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Abstract: Long-term-average spectra (LTAS) characteristics were analyzed for ten Kunqu Opera singers, two in 
each of five 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 differ between the roles but are similar for the three conditions, especially for 
Colorful Face (CF) and Old Man roles and especially between speaking 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. 
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Introduction 
The voice timbres of Kunqu Opera singers are 
supposed 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 
conversational speech were found to differ with regard 
to equivalent sound level (Leq) and fundamental 
frequency (F0) [1]. These parameters were somewhat 
higher for stage speech than for singing, and both were 
significantly 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 specific 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 formant 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.  

Long-term-average spectrum (LTAS) is an effective 
tool for voice analysis. It represents the overall spectral 
characteristics of a voice and typically stabilizes after 
30-40 seconds of running speech [9-14] and singing 
[15-18]. The LTAS contour reflects 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 clustering 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 frequency, 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]. 
Both the singer’s formant and the speaker’s formant 
have been explained as the consequences of a 
reduction of the frequency distance between higher 
formants. Acoustic theory of voice production [7] 
predicts that the levels of two formants generally 
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increase by 6 dB each if the distance between them is 
halved. Likewise, vowels with a high first 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 formant is highly dependent on 
the physiological configuration 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 influenced also by voice source. The 
amplitudes of the voice source partials depend mainly 
on the maximum flow declination rate which occurs 
during the closing of the vocal folds [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 
influences the amplitude of the partials. For example, 
in “breathy” phonation, in which the vocal folds fail to 
close the glottis completely, 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 five 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 investigate 1) whether 
the LTAS of Kunqu Opera singers are similar in 
speaking, singing and stage speech; 2) whether the 
Kunqu Opera singers demonstrate a singer’s formant 
or speaker’s formant LTAS peaks. 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, see Table I. The 
singers were told to sing 3 to 4 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, 
the lyrics of the recorded songs. This 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. 

Table I. Information of ten performers 

 
 
YG singer 2 and OM singer 2, who work at the 
Northern Kunqu Opera Theater, were recorded in an 
anechoic room, about 3.6x2.6x2.2 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 3.5x5x3 m, the background noise is 35 
dB(A) and the reverberation time is about 0.3 s. 
Although the room acoustic was quite different from a 
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typical Kunqu Opera stage, none of these highly 
experienced singers complained about difficulties 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 files 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 Electrical Electronic Corp., Taiwan, ROC) and 
then announced in the recording file together with 
respective microphone distance. All sound level data 
were normalized to 30 cm. 
The LTAS analysis of the wav files was accomplished 
using the WaveSurfer software (1.8.8p3). The FFT 
window length was set to 128-point, the bandwidths of 
the analysis filters to 303 Hz and the frequency 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 40s long section of the recordings 
of singing so as to allow analysis of variation. Since 
the main sound energy appeared in the frequency range 
0-5 kHz, the analysis was limited to this range. The 
curves for speaking and stage speech were adjusted so 
as compensate for Leq differences. This compensation 
was realized by multiplying the level values by the 
LTAS mean gain factors 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 an Leq difference 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 quantitative measure of LTAS 
similarity, correlations (linear 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 
differences [1, 5], the differences between them for the 
three conditions were substantially diminished, 
especially for the CF and OM roles, see 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 several peaks. Their center frequencies are 
close to harmonic. For example, for YG1, the center 
frequencies of the second, third, fourth and fifth 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. 

 
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 first and third quartiles of the F0 distribution 
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Pairwise LTAS comparisons of conditions are listed in 
Table II by means of the linear regression. 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 significant, and for 
most singers, Reading lyrics and Stage speech showed 
the lowest similarity; the spectrum level of Reading 
lyrics and Singing were highly correlated (R2 > 0.9 in 
8 of the 10 singers). Thus the LTAS curves of Kunqu 
Opera singers’ singing and conversational speech show 
high similarity.  

 
Table II. Correlations between three conditions for ten singers before and after compensation of the Leq 
differences (Original and Compensated, respectively) [5]. All regressions are significant 

 

 
The voice timbres differ between roles [1] and LTAS 
curves can reflect the voice timbre. Thus, it also seems 
relevant to examine how the LTAS differ 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 worthwhile to study. It should 
be born 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 
3000Hz, 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 OM roles. A 
second peak can be observed at 3 kHz. It is particularly 
marked for the CF role and the stage speech of YM 
role. 

 

第 64 页，共 97 页



Figure 2. Mean value of the LTAS data of the two singers in the same 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 
conversational 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 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 YG role, YW role and YM role. 

 
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 

 
 
Figure 4 compares the LTAS curves of different Kunqu Opera singers with those of comparable western opera 
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singers [8], using similarity in pitch range as criterion: 
alto for YGSI, YGST, YWSI and YWST, baritone for 
CFSI, CFST, OMSI, OMST and YMSI, 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 which 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. 

 
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 

 
 
The standard deviations associated with the LTAS 
curves for the ten subjects’ singing are shown in Figure 
5. This standard deviation, henceforth SDLTAS, varies 
considerably between roles and singers. It is 
particularly wide for YW2 and particularly narrow for 
the OM and CF roles. For the female roles, the 
SDLTAS between 1 and 2.5 kHz is similar to the 
difference between their LTAS for singing and the 
LTAS for standard conversational speech, see Figure 3. 
This indicates that for these voices the LTAS curves 
vary considerably depending on what segment is 
chosen for analysis.  

The SDLTAS 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 
SDLTAS 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 SDLTAS is quite narrow in the frequency 
range of the singer’s formant cluster. This means that 
these singers tended to mostly produce strong partials 
in this frequency region. The three young roles, 
especially YW 2 and YM 2, show large values of 
SDLTAS near 3 kHz. 

 
Figure 5. LTAS curves and standard deviations of the different singers’ singing 
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Traditional Kunqu opera singing is performed without 
sound amplification and typically accompanied by a 
solo Kun bamboo flute. The singer’s formant cluster in 
western operatic singing seems to have been developed 
in response to the sound quality 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 timbral quality in Kunqu opera singing 

and the Kun bamboo flute. Figure 6 shows LTAS 
curves, measured over several minutes of playing of 
the Kun bamboo flute 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. 

 
Figure 6. LTAS of Kun bamboo flute 

 

 

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 reflect either of three conditions 
or combinations of them: (i) stable formants 
frequencies; (ii) narrow formant bandwidths; (iii) 
partials in the corresponding frequency region. Since 
the frequencies of the higher formants are rather 
constant, the first 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 frequencies may reflect 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 CF role, YG, YW and YM roles, who 
all sing in a high F0 range, showed lower spectrum 
level at high frequencies. 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 surrounded by 
valleys. The singer’s formant is produced by clustering 
F3, F4 and F5 and the centre frequency of the peak 
appears between 2.5 and 3.3 kHz, depending on the 
voice classification. According to Bele [14], the 
speaker’s formant is produced by lowering of F4 such 
that it approaches F3, and the center 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 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 / /, produce a strong spectrum 
peak which tends to extend the main peak up to 2 kHz.  
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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 singer’s 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, see Figure 1.  
There may be several reasons for the absence of the 
singer's formant cluster in Kunqu Opera. (i) The 
presence of a singer’s formant cluster reduces the 
differences between vowels, and text intelligibility 
may be particularly important in Kunqu Opera. (ii) The 
singer’s formant cluster boosts the sound of the 
singer’s voice so it can be heard over an accompanying 
orchestra. However, Kun bamboo flute, which is the 
most common accompaniment for Kunqu Opera, 
shows a peak in the frequency range of the singer’s 
formant cluster, see 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, which show lower 
Leq than the male roles, the LTAS levels between 1.5 
and 2 kHz are higher than that of the bamboo flute. 
This may help the female roles to cut through the 
sound of bamboo flute. 
Conclusion 
LTAS characteristics of Kunqu opera performers of the 
roles YG, YW, YM, CF, and OM were found to differ 
between the roles. 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 reflected in terms of 
large values of SDLTAS. This implies a great variation 
of voice timbre and/or vocal loudness. None of the 
roles showed a singer’s formant 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 singers’ conversational speech differed 

considerably from their singing and stage speech, but 
the substantially lower Leq seemed to be an important 
reason for this difference. Thus, after compensating the 
LTAS curves for this difference, the characteristics of 
conversational speech, singing and stage speech 
became strikingly similar, particularly for the CF and 
OM roles. For all roles the similarity was particularly 
high between conversational speech and singing. 
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