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Analysis and perception of spectral 1/f characteristics

of amplitude and period fluctuations in normal
sustained vowels

Naofumi Aoki and Tohru Ifukube
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(Received 6 June 1998; revised 3 March 1999; accepted 29 march 1999

Two kinds of fluctuations are always observed in the steady parts of normal sustained vowels. One
is amplitude fluctuation, defined as the cyclic changes of maximum peak amplitudes. The other is
period fluctuation, defined as the cyclic changes of pitch periods. The primary purpose of this paper
is to present quantitative descriptions of amplitude and period sequences obtained from normal
sustained vowels. These fluctuation sequences consisted of maximum peak amplitudes or pitch
periods extracted successively from 512 consecutive pitch periods in the steady part. Results of the
frequency analysis indicated that their frequency characteristics seemed to be subject to the spectral
1/f power law. In order to investigate the possibility that the frequency characteristics of the
fluctuation sequences influence the voice quality of sustained vowels, psychoacoustic experiments
were conducted. Amplitude and period sequences evaluated in the experiments were sgpéctral 1/
(white noise, 1/f, 1/f2, and 1f° sequences, respectively. The experimental results indicated that
the subjective voice quality of synthesized sustained vowels could reflect the differences in the
frequency characteristics of the fluctuation sequences.19@9 Acoustical Society of America.
[S0001-49669)01507-9

PACS numbers: 43.71.Bp, 43.70.(3WS]

INTRODUCTION vowels (Lieberman, 1963; Hecker and Kreul, 1971; Koike,
) . ) 1973; Kitajima and Gould, 1976; Kasug al, 1983, 1986;
Normal sustained vowels always contain cyclic changéskenfelt and Hammarberg, 1986; Hillenbrand, 1987; Es-
of maximum peak amplitudes and pitch periods, even in theifanaziet al. 1990: Martinet al. 1995.
most steady parts where these values are considered to be o, the other hand, several studies have pointed out that

quite stable(Lieberman, 1961; Hikietal, 1966; Hollien  he gifferences in the dynamic characteristics of AS and PS

et al.,. 1975; Horii,_ 1973 In th_is paper, they are Iabe_led 8S could be a factor which causes the differences in voice qual-
amplitude fluctuation and period fluctuation, respectively. In-t between pathological and normal sustained vowels. The

addlt!on, the sequences which consisted of maximum peiwewpoints of these studies afé) temporal characteristics
amplitudes or pitch periods extracted successively from th Lieberman, 196]l (a) autocorrelation(Koike, 1969: von
steady part of normal sustained vowels are labeled as amplj- ' ’ '

X ) edan and Koike, 1970 (3) random fractal naturéBaken,
tude sequenc@AS) or period sequencéPS), respectively. . .
One of the major objectives of the research on thes 1990, (4) nonlinear dynamic¢Herzelet al, 1994, and(5)

voice fluctuations is to examine their applicability for quan_?requency characteristics of the fluctuation sequerigesio

titative discrimination of pathological voices from normal and_llfr?stjya, 199|4 h terisi f the fluctuati
cases. Since the characteristics of AS and PS obtained fro € lemporal characteristics ot the fiuctuation sequences

sustained vowels produced by speakers with laryngeal pa?— tained from normal sustained vowels are suggested to be

thology tend to deviate from those of normal sustained vowhot completely random processes. The current values in the

els, both the fluctuation sequences are considered to contalifctuation sequences are influenced by the previous values

potentially significant information for diagnostic screening " the sequenced.ieberman, 1961 The randomness of the
of pathological voices. fluctuation sequences parametrized by the fractal dimension
As is summarized in the literaturéPinto and Titze, &ls0 suggested that they are not completely rané®aken,
1990, a variety of measures has been devised for diagnosti@ggg-
screening. A number of the measures focus on the deviations N addition, the randomness of the fluctuation sequences
of the successive values in AS and PS defined, respectivelyas evaluated by visualizing their autocorrelation function
as shimmer and jittefioike, 1973; Hollienet al, 1975; Ki-  (Koike, 1969; von Leden and Koike, 197@ttractor patterns
tajima and Gould, 1976; Horii, 1979, 1980; Milenkovic, in the phase spadgierzelet al, 1994, and their frequency
1987: Titzeet al, 1987; Childers and Wu, 1990; Pinto and characteristic§Endo and Kasuya, 1994These studies also
Titze, 1990; Schereet al, 1995; Bielamowiczt al, 1996. indicated that the dynamic characteristics of the fluctuation
Since the size of jitter and shimmer tends to be larger foisequences could be applicable for diagnostic screening, since
pathological sustained vowels than for normal cases, thedhe dynamic characteristics derived from pathological sus-
differences would give potentially useful information for the tained vowels tended to be different from normal cases.
discrimination between pathological and normal sustained In order to establish the methodology of diagnostic
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screening from the viewpoint of the dynamic characteristicsstandard deviation and the frequency characteristics of both
of fluctuation sequences, further investigation is requiredfluctuation sequences. In addition, their stationarity, distribu-
The relationship between the dynamic characteristics of th&on, and the correlation between AS and PS were investi-
fluctuation sequences and the corresponding speech perceagated to obtain the information for modeling the fluctuation
tion could be useful information to design measures for di-sequences.
agnostic screening.

Another major objective of the research on the voiceA. Speech samples

fluctuations is the enhancement of synthesized sustained ton male subjects between 22 and 26 years of age who

vowels (Childers and Hu, 1994; Kla_tt and Klatt_, 1990; Mc- i not suffer from any laryngeal disorders were selected in
Cree and Barnwell, 1995 Synthesized sustained Vowels o qer to obtain normal sustained vowels. Each subject was

would be perceived as buzzer-like without incorporating amMyeqested to phonate the sustained vowel /a/ as steadily as
plitude and period fluctuations. A number of studies havego

P ) -l ossible in a soundproof anechoic rogRion, audiometry
indicated that the size of the standard deviation of AS and P

I . X ) X om) toward an electret condenser microphgAediotech-
significantly influences the voice quality of synthesized susy;c4 AT822 at a distance of about 15 cm from the mouth.

tained vowels. It has been suggested that the buzzer-likgne systained vowels were directly recorded onto a hard disk
voice quality can be improved, if the standard deviation Ofby way of a microphone mixefMackie, microseries 1202-

AS and PS incorporated into synthes_iz_ed sustair.led Vowel§) 7 ‘5 low-pass filte8th-order Bessel characteristiand
are optlmlzedWer.1dahI, 1963, 19663 Hilet al, 1966; Cole- 5, analog-to-digital convertgiDigidesign, audiomedia )l
man, 1969, 1971; Rozsypal and Millar, 1979®n the other  rhe sampling rate and quantization level were 44.1 kHz and

hand, it is also indicated that the large standard deviations ofg pits respectively. The cutoff frequency of the low-pass
AS and PS are associated with rough voice quality as pefgjir W:’;IS set to 5 kHz.

ceived in pathological cases. This finding could be consistent Speakers phonated the vowels at a pitch and loudness
with studies which have indicated that the size of shimmeg, o+ \was comfortable. The duration of the phonation was

and jitter can be useful measures for the diagnostic screenir}gquested to be approximately 10 s. All records contained a

of pathological voices from normal cases. The size of Shim'steady portion of at least 512 pitch periods lasting over ap-

mer and jitter tends to be large as the size of the standargoyimately 4 s, in which the mean pitch period was found to
deviation of AS and PS becomes larger. The size of theynge from 7.6 to 9.1 ms. The calculated mean pitch period
standard deviation of AS and PS appears to be one of thgt 5| speech samples was 8.3 ms. The sound-pressure level
mportant fe_lctors in enhancing the voice quality of synthe-(spl_) was also measured by a precision noise meter using
sized sustained vowels. the C weighting conditioriBriel & Kijeer, type 2209, which

Furthermore, it is also indicated that the dynamic chary, ¢ placed about 15 cm from the mouth. Measured SPL

acteristics of the sequences can be another significant faCtPénged from 80 to 86 dB for all subjects. The gain of the
to enhance the voice quality of synthesized sustained Vowelﬁwicrophone mixer was adjusted for each subject for an opti-

Several studies have suggested that the frequency characigfy| recording level. Twenty speech samples were taken per
istics of AS and PS would influence the voice qualioba- g piect since at least 15 speech samples were required to

yashi and Sekine, 1991; Komuro and Kasuya, 1991; Aokl arantee statistical significance in the fluctuation sequences
and Ifukube, 1995 For the enhancement of the voice quality of normal sustained vowelSchereret al, 1995. Two hun-

of synthesized sustained vowels, it seems potentially usefy,qq speech samples in tof@0 utterances< 10 subjects
to investigate what features of the frequency characteristic§are obtained.

of the fluctuation sequences contribute to the enhancement.
The primary purpose of the present study was to de-
scribe statistically the characteristics of AS and PS obtaine®. Extraction of AS and PS

grontw (rju:rmal_ S.U?talne?. vowslsﬁ Speledclr; an?Iyst[sllwas cf:oln— Since updated values for each cycle of both fluctuations
ucted 1o gain information which would be potentially usetul, o .o required to form fluctuation sequences, each value of

for mode!lng the fluctuation sequences. The_ size of the SIS and PS was extracted from the digitized speech samples
dard deviation and the frequency characteristics of the fluc-

- ; ; . -using a peak-picking method and a zero-crossing method,
tuation sequences were included in the speech analysis. ﬁg aap P 9 9

. ) ; ) ) spectively(Hollien et al, 1973; Hori, 1975, 1979, 1980;
addition, psychoacoustic experiments investigated how thﬁ'.itze et al, 1987; Doherty and Shipp, 1988; Titze and Liang
synthesized sustained vowels characterized by chosen fr ' ! ' ’ '

§993. The resolution of the extraction for AS was set to be
guency characteristics of AS and PS were perceived. Th 3

! X ) . Better than a 0.1% accuracy level. It is reported that this
experiments aimed to examine whether or not the d'fferenceiccuracy level is guaranteed if the maximum peak ampli-
in their frequency characteristics were associated with su

active diff N th . litv of hesized tudes are represented by more than 9 (dittze et al,, 1987).
{2?;2’:; V(;Weglinces In the voice quality of synthesize SUSrhis requirement was satisfied by adjusting proper recording

levels in the sampling session. Maximum peak amplitudes
were represented by more than 13 bits, so that this condition
would be considered sufficient for satisfying the required ac-

This section describes several statistical characteristicsuracy level. In this study, a parabolic interpolation tech-
of AS and PS obtained from normal sustained vowels. Thaique was also employed in order to improve the accuracy of
speech analysis included the investigation of the size of théhe extraction(Titze et al,, 1987.

|. SPEECH ANALYSIS
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FIG. 1. Definition of amplitude sequen¢AS) and period sequend®S. 0 [n =l
Amplitudes of the speech sample are normalized to vary freinto 1, 0 0.05 0.1 0.15
which corresponds te-32 768 to 32 76716 bits quantization levgl From S.D. for period sequences (msec)
consecutive 512-pitch periods, the AS denotedapy], n=0,1,...,511 and
the PS denoted bg[n], n[0],1,...,511 were successively extracted. FIG. 3. Distributions of@) the coefficient of variatiofiC.V.) of AS and(b)

standard deviatiogs.d) of PS obtained from all speech samples.

The resolution which is better than a 0.1% accuracygyantization level of 16 bits. Figure 2 shows an example of a

level requires an extremely high sampling rate for the extracpajr of AS and PS obtained from one of the speech samples.
tion of PS(Horii, 1979; Milenkovic, 1987; Titzet al., 1987;

Titze and Liang, 1998 It is reported that more than 500
samples are required to represent each cycle in order to s
isfy this accuracy level. According to this criterion, a sam-
pling rate greater than 65.8 kHz is necessary if the pitch As mentioned earlier, the size of the standard deviation
period is 7.6 ms, as it is our highest case. Although such & AS and PS is considered to be a significantly important
high sampling rate is desirable for accurate extraction of Pactor that influences the voice quality of sustained vowels.
it is also reported that the zero-crossing method with a lineaf he standard deviations of both fluctuation sequences were
interpolation can be a remedy to decrease the required sarftatistically analyzed in order to investigate their valid size
pling rate without sacrificing the accuradifitze etal, for normal sustained vowels.
1987. In this study, the linear interpolation scheme was em-  Since the gain of the microphone mixer was adjusted
ployed to prevent the degradation of the accuracy of the exdepending on the loudness of the subject, the magnitudes of
traction caused by utilizing a 44.1-kHz sampling rate. AS were represented by arbitrary units. Therefore, coeffi-
The extraction of fluctuation sequences was performe@ient of variation(C.V.) was chosen as a measure for the size
in the following order. First, the middle portion of each of AS (Pinto and Titze, 1990 C.V. is a measure which
speech sample was extracted by using an editing program fégpresents the standard deviation of a sequence normalized
acoustic signal$Digidesign,SOUND DESIGNER 1) after visu- by the mean. The distribution of the C.V. of AS is shown in
ally and acoustically inspecting that particular unsteadines§ig. 3@. It ranged from 2% to 20% and its mode was found
was not detected in this portion. The extracted portion wagt around 7.5%. The mode as within the normative range for
referred to as a steady part. From the steady part, PS wéke normal AS, which was reported to be 6.688003%
then extracted successively from consecutive 512 pitch perimean= standard deviation ydSchereret al, 1995.
ods. AS was also extracted from the same 512 pitch periods. Standard deviatiofs.d) itself was employed as a mea-
Figure 1 illustrates the definition of AS and PS, where thesure to compare the size of PS. As shown in Figp) 3the
amplitudes of the speech sample were normalized to rang®d. of PS ranged from 0.03 to 0.13 ms and its mode was
from —1 to 1, which corresponds te32 768 to 32 767, the around 0.05 ms. In addition, the C.V. of PS was also calcu-
lated for the comparison with the normative range reported
in the literature(Schereret al, 1995. The C.V. of PS ranged

ag. Distributions of the coefficient of variation of AS
nd the standard deviation of PS

(@) ge from 0.5% to 1.6% and its mode was found at around 0.8%.
g3 The mode was within the normative range i540% for
%3 the normal PSSchereret al, 1995.
E E The correlation of the size of AS and PS, both of which
were obtained from an identical speech sample, was also
(b) EA s investigated for the development of the model of the fluctua-
§§, ) tion sequences. Figure 4 shows the scattergram plotted for
ﬁé C.V. of AS versus s.d. of PS. Although a moderate positive
= 3 { , . correlation coefficientr(=0.64) was obtained from the scat-
0 128 256 384 512 tergram as average tendentendat and Piersol, 1971
pitch period number there was a variety of the combinations which obscures the

FIG. 2. Examles ofa AS and (b) PS obtained from one of the speech meaning of the average correlation coefficient. For examp!e,
samples. The AS shown i@) is represented by using the same normaliza- one of the cases showed that the CV of AS was Sma”!_ W_h”e
tion as in Fig. 1. the s.d. of PS was large, and vice versa. Such deviations
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25 TABLE II. The results of thechi-squared test which determined whether the

%3 distributions of(A) AS and(B) PS were Gaussian. The level of significance
2% 20 . was set toa=0.01 for the tests. The table represents the numbers of the
Sao 15 R sequences acceptable as Gaussian out of the 20 sequences from each sub-
ES et 0Ly ject.
=5 10 “Jol L Y N
RO G T .
2} > °.§;I;'-§;3 et . Subject (A) (B)
=8 5 S T
3’ 0 ok AH. 12 15
0 0.05 0.1 0.15 M.Y. 11 9
* S.D. for period sequences (msec) M. 16 12
S.Y. 15 10
FIG. 4. The scattergram obtained from all speech samples shows the corre-  Y-T- 12 16
lation of the size between AS and PS obtained from the identical speech  H.S. 10 17
sample. The average correlation coefficient is 0.64. M.1. 11 8
M.S. 14 10
S.S. 9 7

were found among individual speech samples, even from the ¢

same subject.
The size of fluctuation sequences investigated in terms ~ ©°%@ 121/200 119/200

of the C.V. for AS and the s.d. for PS would be useful in- (61% (60%

formation when we develop the model of the fluctuation se-

guences. Since it was difficult to make any meaningful CONstationary out of 20 sequences. Almost all of A®R%) as

clusion that AS and PS were correlated or independent ifq| as PS(96%

. . © were acceptable as stationary processes.
their size, the size of PS for AS or AS for PS could be | conclusion, AS and PS extracted from the steady part
chosen rather arbitrarily for the preliminary model.

of normal sustained vowels would be regarded as stationary

processes. The size of fluctuation sequences would not

change, even though their duration changed. This result
For developing the model of the fluctuation sequences, ishows one of the features of the fluctuation sequences to be

is useful to examine whether the size of fluctuation selaken into account for their model.

guences changes as the duration of the sequences changes. In

order to clarify this issue, the stationarity of AS and PS wagF- Distributions of AS and PS

investigated. In this study, stationarity was defined as the  Tne gistribution of fluctuation sequences is one of the

time invariance of the mean and the variance of the sequenggportant features for developing their model. It has been

(Bendat and Piersol, 1971 _ _ reported that the distributions of AS and PS are seemingly
A runs test was employed in order to judge whether gegarded as Gaussiéomuro and Kasuya, 1991; Aoki and

fluctuation sequence was a stationary or nonstationary prafykube, 1996. This tendency was reexamined in this study.

cess. The test examined whether the changes of short-time Tapje |1 shows the results of thehi-squared test which

mean and variance of a sequence were acceptable as those@hmined whether the distribution of a sequence was classi-

a stationary proces@endt and Piersol, 1971Table | shows  fied as GaussiafBendat and Piersol, 1971The numbers of

the results of the tests. The severity of the tests defined byan) AS and(B) PS for each subject in Table Il represent the

the level of significance was chosen tode 0.01. The num-  fiyctuation sequences which were acceptable as Gaussian out

bers of(A) AS and(B) PS for each subject in Table | rep- of 20 sequences. The level of significance was chosen to be
resent the fluctuation sequences which were acceptable 3s- 01 for the test.

11 15

D. Stationarity of AS and PS

_ _ The results indicated that the Gaussian distribution was
TA(?(LBE L'sThe rest“':? of the runs tte?_t which determ'”e‘;r‘]"’hle‘f"ﬁ“fs_ considered to be one of the possible choices in modeling,
an were stationary or nonstationary processes. e level of signiti-_. . . . 0
cance was set ta=0.01 for the test. The table represents the nhumbers ofsmie more than half of the d|str|b_ut|ons of AG]‘ A)) and PS .
the fluctuation sequences acceptable as stationary processes out of the &P%) were aCC_Gptable as GaUSS'_an- H.OW_eve_r: the results did
sequences from each subject. not clearly confirm that the Gaussian distribution was always

necessary for their model, since it appeared that a number of

Subject ® ® the distributions were not acceptable as Gaussian. Further
AH. 16 19 investigation of their distribution in order to develop more
M.Y. 18 18 precise models of the fluctuation sequences were left for fu-
M. 18 20 ture study.

SY. 17 20
Y.T. 20 19 .

H.S. 17 20 F. Correlation between AS and PS
mls 12% 11% The correlation between AS and PS also influences the
ss 19 18 model of the fluctuation sequences. Correlation coefficients

T.S. 20 20 were calculated from all the pairs of AS and E®ndat and
total 183/200 191/200 P|ersql, 1971 Since |qd|V|duaI tgndency was _no'F pgrtlcu—

(92%) (96%) larly different from subject to subject, pooled distribution of

the correlation coefficients was obtained from all subjects.
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FIG. 5. Distribution of correlation coefficients between AS and PS obtained 1 10 100
from the identical speech samples. The mean and the standard deviation of frequency

the distribution are-0.12 and 0.32, respectively.

FIG. 7. Mean frequency characteristics(af AS and(b) PS obtained from

. . . . all speech samples. As in the case of Fig. 6, the valug of close to 1;
The result is shown in Fig. 5. The mean and standard devidg— 1 og for the AS and3=0.98 for the PS.

tion of the distribution were-0.12 and 0.32, respectively.

Since the correlation coefficients tended to center approXiy g for AS and 0.98 for PS. The calculated standard devia-
mately at zero, both fluctuation sequences are likely to bg,, ¢ B was 0.13 for AS and 0.17 for PS, respectively.
modeled as processes as independent of each other. Since the value of8 tended to center approximately at 1, the

results of frequency analysis would indicate that both fluc-
G. Frequency characteristics of AS and PS tuation sequences can be modeled as spectfgbrbtesses

This study investigated the dynamic characteristics of'S @ preliminary choice.

the fluctuation sequences from the viewpoint of their fre-
guency characteristic€Endo and Kasuya, 1994The fre- H. SUMMARY
quency characteristics of AS and PS were estimated using The results of the speech analyses are summarized as
the 512-point fast Fourier transfor@FFT) with Hamming  follows. The size of the fluctuation sequences varied in the
window (Bendat and Piersol, 197.1As a result, it was found  range of 2% to 20% in terms of C.V. for AS, for 0.03 to 0.13
that the gross approximation of the frequency characteristicis in terms of s.d. for PS. The mode of C.V. for AS was
was subject to the spectral f£/ power law (Mandelbrot,  7.59%, and s.d. for PS was 0.05 ms. The correlation of the
1977; Voss and Clarke, 1978; Keshner, 1982; Musha andize between AS and PS was not particularly characterized
Yamamoto, 199% although the details might deviate from by the average correlation coefficient. The results of the runs
this approximation. This tendency was consistent among allest indicated that both fluctuation sequences could be mod-
fluctuation sequences. eled as stationary processes. As a preliminary choice, the
Figure 6 shows examples of the frequency characterisdistribution of both fluctuation sequences can be modeled as
tics of AS and PS. The value of the exponghtvas esti-  Gaussian, since more than half of the distributions of AS and
mated by the least-squares line fittilBendat and Piersol, PS were considered to be Gaussian. Furthermore, AS and PS
1971. The value ofg is equivalent to the gradient of the could be modeled as processes independent of each other,
fitted line in the frequency characteristics represented in theince AS and PS did not consistently show a strong correla-
log—log scale. The value g8 of this example was 0.99 for tjon. Although the results of the frequency analysis sug-
AS and 0.96 for PS. gested much finer models, both fluctuation sequences would
The average frequency characteristics of AS and PS ange roughly modeled as spectraf@_/processeS, where the
shown in Fig. 7. It was found that the mean valuggofvas s equivalent to 1 as a gross approximation.

IIl. PSYCHOACOUSTIC EXPERIMENTS

a 60

() E o ~UEN As mentioned earlier, several studies have suggested
= that the frequency characteristics of AS and PS influence the
E 20 voice quality of synthesized sustained vow¢kobayashi
£ 0 and Sekine, 1991; Komuro and Kasuya, 1991; Aoki and If-

(b) “g’. 60 ukube, 1998 In order to explore the influence of the fre-
5 40 » quency characteristics of fluctuation sequences on speech
2 50 perception, a series of psychoacoustic experiments was con-
o . ducted. The purpose of the experiments was to investigate

how the differences in their frequency characteristics caused
frequency the subjective differences in the voice quality of synthesized

sustained vowels.
FIG. 6. Examples of the frequency characteristics(@fAS and (b) PS
obtained from a speech sample. The highest frequency is represented as 286 Stimuli
due to the 512-point FFT. The least-squares line fitting indicates ghat . . . .
=0.99 for the AS and3=0.96 for the PS in modeling these frequency Stimuli for the psychoacoustic experiments were sus-

characteristics by spectralff/power law. tained vowels /a/ produced by a partial autocorrelation
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(PARCOR synthesizer(Rabiner and Schafer, 1978; Kon- TABLE Iil. Fluctuation sequences characterizing the stimuli.
doz, 1994. They were characterized by the different combi-

nations of AS and PS Stimulus Conditions 1 and 2 Conditions 3 and 4
The filter coefficients of the PARCOR synthesizer were a AS (speech sample PS (speech sample

derived from one of the speech samples whose AS and PS 2 no AS no PS

showed the representative characteristics of all fluctuationg, d AS (1A° sequences PS (1f° sequences

sequences investigated in this study. The C.V. of the AS was e

7.5% and the s.d. of the PS was 0.05 ms. Both fluctuation f

sequences were acceptable as stationary processes. Their dfd- 9 AS (1ff sequences PS (1f sequences

tributions were also acceptable as Gaussian. Since the corre- T

lation coefficient between the AS and PS wa6.06, they 4> i AS (1/f2 sequences PS (1f? sequences

were considered not strongly correlated with each other. k

Their frequency characteristics were approximated by the |

spectral 1f# power law, in which@ was 0.99 for the AS and 43 m AS (1 sequences  PS (1f® sequences

0.96 for the PS. Both frequency characteristics are, respec-
tively, shown in Fig. 6. Furthermore, the mean pitch period
calculated from the PS was 8.4 ms, which was close to the

average of all speech samples. Both fluctuation sequencesys, conditions 1 and 2 focused on how fluctuations in AS
were employed in synthesizing stimuli. influenced perception, while conditions 3 and 4 focused on

The filter order of the PARCOR synthesizer was set tohow perception was influenced by the different frequency
40 for the condition of a 44.1-kHz sampling ratabiner  :haracteristics of PS.

and Schafter, 1978; Kondoz, 1994 was visually inspected Fourteen stimuli labeled from &’ to “ n” were pro-

that the frequency characteristics of the PARCOR filter ingyced for each condition. Fluctuation sequences employed to
this condition appropriately represented four dominant forcharacterize the stimuli are summarized in Table IIl. Stimu-
mants below the cutoff frequency of the low-pass filter of 5|ys “a” employed the AS and the PS obtained from the
kHz. The coefficients of the PARCOR filter were not alteredspeech Samp|e. A|though stimulus’* was not the Speech
during the synthesis. This condition was based on the asample itself, its voice quality was considered to reflect the
sumption that the characteristics of the vocal tract filter forcharacteristics of the AS and the PS of the speech sample.
normal sustained vowels do not substantially change duringince stimulus ‘4" was used as a reference stimulus in
the phonation. In order to synthesize sustained vowels, iMevaluating all stimuli including stimulus &” itself, it was
pulse trains, which are conventionally used for synthesizingyiso labeled the reference stimulus. Comparisons between
voiced speech, were employed as source signals of the PARe reference stimulus and stimulua’were the control for
COR synthesizer(Rabiner and Schafer, 1978; Kondoz, the experiment. Stimulusb” was produced without ampli-
1994. Period fluctuations in the stimuli were implemented tude or period fluctuation. This stimulus was aimed to exam-
by the pulse-position modulatioi.athi, 1968. It employed  ine whether amplitude or period fluctuation was an important
PS as the modulating signals. In order to guarantee the agactor for speech perception. In addition, four stimulus
curacy of the modulation at a 44.1-kHz sampling rate, im-groups, each of which consisted of three stimuli, were pro-
pulse trains represented in the analog form were passefliced. The three stimuli of each stimulus group employed
through a—6-dB/oct low-pass filter and sampled at a 44.1-AS or PS whose frequency characteristics were classified in
kHz sampling rate. This low-pass filter theoretically con-the same category, while the fluctuatiaon sequences them-
sisted of both—12-dB/oct glottal characteristics areb-dB/  selves were different from each other, since randomization
oct radiation characteristics from the moutRabiner and used for producing the fluctuation sequences was different.
Schafer, 1978; Kondoz, 1994After synthesizing sustained The four stimulus groups were labeled® 31, 52, andS83
vowels by the PARCOR filter, cyclic gain adjustments de-according to the frequency characteristics of the fluctuation
fined by AS were employed to incorporate amplitude fluc-sequences. Stimulus groyg®d, which consisted of stimulus
tuations. “c¢,” “d,” and “e” employed spectral P sequences

Each stimulus consisted of 128 pitch periods. Since théwhite nois@. Stimulus groupBl, which consisted of stimu-
mean pitch period was set to 8.4 ms, the duration of eactus “f,” “ g,” and “h,” employed spectral ¥/ sequences.
stimulus was approximately 1 s. A linearly increasing or de-Stimulus groupB2, which consisted of stimulusi;” “ j,”
creasing gate function whose duration was 10 ms was enand “k,” employed spectral I? sequences. Stimulus group
ployed at the beginning and the end of each stimulus in ordeg3, which consisted of stimulusl;” “ m,” and “n,” em-
to prevent click-like sounds. ployed spectral T# sequences.

The psychoacoustic experiments investigated four dif-  The value of the exponens in the spectral ¥ se-
ferent conditions in regard to AS and PS. In conditions 1 andjuences for each stimulus group was considered to be a
2, the frequency characteristics of AS were manipulatedrather preliminary choice. The integer values from 0 to 3
while all of the stimuli employed the PS obtained from thewere employed, since there wasag@riori knowledge about
speech sample. On the other hand, PS was changed fratine relationship between speech perception and the values of
stimulus to stimulus in conditions 3 and 4, while all of the 8. This condition also aimed to examine whether or not the
stimuli employed the AS obtained from the speech sampleperceptual effects were categorized by the valueg.of
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The C.V. of all AS was set to 7.5% for condition 1 and (a)
15% for condition 2, in which the C.V. of the AS obtained
from the speech sample was also readjusted. Condition 2
aimed to examine whether or not the larger C.V. of AS in-
fluenced the experimental result compared with condition 1.

The s.d. of PS was set to 0.05 ms for all stimuli throughout (b)
conditions 1 and 2.

On the other hand, the s.d. of PS was set to 0.05 ms for
condition 3 and 0.10 ms for condition 4. Condition 4 aimed
to examine whether or not the larger s.d. of PS influenced the
experimental result compared with condition 3. The C.V. of (¢)
AS was set to 7.5% for all stimuli throughout conditions 3
and 4.

All of AS and PS employed in the stimulus groups were
fractional Brownian motions produced by the FFT method
(Saupe, 1988; Voss, 1989Gaussian white noise was first
transformed to the frequency domain, then passed through
the low-pass filter characterized by the spectr&f ower
law. The result was transformed back into the time domain.
Although the speech analysis indicated that the distributions
of AS and PS were not necessarily Gaussian, the fluctuation
sequences employed in this study were simply assumed &$G. 8. Variations of 1f* sequence. The values of the expongrare (a)
Gaussian. zero, (b) 1, (c) 2, and(d) 3. The mean and the standard deviation are

The power spectrum of a spectraf4/sequence is rep- "°Mmalized to be zero and 1.
resented as

Mo N A

normalized amplitude

(d)

0 128 256 384 512
discrete time

S,(F)=T(H)[2Su(F)= T()?, (1) sented through a monitor speak&enon, USC-101which
where S,(f) is the power spectrum of a spectrafd/se- ~Was attached to a premain amplifi@ansui, AUa 507XR).
quencen(t), T(f) is the frequency characteristics of a SpeC_The speaker was placed 1.5 m in front of the subject in a
tral 1/f# filter, andS,(f) is the power spectrum of Gaussian Soundproof anechoic roortRion, audiometry room The

white noise. SPL of the stimuli was set to 65 dB upon presentation.
Thus, the spectral 17 filter is required to be Each subject took part individually in the experiment of
2 all four conditions. Each condition consisted of 14 paired-
|T(F)|=1/P"2, 2

comparison trials to evaluate the similarity between the pre-
The typical sequences produced by this method areeding stimulusA and the succeeding stimul&s The stimu-
shown in Fig. 8. These are the examples of spectrl 1/ lus A was the reference stimulus. The stimuBisvas one of
(white noise, 1/f, 1/f2, and 1 sequences, respectively. the 14 stimuli produced for each condition. The order of the
The smoothness of the sequences increase as the vaflie opresentation in regard to stimuliBswas randomized.
increases. Simultaneously, the sequences prove to be nonsta- The stimulusA and B were presented to the subject
tionary process. These are attributable to the dominance afvice in the form of anAB pair. There was a 1-s silent
the low-frequency components in the sequences for a largefiterval between stimulug andB, and a 2-s silent interval

B between the first and secoAd pair. For the judgment, a 6-s
interval was given to the subject after listening to the &
B. Subjects pairs.

. - . The subject was asked to judge whether or not the voice
Twenty subjects consisting of 12 males and eight fe- ubject W judge w Vol

males participated in the experiment. Their age ranged fron(“?uallty of stimulusB was perceived as the same as that of

! : stimulusA. They were forced to select one of the following
20 to 26 years. None of them was experienced in psychoe%- . . . . . Y -

. ; ' . hree choices(1) “same,” (2) “undecided,” or (3) “differ-
coustic experiments. All reported having no hearing prob-_" "~ : . :
lems. ent.” The three-point scale aimed to examine whether or not
the subject could correctly distinguish the voice quality be-
tween a stimulus of artificially produced fluctuation se-
guences and a stimulus of the fluctuation sequences obtained

All stimuli were synthesized using a personal computerffom the speech sample. The five- or seven-point scale,
(Apple, Macintosh Quadra 800The stimuli were passed Which is conventionally used to grade the differences in the
through a digital-to-analog convertédigidesign, audiome- Vvoice quality, was not employe(Kreimanet al, 1993. In
dia 1) and then low-pass filtere@th-order Bessel character- order to compare the experimental results, the above three
istic). The sampling rate and quantization level were 44.1choices were translated into the numerical measured called
kHz and 16 bits, respectively. The cutoff frequency of thesimilarity, which was defined ad) 100%,(2) 50%, and(3)
low-pass filter was set to be 10 kHz. The stimuli were pre-0% corresponding to the three choi¢dskubeet al.,, 199J).

C. Procedures
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with the reference stimulus. These differences could be a

(a) 128_# e e ] subjective clue for the discrimination between the reference
~ 60r o 1 stimulus and these stimuli.

& 4 o o 0°00505] In order to evaluate the experimental results objectively,
2z 28_, o the independence between the control stimwuand the
(b) 8 400 other stimuli with regard to the response distributions in the
£ sot° L . three-point scale was examined by the-squared testBen-

“ eor y dat and Piersol, 1971The level of significance for the test
;’8: ° 00 ° 0o o | was chosen to be=0.01.
ol i 9,00 The filled circles shown in Fig. 9 represent the stimuli
abcdefghijklimn

whose response distributions were acceptable as in the same
po B1 p2 p3 category as that of the stimulas Since all the stimuli of the

FIG. 9. The similarity of each stimulus is summarizedanfor condition 1 sumglys groupgl were acceptat_)Ie as the same t_hrOUQhQUt

and (b) for condition 2. Filled circles represent the resultsydftest that ~ conditions 1 and 2, it can be indicated that the voice quality

examined whether or not the similarity of each stimulus was acceptable agf the stimulus grougBl could be perceived as the same as

bgmg in the same category of the cqntrol stimubusAll stimuli of thg the stimulusa, namely the reference stimulus.
stimulus groupBl were acceptable as in the same category of the stimulus

a. The level of significance for the test was setater 0.01. N
F. Results of conditions 3 and 4

D. Results of practice trials The results of conditions 3 and 4 are summarized in Fig.

Prior to the experiment of four conditions, each subject!0@ and (b), respectively. It appeared that the control
took part in the practice stage consisting of 12 paired-snmmusa and the stimulus groupl tended to be evaluated
comparison trials. Half of the 12 trials were practice runs fords more similar to the reference stimulus rather than the other
conditions 1 and 2. The other half of the trials were forStimuli throughout conditions 3 and 4. These results indi-
conditions 3 and 4. Each half included a comparison betweef@ed that most of the subjects could not distinguish the
the reference stimulus and the control stimules that was ~ VOICe quality of the stimulus groupl from that of the ref-
the same as the reference stimulus itself. Since they were ttf§€nce stimulus. The larger s.d. of PS examined in condition
same stimuli, responses for this comparisons were expectétdid not substantially influence this tendency.
to be same. The errors with regard to this comparison oc- AS for the other stimuli, most of the subjects reported
curred with five subjects as to AS and three subjects as to Pgat the voice quality of the stimulus groigd was rougher
out of 20 subjects. This result suggested that most of thg}an that of the fefere_znce sUr_nqus. Unstable change_s in the
subjects could correctly detect the sameness between tiRfich were perceived in the stimulus grof@ and53, while
same stimuli. In addition, most of the subjects judged thes§Uch features were not perceived in the reference stimulus.
as the same even though they were not familiar with suclyurthermore, most of the subjects reported that the stimulus
kind of psychoacoustic comparison tests. The subjects We,léwas perceived as buzzer-like compared with the reference

not informed of the correctness of their responses. Any cristimulus. These differences could be a subjective clue for the

teria which might influence their judgments were not givendiscrimination between the reference stimulus and these

to the subjects before or after the practice trials. stimuli. _ o o
The filled circles shown in Fig. 10 represent the stimuli

whose response distributions in the three-point scale were
acceptable as in the same category as that of the control

The results of conditions 1 and 2 are summarized in Figstimulusa in terms of thechi-squared testBendat and Pier-
9(a) and(b), respectively. The similarity of each stimulus is sol, 197). The level of significance for the test was chosen
represented by either an open or filled circle as the average

E. Results of conditions 1 and 2

of the results over all subjects. (a) 100 g
It appeared that the control stimulasand the stimulus 80 o ]
group B1 tended to be evaluated as more similar to the ref- ? 28: 0% i
erence stimulus rather than the other stimuli throughout con- o 200 o © L0400
ditions 1 and 2. These results indicated that most of the sub- e —
jects could not distinguish the voice quality of the stimulus (b) '-Eu 100 g
groupB1 from that of the reference stimulus. The larger C.V. 'S gg: *s |
of AS examined in condition 2 did not substantially influence 0L °o _
this tendency. 20r ° © 60 00°09]
As for the other stimuli, most of the subjects reported O abcdefghijkimn
that the voice quality of the stimulus grog® was rougher B0 p1 P2 p3

than that of the reference stimulus. Particular changes in the

loudness were perceived in the stimulus gr(ﬁm and ’33, FIG. 10. The similarity of each stimulus is summarizedahfor condition

while such features were not perceived in the referencg and(b) for condition 4. Filled circles represent the resultgftest. Most
. . f the stimuli of the stimulus group1 (five cases out of sjxare acceptable

stimulus. Some of the subjects also reported that the l0Udss in the same category of the control stimwudhe level of significance

ness changes of stimulliswere perceived as flat compared for the test was set ta=0.01.
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to be@=0.01. Since five cases out of six were acceptable aspectral 11# sequences are subject to the following relation-
the same throughout conditions 3 and 4, it can be indicatedhip with the condition of £ 8<3 andB=2H+1 (Saupe,
that the voice quality of the stimulus groypl could be 1988; Voss, 1989; Wornell, 1996

classified as in almost the same category of the stimalus
namely the reference stimulus.

(w(rt))y=rw(1)),
(©)

G. SUMMARY (v¥(rt))y=r2"w2(b)),

In spite of the different conditions, the stimulus group _ . .
$1 and the control stimulus tended to be evaluated as simi- Whereuv(t) is a spectral ¥ sequencer is the resolution
lar to the reference stimulus throughout the four conditionsfactor of the sequence is the Hurst exponent, ar(@) is the

On the other hand, the other stimulus groups and stimulus €Xpectation operator.
were not evaluated as being similar. Since the mean and the variance derived from .

Since the similarity of stimulia and b tended to be are considered to change as the resolution factdranges,

judged as low, it can be concluded that AS and PS p|a)}./f5 fluctuations are classified as nonstationary processes
significant roles in the speech perception of sustained vowwith the condition of 8. However, the mean and the vari-
els, as mentioned in the previous literatgvéendahl, 1963, ance of 1f sequences, which are derived from E8). with
1966; Hiki et al, 1966; Coleman, 1969, 1971; Rozsypal andthe condition of3— 1, namelyH— 0, are statistically invari-
Millar, 1979). The results of the other stimuli suggest thatance even though the resolution factmhanges. This nature
the differences in the frequency characteristics of AS and PSf spectral 1f sequences is known as self-similarity, which
can significantly influence speech perception. High similarityguarantees the quasistationarity of the sequefitsdel-
between the stimulus groupl and the reference stimulus bProt, 1977; Voss and Clarke, 1978; Keshner, 1982; Saupe,
was obtained. These results could be attributable to the simit988; Voss, 1989; Wornell, 1996
larity of the frequency characteristics of the fluctuation se- ~ Taking these characterisics into consideration, AS and
quences between stimulus gro@p and the reference stimu- PS modeled as either spectraf/or 1/f° sequences are
lus. classified as nonstationary processes. The typical examples
Since there were no large differences in the similarityof spectral 1f* and 1f* sequences shown in Fig(d} and
among all the stimuli of the stimulus groygi, the random-  (d) exemplify their nonstationarity. Compared with spectral
ization for producing the fluctuation sequences could havé/f® and 1f sequences shown in Fig(a3 and (b), nonsta-
little effect on the speech perception. In addition, it seemedionary changes in the short-time mean of spectréf ahd
that the similarity of the stimulus grougl could not be 1/f® sequences are easily detected.
significantly influenced by the differences in the size of the ~ The nonstationary changes in the loudness and the pitch
fluctuation sequences. The similarity of the stimulus grougdy Spectral 1* or 1/f* sequences are considered to have

B1 was consistently evaluated high throughout conditions faused subjective differences in the voice quality from the
and 2 or conditions 3 and 4. reference stimulus which was characterized by stationary AS

and PS. Taking account of the result of the speech analysis in

which almost all fluctuation sequences would be acceptable
lIl. DISCUSSION as stationary processes, spectrai’land 1f3 sequences

could not be appropriate models for AS and PS of normal

The results of the psychoacoustic experiments suggesustained vowels.
that the frequency characteristics of fluctuation sequences Compared with these nonstationary sequences, spectral
could be a significant factor which influences the voice qual-l/f sequences are considered to be more appropriate models
ity of sustained vowels. Compared with other stimulusfor AS and PS due to their quasistationarity. The psycho-
groups, the stimuli which were characterized by spectral 1/ acoustic experiment also subjectively supported the validity
sequences tended to be evaluated as more similar to the reff the models. Considering the result of the speech analysis
erence stimuli. This result could be attributable to the factin which the fluctuation sequences were suggested to be ap-
that the frequency characteristics of the spectrdl 4¢-  proximated as spectral flprocesses, it could be concluded
guences were close to those of the AS or the PS employed that the models of spectralfléequences are potentially use-
the reference stimuli. ful choices for AS and PS of normal sustained vowels.

The spectral ¥/ power law is often observed in a variety In this study, gross approximation of the frequency char-
of natural phenomena, including fluctuation sequences olacteristics of fluctuation sequences was its only focus. How-
tained from biomedical signals, such as heart-rate fluctuatiomver, the result of the frequency analysis suggested the pos-
(Mandelbrot, 1977; Voss and Clarke, 1978; Keshner, 1982sibility of much finer models. For example, it was found that
Musha and Yamamoto, 1995Although the spectral 1f  the frequency characteristics in the high-frequency region
sequences are generally classified as nonstationary processesded to elevate greater than the spectrilpbiver law, as
with the condition of X B, the quasistationarity is observed shown in Figs. 6 and 7. It will be of interest to investigate
in spectral 1If sequencegMandelbrot, 1977; Voss and how finer models influence speech perception. In addition, it
Clarke, 1978; Keshner, 1982; Saupe, 1988; Voss, 1989uill also be of interest to examine how the perceptual differ-
Wornell, 1996. The mean and the mean-square value ofences are caused by the value®ts it gradually changes
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from 1. These issues are currently being investigated by thé/e also thank Dr. Katagiri and Dr. Pruitt at ATR, Japan and
authors for developing more detailed models of the fluctuabDr. Takaya at the University of Saskatchewan, Canada for
tion sequences. their useful advice in revising this paper.

Some previous studies also developed the model of PS
for normal sustained vowels from the viewpoint of its fre-

quency characteristicéKobayashi and Sekine, 1991; Ko- acki N.. and Ifukube, T(1996. “Two 1/f fluctuations in sustained pho-
muro and Kasuya, 1991These models have represnted the nation and their roles on naturalness of synthetic voice,Pinceedings
frequency characteristics of PS by autoregressigiRr) ICECS 96(IEEE, Rodog, pp. 311-314.

(Kobayashi and Sekine, 19pDr autoregressive moving- Aske_nfelt, A. G and Hammarberg, B_1986. “Speech waveform pertur- }
bation analysis: A perceptual-acoustic comparison of seven measures.” J.

average(ARMA) (Komuro and Kasusya, 199Forms of Speech Hear. Re9, 50—64.
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of PS would be a key factor for the voice quality of sustained®e"dat J. S, and Piersol, A. G.971. Random data: Analysis and Mea-
surement Procedure@Viley, New York).

VQWGlS. The gradu_al decreasing characteristics found in thgielamowicz, s., Kreiman, J., Gerratt, B. R., Dauer, M. S., and Berke, G. S.
high-frequency region were suggested to be a feature of PS(1996. “Comparison of voice analysis systems for perturbation measure-
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tained vowels Childers, D. G., and Wu, K(1990. “Quality of speech produced by

. L. analysis-synthesis,” Speech Comm@®n.97-117.
The decreasing characteristics of AS as well as PS wergnilders, D. G., and Hu, H. T1994. “Speech synthesis by glottal excited
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