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ACOUSTIC ANALYSIS AND SUBJECTIVE EVALUATION OF SUNG VOWELS

Mariko Tatsumi, Osamu Kunisaki, * and Hiroya Fujisaki

I. Introduction

The art of singing at high sonority is one of the important techniques
to be acquired by operatic and concert singers. 1. 2 It not only provides the
singer with a means of accomplishing sufficient loudness without excessive
phonatory efforts, thereby helping to avoid possible impairment of the
laryngeal mechanism which might be incurred by hours of strenuous sing-
ing, but also gives a 'brilliance' to the voice which makes it stand out from
the sounds of musical instruments. Although auditory evaluation of sonor-
ity is indispensable in voice training, it is subject to greater variability due
to individual differences of referees, so that establishment of an objective
measure of sonority is desired in order to serve as the basis for a subjec-
tive evaluation,

On the other hand, several studies have already been conducted on
the acoustic characteristics of vowels sung by male singers, and these have
revealed that, among other features, such vowels are commonly character-
ized by the presence of prominent spectral components around 3 kHz,
where the human auditory sensitivity is the highest. 3-8 The spectral pro-
minence often appears as one single peak in the case of a broad-band spec-
tral analysis, and thus is generally referred to as the ''singing formant, "

A detailed analysis based on the acoustic theory of speech production, 7
however, has revealed-that such an-enhancement of spectral components is
actually realized by the adjacency of the third and the fourth, and possibly
also of the fifth formant frequencies, caused mainly by lowering the larynx
and widening the pharynx, The relationships between these acoustic
characteristics and the auditory perception of the sonority of sung vowels,
however, have never been analyzed.

The present investigation has been conducted to examine the possible
correlation between the spectral characteristics of sung vowels and the aud-
itory perception of their sonority through acoustic analysis and subjective
evaluation. The basic approach and the steps of the present study are des-
cribed schematically by Fig. 1, Vowels produced by a professional singer
are analyzed acoustically on the one hand to determine with high accuracy
the frequencies of the first five formants, while on the other hand they are
evaluated subjectively with respect to their sonority. Results of the acous-
tic analysis and subjective evaluation are further analyzed to find the
acoustic correlates of the perceptual sonority of sung vowels. In order to
confirm the results obtained from the study of natural vowels, and to obtain
more quantitative understanding of the roles of various acoustic factors in
the perception of sonority, various sung vowels are then synthesized from
a set of controlled parameters, and are evaluated by the same procedure as
for the natural sung vowels, The steps in broken lines represent future
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Fig.1. Steps in the study of subjective and objective
evaluation of vowels in singing.

stages of the research, so that only the results obtained from natural sung
vowels will be described in this report,

II. The Singejr and the Material

A 27-year-old high baritone singer with a relatively high sonority in
singing provided the acoustic material. He has a pitch range from Gy to
G4, and has been engaged in operatic performances for the past two years.
Two kinds of sung vowels were recorded: one consisting of 13 samples
each of the five Japanese vowels which the singer himself judged as being
relatively high in sonority (to be denoted by Su-1); the other consisting of
one sample each of the same vowels deliberately produced and judged by the
singer as being low in sonority (denoted by Su-2), Both of these samples
were sung approximately at Bg, corresponding to a fundamental frequency
of 240 Hz. In addition to these sung vowels, two kinds of spoken vowels
were also recorded for the sake of comparison with sung vowels: one con-
sisting of five samples each of the five vowels sustained at the same pitch
as the sung vowels (denoted by Sp-1); the other consisting of three samples
each of the vowels sustained at approximately 150 Hz, which is the singer's
normal speech pitch (denoted by Sp-2). The classification of materials are
summarized in Table 1.

These vowel samples were sung or spoken in isolation and recorded
in an anechoic chamber, The duration of sung and spoken vowels were
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Table 1. Four types of sung and spoken vowels and number of
samples analyzed for each of the five Japanese vowels.

—g
—

Vowel Type Pitch No. of samples

Vowels sung with high sonority (Su-1) B3 13
Vowels sung with low sonority (Su-2) B3 1
Vowels spoken at the same pitch as above (Sp-1) By
Vowels spoken at normal pitch (Sp-2) D3

approximately 2.5 sec and 1.5 sec , respectively. These samples were
then read into a digital computer via an analog-to-digital converter at a
sampling rate of 10 kHz and with an accuracy of 10 bits per sample, to be
stored on a digital magnetic tape for further processing.

III. _Analysis of Sung and Spoken Vowels

Although sound spectrograms were successfully used in the previ-
ous study 8 to disclose the detailed structure of the singing formant, they
are not sufficient for the accurate specification of the spectral envelope and
for the precise measurement of formant frequencies, to provide an acous-
tic correlate of sonority. Hence the present study utilized computer tech-
niques both for the spectral analysis and for the extraction of formant
frequencies.

Spectral analysis was performed on the portion of each of the vowel
samples where the acoustic characteristics were found to be most station-
ary, using a hanning window of 102,4 msec width, The fundamental fre-
quency was determined by means of the cepstrum technique, 10 and was then
utilized to extract the spectral envelope represented by the amplitudes of
all the harmonic components,

Extraction of formant frequencies was then performed by the method
of Analysis-by-Synthesis, 11 i.e., by finding the optimum set of formant
frequencies of a synthetic spectral envelope representing the closest ap-
proximation to the measured one. The model for the synthesis of the spec-
tral envelope over the frequency range of 0 to 5 kHz is given by:

5
S Si Si*
F(f) = 20 logjg |—— | + 2:20 log;g
(8 + a)2 by (S - Si)(8 - Si*)

(1)

£ )2 £\ f
+ ] 0.43 + 0.00071 |— + 208 logyol— (dB),
Fln Fln 1000
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where

S = 27jf, Si = 2w(jFi + 4F1i),
AFi = a(0,015Fi + 15), a= 1,0~1.6,
a = 200w, B =-1,0~1.0.

The first term represents combined characteristics of the glottal source
and the radiation; the second term indicates contributions of the first five
formants to the vocal tract transfer function, the third term stands for the
correction factor which approximates effects of the sixth and higher for-
mants, 12 and the last term is an additional correction which may be varied
to compensate for residual frequency characteristics of various origins.
In this model, the five formant frequencies (FI'FS)’ the parameter in the
higher-pole correction (Fyn), and the overall spectral slope (B) can be var-
ied independently, to minimize the mean squared difference between spec-
tral envelopes of the input speech and the model, evaluated at frequencies
equal to integral multiples of the fundamental frequency (F() and expressed
in dB2. This method has been successfully applied to analysis and auto-
matic recognition of sustained Japanese vowels, Examples of power
spectra as well as of spectral envelopes and parameters obtained by
Analysis-by-Synthesis are shown in Fig. 2 for one sample each of the above-
mentioned types of the vowel /e/. In comparison with spoken vowels (Sp-1
and Sp-2), sung vowels (Su-1 and Su-2) are found to be characterized by
higher concentration of energy around 3 kHz. The concentration is appar-
ently caused by the adjacency of three formant frequencies (F3, F4, and
F¢) in the case of a sung vowel with higher sonority (Su-1), while it is
caused by two formant frequencies (F3 and F,) in the case of lower sonority
(Su-2). An appreciable downward shift of the second formant frequency (Fj)
is also observed in Su-1. On the other hand, a change in the fundamental
frequency from 156 Hz to 233 Hz is seen to have only minor influences on
formant frequencies of spoken vowels, except possibly on the first formant
frequency (Fl)‘

As a quantitative measure for the degree of concentration of the
three higher formants, we may adopt the unbiased standard deviation of
Fg, F,, and Fg. Figure 3 shows an example of the spectrum of a sung
vowel /e/ together with the mean M and the standard deviation & of the
three higher formant frequencies. A higher concentration of F3, F4, and
Fg is thus represented by a smaller value of their standard deviation around
the mean, The mean values of ¢ are listed in Table 2 for the two types of
each vowel, i.e., vowels sung at high sonority (Su-1) and those spoken at
normal pitch (Sp-2); they clearly indicate the difference in concentration of
F3-F4-F5 between sung and spoken vowels,
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Table 2. Mean standard deviation of F3, F,, and Fg
of sung vowels (Su-1) and spoken vowels (Sp-2).

MEAN STANDARD DEVIATION OF Fis F4 » AND Fg (Hz)
VOWEL SUNG VOWELS (Su-1) SPOKEN VOWELS (Sp-2)

/a/ 376 654
/i/ 247 473
fu/ 273 727
/e/ 413 619

/o/ 333 539

I

IV. Subjective Evaluation of Sonority of Sung Vowels

Although evaluation of the quality of sung vowels may depend on a
number of factors related both to static and dynamic characteristics of the
glottal source and the vocal tract transfer function, results of the foregoing
analysis indicate that the perceptual sonority of sustained sung vowels may
be closely related to the concentration of higher formants around 3 kHz. In
order to further examine the correlation between the proposed index of
higher formant concentration (§) and the perceived sonority of sung vowels,
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subjective evaluation tests were performed on the same samples of sung
vowels /a/ and /e/ used in the acoustic analysis.

Eleven samples each were selected as stimuli from recorded ma-
terials of vowels fa/ and /e/ sung at higher sonority (Su-1). Separate test
materials were prepared for each vowel by arranging the samples in a
semi-random order at intervals of 6 sec. One set of test materials con-
sisted of a total of 120 items containing 10 each of the 11 samples, preceded
and followed by 5 dummy samples each. These materials were complied by
a digital computer and were read out via a digital-to-analog converter with
an accuracy of 8 bits, to be recorded on audio tapes for use in off-line
experiments.

A 27-year-old female voice trainer, who has been in her profession
for the past five years, served as the subject, making 100 judgments on
each of the 11 stimuli. The evaluation was based ona five-point rating,
giving the highest point ''5" to those stimuli with the highest perceptual
sonority. Figure 4 shows results of the subjective evaluation test of vowel
/e/, expressed in terms of the mean evaluation score(E) and plotted against
the standard deviation ( ) of the three higher formant frequencies for each
of the 11 samples. The straight line in the figure indicates linear regres-
sion of the 11 data points, The results clearly indicate the existence of a
strong negative correlation (-0.89) between E and O, validating the assump-
tion that the concentration of the three higher formants constitutes the main
acoustic correlate of perceived sonority of sung vowels.

E = -0.01850 + 10.4

correlation | o
coefficient * ~0-89
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Fig.4. Mean evaluation score versus standard
deviation of F,, F, and F_ for each
sample of sung vowel /e/.

Although the results confirmed the close relationship between sub-
jective sonority and concentration of higher formants in sung vowels, the
stimuli used in these experiments were natural utterances whose acoustic
characteristics were not controlled, so that the results were not free from
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influences of factors other than concentration of higher formants. Further-
more, these stimuli were not necessarily suited for systematic investiga-
tion of effects of other factors that might possibly affect perceived sonority,
such as mean value of higher formant frequencies, frequency of the second
formant relative to those of higher formants, etec. Work is presently under
way using synthetic vowels to obtain more precise estimates of effects of
various factors to perceived sonority, as well as to find acoustic correlates
of subjective characteristics other than sonority which may play important
roles in the overall evaluation of the singing voice.
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