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This study investigates the relationship between operatic singing and opera house acoustics in terms of the minimum value of the
effective duration of the running autocorrelation function (t) . of voice signals. It has been shown that (t) . of source signal is
closely correlated with the subjective response of both listeners and performers to the temporal conditions of sound fields[Y. Ando:
“Architectural Acoustics’, AIP/Springer-Verlag, New York (1998)]. In order to examine the variability of (t ), by meansof variation
in musical expressivity, we analyzed the steady-state part of anechoic recordings of variably pitched vowels sung with different
subjective degrees of vibrato for ten trained singers performing operatic-style sung vowels. The results showed that (t ), values can
be varied by an appropriate selection of the subjective degree of vibrato, tone pitch, and vowel selection. Significant findings are that
(1) the contribution of the subjective degree of vibrato to the (t ), value was typically more significant; (t.),, decreased with
increasing subjective degree of vibrato; and (2) the contribution of each musical expression to the value of (t), . depended gresatly on

theindividual singers.
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LINTRODUCTION

Operatic singers are required to produce both “clear” and “re-
verberant” voice qualitiesin operahouses with awide variety
of room acoustica conditions; here, these subjective attributes
are considered to be in opposition. Some singers tend to re-
tain their own interpretation styles that have been devel oped
and established during long-term training in lesson rooms.
Other singers attempt to adapt their interpretation styles to
suit the acoustical conditions of the sound fields of a given
performance hall. A cellist termed the latter approach a“life-
line of music” wherein the room acoustic was considered as a
second musical instrument, and asserted that “thisis difficult
but beneficial to be achieved” (Tsutsumi, 2005). In order to
discuss the latter approach with respect to the relationship
between operatic singing and a given opera house, we define
the concept of “Blending of operatic singing with a given
operahouse.” Our aim isto completely achieve the preferred
conditions for both listeners and performers. This concept
includes both the efforts by operatic singers to adapt their
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performance to a given opera house and the efforts by opera
house acousticians to adjust the sound fields.

A number of systematic studies on singing voice acoustics,
speech acoustics, concert hall acoustics, and opera house
acoustics have been independently conducted in each re-
search field thus far; however, there are not many interdisci-
plinary studies on the relevance of room acoustic parameters
to the performers. Meanwhile, in order to assist the onstage
musicians by using stage reflections, several subjective ex-
periments have been performed using both simulated sound
fieldsand existing halls (Marshall et al., 1978; Gade, 1989&;
Gade, 1989b; Chiang et al., 2003; Ueno and Tachibana, 2003;
Ueno and Tachibana, 2005; Ueno et d.., 2005). Moreover, knowl-
edge on interdisciplinary works encompassing sound source
signal acoustics and room acoustics is scarce. With regard to
the spatial characteristics of the source signals of the musical
sounds, Marshall and Meyer (1985) measured the directivity
and auditory impression of singers through experiments with
simulated reflections. Otondo and Rindel (2004) investigated
the influence of the directivity of musical instruments on the
distribution of the acoustical parameters of aroom. The pre-
ferred self-to-other ratio (SOR) for choir singers was investi-
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gated to determine the adequate designs of the stages and of
choral formations (TernstrOm, 1999; TernstrOm et al., 2005). In
the frequency-domain analysis of the source signals of the
musical sounds, TernstrOm (1989) analyzed the long-time-av-
erage-spectrum (LTAS) of different choirsin different rooms;
they reported that room acoustics significantly influenced both
the LTAS shape and the sound level of singing voice signals.
To improve speech intelligibility in reverberant environments
by the preprocessing of a speech source signal, Arai et al.
(2002) proposed a technique for suppressing the steady-state
portions of speech, and its effectiveness in improving speech
intelligibility wasconfirmed throughlistening experiments (Arai
et a., 2002; Hodoshima et al., 2004; and Hodoshima et al.,
2005).

To describe the relationship between the temporal charac-
teristics of sound source signals and those of room acoustics,
the decay characteristic of the autocorrelation function (ACF)
of a sound source signals has been investigated. It has been
shown to be a fundamental parameter in the analysis of the
subjective preference of sound fields, and it represents the
temporal coherence (Ando, 1998; Ando et al., 2000; Ando,
2002; Sakai et a., 2004). The minimum value of the effective
duration of the running ACF (r-ACF) (t) ., isatemporal pa-
rameter of the given sound source that is closely related to
the preferred temporal conditions for listeners (Ando, 1989;
Ando, 1998; Ando et a. 2000; Ando 2002; and Kuroki et a.,
2004) and performers(Nakayama, 1984; Sato et al., 2000; Noson
et a., 2000; and Noson et a., 2002). In other words, the pre-
ferred condition of the temporal parameters of the sound field
can be determined from (t)) . values of aspecific source sig-
na and conversely, the preferred (t) . value of the source
signal can also be estimated by the temporal parameters of a
given sound field. Thisrole of t_in room acousticsis briefly
introduced in APPENDIX A. The effective duration t_ also
represents the total amount of the randomness of the sound
signals due to fluctuating factors such as vibrato, intonation,
and jitter (Sundberg, 1987; Titze, 1994; Prame, 1994; Prame,
1997). The effective duration t_ decreases with increasing ran-
domness of the fluctuations.

If musicians and composers are not familiar with the mean-
ing of theroom acoustical parameter for sound signals, it would
be important to describe the T, valuein relation to the musical
score and musical expressivity. Previous studies measured
(T, for several types of music signals, although the main
purpose of these studies was to clarify the relationship be-
tween (1) ., of asound source signal and the psychological
response to the sound field of a performance hall (Ando et .,
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1989; Ando, 1998; and Kuroki et al., 2004.) In aninvestigation
of the variation in the r-ACF for musical signals relating to
performing style-including tempo, articulation, and damper
pedaling-these were shown to be the main expressive factors
for controlling T_ of the music from apiano (Taguti and Ando,
1997). However, prior to our studies, no systematic attempt
has been made to examine variationsin 1, for singing voices.

In order to achieve the temporal blending of an operatic
singing voice with a given sound field (see APPENDIX A),
our pilot study investigated the features of t_ for the voices of
amateur tenors for asingle-tone vowel and for musical pieces
that were sung in different styles of falsetto (head register)
and operatic singing (chest register) (Kato and Ando, 2002). It
was too complicated to control T, for singing voice signalsin
the case of musical piecesthat included transient musical tones,
CV (consonant-vowel sounds), and voice onsets and offsets;
hence, we focused on determining a broad variation of (t) ..
within the steady-state part of single-tone vowels by alternat-
ing between changing such singing styles. Our second study
described the T, characteristics of a professional operatic sing-
ing voice for the steady-state part of vowelsin relation to the
following factors: (1) vowel selection such as/ah/, /eh/, and /
oh/, (2) tone pitch, (3) vibrato rate, (4) vibrato extent, and (5)
intonation (Kato et a., 2004a). A negative correlation between
(1), values and vibrato extent was observed. The aim of the
present study isto examine whether singers can consciously
vary the value of (t) . of the steady-state part of vowelsin
terms of the “ subjective degree of vibrato.”

2.EXPERIMENTALMETHODANDANALYS'S

2.1 Subjectiveand recor ding conditions

Ten subjectsincluding (1) professional singers, (2) students
of aconservatory, and (3) trained amateur singers participated
inthis experiment. The subjects’ profilesarelisted in Table 1.
The voices of the singers were recorded in an anechoic cham-
ber using a 1/2-inch condenser microphone placed at adis-
tance of 25 cmin front and 5 cm to the side of the mouth. The
signalswere sampled at 44.1 kHz.

2.2. Recordings Tasks
The focus areas of the present study are the three musical

factors that are instructed to and interpreted by the singers
for their performance. Although vowel selection and tone pitch
are not the main focus of the present study, these two factors
are also included, because our previous study with a small
data set observed a significant contribution of both factorsto
the (1), ,, values (Kato et a., 2004a). The subjects were asked
to sing five different vowels (/ah/, /eh/, /in/, /oh/, and /uh/) six
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Table 1. Status of the ten singers.

Professional Musical

Voice . . Age
Singer education experience
classification (years)
(years) (years) -
Sop. 1 27 33 43
Sop. 2 Soprano 4 20 25
o Sep-3 A 7T 22
Mez. 1 26 26 42
Mez. 2 Mezzo Soprano 14 30 34
o Mez3 ... A 4 2
Ten. 1 0 20 45
Tenor
Ten2 o 20 25
Bar. Baritone e 39 54
Bas. Bass 27 27 38

times using three different pitches. Thefollowing tone pitches
were set for each voice classification: Soprano (F4, C5, F5),
Mezzo soprano (CA#, G4#, C5#), Tenor (F3, C4, F4), Baritone
(C3#, G3#, C4#), and Bass (B2b, F3, B3b). Thetarget frequen-
cieswere given by apitch-pipe before changing the tone pitch.
The duration of each tone was set at 1.8 s, and it was main-
tained by the aid of avisual metronome located 1.5 min front
of thesinger.

Since one of the main purposes of this study is to investi-
gate the effect of the “ subjective degree of vibrato,” thiswas
explained to the singersin the following manner:

* Minimum-vibrato: The singer was asked to sing the smallest
degree of vibrato used in musical pieces.

* Medium-vibrato: The singer was asked to sing without any
special conscious effort to add extra vibrato.

* Maximum-vibrato: The singer was asked to sing the highest
degree of vibrato used in musical pieces.

“Subjective singing volume” may also be amusical factor
that influenced the (7)),  values (Kato et al., 2005); however,
in this study, it is maintained constant at mezzo-forte (mf) in
order to focus on not the extreme but the normal singing vol-
ume production interpreted by each individual singer.

Approximately one hour was required to obtain arecording
of all the samples from each subject. During this recording
session, none of the singers reported any fatigue effects. The

total material comprised 2700 tones (5 vowels X 6 trials X 3
pitches X 3 subjective degrees of vibrato X 10 subjects).

2.3. Analysis of the effective duration (t.) of the runnig
autocorrelation function

In order to statistically isolate the steady-state part of avocal
segment, the segments at the beginning and tail of the tone
were eliminated in advance, by using the following rules:
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(Rulel) Segmentswith A-weighted sound pressurelevel (SPL)
should be over 60 dBA, and
(Rulell) Segmentswith fundamental frequency (F,) should be
+150 cents (1.5 semi-tones) from the mean fundamental fre-
guency of the tone.
The tone duration for the remaining segment was 1.9 + 0.2
(sd)[s].

Ther-ACF asafunction of timelag (t) can be formulated as.

Pp (1) =p(r;1,T) O, (z;t,T)
7)= t,T) =
p i [q)p(oit,T)(Dp(O;z-+t,T)]1/2 2),
where e
q)p(r;t'T):E .[pl(s) p'(s+7)ds @),
t=T

In the above expression, 2T represents the integration inter-
val and p’(s) = p(t)* s(t). The function p(t) denotes the ampli-
tude of the original waveform of the recorded signals, and the
function s(t) was chosen as the impulse response of the A-
weighting filter corresponding to ear sensitivity. Note that the
r-ACF isnormalized by the geometric mean of the energy at t
and energy at T+ t and should not be normalized by only the
energy at t; this ensures that the normalized r-ACF satisfies
q)p(O) =land q)p(r) <1latt>0. Theprocedurefor calculating the
r-ACFisshown in APPENDIX B. If the cutout segment of the
signals are processed by applying an FFT algorithm (FFT
method A, see APPENDI X B) without the concept of time-lag,
window functions such as Hamming, Hanning, or Blackman
are sometimes used, for example, for technically detecting the
fundamental frequency (F,) of asound signal. However, for
simplification, we used a rectangular window as a time win-
dow function for the sound data in this study. The shape of
the window function affecting the decay rate of the r-ACF
should be chosen carefully and cannot be easily be deter-
mined at the present stage.

Figure 1 (a) illustrates an example of the logarithm of the
absolute value of the r-ACF as a function of the time lag 1.
Note that this figure does not show a decrease in the sound
pressure level of the room sound field, such asareverberation
curve; however, the figure represents the decrease in the ab-
solute value of the signal autocorrelation. The effective dura-
tion (1) isdefined by thetime lag at which the envelope of the
r-ACF becomes—10 dB, which can be obtained from extrapo-
lating the decay rateto—10dB (i.e., |¢p(t)| =0.1). Intheprevious
studies(Andoet a., 1989; Ando, 1998; Ando et a., 2000; Ando,
2002; Kuroki et al., 2004; Nakayama, 1984; Noson et al., 2000;
Noson et al., 2002; Sato et al., 2000), the envel ope decay for
the“initia part” of thelogarithm of ther-ACF of musical pieces
have been considered to be linear. In this study, astraight line
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Fig. 1. Example of the determination of the effective duration
(t.) of the r-ACF of an operatic-style sung vowel: (a) peak
detecting method used in this study, (b) comparison of the
peak detecting method and the backward integration method.

obtained by using the least mean squares method was fitted
to the major local peaks corresponding to multiples of the
fundamental period, in the range from the amplitude of the
first magjor peak to the amplitude of first major peak subtracted
by 5 dB. However, if the entire major local peaks from the
origin to T = 50 ms exceed the amplitude of first major peak
subtracted by 5 dB, then a straight line was fitted to all the
major local peaks (see APPENDIX C). It may be possible to
determine the envel ope of the ACFs by using the Schroeder
Backward I ntegration method (Schroeder, 1987), whichisap-
plied for calculating the reverberation times from the decay
curves of room impulse responses (Fig. 1 (b)); however, we
applied the former “ peak detecting method” in order to com-
pare the present result with the results obtained from the pre-
vious studies.

It has been recommended that the value of the integration
interval (2T) of the r-ACF should be around 30 timesthe typi-
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ca valuefor (t) ;. (Mouri etal., 2001). However, our previous
study showed that the choice of 2T had little effect on the
valueof (1), ... asfar asthe operatic singing voice of vowels
isconcerned (Kato et al., 2004a; Kato et a., 2004b). For this
study, we selected fixed integration times for all dataat 2T =
500 ms. Figure 2 provides an example of the running 7, of an
operatic singing voice signal as afunction of time.

2.4. Analysisof variance (ANOVA) and linear prediction
modelsof (t) ..

The purpose of this study is to examine whether the singers
can consciously vary the (t,) .. values using musical cues
without having a knowledge of the physical parameters such
asvibrato rate, vibrato extent, jitter, and shimmer. Hence, the
following three musical factors that were determined by our
instruction to the singers as described in subsection 2.2 were
assumed to be qualitative explanatory variablesfor (t) . in
thisstudy: (1) subjective degree of vibrato (3 levels: minimum-
vibrato, medium-vibrato, and maximum-vibrato), (2) tonepitch
(3 levels: with absolute height depending on vocal part), and
(3) vowel selection (5levels: /ah/, /eh/, fib/, /oh/, and /uh/). For
the case when individual singer variations are not necessary,
thefactor for “ Subject” (10 levels) can betreated asaresidual;
however, this study included this factor among the explana-
tory variables because of the focus onindividual singer varia-
tions rather than an average across al the singers. The results
of analysis of variance (ANOVA) including the three musical
factors and the factor for “Subject” might reflect the relative
importance of the musical factors versustheindividual singer
variations. Consequently, afour-way ANOVA was performed.

The efficiency of the linear prediction model of the (1), ..
values by the three musical factors and the factor for “Sub-
ject” isalso of interest of us, because such linear prediction

200 T
100 (1) —
— L Te)min .
m L -
g S0f l §
o | _
e i

10 . . .
0 0.5 1.0 1.5 2.0
Time [s]

Fig. 2. Example of the measured T, values of ther-ACF with a
100-ms stepping interval (2T = 500 ms) of arecording of a
G3#“oh” vowel, as sung by aprofessional baritone singer at
mf (mezzo forte).
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models, which can be used for the linear variation models of
the (t),,, values are convenient for the singers. In this study,
the linear prediction process was divided into three parts.
Firstly, we performed a linear prediction by using only the
threemusical factors (the simplest case). Second, we performed
alinear prediction by using the three musical factors and the
factor for “ Subject”. The obtained result will reflect the effec-
tiveness of the relative variation of (t) , and not the abso-
lute. Lastly, we performed a linear prediction by using the
three musical factorsfor each individual singer. Theresult will
make it possible to compare the variation of (1) . by each
individual singer among the ten singers.

3.RESULTS

Figure 3 shows the distribution of the (1) , valuesfor sung
vowels (10 singers). The(t), ;. values show an approximately
normal distribution on alogarithmic scale and not a linear
scale. The(t),,, values for individual tones ranged between
5.5 msand 750 ms, and the geometric mean of the individual
singerswas ranged between 21 ms(Sop. 2) and 90 ms(Mez. 3).
The geometric mean across al singerswas 36 ms.

Table 2 liststhe results of ANOVA after fitting amodel with
four variables to the data that included all 2700 sung vowels.
We performed the full factorial ANOVA, in which the main
effects of each variable and the interactions between two vari-
ables were included in the model. The measured total contri-
bution ratio for the model was 80.4%.

For practical convenience, the sum of the squares of each
main effect and interaction were normalized by thetotal of the
sum of the squares; these are shown along with the main
contributing factorsin a bold font in Table 2(a). The fourth
column of Table 2(b) lists each contribution ratio to the value
of log, (7)., in the percentile scale. Since the three musical
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Fig. 3. Measured distribution of the (1), values of sung
vowels for ten singers.
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Table 2. Results of the analysis of variance (ANOVA).

(a) Factor DF Sum of Mean square F-ratio
square
Model 449 259 0.58 4229
Error 2250 31 0.01
Total 2699 289 p<0.001
(b) Factor DF Sum of square Contribution ratio
[%]
Vib. 2 78.2 270
TP 2 0.7 0.2
,,,,,,,,,,,, Vowel 4127 44T
,,,,,,,,,,,, Subject 9 8T W6
Vib.*TP 4 1.1 0.6"
Vib.*Vowel 8 0.6 02"
L Tervowel I 25 . 08"
Vib.*Subject 18 20.0 6.9
TP*Subject 18 22.7 7.9
Vowel*Subject 36 11.8 41"
Total 259 80.4

Vib. = Subjective degree of vibrato, TP = Tone pitch. The
values larger than 10% are marked in bold. ** 1% significant
level.

factors—subjective degree of vibrato (Vib.), tone pitch (TP),
and vowel selection (Vowel)—are dependant upon musical ex-
pression, they can be indicated on a musical score (TP and
Vowel). Further, they are also influenced by individual singer
interpretation styles (Vib., TP, and Vowel).

In order to predict the absolute value of (t) . , alinear pre-
diction model that employs the main effects of the three fac-
tors and excludes the factor of “ Subject” can be formulated as

log,,(t),,, =&(Vib.) +a,(Pitch) + a,(Vowel) + ¢ ©)]

wherea (Vib.), a,(Pitch), a,(Vowel), and c are the values calcu-
lated by a multiple regression analysis with dummy variables;
these values were fitted to the data. This statistical analysisis
mathematically equivalent to a multiple-dimensional -factor
analysis(Hayashi, 1952; Hayashi, 1954a; Hayashi, 1954b) (see
APPENDIX D). Table 3 liststhe values of a (Vib.), a,(Pitch),
and a,(Vowel), which are termed as “category score” in
Hayashi’s model. The value of the constant ¢ in Equation (3)
isequal to thelogarithm of the geometric mean of (t), . across
the singers (see Fig. 3: ¢ = log, (36)). The summation of the
contribution ratios for these three variables-where Vib., TP,
and Vowel = 27.0%, 0.2%, and 4.4%, respectively—was 31.6%.
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Although the (Vib.) had arelatively high contribution, this
model did not result in good predictions for the absolute val-
uesof (t) .. (Fig. 4 and Table 2(b)).

The contribution ratio of the main effect of “ Subject” was
high (28.6%). When this factor is added to the above men-
tioned model expressed in Equation (3), we can formulate the
following:

log,(t).,, = &(Vib.) +a,(Pitch) + a,(Vowel) + a,(Subject) + ¢
@

where a (Vib.), a,(Pitch), and a,(Vowel) have identical values
to those in Equation (3) and listed in Table 3. The expression
“a,(Subject) + ¢ denotes the logarithm of the geometric mean
value of (t) . for each singer (see Fig. 3; the values range
between log, (21) (Sop.2) and log,(90) (Mez. 3)). After fitting
thismodel, the total contribution ratio became 60.2% as shown
inFig. 5and Table 2(a).

The effects of interaction between “ Subject” and the other
three factors were rather high (Table 2(b)). We decided to fur-
ther examine the data by comparing linear prediction models
for individual singers, which were formulated asfollows:

(Pitch) +b,,

[10930(T il
i=12..,10

~by(Vib) +b

) (Vowel) + Coy

®

where bl(j)(Vi b.), bz(j)(Pitch), and b3(j)(V0weI) are calculated by

1000 F
F R®=032 &« ¢ a
500 [ 3
B 5 o 2
_ N
_ AgalR
[72] - & .;
£ =g ?ﬁ Subject
£ b
_E 100 | '’ o,
[ e + Sop. 2
!‘:J.a - o x Sop. 3
2 50 LB ' Mez. 1
= _ f{?x V4 4 o Mez. 2
§ i 25 s ‘ o Mez. 3
F Ten. 1
= = Ten.2
10 = o Bar.
C L Bas.
5 -III| t\:-'; 1 IIIIUI L L L L Ll
5 10 50 100 500 1000

Calculated (Te)min [Ms]

Fig. 4. Relationship between the measured (t) , values and
those calculated by fitting models formulated using Equation

A).
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Table 3. Values of a (Vib.), a,(Pitch), and a,(Vowel) in Equa-
tion (3).

Factor (Item) (Category) Coefticient (Category score)
Minimum-vibrato +0.21
a;(Vib.) Medium-vibrato +0.01
,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,, Maximumvibao 020
Low +0.02
ax(Pitch) Middle —0.01
oM 0
/al/ —-0.08
/eh/ —0.04
az(Vowel) /ih/ —0.03
/oh/ +0.03
/uh/ +0.12

the multiple regression analyses with dummy variablesfor the
individual singers; these values were fitted to the data. Figure
6 shows the values of bl(j)(Vi b.), bz(j)(Pitch), and b3(j)(VoweI).
The N values denote the logarithm of the geometric mean
valueof (1) . for each singer and areidentical to “a,(Subject)
+ ¢” mentioned in the preceding paragraph. Although these
values greatly varied among the individual singers, Vib.
showed asimilar trend for theindividual singers, in which all
the (1), ,, values decreased with a greater subjective degree
of vibrato. Table 4 liststhe contribution ratios of Vib., TP, and
Vowel to the (t ) . values for each singer. As noted, the val-
ues varied greatly among the singers. The total contribution

1000 E
- R2=0.602 - i &
500 7 A
L Qf‘ -y
" N
: :ﬁﬁ 2
7y i X §' £
E Yo 3 subject
€ 100 | r e o
[ B P | op.
t’f - % Sop.3
3 S0 [ 38 Mez. 1
& i ¢ Mez. 2
g : - Mez. 3
(] B Ten. 1
= z Ten. 2
10 = © Bar.
o % 10} Bas.
5 -Illilli.:.:él L L lllltl AL AL L AL L Ll
5 10 50 100 500 1000

Calculated (Te)min [Ms]
Fig. 5. Relationship between the measured (t), ,, values and

those calculated by fitting models formulated using Equation
4.

Kato et al. 40



+0.5

+04F
+0.3F

+0.2

Relative 10g:(Telmin)

i
+0.1pF

-0.1F

-02F

-0.3

-04f

T

I

I

|

|

I

1

] 4 \
. % \o
P

|

|

I

|

|

1

1

|

Coefficient (Categary score

-05

fah/  flehf  Ah/ dohf fubd
Vowel selection (b3)

min.  med. max. Low Middle High
Subjective deg. vib. (b1) Tone pitch (bz)

Fig. 6. Coefficients obtained from multiple regression analy-
ses with dummy variables for ten singers. : Mean values of
coefficients among ten singers (corresponding to a,(Vib.),
a,(Pitch), and a,(Vowel) in Equations (3) and (4) and listed in
Table 3).

ratio for each singer’s model varied between 42% and 86%.
The contribution ratios of vowel selectionto thevaueof (t) .-
for the three sopranos (1%—3%) were smaller than those for
the other singers (9%—36%). Figure 7 shows the relationship
between the measured (1), . values and those cal culated by
Equation (5) for each singer. Although the residuals with re-
spect to (1) interactions of factors and (2) intra-individual
changes within 6 trials were included, the correlation coeffi-

Table 4. Contribution ratios of the subjective degree of vi-
brato, tone pitch, and vowel to the (1), ,, values for each
individua singers. The maximum and minimum for each vari-
ableare marked in bold.

Contribution ratio [%]

Subjective
Singer degree of Tone pitch Vowel Total
vibrato

Sop. 1 77" <1 3" 81"
Sop. 2 38" 47" 1™ 86"

~ Sop.3 577 5" 3" 65"
Mez. 1 41" 1 1 53"
Mez. 2 53" Sk 29" 86"
 Mez.3 18" 24" 18™ 60"
Ten. 1 30™ 47 9" 27

~ Ten2 557 57 24" 83"
Bar. 32" <1 36" 68"
Bas. 33" <1 20" 53"

* 5% significant level. ** 1 % significant level.
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Fig. 7. Relationship between the measured (t) . values and
those calculated by fitting models formulated using Equation
(5) for individual singers.

cient between the measured and calculated (t) . valueswas
sufficiently high toreach 0.89 (p < 0.01).

4.DISCUSSION

Operatic-style singing voices for ten trained singers, perform-
ing variably pitched vowels at amezzo-forte (mf) singing vol-
ume, were recorded and analyzed (1) to determinethe possible
existing range of (1), of variably pitched vowelswith varia-
tion in the subjective degree of vibrato and (2) to examine
whether operatic singers can consciously vary the(t) . val-
ues by means of the “subjective degree of vibrato.”

4.1.Rangeof (t) . valuesfor vowelssung by trained oper-
atic singers

Figure 3 shows that the log-normally distributed values of
(7)., Fanged between 5.5 msand 750 ms. Let us suppose that
asinger produces nearly nonperiodic ((t) .= 0ms) or nearly
perfect periodic signals ((t),,, = °°) with extreme values of
(t);» €9., by the combination of a softer voice or louder
voice (Kato et al., 2005). Evenin such acase, it isinteresting
that the present result for the mezzo-forte (mf) singing volume
is broader than the entire variation of previously reported val-
ues for continuous speech signals ((t) ., = 10 ms) and musi-
cal pieces((t),,, = 20-200 ms) (Ando 1998). The measured
(t),,, vauesfor ten musical pieces that included solo instru-
ment and orchestra performances ranged between 19 ms (vio-
lin solo) and 187 ms (piano, classical mood) in a previous
report (Kuroki et al., 2004). A similar broad range was also
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observed in our previous investigation of professional oper-
atic singing voices for vowels sung without varying the sub-
jective degree of vibrato (Kato et al., 2004a). In this study, the
upper range of (t), . ishigher than that in the previous study.
The present study suggests that (1) a conscious vocal effort
to reduce the subjective degree of vibrato resultsin more pe-
riodic characteristics and larger (), values (Fig. 6) and (2)
thereareindividua singerswho naturally singwithlarger (t) ..
values, eg., Mez. 3 (Fig. 3).

4.2. Potential for thevariation of (), values

The ability of the singersto vary the(t) . valuesintermsof
(1) subjective degree of vibrato, (2) tone pitch, and (3) vowel
selection was examined. The results for a number of subjects
that were formulated on the basis of Equation (3) show that
the predictability of the absolute value of (1) . by the vari-
ablesVib., TP, and Vowel islimited (Fig. 4 and Table 2). Thus,
it may be difficult to develop a unique model for blending the
operatic singing voice with an opera house at the present
stage which can be useful for all the singers.

It isinteresting to note that the contribution ratio of the main
effect of “ Subject” was high (Table 2(b)). This may be due to
wide variation in the voice quality and phonation style
(Sundberg, 1987; Titze, 1994) aswell asvibrato extent (Prame,
1997) of individual singers. A negative correlation between
vibrato extent and (), values was observed in our previous
study (Kato et al., 2004a). The present results suggest that
intra-individual variability of (t) . intermsof Vib., TP, and
Vowel, isrelatively more realizable; thisis because the com-
mon model for all singersthat was formulated using Equation
(4) resulted in atotal contribution ratio of 60.2% (Figure5 and
Table 2). Thus, for blending the operatic singing voice with a
given opera house, it may be more effective for singersto be
aware of their individual averaged values of (t), . which can
be measured as described in this study.

The results presented in Fig. 6 and Table 4 show that the
contribution ratios of Vib., TP, and Vowel varied greatly among
theindividua singers. Only Vib. had arecognizable predictive
trend toward higher relative contribution to the (t) . values.
Therefore, one of the most important factors that influences
the subjective responses of both listeners and performers to
the sound field of the performing hall, which can be used in
the“lifeline of music” (Tsutsumi, 2005), may be the “ subjec-
tivedegree of vibrato.” Asan application, for example, it might
in the effective selection of amusic program aimed at reducing
the subjective degree of vibrato for performances in a hall
where the sound fields might have longer delayed reflections
and/or alonger reverberation time.
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Note that the greater subjective degree of vibrato causes
the (7)), values to decrease (Fig. 6). The present observed
phenomenon might be closely related to changes in the vocal
production mechanism when the subjective degree of vibrato
is changed. The effort to produce a greater subjective degree
of vibrato might cause non-periodic voice signal production
from the vocal fold to the mouth. Although the effect of the
subjective degree of vibrato onthe (1) . valuesisdifficult to
determine in mathematical terms, it would be reasonable to
question whether the amplitude of r-ACF might increase again
around thevibrato cycle (160-200 ms) (seeFig. C1 (b)). If pure
tones are modul ated with perfect periodicity, the amplitude of
r-ACF increases again to 0 dB at the modulation period. Also,
it would be informative if we analyze the (t ), values for
several synthetic voice signals as a function of vibrato rate
and vibrato extent. A topic of discussion could be ascertain-
ing the more dominant effect between the effect of vibrato
content and that of random variations in phonation period
time. In order to describe the effect of the subjective degree of
vibrato in relation to the qualitative parameters, the acoustic
analyses of signals such as sound level, vibrato rate, vibrato
extent, intonation, jitter, and shimmer must be addressed in
future studies.

The results obtained from the (t ), values of the five vow-
els(/ah/, leh/, lih/, /oh/, and /uh/) are noteworthy (Fig. 6). The
average (1), valuesfor the ten singerswasin the following
order: /ah/ < /eh/ < /ih/ < /oh/ < /uh/. Thisfinding is useful for
discussing the quasi-periodicity of sung vowelsin relation to
the production mechanism of the singing voice. The present
result may be closely related to those of previous studies on
vowels such as the position of the tongue or the opening of
the mouth and jaw in singing (Titze, 1994), and this physi-
ological aspects of singing may need to be addressed in fu-
ture studies.

4.3.Individual singer variations

It isinteresting to note that the interactions between “ Sub-
ject” and the other three factors were fairly high (Table 2(b),
Fig. 6); the reason for such a high interaction is discussed
now. Firstly, with regard to the high interaction of
Vib.(Subjective degree of vibrato) with Subject, this may be
related to the variationsin the vocal production mechanism of
individual singers, and it requires more research. It can be
hypothesized that the reason for the present observation may
be related to typical individual variations in vibrato extent
(Prame, 1997) and not vibrato rate (Prame, 1994). In our previ-
ous study, a significant negative correlation was observed
between the (1) ., values and vibrato extent, but the correla-

Kato et al. 42



tion between the value of (t,) . and vibrato rate was small
(Kato et al., 2004a).

Secondly, the high interaction of TP(Tone Pitch) with Sub-
ject may be closely related to variationsin the changes of the
vocal register of anindividua singer (Sundberg, 1987; Titze,
1994). The vocal register can be divided into a minimum of
three parts in the middle range of one octave for each vocal
part (see subsection 2.2 of this manuscript): falsetto (head),
mezzo falsetto, and middle (chest). Trained operatic singers
tend to use these three types of registers smoothly and indi-
vidudly (Sundberg, 1987; Titze, 1994). Inthenormal pitchrange
of the falsetto (head) register, the waveform of the recorded
voicesismore similar to the waveform of pure tones than that
in the case of the middle (chest) register. Our previous study
suggested that this factor was responsible for the (7)) . val-
ues for the fal setto register becoming larger than that for the
middle (chest) register (Kato and Ando, 2002). For example, in
this study, Mez. 3 may have been sung with afalsetto (head)
register; thusincreasing the(t) . valuesat ahigh pitch range,
while Sop. 2 may have been sung with a chest register, thus
decreasing thevalue of (t) . at thisrange. In order to confirm
this speculation, the glottal open quotient, which is strongly
related to the vocal register, should be physiologically mea-
sured by using the DECOM (DEgg: Correlation-based Open
quotient Measurement) method (Henrich et a., 2005), and to
be addressed in future studies.

Finally, the high interaction of Vowel with Subject can be
expressed as follows. Among the five vowels, the individual
singer variation for agiven vowel was especialy high for /ih/
and /uh/ vowels. This result may be closely related to previ-
ous studies on vowels that involved factors such as the posi-
tion of the tongue or the opening of the mouth and the jaw in
singing (Titze, 1994); this requires physiological studies of
singing to be addressed as a future study. The fact that the
contribution ratios of vowel selectionto the (1), . valuesfor
the three sopranos were smaller than those for the other sing-
ers (Table 4) is encouraging. This result is as expected since
vowelstend to be sungin amore similar manner at high pitches
(Fy—F, matching).

The present result shows that linear prediction models for
individuals formulated in Equation (5) can alow for reason-
ably accurate prediction asshownin Table 4, Fig. 6, and Fig. 7.
Therefore, it ispracticaly effective to find the dominant musi-
cal factors which contribute to (t,) . values for each indi-
vidual singer. This can be achieved by the personal measure-
ments similar to those performed in this study along with the
singer’s request.

J. Temporal Des. Arch. Environ. 6(1), December 2006

5.CONCLUSIONS

A large data set of the subjectively significant temporal pa-
rameter (1), of the steady-state part of operatic-style sung
vowelswith amezzo forte (mf) singing volume was used: the
resulting observations were as follows:

1. Typically, the subjective degree of vibrato has ahigher con-
tribution to the value of (1) . , and it decreases with a greater
subjective degree of vibrato (see Tables2, 3, and 4 and Fig.
6).

2. The selection of a subjective degree of vibrato, tone pitch,
and vowel can help achieve arelative variation for the mean
valuesof (1) . of eachindividua singer, rather than a deter-
mination of the absolute value of (t) . (compare Fig.4 and
Fig.5).

3. The contribution ratio of the subjective degree of vibrato,
tone pitch, and vowel selectionto thevalue of (1), depends
on theindividual singer (see Fig. 6 and Table 4).
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APPENDI XA:

Therole of room acousticsin the effective duration (t_) of the
running autocorrelation function (r-ACF) of asound signal
With regard to the temporal aspects of room acoustics, re-
flected sounds with various delays and amplitudes superim-
pose the direct sound at the ear positions of both listeners
and performers. In order to assess the significance of the tem-
poral blending of the source signal with room acoustics, this
superposition effect should be described and investigated.
Theeffectiveduration (t.) of ther-ACF isan important param-
eter for sound signal's, and it can reveal the characteristic tem-
poral aspects of room acoustics. The equations expressing
the relationship between the (1), . values of a sound signal
and the preferred temporal conditions of sound fields for both
listeners and performers are briefly introduced and summa-
rized here. For the simplest case that isillustrated in Fig. A1,
when considering the temporal coherence of sound signalsin
the time domain, the correlation between a direct sound and
the delayed reflections is strongly related to the perceptual
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reflection.

attributes and subjective preferences of the sound fields.

For listeners, using anumber of listening tests with musical
pieces that have different (t ) . values (Ando et al., 1989;
Ando, 1998; Ando et al., 2000; Ando, 2002; Kuroki et d., 2004),
thepreferredinitial timedelay ([Atl]p) between thedirect sound
and the first reflection from the sound field in aroom can be
calculated asfollows:

[At], = (logio % —clogyo AT, (A1)
where constantsk = 0.1 and ¢ = 1.0, and A is the total ampli-
tude of reflections relative to the direct sound. The preferred
subsequent reverberationtime [T_, ] , can be calculated asfol-
lows:

[Tl =23 (T, (A2).

For performers, the preferred initial time delay ([Atl]p) be-
tween the direct sound and the single reflection from the sound
field in aroom can be calculated by Equation A1l aswell, ad-
justing constants k and c. The value of A isreplaced by the
amplitude of thereflection being defined by A = 1 relativeto—
10 dB of the direct sound as measured at the ear’s entrance.
This is due to the over-estimation of the reflection by the
performer. According to the paired-comparison test with cel-
lists, constantsk = 1/2 and ¢ = 1 have been obtained (Sato et
al., 2000). It isnoteworthy that the coefficientsk and ¢ for alto-
recorder soloists were respectively 2/3 and 1/4 (Nakayama,
1984).

Theimplications of these three equations can be worded as
follows: anon-preferable echo disturbance might occur if the
correlation between the direct sound and delayed reflections
is smaller than a certain value, then avery long initial time
delay At, causes the echo. Conversely, if the direct sound and
delayed reflection is shorter than a certain value, anon-prefer-
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able tone coloration may occur due to interference effects
between them. The preferred condition may exist between the
echo disturbance and the non-preferable tone coloration (see
Fig.Al).

APPENDIXB:

Procedurefor calculatingtherunning autocor relation func-
tion(r-ACF)

The procedure for calculating the r-ACF, by using the direct
method inthetimedomain, isillustrated in Fig. B1. TheACFis
well known as a method for estimating the fundamental fre-
quency (F,) of asound signal, as derived by determining the
time lag between the origin and the first major peak of the
function. Since the fundamental frequency of amusical sound
signal is higher than 100 Hz in most cases, the required maxi-
mum lag () to obtain the fundamental period is around 10
msat most. Yet, in order to obtain the effective duration () of
ther-ACF, therequired length of (t__ ) islonger than 50 msas
far asthe case of the operatic singing voice of vowelsis con-
cerned (seeAPPENDIX C).

Figure B2 shows a comparison of ACFs and power spectra
obtained by different methods. ACFsthat employ direct meth-
ods are obtained in the time domain. ACFsthat use FFT meth-
ods, based on the Wiener-Khintchine theorem, are acquired

Musical Sound Signal
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Fig. B1. Direct method to determinethe running autocorrelation
function (r-ACF) in atime domain.
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Fig. B2. Comparison of ACFs and power spectra obtained using different methods.

by atransform in the frequency domain by FFT, followed by
performing an IFFT caculation. It isimportant to note that the
Wiener-Khintchine theorem is mathematically satisfied only
for completely periodic or infinite-length signals, and not math-
ematically be satisfied for aquasi-periodic signal collected for
the analysis of operatic singing voices. Even in a practical
situation, a variation in both ACFs and power spectra due to
the calculation method is evident (see Fig. B2(a)-(t)). It isnot
possible to find even one matched pair of the running ACF
and running power spectrum for quasi-periodic signals. Thus,
we reiterate that the transform methods and their precise defi-
nitions should be carefully examined before conducting an
analysis of voice signals.

Although “FFT method A” or “FFT method B (method to
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avoid circular calculation)” isusually used for the purpose of
the fast computation and is accompanied by awindow func-
tion such as Hamming, Hanning, or Blackman, in order to ob-
tain the ACF corresponding to the direct method, “ FFT method
C” (seeFig. B2(e)) must be used. If “FFT method C” ischosen
instead of the “direct method” for performing afast calcula
tion, the segment over the maximum time lag is omitted be-
cause this segment is obtained from circular calculation, as
illustrated in “Direct method C” (see Fig. B2(b) and corre-
sponding Fig. B2(e)).

APPENDIXC:
Definition of “theinitial part” of therunningautocorrelation
function (r-ACF) for calculatingitseffectiveduration (t.)
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The definition of the “initial part” of ther-ACF isbriefly de-
scribed here. Historically (Ando et ., 1989; Ando, 1998; Ando
et al., 2000; Ando, 2002; Kuroki et a., 2004; Nakayama, 1984;
Noson et a., 2000; Noson et a., 2002; Sato et a., 2000), the
envelope decay of the “initial part”of the logarithm of the
absolute value of the r-ACF of the source signals of musical
sounds has been considered to be linear. However, we need to
definethe“initial part” of the r-ACF before calculating t_ be-
cause the decay rate of the r-ACF varies, asillustrated in Fig-
ure C1. For this study, the “initial part” of the r-ACF was set

'
(4]

10 log, o ¢ (z:.7) |

200

10 log,o| ¢ .(z:t.T) |

0 100
Time lag (1) [ms]

200

Fig. C1. Examples of the r-ACF waveforms and extracted T,
values of the operatic-style sung vowels.
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for both the X-axis (0 msto 50 ms) and Y-axis (from the ampli-
tude of thefirst major peak to the amplitude of the first major
peak subtracted by 5 dB). Thisdefinition of “theinitial part”
of ther-ACF for calculating T, was efficient as far as the oper-
atic singing voice of vowelsis concerned.

APPENDIXD:
Method of factor analysis
The method of factor analysisis described here (Hayashi,
1952; Hayashi, 1954a; Hayashi, 1954b). The numeric valuesto
each subcategory of each item are given and synthesized the
responses as be concerned with behavior patterns.
Inthisanalysis, al the items do not need to be scalable. The
dataof casesisused. Here, isan external variable and and
aredefined asfollows: s=1, 2,..., R (Risthe number of items),
andk=1,2,..., K (K isthe number of subcategoriesin thitem).
Because each case checks only one subcategory in each item,
the behavior pattern of the -case should be synthesized in the
formof

Ks R Kg
o = Y Xs(1) =2{ 26 (K) X} (D1)
s=1 s=1 k=1
where
Ks

k=1

and 6(sk) = 1, if the -case is under the th subcategory in the th
item, and, §(sk) = 0 otherwise. o, which isreferred to as the
total score of thei-case, has anumerical valuesince X, hasa
numerical value.

The correlation coefficient p between A and o iswritten as
follows:

VS (4 - ANy~ )

p(4,0;) = i=l (D3)
G 40 ¢
where | -
- 2 2
A==3%4;, oy3=—2(4-4),
n - n iz
— 1 2 u —\2
U=—Yo0;, Of=—2x(,;-a). (D4
n - j

i=1

For the purpose of obtaining amaximum p value or to estimate

the external variable from the behavior pattern, let A =0 and

a=0 because p isinvariant under a shift of origin. The score
of each subcategory can be determined by solving
ap

—=0(s=12..,R k=1,2..,K)

Xy (DS)
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