州 市南偏西约

一百公里处 ， 北临登封 、

新密 南接郏县 、襄城 ， 西面是汝州 东面是长葛 、许昌 。 河南省 的方言可分为两类 ：

一

为晋语 ，

包括安阳等 个县市 ，
有入声 一为中原官话 ， 包括郑州 、 开封等 个县市 ， 无入声 。 禹州方

言属于中原官话 。 邵文杰等 把河南境 内的 中原官话分为郑汴 、 洛嵩 、 蔡汝 、信潢和

陕灵五片 ， 禹县归郑汴片 。 贺魏 分中原官话为八片 河南境 内有郑开 、 洛嵩 、

南鲁 、漯项 、商阜 、信蚌 、兖荷七片 ， 禹州归南鲁片 。

张启焕等 （ 、李淑娟 （ 和屈颜平 都记录禹县话的 四个声调为 ： 阴

平 、 阳平 、上声 、去声 。

传统的方言调查主要通过调査者听辨并记录方言的音位系统 ， 包括声调 的调位 。 然

而 ， 受母语声调感知范畴 、声调斜率和声调时长等的影响 有时人们不能准确记录声调的调值 ，

因此 ，将实验语音学手段用于方言调查 ， 目 的是弥补听感的局限性 帮助得到准确的音位系统 。

语音实验包括声学分析和感知听辨两个方面 ， 声学分析是纯物理性的 ， 感知听辨则关系具体的

音位系统 。 本文就是对禹州声调作这两方面的实验 。

本文的材料是作者于 年 月 至 年 月 间多次实地调査所得 。

贰 禹州方言四声调值的声学研究

本研究使用的字表包含了 组 个字 搭达打大 低敌抵地
丨

督毒赌

肚 § 出除础处 丨 秃图土兔 丨 支直纸志 。

每组的字声韵母相同 ，声调则分别为阴平 、 阳平、 上声 、去声 。 发音人包括两男两女 ： 男

岁 ， 来 自 禹州县城 乡村教师 ， 只会说禹州方言 不会讲普通话 录音完成于北京大学中 文系

录音室 ； 男 ， 岁 ， 来 自 禹 州市小 吕乡 ； 女 ， 岁 女 岁 ， 均来 自 禹州市苌庄乡 。 他们

本文得到 国 家社会科学基金重大招标项 目资助 项 目 号 。 初稿曾 提交
“

汉语方言类型

研讨会 （ 年 月
，
北京 ） 。 感谢 《方言》 匿名 评审专家给本文提出 的宝贵意见 。

、 方 言
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也都讲地道的禹州方言 录音完成于河南师大院 内
一

个安静的房 间里 。 要求发音人尽量在 同
一

个强度上读字表 每个字念三遍 共得到 个声音样本 ， 每个调类有样本 个 。 所有声音

样本均符合声学分析要求 。

在发音人所读的去声字末尾都出现 了 比较特殊的 发声现象 。 图 是用 的 常规

设置所做的女 的
一

个去声字样本
“

大
”

的波形图 、语图和基频线 。

— …一 ‘‘ —

图 发音 人女 大
”

字 的 波形 图 、 语 图 和 基频线

从波形 图可见 在 秒之前 ， 声波振 幅很大 脉冲间距离规则而均匀地小 幅增大 ，

显示为匀速的 降调 。 而在该时间点之后 ， 振 幅急剧变小 脉冲骤然变得稀疏 。 语图上此时点之

前的声 门脉冲 间隔也是均勻规则地变宽 ，其后突然变得稀疏而模糊 。 相应地 基频线在该时点

断裂 ， 消失几毫秒之后 在很低的 附近重新出 现 。 听感上 ， 在 秒之前显得清晰

而饱满 此后 则 明显 带有 咬 嘎声 。 这是一种特殊 的 发声类 型 （ 挤喉 音

朱晓农 称为
“

嘎裂声
”

） 。 在有的声调语言 中 ， 如汉语 、藏语等 ， 有

些人在发低调 （ 如普通话上声 ） 时常常使用挤喉音 （ 孔江平 ： ， 其特点是基频低且不

稳定 开商最小 （ 。 在 禹州 方言中 ， 阳平和去声均为降调
， 去声的末

尾压到最低 时使用 了 挤 喉音 。 在 中 ， 挤喉 音 的 基频有 时不 易 显 现
，
可 以 通 过调 节

中 的 等设置来提取挤喉音的基频值 。 例如上述音节 ，

把 由 改为 可 在基频线 中断处得到
一

个 值 。 我们从发

音人女 的 个去声样本提取 出 个挤喉音基频 ， 它 们的 最大值为 最小值为

， 均值为 标准差为 。

本文用 软件提取基频值 。 声调的起点从语图上元音的第二个脉冲算起 升调的

终点定在基频峰点处 一

般降调的终点是在宽带 图上的基频直条有规律成 比例 的 间隔结束处

朱晓农
；
音节 末尾 出 现挤 喉音 的 样本 ， 通过调 整 的

来提取挤喉音段的基频值 ， 每个样本提取两点 。 从每个声音样本等间 隔地 提取 个

基频值 代表基频线的走向 。 然后 将每位发音人的 个声音样本按四个调类分别作基频值

平均 并按以下公式求 出每位发音人在 自 己调域 内 的五度值 ：

—

式子中 的 代表测量点的频率均值 ， 是各测量点平均值 中 的最小值减去该点

全部数据的标准差 是各测量点平均值 中的最大值加 上该点全部数据的 标准差 。

取常用对数是为了让求出 的五度值跟人的 听感吻合 （
石锋 。 把 四位发音人的 数

据求平均数 即得到 禹州方言的声调图 见下页图 。 其中的声调 曲线排除了性别之间及性别

内部个体之间 的差异 。 各声调在音长上不存在显著性差别 ： 阴平平均为 毫秒 ，
阳平为
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2 4 9 .  3 1 毫秒 ，
上声为 毫秒 ， 去声为 毫秒。

——

— 一

—

■

一 上声
‘

、
……

一去声

—

图 禹 州 方 言 的 声调

从图 可见 阴平起点在 度音高区间 的上部 ，
经过

一

段小幅下倾后
， 又升至 度区间 ，

可

定为 。 上声是一个平调 位于 度区 间之 中部稍上处 ， 是 。

需要特别讨论的是 阳平和去声 。 它们都是降调 从图 可见两点 区别 ： 第一

， 去声从 度

区间 的上部斜直滑 向 度区间 的 中下部 是典型 的 调 ，
而阳平开始于 度区 间 的 中点稍

下处 终点落在 度 区间 的中下部 ， 去声的跨幅明显大于 阳平 ；
第二

， 阳平起始后 ， 并没有直直

地滑向终点 ， 而是先平缓下降 经过了一段弧度后 才滑向 终点 ， 可记为 。

叁 禹 州声调的合成和感知 实验

禹州方言的 四个声调可形成 种对立形式 ： 阴平 阳平 、 阴平 上声 、 阴平 去声 、 阳平

上声 、 阳平 去声 、上声 去声 。 由 于一个声调 的感知范畴并不是 固定 的 ， 它取决于声调 系统

中所对立的声调 （ 孔江平 因此有必要将这 种组合 对立组 全部进行合成 以

探索禹州方言 四声的感知全貌 。

—— ————

牟靈
— 一 —— ———一

測量 点

图 阳 平 去 声 对立组 的合 成设 计

图 所示是为阳平与去声对立组 的感知实验做的合成工作 ： 用 的基音 同步叠加法

将
一

对声调中 的第一个样本阳平
“

达
”

， 从原声均匀分九步改变基频逐步合成

方 言
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到 得到 个样本 ， 其第一个样本是
“

达
”

的原声 ， 后面 个 由改变其基频而得来 ； 再利用

第二个调去声
“

大
”

从原声均匀分九步合成为 ， 所得亦 个样本 此时第
一

个样

本是
“

大
”

的原声 ， 后面 个 由改变其基频而得来 。

一来一

去用 的是 同一套基频值
，
所以纯从

基频上说 ， 前 个样本和后 个样本是相 同的 。 如是操作
，
每个对立组可得到 个合成样

本 个对立组共得样本 个 。 各样本 的声韵母结构均为 。

听辨方法
一

般有两种
一

种是辨认测验 即每次给出
一个样本 让

听辨者指出 它是两个 目 的 词 中 的哪一个 两者必 选其一

； 另
一种 是 区分测验 （

即 以 的方式给出样本 ， 要么 是 要么是 让听辨者判断 是 还是 。 本文

的听辨实验采用第
一

种方式 。 首先编写 脚本程序 让它控制每组中 的 个合成样本 。

实验开始时 ， 个样本会按随机顺序在电脑上播放 每个样本 以 秒 的 间隔播放三遍后 ， 电脑

屏幕上会立刻出现 、 两个选项 ，
听辨者根据听到 的声音决定选 还是 两者必选其

一 不

可漏选 ，
且一定要在 秒钟之内做 出选择。 连续听完六组合成样本 大概需要二十几分钟 。 听

辨者年龄在 至 岁 之间 年龄分布合理 ， 都出生和生活于禹 州境内 ， 只讲禹州方言 不带其

它 口 音 。 听辨工作以走访形式在禹 州 的不同地点进行 。

根据最终得到 的 人的听辨数据 计算 出 每组的 个样本被听成两个 目 的词 的百

分 比数 ， 见图 和 图 所示 。 可以看出 ， 禹州方言四个声调两两之间都有着明显边界的范畴感

知 ， 即在范畴内 部无论基频如何变化都只能被感知为同
一个声调

一

旦变化跨越范畴边界就被

感知为另
一

个声调 。

斫成打 成大 赛纖大 （ 听瓛打 （

！
參

从大 合翁到打

一 成搭 一 一 赛戚大 晚威大 —— 赞戚鑼

◎ ！

‘ 播 — 癱 “

孰鑤 僉威翻大■

一 辑蠘达 ——新戚 威打 ■ 》 縝缝

； 荽 ，

妨

…

■

… ■

从达 舍成 打 从打 龠瓛薦运

图 上 上 声对 去 声 ；
中 ： 阴 平对去声

；
下 ： 阳平 对上 声
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这 组又可分两种情况 。 图 的 组为第一种情况 ： 从图 上可看到 ， 在从上声
“

打
”

合成

到去声的情况下 ， 感知边界在左起第四个样本处 在从去声
“

大
”

合成到 上声 的情况下
， 感知边

界在左起第七个样本处 也就是说 不管是从上声合成到去声 还是从去声合成到上声 ， 感知边

界是重合的 。 图 中 ， 不论是 阴平
“

搭
”

合成到去声 还是去声
“

大
”

合成到阴平 ， 感知边界也都

大致在 同
一

个点上 。 图 下也基本如此 。

断成达 鰣 折成大 成达

琴

朽
‘

滅 ；

！

！

“

‘

一
、

：

！

从然 合殲囊大 从大§ 舍 剩达

一 一 管威搭 （ ％ 》 赞蠘达 《 煞 》
一 一銜 戚达 《耗 》 明 處搽

！ 一

；

了

运 、

‘

卜 寸
— “

‘

■

：

从燼 龠翁

械搭 一 听成打
…

— 打

窗
一

、

从搭 合激到打 从打 到搭

图 上
： 阳 平对去声

； 中 ： 阴 平对 阳 平 ； 下 ： 阴 平对上声

第二种情况是 图 的 组 。 图 上 在从 阳平
“

达
”

合成到去声时 ， 感知边界落在左起第五

个样本处 然而
，
在从去声

“

大
”

合成到阳平时 ， 感知边界却落在了 左起第六个样本后 、 接近第

七个样本处 ， 就是说 ， 两种合成方向的感知边界没有落在同一个点上 而是彼此跨越 ， 有
一

个重

叠段 。 图 中 ， 从阴平
“

搭
”

合成到阳平时 ， 感知边界在左起第 四个样本稍后处 ， 从阳平
“

达
”

合

成到阴平时 感知边界在左起第七个样本处 也有互相跨越 的重叠段 。 图 下
， 阴 平

“

搭
”

合成

到上声时 感知边界在左起第 五个样本处 从上声
“

打
”

合成到 阴平时 ， 边界在左起第六个样本

稍后处 情况相似 。 不过 ， 这 组还是有不 同 ， 阳平 去声组 的重叠段 比较长 ， 而阴平 阳平组

和阴平 上声组 的重叠段比较短 。 参看图 的示意 。
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达 、 — ！ ？

。

大

样本

搭 — 一 — …

一

— —丄 达

样本

播 打

样本

图
“

达 大
” “

搭 达
” “

搭 打
”

的感 知边界跨越示意 图

是什么导致了这种感知边界错位而不重合的现象 ？ 可 以从基频曲 线 、音强 、音长 、 音 色和

发声等几个方面去逐
一

进行分析 。 首先 ， 用于合成 的 四个母本是同
一

个发音人在基本相 同 的

强度上发出的 并且在合成的过程中也没有改变音强
，
因此可以排除音强的作用 。 其次 ， 音长

的影响也基本可以忽略 ， 因为如上文 所言 禹州 方言的 四声在音长上不存在显著性差异 ，

也就是说 长点儿 、 短点儿对 四声 的感知并没有多大影响 。 再次 ， 音色方面 用于听辨的 个

声音样本都拥有相同的声 、 韵母结构 ， 都有着基本相 同 的共振峰模式 ， 因此音色 的作 用也

可以排除 。

有
一

个基频 曲线 的
“

拐点
”

问题需要特别讨论 。 金健和施其生 （ 在研究闽

语谷饶方言时发现 ，
基频 曲线上拐点位置的前后对声调的感知有影响 并认为有必要将拐点前

后作为各种调型中都可能出现的区别特征进行研究。 从 图 可知 ， 禹州 方言阳 平调是先大致

持平再下降 中间有拐点 而去声调从最高点直直地降到最低点 ， 中间 无拐点 。 是不是拐点的

有无造成了此二调感知边界的跨越不重合现象呢 ？ 我们的合成设计可以排除这种可能性 。 顺

着图 中的箭头往下看 ， 阳 平基频线上 的拐点在随着调形的变化而逐渐平滑化 直至拐点消

失 。 逆着箭头往上看 ， 去声调形上本无拐点 随着它慢慢地变成 阳平调形 拐点也渐渐出现 、最

后确定 。 这种基频模式的均匀缓变肯定会影响 到阳平和 去声 的感知 ，
随着拐点的逐渐模糊消

失 ， 听辨人越来越听成去声 ’ 反过来 ’ 随着拐点的渐渐出现 听辨人越来越听成阳平 。 但是在没

有基频以外的因素起作用时 ， 从阳平合成到 去声和从去声合成到 阳平两种情况下的感知边界

应该是重合的 ， 因 为这两种情况下 的合成都是采用 了 同一套基频值 ， 不管有没有 拐点 ，
纯粹基

频的改变不会造成两种情况下感知边界的交叉跨越 。 同理 图 中 的 阴平 阳平对及阴平 上

声对的感知边界跨越不重合现象也不是拐点造成的 。

排除了其他因素 ， 造成感知边界不重合现象的 看来最有可能是发声类型的差异 。

下面对禹州方言四声 的发声特点作
一些分析 。

孔江平 曾 用基频 （ 、开商 （ 、 速度商 （ 这三个参数对普通话 的声调

模式作过研究 。 他认为基频模式反应的是声源 的时域特性 ， 速度商和开商模式反 映的是声源

的频率域特性 ， 前者可被看作
“

调时模式
”

，
后两者可被看作

“

调声模式
”

，
三个参数结合才能更

好地描述声调的特征 。 基于此 我们请发音人男 再次进行录音 ， 同步采集 了他 的声音信号

和喉头仪信号 （ ， 并从他的 阴平
“

搭
”

、 阳平
“

达
”

、上声
“

打
”

和去声
“

大
”

中各选 出

个双通道语音样本进行 了基频 、 开商和速度商提取 然后按 四个调类把各样本的 、 和

值分别作了平均和数学拟合 如图 和图 所示 。
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阴 平搭 （ 阳平达 上声打糾 去声大

—
—

— 鍾
—

娜一
— —

■‘ —■— —

兄

籍善！ ！ 摩籍邊 播

‘

拟合癍 拟合后 拟合后 拟合后

图 禹 州 方 言 四个声调 的开 商模 式 （ 拟 合后 ）

阴平搭 （ 〉
丨 阳平达 （ 〉 上声打 （ 去声大 （

—
— ——――

、 一 … 一 …

， ”
一 、

、

、

十 、

拟合后 丨 拟合后
■

一
》一 拟合后 拟合后

一 拟合后 — 拟合后 一 拟合后 一 拟合后

图 禹 州 方言 四 个声调 的 基频和 速度 商模 式 （ 每 图 内 上 拟合后
；
下 拟合后 ）

图 显示 禹州方言四个声调的开商值各 自在 不同 的 范 围 内变化 ， 阴平从 微升至

，
阳平从 高升至

，
上声从 微升至 去声从 渐升至 。

阴平和上声的上升幅度很小 ，
阳平和去声的上升幅度 明显较大 。 若阳平和去声相比较 ， 前者的

升幅 比后者要大得多 ， 前者各点 的开商值都大于后者 中各对应点的 开商值 。

图 中 四个声调的速度商 曲线也显示 出 了不 同 的变化趋势 。 随着 阴平调基频的缓缓上

升 ， 其速度商也明显上升 ， 只是在末尾才略有降势 。 阳平调的速度商随基频 的弧形下降而略有

上升 。 上声的基频有很轻微的上升 但其速度商却明显呈降势 。 去声最特别 ， 其基频曲线斜直

下降
，
而其速度 商 则 先 陡升再 陡降 ，

呈 大弧形 。 总体上 看 ，
四 个声 调 速度 商 的 最大 值为

最小值为 均值为 标准差为 。

由此可见 发音人男 的四个声调 除了在基频 曲线 上表现为不 同 的模式外 ， 在发声方面

也各有特点 。

合成器属于波形拼接的合成方式 ， 它在改变声音样本的基频和音长时 ， 并不改

变其发声类型 。 在
一

个声调对立组中 把第
一

个声调的原声一步步合成到第二个声调的基频

时 只是改动 了基频曲线 原声调的发声特性仍然保 留在合成所得 的样本中
； 反之 对第二个声

调进行合成时 其发声特性也一

直被保留在合成所得 的样本 中 。 理论上 ， 当两个声调的发声特

性不相 同时 在合成样本中滞留下来的发声特性会和基频 同时对声调的感知起作用 。 当基频

的逐步变化到达可能的范畴边界时 原声的发声特点会继续起作用 ，
倾向于使听辨者把合成的

样本仍然感知为原来的声调 ， 于是就推动范畴边界后移 。 在来 自 同一个对立组的前 个样本

与后 个样本 中 范畴边界朝着相反的方向 被推动 ， 就形成了 图 和图 中所示的 、两个不 同

方 向的范畴边界不重合的现象 。 换言之 ， 发声类型的不同可以影响声调感知 。

、
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显然 发声类型在不同的对立组中起作用不 同 。 有三组基本不起作用 起作用 的三组 如

前文已 指出 ， 同样 出现感知边界互相跨越的情况 阴平 阳平对立组和阴 平 上声对立组在程

度上比 阳平 去声对立组弱很多 。 对此需要有
一

个解释 。

上戸 去声 一 阴平 去芦 阳平 上声

“

… 」

—阴平 平 阴 平
■

上 声
田平 ，》

■

去声

“ 一 一 …— — “ “

—

— 一

一 一

：

图 禹 州 四 声轨迹两 两 比 较

图 显示 了六个对立组的基频轨迹 。 可以看 出 ，
不 同组 的声调的终点 即调尾音高差有所

不 同 上 去 、 阴平 去和 阳平 上的调尾音高差都较大 （ 跨 度或 度 ） ； 阴 平 阳平 、 阴 平 上

和 阳平 去的调尾音高差都较小 （ 跨两度 ） 。 后三组 中 ， 阳平 去调头的音 高差非常小 。 总之
，

直观地看 ，
后三组 比前三组调形差别小 而阳平和去声的调形差别最小。

显而易 知 调形差别的大小 对应基频模式对声调 的 区别力 的强弱 。 在禹 州 方言中 这又

恰好对应发声类型对声调感知所起作用的 大小 ： 前三组基本上是基频模式在起作用 后三组都

有发声类型的作用 ，
而以阳平 去声对立组中的 发声类型作用最大 。

我们的结论是 ： 在禹 州方言的声调感知中 基频模式起主要作用 发声类型起补偿作用
； 在

基频区别力 强的情况下 发声对感知的贡献较小 相反 ， 在基频区别力弱的情况下 ， 发声在感知

上的作用就会变大 。 这个认识 能在声调研究上启发我们作更多 的思考 。
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国际中 国语言学学会第 届年会暨

第 届北美汉语语言学年会

由 国际中 国语言学学会主办 ， 马里兰大学语言 、文学及文化学院承办的 国际中国语言学学

会第 届年会 暨第 届北美汉语语言学年会 （ 于 年 月 日 至

日 在美国马里兰大学召开。

会议共收到论文 余篇 经专家匿名评审 ， 最终有来 自 个国家和地区 、 所大学和

研究机构的 余名参会者报告了 余篇论文 ， 内容涉及汉语及中 国境内语言的 句法、 音

系 、形态 、 儿童语言习得 、
二语习得 、社会语言学 、 应用语言学等方面 的研究 。 北京语言大学李

宇 明教授 、台湾新竹清华大学曹逢甫教授 、 台北 中央研究院语言学研究所郑秋豫研究员做了会

议主 旨演讲 。 大会另设
“

汉语全球化研讨圆桌会议
”

和
“

语言与方言研讨圆桌会议
”

。 经会议

组委会学术委员 的严格评选 南开大学博士生盛益民获得本年度
“

青年学者奖
”

。

国际 中 国语言学学会于 月 日下午召开全体会员大会 台北 中央研究院语言学研究所

郑秋豫研究员就任新一届会长 。 美国威斯康辛大学张洪明教授在为学会服务了十四年之后卸

任执行秘书长一职 ， 由 中 国社会科学院语言研究所胡建华研究员接任 。 这是国际中 国语言学

学会 自 年成立以来 首次 由 中 国内地学者担任执行秘书长 ， 学会秘书处 同时也移至中 国

内地 。 国际中 国语言学学会秘书处负责学会的 日 常运作 是学会的主要职能部门 。

国际 中 国语言学学会第 届年会将于 年 月 日 在韩国首尔汉阳大学举行 。

秘书处
）

方 言
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一、实验材料
戏谚云 ：“千金话白四两唱”，昆曲界也有“一

引二白三曲子”之说，充分说明念白在戏曲的重要

地位。正如昆曲大家俞振飞先生所说，曲子有谱，

有伴奏，唱者有所依傍 ；引子有谱，无伴奏，比较

难些 ；白口则既无伴奏，也无谱子，怎样念得准确、

好听，全由演员自己掌握，所以难度更大。①事实

也是如此，念白本身没有旋律，学者无法通过乐谱

化的固定旋律来进行字调的比较研究，演员也无法

进行依谱念唱，唯一能作为依托的是字声，即字调

的四声阴阳规律，所依韵书主要有三 ：《中原音韵》、

《洪武正韵》、《韵学骊珠》。虽然，这三者之间有着

密切继承关系，但当前昆曲在传承中到底是遵循何

种韵书，学界还有着不同的观点，相对比较统一的

观点认为，《韵学骊珠》是其诞生以来昆曲遵循的

主要法度。近代以来，部分曲家通过长期的表演实

践，对昆曲的念唱规律进行了系统总结，如俞振飞

先生的《谈昆曲的唱念做》、《念白要领》、《习曲要

解》，宋衡之先生的《昆曲唱念基础知识》等。但，

综合历代学者、曲家对昆曲字声规律、念唱规律的

相关研究来看，昆曲艺人在念白上虽有“成规”，

但并非“定规”。主要是根据字调四声阴阳结合曲

情进行“自我处理”，其节奏、声调、长短、强弱

均具有一定的弹性和自由性。因此，本文试图从声

学角度对昆曲念白进行系统研究，以期探索昆曲念

白在声调上的“定规”与“自由度”。

实验材料是选取南昆旦行代表剧目《牡丹亭·惊

梦》、《玉簪记·偷诗》、《铁冠图·刺虎》三段念白。

发音人是苏昆自“传”字辈开始的第三代演员，师

承正宗，音色清纯。（1965 年生，昆曲表演艺术家，

国家一级演员。1985 年毕业于江苏省戏剧学校，师

从张娴、张继青、胡锦芳，工闺门旦、正旦。）录

音样本分表演念白和中州韵念白、普通话念白三部

分。表演念白是昆曲演员（生行和旦行）舞台表演

中的念白，即中州韵的舞台念白简称“韵白”；中

州韵念白是演员用日常说话的方式，按照中州韵（演

员师承学习过程中的固定字音）逐字将韵白部分念

出，简称为“中州韵”。研究对象则是“韵白”与

□韩启超

南昆念白声学实验分析（一）

摘　要 ：昆曲念白是研究昆曲艺术的重要内容之一，本课题《昆曲念白声学实验分析》在关注音乐

本体的基础上，运用言语声学的理论与方法，对昆曲念白进行声学实验分析，以期探索研究昆曲艺术的新

途径。因此，本文主要集中在三个方面 ：昆曲念白的声调、昆曲念白的时长、昆曲念白的音高。通过定性

与定量的分析，对昆曲“韵白”声调进行合理拟测，归纳出“韵白”声调特征 ；在“韵白”与“中州韵”

念白时长的比较中归纳出韵白时长与节奏关系；在“韵白”与“中州韵”念白音高的比较中，归纳出“韵白”

音高与字声、旋律、曲情的关系等等。

关键词 ：南昆 ；念白 ；声调 ；韵白 ；中州韵 ；构拟

作者简介 ：韩启超（1977~　），男，浙江师范

大学音乐学院副教授，北京民族音乐研究与传播基

地兼职研究员。

① 俞振飞：《念白要领》，《俞振飞艺术论集》，上海：

上海文艺出版社，1985 年，第 363 页。

DOI:10.14113/j.cnki.cn11-1316/j.2014.04.016
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“中州韵”，全部样本共计 3 段，47 句，280 个字（包

括重复）。其中《牡丹亭·惊梦》原有 32 个字，去

掉重复，共计 28 个字 ；《玉簪记·偷诗》原有 106

个字，去掉重复，共计 91 个字 ；《铁冠图·刺虎》

原有 142 个字，去掉重复，共有 101 个字。当然，

不同唱段之间的重复不在统计之内。

二、实验方法
录音是在安静的起居室完成。语音信号由索尼

电容式麦克风采录，录音时麦克风挂在演员的胸前，

距离唇部 15—21 厘米。标准采样频率为 20kHz，分

辨率 16 比特。每段录音后都包含了一段用于校准

的 1000Hz 声音，以及该声音在相应距离下的声级

数值。实验分析中采用的标准采样频率为 11025Hz，

分辨率 16 比特。

录音材料综合运用 Labchart7、Audition 进行预

处理，所有长于 10 毫秒的空白段都被切除。然后

将录音材料以单字和单句为单位分别进行剪切，提

取语音分析数据，所用软件是 Wave Surfer。然后

用 Praat 软件提取基频、计算时长、音高，并参照

Wave Surfer、Mat Lab 平台自编程序处理结果。用

Excel 进行换算，运用 SSPS 进行相关性分析。

三、实验结果
（一）昆曲念白时长

1. 整句时长对照

时长单位 ：秒（s），截取样本时遵循四舍五入

精确到毫秒（ms）。（见文后所附表 1、2、3）

通过统计发现，三段念白中，韵白和中州韵共

有者计 48 句（《铁冠图·刺虎》中，“罢，罢，罢！”

三字合在一起，算为一句），其中 42 句韵白时值比

中州韵长，占 87.5%。只有 6 句中州韵时值比韵白

时值长，占 12.5%，而这 6 句中，最长差额是 1 秒，

有 2 句的时值差额还不到 0.01 秒，基本可以忽略。

单句最长差额为 15.512 秒，如《牡丹亭·惊梦》“恁

般天气好困人也！”之句。可见昆曲整句韵白时值

总体比中州韵时值长，说明昆曲生行、旦行等以中

州韵为标准的演员在进行念白表演时，其整句的时

长普遍比正常说话状态下的整句时长要长，也即昆

曲韵白大都是正常语言的拉伸。从这三个唱段时长

比较来看，这种语言的延伸拉长往往是根据曲情来

确定。曲情舒缓、情绪低回、感情真挚时一般时值

较长，乐句呈延伸状态 ；而曲情激烈、紧张、情感

激愤时乐句往往呈压缩状态，即韵白节奏较快，语

言急促，相对时值比较短促。

2. 单字时长比较

单位 ：ms（毫秒），截取样本时遵循四舍五入

精确到毫秒。（见表 4）

按照表四所列《牡丹亭·惊梦》韵白、中州韵

单字时长数据比较的方法，对《玉簪记·偷诗》、《铁

冠图·刺虎》中的韵白、中州韵单字时长进行列表

比较（具体数据表不再列出）。

通过统计发现，三段 280 个字中，220 个字韵

白时值大于或等于中州韵时值，60 个字韵白时值

小于中州韵时值，韵白时值大于或等于中州韵者占

78.6%，韵白时值小于中州韵者占 21.4%，这一数

据与整句中韵白、中州韵时长比例近似，充分说明

在昆曲表演中，韵白字大都是中州韵字时值的拉伸

扩展。

基于这三个样本来看，将中州韵字时值延伸最

长为 7988 毫秒，即其延伸的范围为 0—7988 毫秒，

平均延伸为 595 毫秒 ；当然，部分字也根据剧情及

字调特征加以紧缩（韵白时值小于中州韵时值），

其紧缩的范围为 0—283 毫秒，平均紧缩为 105 毫秒。

通过《韵学骊珠》七个声调类别的查证，这 60 个

紧缩字中（包括不同段落的重复字，用阿拉伯数字

加以区别），上声字最多，为 16 个：我 1、我 2、我 3、

我 4、我 5、此 1、此 2、写、缕、可、想、取、了、把、

首、指，占 26.7%；其次是阴平声，有 15 个：心、先、

中 1、中 2、思、将、经、心、家、皆、宫、身、君、

兄、只，占 25% ；阴入声 8 个 ：一 1、一 2、笔、得、

国、压、作、得，占 13.3%；阴去声 8 个：寄、自、睡、

笑、些、个、在、近，占 13.3%；阳平声 8 个：词、情、

唔、云、凡、为 1、为 2、时，占 13.3%；阳去声 3 个：

自、念、望，占 5% ；阳入声 2 个 ：夺、贼，占 3%。

整体来看，规律并不明显。但排除连读、弱音

等现象，基本可以推定昆曲念白中上声字和平声字

常常在时值上出现紧缩现象，而入声字则并不明显。

还有一个现象比较突出，即“我”字，三段之中共

有 8 次重复，紧缩字占 62.5%、；“一”字共有 6 个，

紧缩字占 33.3% ；、“中”字共有 2 个，紧缩字占

100% ；“此”字共 4 个，紧缩字占 50%。这说明昆

曲念白中部分常用字本身具有紧缩特性，但具体是

哪些字，尚需进一步统计。

统计韵白比中州韵时长差值超过 1000 毫秒的

有 28 个，其中上声字最多，9 个，占 32% ；其次
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是阴平字 5 个，阴去字 5 个，阳去字 5 个，入声字（阴

入）仅有 1 个。由此可知，上声字在所有声调类别

中最具弹性，既可以任意压缩时值，又可以极大地

延伸拓展时值，从而丰富念白的节奏性、旋律性。

其次是阴平字也具有随意紧缩和伸展的特性，去声

字的延展性相对比紧缩性显著，而入声字可以紧缩

却极少能够延伸拉长。

从句子结构来看，每句的首字时长与尾字时长

有着显著不同，详见文后图 1、2、3、4、5、6。

结合表四以及其他两段的统计数据，可以看

出，这三段念白在每句的首字与尾字的时长安排

上有着显著的规律。即每一完整句（意思表述完

整，往往以句号、问号、叹号为标志）的句尾字

韵白时长都数倍于中州韵时长（最长超过 10 倍，

如《牡丹亭·惊梦》段中的“也”字），同时也显

著长于句首字时长。句首字（包括完整句中的分

句句首）平均时长 644.9ms，韵白与中州韵平均差

值是 191.5ms。而句尾字（包括分句句尾字）的平

均时长是 1634.6ms，韵白与中州韵的平均差值是

1107.4ms。整句句尾字的平均时长达到 2916.5ms，

韵白与中州韵的差值达到 2315.1ms。这其中只有

一句句尾字例外，即《铁冠图·刺虎》中的“得”字，

韵白时长比中州韵时长短 201ms，究其原因，“得”

是入声字。这印证了昆曲界多年唱念经验的总结，

即 ：“入声必短促”之论断，也说明在昆曲创作中，

入声字一般是不能作为句尾字，即便在句中也很

少重复或者频繁使用。

分句（意思表述不完整，往往以逗号为标志）

句尾字平均时长为 618.5ms，韵白与中州韵平均差

值为 123.4ms。将分句句尾字时长与整句句尾字时

长比较，可知，整句句尾字时长平均是分句句尾

字时长的 4.7 倍。从三段句子结构来看，一个整

句含 2 个分句的句式最为普遍，这就形成了一种

“短”+“长”的韵白时长模式。这种一短一长的尾

字时长结构造成了一种固定的节奏长短模式，与常

规音乐作品的乐句结构有着惊人的吻合。对此，诸

多曲式学论著都提到这一现象，认为旋律和语言一

样，并不是永无停歇连贯不断地进行着，而是抑扬

顿挫分成许多大大小小的相互联系的部分。一般是

两个乐节构成一个乐句，两个乐句构成一个乐段。

在每一个乐句结束时往往是以长休止或者长音符作

为乐思完整或不完整的标志。②问题在于是语言自

身的句子节奏规律影响了旋律句子结构特征的形

成，还是旋律的曲式结构影响了语言的结构？这很

难说清，但从语言发生学的角度来说，显然是人类

语言的节奏、结构模式影响了音乐旋律的节奏、结

构特征。至少，从昆曲念白的句子特征来看，业已

形成了和音乐旋律基本一致的特性。这种特征也影

响了昆曲唱腔的旋律结构，使昆曲唱腔旋律中的乐

句不仅具有这种“短 + 长”的模式，而且明显成为

韵白结构扩展后的再现，即无论是分句句尾还是整

句句尾，都是时值相对较长，形成一种稳定、均衡

的美学特征，为昆曲在演唱上形成“每度一字，几

尽一刻”，③“气无烟火，细如游丝”④的“水磨腔”

提供了可能。

另外，从所有录音样本 280 个字的韵白与中州

韵时长曲线图（图 7）来看，昆曲中州韵念白时长

比较均匀、舒缓，处于同一水平曲线。而韵白时长

则长短不一，极具跳跃性，显示了昆曲韵白的节奏

性、律动性比较突出。正如俞振飞先生所说 ：戏中

情节的推进，人物思想情感的变化，经常是通过人

物的独白和对白交代给观众的。⑤因此，韵白复杂

的节奏性、律动性能够增强戏剧矛盾冲突、彰显人

物形象，加深观众对剧情的理解，对演唱用典的理

解，增强演出的效果。

（二）昆曲念白音高

根据表 5、6、7 完整数据，利用相关软件可以

得出这三段 280 个字的韵白与中州韵整句音高走势

比较曲线图。以《牡丹亭·惊梦》为例（图中“韵”

指“韵白”，“本”指“中州韵”，MAX 代表最大值，

MIN 代表最小值，AVE 代表平均值），具体曲线如图 8。

从表七、表八、表九以及图 8 所代表的三段念

白整句音高走势比较曲线图来看 ：

韵 白 音 高 跳 跃 性 较 大， 其 整 体 音 域 范 围 为

② 李重光 ：《基本乐理》，北京 ：高等教育出版社，

1992 年，第 104-105 页。

③［明］袁宏道 ：《虎丘记》，《袁中郎全集》，上海 ：

中央书店，1935 年，第 1 页。

④［明］沈宠绥 ：《度曲须知·曲运隆衰》，《中国古

典戏曲论著集成》（五），北京：中国戏剧出版社，1959 年，

第 198 页。

⑤ 俞振飞 ：《戏曲表演艺术的基础》，《俞振飞艺术

论集》，上海 ：上海文艺出版社，1985 年，第 272 页。
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137Hz——913Hz ；中州韵比较平稳，音域范围为

55Hz—372Hz。韵白的平均音高是 504Hz，中州韵

平均音高是 228Hz，二者相差 276Hz。换算成固定

音高值，韵白整体音域范围是 C— b2，跨越 3 个

八度，中州韵整体音域范围是 A1— f。日常男声说

话的频率范围是 ：95Hz—142Hz，女声频率范围是 ：

272Hz—653Hz ；声乐演唱中，一般能够有效利用的

音域范围是 80Hz—1300Hz，女中音约为 170Hz—

683Hz，女高音约为 246Hz—1024Hz。这表明三段

昆曲韵白女声样本的音域比正常女声说话频率范围

宽，在同一人发声的情况下，韵白整体音域比中州

韵高两个八度还多，这应该是一种比较特殊的现象，

或者说演员在念白时是处于一种真假声结合的状

态，不仅仅是在时长上对语言进行拉伸或紧缩，还

在音高上进行“转喉押调”，整体移高，以形成“疾

徐、高下、清浊”⑥、“婉协、毕匀”之声⑦。

另外，韵白单字音域跨度也比较大，在所有

280 个韵白字中，有 134 个单字音域超过 200Hz，

单字音域最大跨度的是《铁冠图·刺虎》“为君父

报仇”句中的“报”字，音域范围是 234Hz——

913Hz（接近 b—— b2），落差为 679Hz，单字音高

曲线跨越 2 个八度，这在昆曲演唱中几乎是不可能

的，足见念白难度之大。如图 9。

单字音域超过 400Hz（音高在 g1 之上）有 14

个字，其中 13 个字集中在《铁冠图·刺虎》中（费、

宫、流、篡、报 1、主、报 2、他、为、罢、待、有、

理），另外一个在《牡丹亭·惊梦》中（谴）。结合

平均音高值来看，韵白中的大部分字音高还是集中

在中音区，以真声为主。从三段韵白的曲情来看，《铁

冠图·刺虎》是全剧的高潮，情绪起伏较大，字里

行间充满激愤、仇恨之意。如此曲情造就了演员在

念白时，频繁将字调音域范围拉大，以突出剧情的

戏剧化。反过来，正因为是大量的宽音域字的出现，

频繁的音域跳动进一步彰显了曲情、人物的激愤之

意。结合调类来看，这些跨度大的字在调类归属上

并没有明显的规律，这进一步说明昆曲念白的音高

域值往往是根据曲情来处理的。昆曲念白在音高上

虽有“起调”一说，并没有严格的“定规”，而是

有着一定的“自由度”。魏良辅所谓“疾徐、高下、

清浊之数一依本宫”⑧，显然并非针对昆曲念白实践。

从句子（包括整句和分句）音高走向来看，中

州韵音高相对平稳，基本在 228Hz（接近 b）上下

波动，说明声音非常低沉。韵白的音高走势基本呈

现出三种类型 ：

（1）“低开——中高——低收”；

（2）“低开——中高——高收”；

（3）“高开——中高——低收”；

这三种类型的共性是“中高”（句子中间的部

分音域高）。从三段样本 24 整句（包括 48 个分句）

情况来看，除了 2 句是“低开——中高——高收”，

1 句是“高开——中高——低收”外，其他 21 个句

子都是“低开——中高——低收”，大量的分句也

都符合“低——高——低”这一类型。这足以说明

昆曲念白中的句子在音高处理上普遍是中间部分的

音域偏高，而“低开——中高——低收”则构成了

昆曲念白中句子音高走势的基本形态。当然，“中高”

并不是绝对的，这要视句子的长短，如果句子长的

话，“中高”往往会呈现出波动，从而形成“中高——

中低——中高”的现象。

将这三段样本所有分句的首字、中字（以均分

为主，如果不能均分，大体取中间部分音高均值最

高的字）、尾字平均音高进行统计，其结果也印证

了这一说法，见图 10。

从统计情况来看，最高音域的字一般在句中，

“首低”并不意味着首字是最低音，“尾低”也不意

味着尾字是最低，仅是相对而言。一般情况下，句

子的倒数第 2 或 3 字音最低，如“黄—稳”句、“我—

得”句、“为—端”句、“指—仇”句等。

昆曲旦行念白句子在“首——中——尾”部分

所呈现出的“低开——中高——低收”的特征与昆

曲在唱腔时针对念字所形成的“橄榄腔”非常吻合。

所谓“橄榄腔”，清代叶怀庭就曾提到过，俞振飞

先生界定曰 ：“每支曲子的每个字都有它一定发挥

的地方。所谓抑扬的唱腔，最适宜用在俗称‘宕三眼’

的地方，或者是散板中的卖腔，唱时由轻而响，再

⑥［清］余怀：《寄畅园闻歌记》，见［清］张山来《虞

初新志》第二册卷四，上海进步书局影印本，民国年间，

第 5—6 页。

⑦［明］沈宠绥 ：《度曲须知》，《中国古典戏曲论著

集成》（五），北京：中国戏剧出版社，1959 年，第 198 页。

⑧［清］余怀：《寄畅园闻歌记》，见［清］张山来《虞

初新志》第二册卷四，上海进步书局影印本，民国年间，

第 5—6 页。
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由响而收，像橄榄一样，首尾细，中间大。这种唱法，

名为橄榄腔。”⑨顾聆森先生进一步指出，作为昆曲

腔格之一，“橄榄腔”在演唱时是“凡一音延伸数拍，

唱时先控制音量，然后慢慢放足，过半后又渐渐收

细。音量两头轻细，中间宏大。”⑩

不言而喻，昆曲韵白中所呈现的句子音高走向

特征也正是这种“唱时由轻而响，再由响而收，”“音

量两头轻细，中间宏大”的橄榄状，只是韵白是以

句子的形式呈现出音高上的橄榄状，而非唱腔单字

在音量上的橄榄状。正是因袭了单字腔格“橄榄腔”

的韵味，才形成了昆曲从单字唱腔到整句韵白都呈

现出典型的抑扬顿挫之独特韵味。

总之，韵白相对于中州韵在音高上所显示的大

幅跳跃性，形成了韵白蜿蜒曲折、跌宕起伏的旋律

特色，构成了昆曲念白特殊的润腔特色，增强了韵

白的旋律性、音乐性。但这种字与字之间快速的音

高跳动、单字内的大幅音高转换也增强了韵白乐谱

化、固定旋律化的难度，加剧了演员学习和表演的

难度，使得昆曲在传承、普及上受到局限。

（三）昆曲念白调值

1. 昆曲念白字调归类

根据《韵学骊珠》统计，综合韵书的注释和曲

情内容，将三段念白 280 个字的声调划分为七个韵

类，以《牡丹亭·惊梦》为例，列如表 8。

《玉簪记·偷诗》、《铁冠图·刺虎》所属调类、

韵部统计表，与表十格式相同，不再一一列出。仅

就调类归属来看，《玉簪记·偷诗》原文有 105 个字，

去掉重复者，共计 91 个字。具体如表 9。

《铁冠图·刺虎》原文有 142 个字，去掉重复者，

共有 101 个字，调类归属如表 10。

归纳起来，三段 280 个字中，去掉所有重复，

阴平声 44 个字、阳平声 39 个字、上声 38 个字、

阴去声 28 个、阳去声 30 个、阴入声 12 个、阳入

声 11 个。

2. 昆曲念白中州韵调值拟测

利 用 Praat 软 件 将 所 有 280 个 中 州 韵 字 的

声调基频曲线提取出来，提取时设置 pitch 值为

50Hz——500Hz，去掉弯头降尾，确定声调长度之后，

通过固定程序设置获取 20 个等分基频数据。在归

一化处理的基础上，计算出七个调类的均值，具体

如图 11（具体操作时同时参考 Wave Surfe 软件所提

取数据）：

将上述基频平均数据根据五度值公式（公式 1）

求出声调五度值格局图（图 12）。

公式 1 ：

T = （lgx-lgb）/ （lga-lgb） ×5。

公式中 a 为调域频率最大值，b 为调域频率最

小值，x 为测量点频率值，取常用对数目的是为了

让五度值与听感相吻合。

从图 11、图 12 中可以明确看出，这三段念白

中州韵所反映七个调类的平均调值及其曲线总体呈

下降趋势。具体来说，阴平声略降，调值为 54 ；阳

平声为曲线，时长均值最长，调值接近为 313 ；上

声为降调，调值为 41 ；阴去声为降调，调值为 51 ；

阳去声与阴去声基本相同，为降调，调值为 51 ；阴

入声最为短促，为降调，调值为 52 ；阳入声较为短

促，曲线，调值为 323。

当然，三段念白中，有个别字的声调曲线与上

文所拟测的均值有着显著不同，据统计，在七个调

类中，差异最多的是阳平声，有 10 个，如“么”、“聊”、

“奴”、“谁”、“为”、“于”、“宜”等 ；其次是阴平

声，有 5 个，如“和”、“精”、“幽”等；上声有 3 个，

如“也”、“纸”；阳去声 2 个，如“沉”、“缠”；阳

去声以及入声均没有。个别字的实际声调曲线如图

13、14、15、16（篇幅限制，每个调类列举一例）。

由此可以说明演员在以正常言语状态念中州韵

过程中，阳平声的字在调值上相对比较自由，或者

说昆曲演员在阳平声调的处理上自由度相对于其他

调类来说比较大，而阴去声、入声基本是固定化的，

在声调上有着严格的限制。

当然，上述对中州韵调值所进行的构拟结果以

及部分字声调与五度均值产生差异化的具体原因，

主要有三点 ：

第一，这些字受连读、重音等影响 ；

第二，受曲情影响 ；

第三，受普通话与地方方言的影响，演员在学

念过程中出现字调的偏离。

3. 昆曲韵白调值构拟及其与中州韵调值比较

按照计算中州韵字五度值的相同方法，得出

⑨ 俞振飞 ：《振飞曲谱·习曲要解》，上海 ：上海文

艺书出版社，1982 年，第 22 页。

⑩ 顾聆森 ：《昆曲腔格汇释》，《戏曲艺术》1991 年

第 1 期，第 101 页。
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280 个韵白字的声调五度值格局图，见图 17（当然，

由于是表演韵白，在提取基频曲线时特别注重与听

感配合，去掉一些与声调无关的参数）。

从图 17 中可以明确看出，这三段韵白字所反

映的七个调类的平均调值及其曲线总体呈下降趋

势。具体来说，阴平声为降，调值为 53 ；阳平声

为曲线，调值为 341 ；上声为降调，时长均值最长，

调值为 41 ；阴去声为降调，调值为 51 ；阳去声与

阴去声基本相同，为降调，调值为 41 ；阴入声极

为短促，为降调，调值为 53 ；阳入声最为短促，

曲线，调值为 545。

将韵白字五度拟测值与中州韵字五度拟测值进

行比较，可以发现两者调值基本相同，七个调类的

调值都呈现下降趋势。其中上声、阴去声调值完全

相同，均为 41、51 ；阴平声调值基本一样，中州

韵为 54，韵白为 53 ；阳去声也基本一致，中州韵

为 51，韵白为 41 ；阴入声基本一致，中州韵为 52，

韵白为 53；阳入声基本一致，曲线，只是高度不同，

中州韵为 323，韵白为 545.

二者的差异主要集中在三个方面 ：

其一，阳平声虽都是曲线，但调值走向截然不

同，中州韵是 313，韵白是 341，也就是说二者曲

线呈相反方向 ；

其二，在时长均值上，中州韵是阳平声最长，

阴入声最短，韵白是上声最长，阳入声最短 ；

其三，韵白字七个调类除了阳去声之外，调首

都呈现出上升趋势，在上升一定高度之后才开始呈

下降趋势，尤其是阴去声和阳平声，在调尾又呈现

出上升期趋势，整体呈斜 S 形。

这充分说明昆曲演员虽然都是以《韵学骊珠》

为法度，但舞台念白（韵白）与自然说话（中州韵）

在调值上还是有着相对明显的差异性。也即舞台表

演的念白在声调上具有一定的“活法”。

四、结语与讨论
俞振飞先生在《念白要领》以及《习曲要解》

中也多次总结了念白的声调特征，归纳起来有几点：

第一，韵白的高低音次序是 ：

上声——高

阴平——次高

阳平——中

入声——低

去声——次低⑪

第二，念白的调门（即笛色）。昆曲小锣的调

门是 F 调“3”音，也就是标准的念白调门。⑫

第三，昆曲念白上声字的调值符号应为“＼”，

去声字的声调符号应为“v”。无论南、北曲，都是

如此。

第四，入声字出口即住。⑬

但，从目前录音样本的实验数据及其分析结果

来看，这三段昆曲旦行的念白显然与俞先生所说有

着一定的差异。首先，韵白的高低音次序（从起音

及整体音值来看）则是阴平——阴入——阴去——

阳入——上声——阳去——阳平（由高到低排序）；

其 次， 韵 白 的 平 均 音 高 是 504Hz， 首 字 均 值 是

500Hz，尾字均值是 450Hz（参见图 10），这说明韵

白起音略高于 b1，收音略高于 a1，即只有收音符合

俞先生所说念白的标准调门——F 调的“3”音；再者，

上声调值为 41，与俞先生一致，但去声为降调（调

值为 41 或 51），其调形符号与俞先生所说“v”差

距甚远。当然，由于实验样本的局限性，并不能轻

易判定二者孰是孰非，俞先生对念白声调所做的特

征归纳，以及目前样本的实验结论都有待于进一步

论证。

综上，仅从这三段样本实验结果来看，韵白调

值与中州韵调值基本吻合，证明了昆曲韵白并没有

过于乐曲化、旋律化、自由化，而是深受字调影响，

是在字调基本规定的基础上进行不同程度的拉伸或

紧缩，也可以说是正常音调的一种夸张化结果。简

言之，这种“定规”与“自由度”体现了昆曲“有

规律的自由行动”的程式化精神。⑭

深入探究二者之间的这种“总体相同，细部

差异”的原因，可以从韵白的实际调形走势上窥见

一二。

通过对三段样本 280 个韵白字、中州韵字调形

数据及其走势分析，并结合听感，发现韵白字调形

⑪ 俞振飞 ：《振飞曲谱·念白要领》，上海 ：上海文

艺书出版社，1982 年，第 26 页。

⑫ 俞振飞 ：《振飞曲谱·念白要领》，上海 ：上海文

艺书出版社，1982 年，第 30 页。

⑬ 俞振飞 ：《振飞曲谱·念白要领》，上海 ：上海文

艺书出版社，1982 年，第 3 页。

⑭ 俞振飞 ：《程式与表演》，《俞振飞艺术论集》，上

海 ：上海文艺出版社，1985 年，第 313 页。
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基本有四种类型 ：

第一，正常调型。与正常说话状态下的中州韵

调形完全一致，是上文所构拟的声调五度值的基本

形态，共 168 个字，是主要类型。

第二，弯头提尾型。属正常调形的夸大化，

与正常调形的“弯头降尾”不同，是指其调形呈

现“低开——高升——下降——提尾 / 收尾”形状，

其主体在中段下降部分。共有 54 个字，其中阴平

字 12 个，阳平字 18 个，上声字 10 个，阴去字 6 个，

阳去字 8 个，没有入声字。它又表现出两种基本

形式 ：“弯头直尾型”和“弯头提尾形”，如图 18、

图 19。

第三，上折线型。这类调形都呈现出低开，直

线或弧线上升，然后呈直线或弧线下降。即整个调

形是上折线，中间高，两端低。共 45 个字，其中

阴平字 7 个，阳平字 10 个，上声字 15 个，阴去字

6 个，阳去字 5 个，阴入字 1 个，阳入字 2 个，如

图 20、图 21。

第四，波浪型。整个声调曲线呈波浪状，类似

颤音，是韵白固定旋律化的结果。共 13 个字，其

中阴平字 3 个，阳平字 1 个，上声字 5 个，阳去字

2 个，阴入字 1 个，阳入字 1 个，没有阴去字。波

线型还有一种变体，即通过演员的嗓音控制，形成

一种非连续性的波浪状（这类调形在计算五度值的

时候，是根据听感提取部分能区别意义的调值区间

参数），如图 22、图 23。

从字数统计来看，“弯头提尾型”阳平字最多，

占 33%，其次是阴平字 22%，上声字 18% ；“上折

线型”上声字最多，占 33%，其次是阳平字 22%，

阴平字 15% ；“波浪型”也是上声字最多，占 38%，

其次是阴平字 20%。这虽然不能充分说明某一调类

与某种调型有着直接的对应关系，但至少能进一步

印证前文有关音高和时长的统计结果，即昆曲念白

中上声字、阴平字、阳平字的声调弹性比较大，在

具体念唱中的自由度远远高于其他调类。相反，入

声字由于有着严格的定规（入声必短促），基本没

有弹性。

因此，虽然在提取时已经尽量排除一些干扰

因素，但这些不同类型的韵白单字实际调形曲线决

定了所拟构的韵白五度调值与中州韵五度调值有

着一定的差异。当然，正是这种差异才决定了韵

白的特殊性，形成了韵白的润腔特色。即基于中

州韵调值基本规则的基础上，演员通过各种发声

方法、咬字吐字方式、润腔手段，形成了不同的

调形特点，构造了昆曲念白的抑扬顿挫特色、丰

富的节奏形式和近似旋律化的特征。俞振飞先生

将其总结为“音乐性”和“语气化”，这种特征的

形成也是昆曲自身发展的必然，因为昆曲念白在

多数情况下没有乐器伴奏衬托，音量、音高、速度、

节奏全靠演员自己掌握，要实现与伴奏乐队、唱

腔之间的过渡自然，必然在字调节奏、音高、音量，

甚至音色上体现出与唱腔和打击乐队近似的节奏

性和律动性。

当然，目前为止，本研究还处于描述与构拟阶

段，更多复杂问题，如多样化条件下样本的客观性、

古代声调韵律实验的科学性、相关听感实验的体系

性、与昆曲名家对昆曲念白声调经验总结的差异性

等等，还需要进一步研究。

附言 ：本文是国家自然科学基金“戏曲嗓音发

声类型声学分析及建模研究”（批号 11204275）、中

国博士后特别资助项目（批号 2013T60013）的阶段

性研究成果。同时，本课题系列实验研究也获得北

京大学语音实验室、国家社科基金重大项目“中国

有声语言及口传文化保护与传承的数字化方法及基

础研究”（批号 10ZD&125）的支持。
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·   ·109南昆念白声学实验分析（一）

表 1 ：《牡丹亭·惊梦》韵白、中州韵整句时长比较表

念词 蓦地游春转， 小试宜春面。 春吓春！ 得和你两留连，

韵白 7.640（s） 10.981 12.754 12.218

中州韵 3.026 3.704 1.768 4.234

差值 4.614 7.276 10.986 7.984

念词 春云如何谴？ 恁般天气好困人也！

韵白 11.292 22.050

中州韵 3.975 6.538

差值 7.317 15.512

念词 我，妙常， 自见潘郎之后， 不觉精神恍惚， 情思飘荡。

韵白 3.086 7.299 5.510 6.977

中州韵 1.973 3.186 3.307 2.500

差值 1.113 4.113 2.203 4.477

念词 对此凄凉时序 好伤感人也。 ※想我在此出家，原非本性， ※只为身借宿于此，哪只弄假成真，罢。

韵白 4.295 8.417 3.062；2.949 5.223；4.791；0.922

中州韵 4.001 3.166

差值 0.294 5.251

念词 奴家费氏， 小字贞娥， 自幼选入宫闱，

韵白 3.204 4.359 6.531

中州韵 2.042 2.544 3.475

差值 1.162 1.815 3.056

念词 蒙国母娘娘命我服侍公主。 谁想（可恨）流贼篡夺我国， 杀死君父，

韵白 12.007 5.155 2.385

中州韵 6.507 5.222 1.653

差值 5.500 -0.067 0.732

表 2：《玉簪记·偷诗》韵白、中州韵整句时长比较表（部分数据）

注 ：统计时表格较为庞大，限于篇幅，仅列出局部数据，下同。

※ ：原剧中有，但录音时韵白中有，中州韵中无。

表 3 ：《铁冠图·刺虎》韵白、中州韵整句时长比较表（部分数据）
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表 4 ：《牡丹亭·惊梦》韵白、中州韵单字时长比较表

念词 蓦 地 游 春 转， 小 试 宜 春 面。 春

韵白 911 1324 1535 2047 1281 1159 1329 1352 2293 3939 1864

中州韵 485 573 521 667 685 505 859 536 755 712 597

差值 426 751 1014 1380 596 654 470 816 1538 3227 1267

念词 吓 春！ 得 和 你 两 留 连。 春 去 如

韵白 2024 7915 715 1360 935 3482 2425 1184 1380 3324 1754

中州韵 457 714 498 442 706 594 661 634 652 747 837

差值 1567 7201 217 918 229 2888 1764 550 728 2577 917

念词 何 谴？ 恁 般 天 气 好 困 人 也！

韵白 2311 1550 862 1088 1434 1255 1598 2105 1762 8843

中州韵 694 764 590 597 576 688 689 578 854 855

差值 1617 786 272 491 858 567 909 1527 908 7988

念词 蓦 地 游 春 转， 小 试 宜 春 面。 春

韵 MAX 510 458 472 508 555 632 573 526 585 581 662

韵 MIN 382 275 241 428 351 447 314 286 507 396 503

韵 AVE 446 366.5 356.5 468 453 539.5 443.5 406 546 488.5 582.5

中 MAX 319 280 233 298 302 372 285 219 287 270 311

中 MIN 173 157 180 251 163 179 157 133 267 154 275

中 AVE 246 218.5 206.5 274.5 232.5 275.5 221 176 277 212 293

念词 我， 妙 常， 自 见 潘 郎 之 后。 不 觉

韵 MAX 675 581 471 577 566 766 602 609 608 652 585

韵 MIN 378 274 322 437 467 600 430 559 422 523 441

韵 AVE 526.5 427.5 396.5 507 516.5 683 516 584 515 587.5 513

中 MAX 358 308 254 321 285 336 306 297 299 340 300

中 MIN 174 160 169 210 171 310 172 256 174 226 163

中 AVE 266 234 211.5 265.5 228 323 239 276.5 236.5 283 231.5

表 5 ：《牡丹亭·惊梦》韵白与中州韵音高数据表（部分数据）

注 ：MAX 代表最大值，MIN 代表最小值，AVE 代表平均值，“韵”代表韵白，“中”指“中州韵”，单位 ：Hz，下同。

表 6 ：《玉簪记·偷诗》韵白与中州韵音高数据表（部分数据）（单位 ：HZ）

语音乐律报告2014

80



·   ·111南昆念白声学实验分析（一）

念词 奴 家 费 氏， 小 字 贞 娥。 自 幼 选

韵 MAX 667 624 667 536 603 626 772 482 484 604 619

韵 MIN 500 336 256 324 506 430 390 296 258 302 319

韵 AVE 583.5 479.5 461.5 430 554.5 528 581 389 370.5 453 469

中 MAX 342 283 339 256 333 320 309 226 287 233 313

中 MIN 212 151 167 172 282 160 260 82 191 159 175

中 AVE 277 217 253 214 307.5 240 284.5 154 239 196 244

平　声 上　声 去　声 入　声

阴平声 阳平声 上声 阴去声 阳去声 阴入 阳入

春，真文韵 游，鸠侯韵 转，天田韵 试，支时韵 地，机微韵 得，拍陌韵 蓦，拍陌韵

和，歌羅韵 宜，机微韵 小，萧豪韵 吓，家麻韵 面，天田韵

般，欢恒韵 留，鸠侯韵 你，机微韵 去，居鱼韵 恁，侵寻韵

天，天田韵 连，天田韵 两，江阳韵 气，机微韵

如，居鱼韵 谴，天田韵 困，真文韵

何，歌羅韵 好，萧豪韵

人，真文韵 也，车蛇韵

阴平声
潘、之、不、精、飘、思、凄、伤、心、幽、消、哎、呀、松、青、灯、钟、昏、孤、衾、

先、中、丝、身、将、经

阳平声 常、郎、神、情、凉、时、人、词、聊、怀、么、唔、云、堂、黄、愁、强、凡

上声 我、恍、此、好、感、也、有、纸、把、写、遣、了、闪、鼓、展、稳、缕

阴去声 妙、后、对、寄、舍、卷、在

阳去声 自、荡、序、免、事、闷、沉、睡、念、静、动、万、缠

阴入声 见、觉、惚、笔、作、一、压

阳入声 什、独、欲

阴平声 家、贞、宫、公、君、都、非、忠、之、皆、中、身、端、装、他、兄、只

阳平声 奴、娥、闱、蒙、娘、谁、流、于、臣、为、仇、男、藏、模、来、时

上声
小、选、母、我、主、想、死、可、子、有、耻、此、取、了、把、匕、首、假、指、与、

虎、理

阴去声 费、幼、篡、笑、些、竟、个、报、女、做、在、近、闯、寇、刺、弟、配

阳去声 氏、自、字、命、侍、父、那、义、事、又、样、望、巨、待、到、罢

阴入声 国、杀、一、骨、雪、得

阳入声 入、服、贼、夺、肉、没

表 7 ：《铁冠图·刺虎》韵白与中州韵音高数据表（部分数据）（单位 ：HZ）

表 8 ：《牡丹亭·惊梦》念白所属调类统计表

注 ：原文有 32 个字，去掉重复，共计 28 个字。

表 9

表 10
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图 1 ：《牡丹亭·惊梦》韵白、中州韵句首字时长比较图

（单位 ：ms ；图中“本调”指“中州韵”，下同）

图 2 ：《牡丹亭·惊梦》韵白、中州韵句尾字时长

比较图（单位 ：ms）

图 3 ：《玉簪记·偷诗》韵白、中州韵句首字时长

比较图（单位 ：ms）

图 4 ：《玉簪记·偷诗》韵白、中州韵句尾字时长

比较图（单位 ：ms）

图 5 ：《铁冠图·刺虎》韵白、中州韵句首字时长

比较图（单位 ：ms）
图 6 ：《铁冠图·刺虎》韵白、中州韵句尾字时长

比较图（单位 ：ms）

图 7：280 个字的韵白与中州韵时长曲线图（纵轴单位：

ms，横轴 ：字数）

图 8 ：《牡丹亭·惊梦》韵白、中州韵音高曲线图
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·   ·113南昆念白声学实验分析（一）

图 9 ：“报”字音高曲线图

图 10 ：韵白首字、中字、尾字音高比较图（单位 Hz）

注 ：此图统计的是包含有 3 个字以上的短句 46 个，包含 2

字及其以内的短句忽略不计。

图 11 ：七个调类均值曲线 图 12 ：昆曲念白中州韵五度值格局图

图 13 ：阴平声“和”声调曲线　　　　　　　　　图 14 ：阳平声“么”声调曲线

图 15 ：上声“纸”声调曲线　　　　　　　　　图 16 ：阳去声“缠”声调曲线
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图 17 ：韵白字声调五度值格局图

图 18 ：“弯头提尾型”（一）　　　　　　　　　　　图 19 ：“弯头提尾型”（二）

图 20 ：“上折线型”（一）　　　　　　　　　　　　图 21 ：“上折线型”（二）

图 22 ：“波浪型”（一）　　　　　　　　　　　图 23 ：“波浪型”（二）
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第 35 卷总第 95 期 西 北 民 族 大 学 学 报( 自然科学版) Vol． 35，No． 3
2 0 1 4 年 9 月 Journal of Northwest University for Nationalities( Natural Science) Sep，2014

《格萨尔》说唱的声学分析

索朗德吉，孙 婷，达哇彭措

( 西北民族大学 中国民族语言文字信息技术重点实验室，甘肃 兰州 730030)

［摘 要］文章选取了《格萨尔》说唱中 ＜ 珠鸠 ＞ 曲调的语音信号，运用实验语音声学的分析方法，对语音进行了信

号标注和参数提取，通过基频、能量等声学参数来分析《格萨尔》说唱当中，＜ 珠鸠 ＞ 曲调的基本发音原理和说唱技巧，

以数字化方式更为深入和直观地研究《格萨尔》说唱的风格特色 .
［关键词］《格萨尔》说唱; 珠姆; 声学分析

［中图分类号］J607． 215 ［文献标识码］A ［文章编号］1009 － 2102( 2014) 03 － 0029 － 06

藏族诗史《格萨尔》是世界上最长的史诗，它以口耳相传的方式流传至今 . 同时，《格萨尔》也被世

人看作是古代藏民族生活的百科全书，其中包括了藏民族历朝历代的征战、社会的变革、区域版图的变

迁、民族间的交往、意识形态、宗教信仰、道德观念、风俗习惯、文化艺术、天文历算等丰富的信息内涵 .
因此开展关于《格萨尔》诗史的整理和研究工作，不但有利于我们更好地继承和发扬民族文化艺术，也

是我们进一步了解、探究不同历史时期藏民族社会发展变迁的重要途径 .
作为一门独立的新兴学科，当前格萨尔学研究已从文学、史学的一般性理论探讨、故事阐释开始深

入到了音乐、民俗、宗教、经济、伦理学等多个方面，并取得了一定的研究成果 . 当前现有的研究成果主

要集中在两个方面: 在文学历史领域如:《格萨尔王全传》( 降边嘉措、吴伟 1997) 、《＜ 格萨尔 ＞ 中的古

代藏族社会及其文化》( 王兴先 1992) 、《＜ 格萨尔 ＞ 生命学思想论》( 韩伟、庞泽华 2008) ; 在音乐文化领

域如:《＜ 格萨尔 ＞ 音乐多元结构》( 扎西达杰 1996) ; 《＜ 格萨尔 ＞ 之 ＜ 辛丹内讧 ＞ 音乐初析》( 乔迁

2004) ;《试论 ＜ 格萨尔 ＞ 的唱腔特点及结构特色》( 李晓玲 2008 ) . 目前，涉及到语言学领域的《格萨

尔》相关研究还比较少，运用现代语音设备，结合现代技术条件，从声学角度对《格萨尔》演唱的发声原

理和演唱风格的数字研究尚处于空白状态 .
神将( 擦向·丹玛强察) 和王妃( 森贾母·珠姆) 是《格萨尔》故事中的重要人物，本文选取了《格萨

尔》曲调中专门用来歌唱这两位人物的 ＜ 珠鸠 ＞ 曲调( ＜ 塔拉珠鸠 ＞ 和 ＜ 九狮珠鸠 ＞ ) ，希望采用现代

语音研究设备和研究技术方法，通过对提取的相关声学参数进行分析，发现《格萨尔》＜ 珠鸠 ＞ 曲调中的

发声特色，从而由声学角度对《格萨尔》＜珠鸠 ＞曲调的发声原理和演唱风格进行数字化的研究保存工作 .

1 实验研究方法

1． 1 说唱背景

《格萨尔》是说唱艺术，即有说又有唱，其中所有人物均以歌唱的形式呈现 . 艺人们根据不同人物与

［收稿日期］2014 － 08 － 20
［基金项目］国家自然科学基金—基于依存关系的藏文语义角色标注研究( 61363057) ; 国家自然基金地区基金基于

动态腭位的藏语发音生理模型研究( 61262052) 和社科基金重大项目( 10＆ZD125) .
［作者简介］索朗德吉( 1985—) ，女( 藏族) ，西藏日喀则人，硕士研究生，主要从事藏文信息处理及语言学方面的研究 .
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曲牌的关系，配以不同的说唱曲调 .
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1． 2 信号采集

实验以甘肃省玛曲格萨尔口头传统研究基地为调研点，该地区人口流动和迁移相当缓慢，保留着最

初的生产、生活方式，并且仍然保存着古老而原始的格萨尔演唱形式 .
实验选取 1 名格萨尔专业硕士研究生作为发音人: 喇嘛扎西，男，27 岁 . 发音人有熟练的演唱技

巧，能够运用各种不同的音位，熟练地演唱几十首不同曲调的《格萨尔》曲目 .
录音设备主要由喉头仪( EGG) 、外置声卡、高质量的领夹式麦克风、笔记本电脑、调音台组成 . 采

集信号时，用 Audition 3． 0 软件采集语音信号，信号采样频率设定为 48kHz，分辨率为 16 bit，录音格式设

定为无压缩 PCM 编码的“． wav”文件格式 . 声学分析采用 Praat 软件，根据不同的音段特征，对录音语

音进行切分、打标记和声学分析，提取基频、能量、时长等方面的声学参数来分析《格萨尔》说唱中的发

音特点和发音方式 .
图 3 ～ 4 是 ＜ 塔拉珠鸠 ＞ 和 ＜ 九狮珠鸠 ＞ 中的典型唱调波形图时长分别是 9s 和 12s．

图 3 ＜ 塔拉珠鸠 ＞ 的波形图

图 4 ＜ 九狮珠鸠 ＞ 的波形图

1． 3 参数设置

在本研究中，我们主要基于以下的声学参数来探究《格萨尔》＜ 珠鸠 ＞ 曲调的演唱声学特点 .
1. 3. 1 基频

基频表示单位时间内声带振动的次数，单位是赫兹( Hz) . 一般情况下，通过声带的拉紧变薄，可以

提高音高，反之，声带松弛会降低音高 . 人耳对声音调子高低的主观感觉称之为音高，音高主要取决于

频率的高低 . 频率低的调子给人以低沉、厚实、粗犷的感觉; 频率高的调子给人以高亢、明快、尖刻的感觉 .
1. 3. 2 能量

能量是声音的另一个重要特性，单位是分贝( dB) . 人们可以用它来衡量声音强度的大小 . 人耳对

声音音高的另一主要感知途径即始于声音的强弱 . 声波的能量越大，声音的强度就越大，越容易为人耳

所感知，能量大的调子给人以热烈、兴奋、积极的感觉; 能量低的调子给人以低沉、温婉、安逸的感觉 .
1. 3. 3 二维频谱

声音信号是周期信号，任何周期信号，都是由若干个不同频率成分( 一般用正余弦信号表示) 的分

音组成 . 每个频率成分均有一定的振幅和相位 . 如果将它们的振幅或相位按次序加以排列，纵坐标表

示谐波的振幅，横坐标表示频率，就得到二维频谱图 . 二维频谱图将我们对声音信号的研究从时域的范

畴扩展到了频域的范畴 .
1. 3. 4 三维语谱图

语谱图是对一段语音在频域各个频段的能量的一种显示方式 . 在语谱图纵向代表频率，单位是千

赫兹( KHz) ，横向代表时间，单位是毫秒( ms) ，颜色深浅代表信号的幅度大小 . 依据三维语谱图我们可以来

同时观测声音信号的频率、幅度和时间等物理参量这三者之间的动态关系，从而了解声音信号的本质 .
—13—
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2 声学分析

史诗《格萨尔》的唱腔是通过一定的音乐调式反复演唱来展开故事，推动情节发展的，因此，在本文

中我们分别节选了两首 ＜ 珠鸠 ＞ 曲调的代表片段来进行声学研究 .
2． 1 基频分析

基频的高低变化代表声带振动的快慢和演唱者在演唱过程中对气流速率的控制程度 . 通过对提取

的频率参数进行分析( 见图 5 ～ 6) .

图 5 ＜ 塔拉珠鸠 ＞ 的基频图

图 6 ＜ 九狮珠鸠 ＞ 的基频图

从图 5 ～ 6 中我们可以看到:

1) 用来歌唱男性人物的曲调 ＜ 塔拉珠鸠 ＞ ，其基频变化范围在 107 ～ 439 Hz 之间，而用来歌唱女

性人物的曲调 ＜ 九狮珠鸠 ＞ ，其基频变化范围则在 143 ～ 377 Hz 之间 .
2) 观察两首曲调的基频变化特点，＜ 塔拉珠鸠 ＞ 曲调的基频高低起伏变化较大，而 ＜ 九狮珠鸠 ＞

曲调的基频变化较为舒缓，因此，我们可以从声学角度看到，在运用 ＜ 珠鸠 ＞ 曲调的演唱过程中，歌唱者

巧妙地运用演唱技巧，灵活地控制了声音的基频变化范围，用丰富 ＜ 珠鸠 ＞ 曲调演唱形式，生动地展现

不同人物形象 . ＜ 塔拉珠鸠 ＞ 曲调表现的是神将擦向·丹玛强察在阵前叫威时唱起来的，基频的高低

变化差距较大，使听者很好地感受到了神将威风禀禀，势不可挡的气势 . ＜ 九狮珠鸠 ＞ 的曲调表现的是

格萨尔的王妃森贾母·珠姆在敌国被扣押作人质时的情景，基频变化规律舒缓，使听者感受到了一个痴

情女子的忧伤 .
2． 2 能量分析

能量的高低变化代表声音振动的强弱和演唱者在演唱过程中对气流量多少的控制 . 通过对提取的

能量参数进行分析( 见图 7 ～ 8) .

图 7 ＜ 塔拉珠鸠 ＞ 的能量图

—23—
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图 8 ＜ 九狮珠鸠 ＞ 的能量图

从图 7 ～ 8 中我们可以看到:

1) ＜ 塔拉珠鸠 ＞ 和 ＜ 九狮珠鸠 ＞ 曲调的能量变化范围基本一致，只是后者的能量下限相比更低一

些，其中曲调 ＜ 塔拉珠鸠 ＞ 的能量变化范围在 25 dB ～ 83dB 之间，曲调 ＜ 九狮珠鸠 ＞ 的能量变化范围在

15dB—83dB 之间，由此我们可以发现，尽管 ＜ 珠鸠 ＞ 曲调变化方式较多，但其声音的能量范围均处固定

的范围之内 .
2) 对比两首曲调的平均能量，差异较为显著，其中 ＜塔拉珠鸠 ＞的平均能量为41 dB，＜九狮珠鸠 ＞的平

均能量为29 dB.《曲艺音乐概论》中认为史诗《格萨尔》的演唱中十分注重唱腔的合理性、准确性，所创唱腔尽

可能正确地为故事内容的叙述服务，以便让人们在似说似唱的表演中清楚地了解故事内容 . 通过对能

量参数数值的分析我们可以发现，演唱艺人在充分理解并掌握语音音调对旋律的影响后，演唱时，即使

是同一曲调的反复演唱，也能借助对声音强弱的良好控制能力来生动叙述故事情节，刻画人物形象 .
2． 3 频谱分析

频谱图反映声音信号中各个谐波的能量强弱程度，图 9 － 10 为两首曲调的三维语谱图，其中横轴表

示时间，纵轴表示频率，图形色彩的灰度表示某一时刻某一频率分量的振幅大小 . 色彩( 或灰度) 浓，就

表示能量集中，振幅达，声音强; 反之则相反 .

图 9 ＜ 塔拉珠鸠 ＞ 的音频图和频谱图

图 10 ＜ 九狮珠鸠 ＞ 的音频图和频谱图
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图 9 ～ 10 为两首曲调选段的频谱图，从图中我们可以看到:

1) ＜ 塔拉珠鸠 ＞ 的曲调随声音波形的变化，整体声音能量较强，F1、F2、F3、F4 在语图上较为显著，

低频共振峰 F1 为 591 Hz，F2 为 1 577 Hz; 高频共振峰 F3 为 263 4Hz，F4 为 3 530 Hz.
2) ＜ 九狮珠鸠 ＞ 的曲调随着声音波形的变化，整体声音能量较弱，只有 F1、F2 在语图上较为显著，

其中 F1 为 580 Hz，F2 为 1 390 Hz.
《格萨尔》歌唱艺术吸取了很多民族歌曲的演唱特点，形成了自己独特的艺术表演风格，常常体现

在歌唱共振峰等声学参数上 . 共鸣是歌唱艺术中的重要表现手段，它能使人的嗓音变得或清脆明亮、或
低沉温婉 . ＜ 塔拉珠鸠 ＞ 和 ＜ 九狮珠鸠 ＞ 同属 ＜ 珠鸠 ＞ 调式，但由于它们所描绘的内容不同，在声学上

声音的共振峰特点也有所区别 . 由此，我们可以发现在《格萨尔》演唱中，歌者能够依靠高技巧的气息

控制力，呈现出不同共鸣效果，并以此来突出史诗中的故事情节和人物个性 .

3 结语

本文选取了《格萨尔》说唱中 ＜ 珠鸠 ＞ 曲调的两首典型歌唱曲目，基于声学角度对两首曲调的演唱

风格进行了研究分析，发现在 ＜ 珠鸠 ＞ 曲调的演唱中，声音的音高变化会因所要呈现的不同人物或舒缓

或激烈; 同时，我们发现，不同 ＜ 珠鸠 ＞ 曲调的声音能量变化范围较为一致( 10 ～ 90 dB) ，但由于所要塑

造的不同人物形象，艺人也能借助对声音强弱的良好控制能力，在同一曲调的反复演唱中，通过完全不

同的声音强弱变化形式来生动叙述故事情节、刻画人物形象 .
随着社会的快速发展，老一辈说唱艺人在日益减少，青年艺人的培养又存在诸多局限，古老的《格

萨尔》说唱艺术在传承方面面临着很多前所未有的挑战 . 目前，学者们搜集整理出的《格萨尔》说唱曲

调已有一百多种，数量庞大，但它们各具特色的演唱方式都是《格萨尔》说唱艺术不可缺失的组成部分 .
在计算机技术高速发展的时代，传统、单一的“口传心教”民族文化传承方式已不能跟上现代社会发展

的脚步，如何借助现代技术，全面采用数字化的方式完整有效地记录《格萨尔》说唱艺术，是当前和未来

我们在保护和继承民族文化工作中亟待解决的问题 .
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