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ABSTRACT Additionally, experiments comparing voice qualities were
This paper reports how rapid fluctuations of fundamental frequeRerformed using vowels synthesized using averaged FOs, fluctua-
cies in continuously uttered vowels influence vowel quality an§ion-reduced FOs obtained using high- or low-pass filters, and the
shows that vowel qualities with various fundamental frequenc§figinal FOs with fine fluctuations, to determine which frequency
fluctuations can be discriminated perceptually. For this purposBands of the FO fluctuations were significant for perceiving voice
electroglottographs (EGGs) of vowels uttered by nine males wefiglality of each group. The experiment results were analyzed us-
obtained using Laryngograph, and fundamental frequencies withg & multidimensional scaling (MDS) technique. They suggest
rapid fluctuations were estimated from them. Analyzing forty-fivehat each group had a distinctive FO fluctuation frequency that
estimated fundamental frequencies, they can be classified into f@frabled it to be discriminated perceptually.
groups. Moreover, psychoacoustic experiments, with five subjects,
evaluating voice quality by multidimensional scaling (MDS) 2. ESTIMATION OF FO
showed that voice quality of the synthesized speech u_sing the fggorder to estimate FOs of vowels with fine fluctuations, EGG
damental frequencies of the groups was completely discriminaje, s \vere recorded for about 10 s using Laryngograph with
and there was a dlstlnctlvg fr.equency band of fundamental frgg 1, sampling and 16-bit accuracy, from nine male speakers.
quency fluctuation for specifying each group perceptually. The data were for five Japanese vowels. When uttering the vow-
Keyyvqrds: fu_ndamentgl frequ_ency qu_ctuatlon, eIectrogIottographels’ the speakers monitored a 130-Hz pure-tone through a head-
multidimensional scaling, voice quality phone and tried to keep their fundamental frequencies at 130 Hz.
Since L changes rapidly at the closing points of the glot-
1. INTRODUCTION tis, we chose the changing pointslofind estimated FOs as recip-

Even though speakers try to keep pitch frequency fixed when digcals of the time intervals between adjacent changing points. At
tering vowels, periods of glottal vibration are not uniform andirst, the recorded EGG waves were filtered using a low-pass
fluctuate finely in time; this fluctuation affects voice qualityfilter (LPF) whose cut-off frequency was 2 kHz to eliminate high-
[1][2][3]. Moreover, when a vowel waveform is synthesized usfrequency noise components. Next, derivatives of the filtéred
ing an uniform, non-fluctuating pulse train, its quality seems to b&ere calculated to specify the closing points of the glottis, which
unnatural, like a buzzer. However, vowel quality is improved bgre indicated by peaks in the derivatives. Then, FOs at any time
varying the pulse intervals. This paper focuses on the relationsiiguld be estimated by linearly interpolating reciprocals of time
between the perception of vowel quality and fine fluctuations dftervals between peaks. Although unusual peaks and intervals
the fundamental frequency (FO0), especially how rapid fluctuatiorere often found in the derivatives, they were corrected by hand.
of fundamental frequencies in continuously uttered vowels influ- Figure 1(a) shows an FO wave of vowel /a/ estimated by
ence vowel quality and whether vowel qualities with various funthe above mentioned method and Fig. 1(b) is a comparable FO
damental frequency fluctuations can be discriminated perceptiyave of the same vowel estimated by the auto-correlation of the
ally. LPC residual. Parameters of the auto-correlation were frame = 30
For this purpose, first, electroglottographs (EGGs) of thés, Hamming, and frame period = 5 ms. The figure shows that
five vowels of Japanese uttered by nine males were measured it} FO contour estimated from the EGG wave (a) had finer fluc-
ing Laryngograph, and FOs with fine fluctuations were estimateiations than (b).
from the closing points of the glottis obtained from the EGGs.
Using coefficients of variation of the FOs, the forty-five estimated 3. ANALYSIS OF FO FLUCTUATION

FOS,COU|d be classified iqto fou.r groups: (A) no; including aMYrhe analyzed data were FOs with fine fluctuations estimated from
part.|cular .fluctuatllon, (B) including (elatlvely rapld flugtuatlon,the EGG waves: they were sections 2 s long manually cut out
(C) including relatively slow fluctuation, and (D) including both ., staple portions of vowels. The number of the data was 45 (5
rapid and slow ﬂuctgatlons. o . vowels x 9 speakers). The meamg ) of FO in time were distrib-

Next, experiments on discriminating vowels synthesizedo peween about 125 Hz and 135 Hz, even though the speakers

by the Klatt formant synthesizer using typical FOs of groups (A}yonitored a 130-Hz pure-tone. The standard deviatisng ere
(B), and (C) with fine fluctuations were performed, to determin%.5 to 3 Hz, independent of speakers and vowels.

whether subjects (this time five) could discriminate between FO In order to classify FO fluctuations into groups, we cal-
fluctuations of the groups. Only FO fluctuation differed among, . a1eq power spectra of FOs by a 96,000-point Fourier transform
the synthesized vowels. The results suggest that the qualities 2 ) (48-kHz sampling, 2-s duration). Figures 2(a), (b), and (c)
vowels of the three groups were clearly different from each oth fow log power spectra of three typical FO waves shown in Fig.

and could be discriminated almost completely. 3(a), (b), and (c), respectively. The panels in Fig. 2 show interest-
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Fig. 1 Estimated FO waves of vowel /a/ by (a) the proposed methpy. 3 Three typical FO waves (a), (b), and (c) classified into Groups
and by (b) auto-correlation of LPC residual. (A), (B), and (C), respectively.

ing features: panel (a) shows small magnitudes in the whole frey of the low-passed wave (CVI) was larger than 0.0075, the wave
quency region, panel (b) shows large magnitudes in the high frigas considered as having slow fluctuation and wherCief
quency region, and panel (c) shows large magnitudes in the lake high-passed wave (CVh) was larger than 0.0045, the wave
frequency region. The large magnitude in the low frequency revas considered as having rapid fluctuation.
gion indicates that FO fluctuated slowly and the large magnitude The four groups were as follows:
in the high frequency region indicates that FO fluctuated rapidly. (A) not including any particular fluctuation, CVI < 0.0075 and
The boundary of the frequency regions was about 10 Hz. CVh < 0.0045,
The FO waves were low- or high-pass filtered with a 10-  (B) including relatively rapid fluctuation, CVI < 0.0075 and
Hz cut-off frequency and analyzed statistically. The filtering pro- CVh > 0.0045,
cedure was as follows: the FO waves were translated by the 96,000- (C) including relatively slow fluctuation, CVI > 0.0075 and
point FT, components lower or higher than 10 Hz were replaced CVh < 0.0045, and
by zero, and then they were reproduced by the 96,000-point in- (D) including both rapid and slow fluctuations, CVI > 0.0075
verse FT. The low-pass filtered FOs had slow fluctuation lower and CVh > 0.0045.
than 10 Hz and the high-pass filtered FOs had rapid fluctuatiorhe FO waves illustrated in Fig. 3(a), (b), and (c) are typical waves
higher than 10 Hz. Figures 4 and 5 illustrate the slow and rapidl Groups (A), (B), and (C), respectively. The numbers of vowels
fluctuations of the FO waves shown in Fig. 3(b) and (c). in Groups (A), (B), (C), and (D) were 24, 3, 18, and 0, respec-
FO fluctuations were classified into four groups based otively. No waves were classified into Group (D) in the data used
the coefficients of variation@V) of the low- and high-pass fil- for this work, probably because the number of the data was small
tered waves. ThEV is a statistical criterion, or FO fluctuations classified into Group (D) may have been abnor-
CV=9D/M, 1) mal. This should be checked in future.
where D is the standard deviation aidl is the mean. When the
4. PSYCHOACOUSTIC EXPERIMENTS

Psychoacoustic experiments were carried out to determine whether

40 1\& \ subjects could discriminate between FO fluctuations of the groups

a) .. 20 W A A (Experiment 1) and which frequency bands of the FO fluctuations
@ g 0 = \\fh \NV\/\/\WW/\V were significant for perceiving voice quality of each group (Ex-

g o 10 20 30 40 50 6o  Pperiment 2).

5 aof 4.1 Experiment 1
b g 20 \ //\/\ /\n f‘f\/\\/\ /\\//1 N AA- ) . p
) & EEA I A. Stimuli

§ 00 15 55 % 5 2 U 20 The stimuli were three re-synthesized speech waves of vowel /a/

& coming from Groups (A), (B), and (C) using the Klatt formant

g 40f] \ synthesizer to reflect fine FO fluctuation.

3 o0 AN A A A To synthesize the stimuli with their own FO fluctuations,
© o VT \NJW VYV WAW the excitation waves were made as follows:

5 15 25 % 1o 25 80 Let us assume FO transition

Frequency (Hz) _RM®=R+F(1), 2
where F, is averaged FO ang (t) is FO fluctuation. If a pulse is
Fig. 2 Log power spectra of three typical FO waves, which aiget at timet,, the next pulse must be set at
shown in Fig. 3. The symbols (a), (b), and (c) indicate the same tg =t FYR(L,). 3)
wave data. The generated pulse train was filtered to modify each pulse into
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Fig. 4 Low- and high-pass filtered waves of the FO wave shown fig. 5 Low- and high-pass filtered waves of the FO wave shown in
Fig. 3 (b): (a) original wave, (b) low-pass filtered wave, and (cfrig. 3 (c): (a) original wave, (b) low-pass filtered wave, and (c)
high-pass filtered wave with DC component. high-pass filtered wave with DC component.

the Rosenberg wave. The FO fluctuatibi(t) came form each SETA (low-pass filtered set): LPFs with cut-off frequencies of

group and the averaged i) of Group (A) was used foF,(t). 10, 30, 60, and 100 Hz were used for filtering. Additionally, origi-

Formant frequencies and bandwidths were also fixed in the casal FOF,(t) and averaged FB, were also used for the excitation

of Group (A). In the experiments, the number of formants wawsaves. Thus, the number of stimuli was six (1 original FO + 4

three and all formant frequencies and bandwidths were measuteRFs + 1 averaged FO).

from sound spectrograms of three speech waves. SETB (high-pass filtered set): HPFs with cut-off frequencies of
The duration of each stimulus was 2 s and both ends wet@, 30, 60, and 100 Hz were used for filtering. Others were the

tapered over a period of 50 ms by a sine function. The amplitudame aSET-A Thus, the number of the stimuli was also six.

was normalized. The stimuli were formed into pairs with a 1-s The duration of each stimulus was 2 s and both ends were

interval. The number of paired stimuli was nine. tapered over 50 ms by a sine function. The amplitude was normal-

ized. The stimuli were paired in each stimulus set with a 1-s inter-

B. Propedure . . val. The number of paired stimuli in each stimulus set was 36 and
The paired stimuli were presented through binaural earphontﬁs

(Sennheiser HDA-200) at a comfortable loudness level. Eac € number of stimulus sets was six (2 sets x 3 groups).
paired stimulus was randomly presented to each subject five tim&. Procedure
The subjects were five male graduate students very familiar witfhe paired stimuli in each stimulus set were presented through
the characteristics of the speakers’ voices. The task was to judgaaural earphones (Sennheiser HDA-200) at a comfortable loud-
whether two synthesized vowels were the same or not. ness level. Each paired stimulus was randomly presented to each
. . subject two times. The subjects were the same as in Experiment 1.
%eRneuSnl]Jét; %?Sol?r:ascﬁ%isslv?/grs was 224. out of a total of Zél'ge task was to evaluate the similarity of two synthesized vowels
- . . T f five grades: very different (0) - different (1) - neither
stimuli (9 types x 5 times x 5 subjects). This indicates that th@éerms o TIve g.l > _y.l 3 imil
subjects could discriminate between FO fluctuations of GroupsI erent nor similar (2) - similar (3) - very similar (4).
(A), (B), and (C), and the differences in FO fluctuations do influC. Results and Discussion

ence vowel quality. Perceptual distances for MDS were measured based on the evalu-
. ation results. Two-dimensional configurations of points of each

4.2 Experiment 2 stimulus set are represented in Fig. 6. The left panels a8&for

A. Stimuli A and the right panels are 8ET-Bfor Groups (A), (B), and (C).

To determine which frequency bands of the FO fluctuations a#g the figures,Lx, M and L(H): x indicate the original FO, the

N - ; . ) veraged FO, and LPF (HPF) with cut-off frequencykdiiz, re-
significant for perceiving voice quality of each group, we filtere Lpectively
the FO fluctuationg (t) using the 96,000-point FT; during low- Di'stances betweehx and M in two-dimensional con-
pass filtering, components higher than the cut-off frequency weg

. “Tigurations were large and the points of other stimuli were distrib-
replaced by zero and they were translated by the 96,000-point ire . . o
verse FT. The filteredr, (t) denotesF, (t). uted around them, suggesting that the subjects could discriminate

The pule train for the excitation wave was generated frortrﬁle stimuli from each other and that the qualities of synthesized
O vowels usingLx and M were clearly different. Additionally, vowel
Rl =FK+F(1), 4

using the same procedure as in Eq. (3). The generated pulse t

was filtered to modify each pulse into the Rosenberg wave. A

parameters (FO fluctuatioR; (t), averaged F@F,, formant fre-

guencies and bandwidths) came form each group.

The stimulus types were as follows.

'%lilrz‘%l|iti6§ with fi_Itered FOs were clqse to those_ of either vowels
nthesized usingx or M, depending on the filter cut-off fre-
uencies.
Comparing the left and right panels of Group (C) in Fig.
6(c), the critical cut-off frequency was 10 Hz. This is because all



points of stimuli with filtered FOs gather ak in the left panel

spectra of the FO fluctuations shown in Fig. 2, significant features

and atM in the right panel. This indicates that significant feaexist in the high-power region.
tures of Group (C) exist in the frequency band lower than 10 Hz.

Comparing the left and right panels of Group (B) in Fig. 6(b), the

itical cut-off f i t 1 Hz for LPF . - .
ggtlvf/ze(r:]usg anrg%%eaczyffr Zeréeiﬂis?n%?gafgs tﬁa?rsignifi?%%‘e results of the two experiments indicate that FO fluctuation

features for Group (b) are distributed around 30 Hz. For Gro

(A) in Fig. 6(a), on the other hand, the critical cut-off frequenc
cannot be set for the LPF, although 10 Hz is critical for HPF. Th
result suggests that features of Group (A) scatter in the freque

band lower than 60 Hz. These findings show that each group h
a particular critical cut-off frequency at which perceptual judg-,.~ =" .
ment changed and had a distinctive FO fluctuation frequency ew-St'nCt'Ve for group (B). If the LPF with 10-Hz cut-off frequency

abling its discrimination perceptually. Considering the log pow
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5. GENERAL DISCUSSION

ects voice quality and that different FO fluctuation causes dif-
rent voice quality, which can be perceived completely, even
ough the difference in the cut-off frequency of LPF or HPF to
r FO fluctuation was less than 20 Hz.
d Some FO fluctuations had rapid fluctuation components.
l§or example, fluctuation frequency components around 30 Hz were

efinpplies to them, voice quality changes into quite a different one. It

is doubtful whether well-known pitch
prediction methods can extract FOs with
fluctuations as rapid as 30 Hz.

The results suggest that new
pitch frequency extraction methods to
predict fine fluctuations are needed for
speech analysis-synthesis techniques and
some rules formulating temporal fluctua-
tion of pitch pulses that can represent dif-
ferences between Groups (A), (B), and
(C) are also needed for text-to-speech
techniques[4][5].
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Fig. 6 Two-dimensional configurations of points of each stimulus set. The left panels are

SET Aand the right panels a8ET Bfor Groups (A), (B), and (C) (top to bottom).



