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Abstract: We studied the relationship between amplitude and frequency fluctuations of harmonics
and the perceived quality of flute tones with vibrato. To investigate the effects of minute and irregu-
lar fluctuations on timbre, a real flute tone and synthesized flute tones whose relative amplitude levels
of harmonics and extent of vibrato were equal to those of the real tone, were used for the subjective
experiments. Listener’s preference for flute tones was found to be affected by the degree of intensifica-
tion or attenuation of the frequency and amplitude fluctuations above 13 Hz. Also, we investigated the
physical properties of the fluctuations that affect perceived quality of flute tones, by synthesizing fluc-
tuation waves of harmonics. The results of evaluation by test subjects show that there was no perceived
difference in quality between the original tone and synthesized tones with fluctuations that were synthe-
sized by randomization of the phase spectra of the original fluctuations. In contrast, synthesized tones
with fluctuations that were synthesized from filtered noise were perceived to be significantly inferior to
the original tone. These results suggest that spectral variation of fluctuation waves which is at higher

frequency and lower amplitude than spectral variation of vibrato influences perceived quality.
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1. INTRODUCTION

Several studies have been conducted on the relation-
ship between the amplitude envelope or spectral enve-
lope of the sounds of musical instrument and their tim-
bre. Relatively slow and regular fluctuation of harmonics
(that is, vibrato) has been shown to be one of the fac-
tors which affect the perceived naturalness of timbre of
musical instruments. However, few studies have been
conducted on the relationship between minute fluctua-
tions of amplitude and frequency (non-vibrato) and the
perceived beauty or preference of timbre. A series of
studies reported by Ando and his colleagues represent the
only known attempts to clarify these relationships. Such
minute fluctuations of harmonics have been found to have
positive effects on the perceived quality of air-reed instru-
ments [1-3], but they have been found to have either no
effect or negative effects on the perceived quality of other
wind instruments, such as reed wind instruments [4] and
brass wind instruments [5].

Ando and Shima investigated the relationship be-

tween the physical properties of sustained flute tones,
without vibrato, and their perceived qualities [2]. The
flute tones used in their experiment were produced by
players whose skill levels ranged from beginner to profes-
sional. The tones produced by these players had different
amplitude spectra and different degrees of fluctuation in
frequency and amplitude. These two factors, the ampli-
tude spectrum and the amount and nature of fluctuations,
may both affect the timbre of flute tones simultaneously.
For this reason, they conducted an experiment with syn-
thesized flute tones, to investigate the effect of amplitude
fluctuations on the timbre of flute tones. They varied the
amplitude modulation ratio of the harmonics, while keep-
ing the amplitude spectrum constant. In their experiment,
the listener’s judgment of tone quality varied depending
on the extent of their experience in flute playing. The
subjects who had no experience in flute playing evaluated
the flute tone with no amplitude modulation as superior
in quality. In contrast, one of the present authors who had
experience playing the flute preferred the flute tone with
moderate fluctuations.
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Ando et al. applied almost the same method to the
other air-reed instruments, the treble recorder [6] and the
syakuhachi [3], and they reported that professional play-
ers preferred tones which contained moderate fluctuations
in their harmonics.

In addition to these studies, Ando and Sakagami in-
vestigated the relationship between fluctuation character-
istics and the timbre of sustained treble recorder tones
[7]. They conducted experiments to evaluate similari-
ties in timbre between real recorder tones and synthesized
recorder tones, keeping the amplitude spectrum constant.
Their results showed that a tone synthesized from fre-
quency and amplitude fluctuation waves extracted from
each harmonic of a real tone had a timbre close to that of
the real tone. In contrast, the synthesized tone whose har-
monic components were composed of pure tones, whose
other components were composed of random noise, and
whose long-term spectrum was equated to the original
tone had a different timbre than the original tone and the
synthesized tone generated from the original fluctuation
waves.

The general conclusion that can be drawn from these
findings is that not only the amplitude spectrum (which is
regarded as the most important factor for timbre of sus-
tained musical tones) but also the frequency and ampli-
tude fluctuations of harmonics play an important role in
the quality of air-reed instrument tones. However, pre-
vious studies have only dealt with musical tones without
vibrato. Therefore, it is not obvious whether the findings
obtained from those studies will hold true for flute tones
played with vibrato. In addition, the results of informal
experiments by Ando indicate that more minute proper-
ties of fluctuation waves probably affect the quality of
air-reed instrument tones.

Here, we are concerned with flute tones with vibrato,
and we focus on the amplitude and frequency fluctuations
of their harmonics. The target frequency range of these
fluctuations is above the vibrato frequency, because we
want to investigate minute and nonperiodic fluctuations
that a flute tone intrinsically contains. In this paper, we
report on our investigation into the relationship between
these amplitude and frequency fluctuations of harmonics
and the perceived quality of flute tones.

2. FLUCTUATION ANALYSIS OF
HARMONICS OF FLUTE TONES

Analysis of air-reed instrument tones in the previous
studies involved sustained tones without vibrato. How-
ever, in real musical performance, sustained tones often
contain vibrato. In the experiment described in this sec-
tion, we analyzed sustained flute tones with vibrato to in-
vestigate physical properties of frequency and amplitude
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fluctuations of their harmonics.

2.1. Sound Material

Flute sounds were recorded on a DAT recorder at
a sampling frequency of 48kHz, with a microphone
(B&K 4190) positioned 50 cm from the mouth hole. The
recorded melody was the cadence composed by Donjon
from Mozart’s “Concert No. 2 for Flute and Orchestra in
D K.314,” played by Prof. Iwasaki of Kurashiki Sakuyo
University, Faculty of Music. The recorded sounds were
down-sampled to 22.05 kHz before analysis. The sound
which was analyzed was the first note of the melody, and
its duration was 2.1 seconds. Its fundamental frequency
was approximately 900 Hz.

2.2. Frequency Analysis of Fluctuation Wave

Harmonic components were separated by a bandpass
filter bank whose bandwidth was the fundamental fre-
quency and whose center frequencies were integer mul-
tiples of the fundamental. Frequency and amplitude fluc-
tuation waves of each harmonic were then extracted using
analytic signals. The analytic signal is a complex signal
in which the real component is the original signal and the
imaginary component is its Hilbert transform. The fre-
quency fluctuation wave is obtained by the derivation of
the phase of the analytic signal. The amplitude fluctuation
wave is derived from the absolute value of the analytic
signal.

Figure 1 shows the frequency fluctuation waveforms
of the first to sixth harmonics, relative to the integer mul-
tiples of the fundamental frequency. In the figure, the
harmonics are sequentially shifted apart by —10%, for
clarity. Figure 2 shows amplitude fluctuation waveforms
of the first to sixth harmonics, relative to the maximum
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Fig.1 Frequency fluctuation waveforms of the first to
sixth harmonics relative to the integer multiples of the
fundamental frequency. The harmonics are sequentially
shifted apart by —10%, for clarity.



A. NISHIMURA et al.: FLUCTUATIONS AND SUBJECTIVE QUALITY OF FLUTE

0_' 1st
20dB]| [ 2n
R _
o 4th |
S W‘WWV‘
%. " Mw 1
E 5
< ]
6th

0 05 1 15 2
Duration [sec]

Fig.2 Amplitude fluctuation waveforms of the first to
sixth harmonics relative to the maximum amplitude
level of the sound file format. The harmonics are se-
quentially shifted apart by —20 dB, for clarity.
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Fig. 3 Power spectra of frequency fluctuation extracted
from the fundamental and the second harmonic.

amplitude level of the sound file format (Microsoft RIFF
audio file). Here, the harmonics are sequentially shifted
apart by —20 dB, for clarity.

Long-term spectrum analysis [44,100-points discrete
Fourier transform (DFT) after 44,100-points Hanning-
windowing] was applied to frequency and amplitude fluc-
tuation waves of each harmonic.

Figure 3 shows the spectra of frequency fluctuation
waves extracted from the fundamental and the second har-
monic, as an example. All harmonics show vibrato at
approximately 5 Hz with modulation index of approxi-
mately 1%. In the fundamental, strong harmonic com-
ponents of vibrato are seen in the frequency range below
30 Hz. However, in the frequency range 30 Hz to 400 Hz,
only slight fluctuations of approximately 0.01% in modu-
lation index are observed. In the second harmonic, the

strong component is only seen at vibrato of 5Hz, and
at other frequencies the modulation index remains con-
stant at approximately 0.1%. The spectra of the frequency
fluctuations extracted from the harmonics above the sec-
ond harmonic (not shown) show the same spectral enve-
lope as the second harmonic. The results of the spectral
analysis of the other tones extracted from the recorded
melody show almost the same tendency as the first tone.
The amount of frequency fluctuation, other than vibrato,
is almost the same as the value reported by Kunii and
Ando [1] (less than 0.3%) for flute tone without vibrato.
Figure 4 shows power spectra of the amplitude fluc-
tuation waves extracted from the fundamental to the sixth
harmonic. Each harmonic shows a constant negative slant
in its spectrum. These slants are almost the same as for
the results obtained for the other tones from the recorded
melody. The slant in the spectrum of the fundamental is
—10 to —15 dB/octave. The degree of slant gradually de-
creases with increasing harmonic number, and it becomes
—3 dB/octave above the 6th harmonic. Ando and Shima
reported octave-band spectra of the amplitude fluctuation
waves extracted from flute tones without vibrato. They
reported that the slant in the spectra in the central fre-
quency range of 6.4 Hz to 101.6 Hz gradually decreased
with increasing harmonic number; it was —7 dB/octave
for the fundamental and —3 dB/octave for the 6th har-
monic, though individual differences among the sam-
ples of each note were observed. We calculated octave-
band levels identical to theirs, using amplitude fluctua-
tion waves extracted by a method in which the peak value
of every cycle of the output waveform of the harmonic
bandpass filterbank was determined by quadratic approx-
imation. Our results show a slant in the spectrum of the
fundamental which is steeper (—15 dB/oct.) than that ob-
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Fig. 4 Power spectra of amplitude fluctuation extracted
from the fundamental to sixth harmonic. The harmon-
ics are sequentially shifted apart by 20 dB, for clarity.
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tained by Ando and Shima, although the aspects of the
spectral envelope of the other harmonics that we observed
are in line with their results. The difference between these
two results for the fundamental may be due to the effects
of the vibrato component in the region of low fluctuation
frequency.

3. EXPERIMENT 1

A preliminary experiment was conducted to evaluate
the perceived quality of synthesized flute tones with inten-
sified or attenuated frequency and amplitude fluctuations
of harmonics, with the vibrato fluctuation and the ampli-
tude spectrum held constant. The results showed that the
perceptions of timbre differed according to variations in
the power of fluctuations. Therefore, we attempted to de-
termine which frequency region of the fluctuations affects
the perceived quality of flute tones, by attenuating or in-
tensifying amplitude and frequency fluctuations of each
harmonic.

3.1. Stimuli

The flute tone used in this experiment was the same
as in Section 2: the first note of the melody. Its duration
was approximately 2.1 seconds. Table 1 shows the pa-
rameters for synthesis. The meanings of the labels of the
different stimuli are as follows. The stimulus orig is the
original tone. The stimulus s_peak was synthesized from
a time sequence of amplitude and frequency data which
were calculated by 3-point interpolation [8] around spec-
tral peaks obtained from 128-point fast Fourier transform
(FFT), shifting 64 points each. The letters used in the
label of the other stimuli have the following meanings:
‘”, frequency fluctuation; ‘a’, amplitude fluctuation; ‘w’,
wide band; ‘h’, high boost condition. The numbers repre-
sent cutoff frequency of the fluctuation filtering. Thus, the
stimulus fwal3 was synthesized using the frequency fluc-

Table 1 Stimuli and their parameter for synthesis in experiment 1.

method of synthesis

label filter of filter of
frequency fluctuation amplitude fluctuation
f13al3 low-pass 13 Hz low-pass 13 Hz
f94a94 low-pass 94 Hz low-pass 94 Hz
s peak 128 points FFT, 64 points overlapped
P (Sinusoidal modeling synthesis)
fl13aw low-pass 13 Hz —
fwaw — —
fwal3 — low-pass 13 Hz
orig original
fwah200 — +6 dB high-boost at 200 Hz
fwah40 — +6 dB high-boost at 40 Hz
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Fig.5 Characteristics of filters.

tuation waves extracted from the harmonics of the origi-
nal tone and the amplitude fluctuation waves which were
lowpass-filtered at 13 Hz. Characteristics of the fluctua-
tion filters are shown in Fig. 5. All filters left the vibrato
frequency region unchanged. All stimuli except orig were
synthesized up to the 10th harmonic.

Average power spectra of the nine stimuli, calcu-
lated by half-overlapped 4,096-point FFT with Hanning-
windowing, are shown in Fig. 6. The apparent noise floor,
at a level of —60dB relative to the fundamental, is not
background noise. It represents inherent noise that ev-
ery flute tone has. No matter how well a flautist may
play, or how silent the room is, these noise components
will appear in spectra. A subharmonic series of order two
which was observed in the original tone and the synthe-
sized tones reflects the first resonance frequency of a flute

pipe.

3.2. Experimental Procedure

The experiment consisted of three listening sessions
per subject. The nine stimuli shown in Table 1 were pre-
sented as pairs of stimuli, and all possible combinations
including reverse order were presented to each test subject
once per session, in random order. The subjects answered
the preference of the latter tone compared to the former
tone, in five steps, immediately after the pair was played.
The total number of the pairs presented in a session is
72. Details of the nine subjects are as follows: Subjects
1 and 5 were two of the present authors; Subjects 2, 3
and 4 were amateur flute players; Subjects 6, 7, 8 and 9
were undergraduate students of the faculty of music, ma-
joring in flute. Stimuli were presented diotically via head-
phones (Audio-Technica ATH-AS5X). Sound pressure lev-
els [measured by artificial ears (B&K 4153 and B&K
4134)] were in the range from 63 to 69 dB. The results
of each subject’s first session were not used for the anal-
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Fig. 6 Average power spectra of stimuli.

ysis; this was meant to compensate for results which may
have been due to subjects’ lack of familiarity with the ex-
perimental procedure.

3.3. Results

Scheffé’s method for analysis of variance (ANOVA),
modified by Ura, was applied to the results of the exper-
iments. Estimated values of preference, with their 95%
confidence limits, are shown in Fig. 7.

A cluster analysis was performed on the subjects. The
subjects were classified into two groups, one consisting
of subjects 4, 5, 7 and 9, and the other consisting of sub-
jects 2, 3, 6 and 8. All Spearman’s correlation coeffi-
cients obtained within each group of subjects were signif-
icant (p < 0.05). The former group tended to prefer flute
tones with more fluctuation in the harmonics, and the lat-
ter group tended to prefer tones with less fluctuation.

Ando and Shima calculated average levels of com-
ponents of flute tones without vibrato in the frequency
range 2kHz to 5kHz excluding 100 Hz bandwidth cen-
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Fig.7 Estimated preferences for flute tones with 95%
confidence limit.

tered around the harmonic frequencies. They assumed
that these noise components were not due to inherent
fluctuation of the harmonics, but rather to inherent noise.
They found that the perceived quality of a real flute tone
deteriorated with increases in this noise level. We also
calculated the average noise levels of the stimuli, and in-
vestigated the relationship between these noise levels and
listener’s preference. As we show in Fig. 3, the dominant
component of the vibrato fluctuation had a frequency of
5 Hz and modulation index of 1%:; these values are almost
constant among all harmonics. We observed no periodic
amplitude or frequency fluctuations, other than vibrato,
in any of the harmonics. Therefore, in this case, it is ap-
propriate to consider fluctuation components other than
vibrato fluctuation to be random fluctuations, and these
fluctuations generate noise components. However, the
side band components generated by the vibrato fluctua-
tion may effect outside the 100 Hz bandwidth centered
around the harmonic frequencies. Therefore, we calcu-
lated the power levels of the side band components which
are generated by the frequency modulation of the vibrato
which has a frequency of 5 Hz and a modulation index of
1%. The power level of the 5,300 Hz component, which
is 100 Hz lower than the carrier frequency of 5,400 Hz
(the 6th harmonic), is —73 dB relative to the carrier fre-
quency’s level. This result means that it is appropriate
to neglect the effects of the side band components gen-
erated by the vibrato fluctuation on the spectral compo-
nents with frequencies more than 100 Hz distant from the
harmonic components. Therefore, we regarded the aver-
age level of the components in the frequency range from
1,900 to 5,300 Hz, excluding the 200 Hz bandwidth cen-
tered around the harmonic frequencies, as the noise level,
and calculated this level for each stimulus from the re-
sults of the spectral analysis (Fig. 6). Figure 8 shows the
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average noise levels for all stimuli.

Correlation coefficients between these noise levels
and estimated values of preference were calculated for
each subject. Negative correlation was significant (p <
0.05) for Subjects 3, 6 and 8. According to these re-
sults, some of our subjects had a tendency to prefer flute
tones with low noise levels, like the amateur subjects
who participated in the experiment conducted by Ando
and Shima [2]. Figure 7 reveals that all subjects showed
significant differences (p < 0.05) in preference between
94294 (in which fluctuations above 94 Hz were elimi-
nated) and fwaw (which consisted of the original fluctu-
ations). This result demonstrates that fluctuations above
94 Hz affect the perceived quality of flute tone, although
the extent of preference for the tones varied by subject.
Moreover, eight of our nine subjects showed significant
difference in preference between f94a94 and f13al13, and
all subjects showed significant difference in preference
between fwaw and f13al3 (p < 0.05). Therefore, fluc-
tuation components at frequencies from 13 to 94 Hz can
also affect the perceived quality of flute tones.

3.4. Discussion
3.4.1. Relationship between subject’s playing experi-
ence and preferred amount of fluctuation

In a series of studies by Ando and his colleagues
[2, 3, 6] which dealt with air-reed instruments, profes-
sional players were found to prefer those synthesized
tones which had moderate degrees of fluctuation, whereas
amateur players preferred synthesized tones with lesser
degrees of fluctuation.

In the present experiment, four of the nine subjects
were undergraduate music students majoring in flute, and
they were considered to be more experienced flute play-
ers than the other subjects. Two of the four subjects who
preferred tones with lesser degrees of fluctuation, such as
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f13al3, were undergraduates majoring in flute. The other
two undergraduates majoring in flute preferred tones with
moderate fluctuation, such as fwaw or orig. These results
suggest that, among our subjects, the preferred amount of
fluctuation was not affected by the level of flute playing
experience.

In the present experiment, the synthesized flute tone
with a low degree of fluctuation was f13al3. This tone
differs from the synthesized flute tone with no fluctua-
tions, which was the one most preferred in Ando and
Shima’s experiment [2], in that it contains low-frequency
fluctuations (below 13 Hz) and vibrato. This difference
may be the source of the disagreement seen here between
the preferences reported in the present study and the pre-
vious study.

3.4.2. The nature of the Fluctuations and Spectra of
Synthesized Tones

There were two pairs of stimuli that had nearly equal
average noise levels (Fig. 8) but produced noticeably dif-
ferent results for preference (Fig. 7). The first pair was
fwal3 and orig, which had average noise levels that dif-
fered by only 0.1 dB. The other pair was f13aw and fwaw,
which had average noise levels that differed by 1.0dB.
Six subjects showed significant differences in preference
for both pairs (p < 0.05).

The noise components with frequencies outside of the
200 Hz bandwidth centered around the harmonic frequen-
cies were considered to be the side band components gen-
erated by the amplitude fluctuations (above 100 Hz) and
the frequency fluctuations (excluding the vibrato compo-
nents) of the harmonics. Although the energy levels of
these noise components were nearly the same for all the
stimuli in this study, the nature of the fluctuations which
generated them differed, as follows: only amplitude fluc-
tuation (f13aw), both amplitude and frequency fluctua-
tions (fwaw, orig), only frequency fluctuation (fwal3).
These differences may affect the quality of timbre, re-
gardless of whether the side band components which are
generated by the fluctuations have equal levels of power.

4. EXPERIMENT 2

In Experiment 1, we demonstrated that fluctuation
components with frequencies above 13 Hz significantly
influence the quality of flute tone. Also, it was found that
there are “physical correlates” of the flute tone in the fluc-
tuation frequency region. The term “physical correlates”
means the physical properties that affect listener’s evalu-
ation. The most likely physical correlate, which was dealt
with in previous studies and investigated in our analysis
of fluctuations (see Section 2), is the spectral envelope of
the fluctuation wave. In this section, we report on the re-
sults of our investigation into the physical properties of
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the fluctuations that affect listener’s evaluation of flute
tone, using a method involving synthesis of fluctuation
waves of harmonics.

4.1. Characteristics of Fluctuation Waves

Ando and Shima [2] synthesized amplitude fluctua-
tion waves below the 7th harmonic, using octave-band
noise that was equal to the octave-band power levels of
the amplitude fluctuation waves of a flute tone which was
judged by listeners to be of excellent quality. However,
the resultant synthesized flute tone and the original flute
tone were not compared in a listener’s preference test, so
we do not know what effects their method of synthesizing
amplitude fluctuation waves from noise had on perceived
tone quality. If there was no difference in perceived qual-
ity, the amplitude fluctuation of each harmonic may have
had properties similar to those of filtered noise with a
spectral envelope similar to that of the original tone.

As we discussed in Section 2, for all the recorded
tones, the long-term spectra of the frequency and am-
plitude fluctuation waves of the harmonics (Fig. 3 and
Fig. 4, respectively) are nearly the same as those of the
first tone of the melody. However, as we reviewed in Sec-
tion 1, synthesized recorder tones with harmonic compo-
nents composed of pure tones, other components com-
posed of noise, and long-term spectra equated to the orig-
inal tone had different timbre than the original tone [7].
One of the reasons for this timbre difference may be that
temporal variation of fluctuation spectra was not taken
into account.

Thus, we calculated spectrograms of the fluctuation
waves of the harmonics, to observe their temporal and
spectral variations. The fluctuation spectrogram was cal-
culated by FFT with 1,024-point Hanning-windowing,
shifting every 256 points.

Figure 9 shows temporal variation of the fluctuation
components at specific fluctuation frequencies. These
components were extracted from the amplitude fluctua-
tion spectrogram of the third harmonic of the first note
of the melody. The vertical axis represents relative am-
plitude level (relative to the maximum amplitude level of
the sound file format). The DC (direct current) compo-
nent is the lowest-frequency (below 11 Hz) component of
the fluctuation spectra; i.e., temporal variation of the vi-
brato component. Fluctuation components at 215 Hz and
323 Hz are roughly synchronized to the power of the DC
component. The other fluctuation frequency components
show the same tendency as these fluctuation components.

These results indicate that the power levels of the
fluctuation components above the vibrato frequency are
roughly synchronized to that of the vibrato. In other
words, the fluctuation components above the vibrato fre-
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Fig. 9 Temporal variations of the amplitude fluctuation
power at DC (direct current), 215 Hz and 323 Hz. Fluc-
tuation components at 215 Hz and 323 Hz are roughly
synchronized to the power of DC components.

quency are modulated by the vibrato component. How-
ever, this synchronization was not observed in some other
tones in the melody. As we showed in Fig. 3 and Fig. 4,
the fluctuation waves did not contain periodic compo-
nents, with the exception of the vibrato component. These
findings mean that the amplitude and frequency fluctua-
tion waves with frequencies above the vibrato frequency
are amplitude-modulated random signals under certain
conditions.

Thus, we developed a method for synthesizing fluc-
tuation waves which include temporal and spectral vari-
ations. We then conducted an experiment designed to
investigate the relationship between the spectral proper-
ties of fluctuation waves and the perceived quality of flute
tones.

4.2. Outline of the Method for Analysis Using Syn-
thesized Fluctuation Waves

The algorithm for synthesis of amplitude and fre-
quency fluctuation waves of harmonics is illustrated in
Fig. 10. To analyze and synthesize sustained parts of
tones, input sound was separated into individual notes on
the basis of the fundamental frequency transition. Before
analysis, we selected which notes would be synthesized.
The notes not synthesized were appended to the synthe-
sized notes. The initial attack and final decay parts of the
notes were not synthesized, and those of original waves
were appended to the synthesized sustained tone. Har-
monics were separated up to the 10th harmonic using a
filter bank, and the amplitude and frequency fluctuation
waves of each harmonic were extracted using the analytic
signal. Components above the 10th harmonic were not
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Fig. 10 Algorithm of synthesizing amplitude and frequency fluctuations.

modified and they were added to the synthesized harmon-
ics.

The amplitude and frequency fluctuation waves of
each harmonic were separated by low-pass and high-pass
filters, the crossover frequencies of which were specified
as parameters for synthesis. Lower-frequency fluctua-
tion waves were not modified and they were added to the
higher-frequency synthesized fluctuation waves, so that
the vibrato fluctuation would remain unchanged. Anal-
ysis using synthesized fluctuation waves was carried out
for higher-frequency fluctuation waves. All filters used in
the analysis and synthesis procedures were linear-phased
finite impulse response (FIR) filters, and time lags of fil-
tering were all compensated.

4.3. Analysis by Synthesis of Fluctuation Waves

The fluctuation waves above the crossover frequency
were separated into frames of 1,024 points which over-
lapped by 512 points. After Hanning-windowing for each
frame, the fluctuation wave of each frame was synthe-
sized by one of the two methods described in Sections
4.3.1 and 4.3.2. Synthesis was applied to either the ampli-
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tude fluctuation wave or the frequency fluctuation wave.
For the fluctuations which were not synthesized, extracted
fluctuation waves were used to synthesize harmonics.

To verify the accuracy of the method of synthesis de-
scribed above, synthesis was conducted using the original
fluctuation waves. The resultant waveform of the syn-
thesized tones was identical to that of the original tones.
Therefore, we determined that the methods we used for
fluctuation analysis were sufficiently accurate. In addi-
tion, since these methods of synthesis only involved mod-
ification of the fluctuation components higher than the
crossover frequency, average power level and average fre-
quency of the harmonics and vibrato fluctuations were
equal to those of the original flute tone.

4.3.1. Synthesis using filtered Gaussian noise

Frequency analysis was performed with a FFT, to ob-
tain the power spectrum of the waveform of each frame.
A 1,024th-order FIR digital filter with a frequency re-
sponse specified by this power spectrum was designed us-
ing the Hanning window method. The impulse response
of the filter and the Hanning-windowed Gaussian noise
signal were convolved to obtain a noise signal which sim-
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ulated the spectral envelope of each frame. A Gaussian
noise signal was independently generated for every frame.
4.3.2. Synthesis by randomization of Phase spectra

An impulse response with a phase spectrum random-
ized in the range —1Tto 7T was calculated using an inverse
FFT. This impulse response and each frame’s waveform
were convolved to obtain a phase-randomized signal; a
random phase spectrum was independently calculated for
every frame.

4.4. Analysis of Synthesized Fluctuation Waves

To compare both spectral and temporal similarities of
the original and synthesized fluctuation waves, two kinds
of correlation coefficients were calculated from the spec-
trogram of the original fluctuation wave and that of the
synthesized fluctuation waves with crossover frequency
of 100Hz. The calculation of spectrograms was con-
ducted according to the method described in Section 4.1.
The amplitude fluctuation wave extracted from the third
harmonic of the first note of the melody was analyzed as
an example.

First, investigation was conducted to determine
whether synchronization between amplitude variation of
the vibrato and that of the fluctuation components (as
shown in Fig. 9) was the same for the original tone and
the synthesized tones. Specifically, we determined corre-
lation coefficients between temporal variation of the vi-
brato component and that of the other fluctuation compo-
nents; i.e., temporal variation observed in the DC compo-
nent of the spectrogram and that observed in the other
discrete fluctuation frequency components of the spec-
trogram. These correlation coefficients were calculated
from the original and synthesized amplitude fluctuation
waves (Fig. 11). The fact that the two synthesized fluc-
tuation waves had positive correlation coefficients which
were nearly equal to that of the original fluctuation wave
indicates that the two methods of synthesizing fluctua-
tion waves accurately simulated the characteristics of the
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Fig. 11 Correlation coefficients between DC component
and the higher frequency components of the amplitude
fluctuation spectra of the third harmonic.

T T T T L T
2 Filtered noise -—=---
o Phase randomization ----=---
'S 1 kag;a . . . i
T 091 A T
o \
o 08 \ 4
§ 07} - e
= \ (AN
s 06 | | - . b
[ \ h \ o} - |
g 05 | "\ / \, \\ a\ /m\ /r a
O 04rf o/ A AR E

0.3 ! S ! ol P i Y o) !

0 50 100 150 200 250 300 350 400 450
Fluctuation frequency [Hz]

Fig. 12 Correlation coefficients between spectral com-
ponents of the amplitude fluctuation spectra of the third
harmonic observed from the original and that observed
from the synthesized.

original amplitude fluctuation wave; i.e., the power of the
fluctuation components roughly synchronized to that of
the vibrato.

Next, we investigated how accurately minute spectral
and temporal variations of the original fluctuation waves
were simulated in the synthesized fluctuation waves.
Specifically, we calculated correlation coefficients be-
tween the temporal variation of the original amplitude
fluctuation spectra and that of the synthesized amplitude
fluctuation spectra, for each discrete frequency. Figure 12
shows the correlation coefficients obtained from the two
methods of synthesizing fluctuation waves. Below ap-
proximately 100 Hz, correlation coefficients of both syn-
thesis methods are nearly equal to unity, because original
fluctuations below 100 Hz were used for synthesis. Above
100 Hz (crossover frequency), correlation coefficients of
the phase randomization method are greater than 0.87, in-
dicating that the minute temporal variations of the spectra
were accurately simulated. In contrast, correlation coeffi-
cients of the filtered noise method are in the range 0.33 to
0.74, indicating that the filtered noise method resulted in
inaccurate simulation of the small temporal variations of
the original spectra.

4.5. Experimental Procedure

With subjects who were experienced flute players, we
felt it would be better to use a comparatively long melody
as the stimulus for evaluation. Therefore, we chose two
parts of the recorded flute sounds, the first and second
measures and the 15th and 16th measures, as test stimuli.
These melodies are shown in Fig. 13. Triangles corre-
spond to the target notes for synthesis, and original tones
were used for the other notes.

Three experimental parameters are shown in Table 2:
method of fluctuation synthesis (of the two described in
Section 4.3), crossover frequency, and the kind of fluctu-
ation which was synthesized. The meaning of the labels

235



Allegro X i<

ggﬁ’?’tlﬁ‘-\ T

[INaY4 2 3 I |

¢ Pa a A
-
{I | Il L1 | LA | Il 1 | |74
— T — — F
A A A = AAA

Fig. 13 Top: The first and second measures; Bottom:
The 15th and 16th measures. Triangles correspond to
the target notes for synthesis.

of the test sounds is explained below: the letters ‘a’ and
‘f” have the same meaning as they do in Experiment 1.
The letter ‘n” means that the filtered Gaussian noise syn-
thesis method was used in the synthesis of the tones, and
‘r’ means that the phase randomization method was used
in the synthesis of the tones. The numbers 20’ and ‘100’
indicate the crossover frequencies.

The experiment consisted of three listening sessions
per subject. The nine stimuli shown in Table 2 were pre-
sented as pairs of stimuli, and all possible combinations
including reverse order were presented to each subject
once per session, in random order. The subjects answered
the preference of the latter tone compared to the former
tone, in five steps, immediately after the pair was played.
Details of the 8 subjects were as follows: Subjects AN
and MK were two of the present authors; Subject MO
was an amateur flute player who was a university under-
graduate studying music; Subjects KN, NA, SS and KG
were undergraduates majoring in flute; Subject NI was the
player who produced the flute sounds used in this exper-
iment. Stimuli were presented diotically via headphones
(Audio-Technica ATH-A5X). Sound pressure levels were
controlled freely by each subject, within the range of 56
to 74 dBSPL [measured with artificial ears (B&K 4153
and B&K 4134)].

Table 2  Stimuli and their parameters for synthesis in experiment 2.

label fluctuation crossover (Hz) method

orig (original) — —

a20r amplitude 20 phase randomization
a20n amplitude 20 filtered noise
20r frequency 20 phase randomization
f20n frequency 20 filtered noise
al00r amplitude 100 phase randomization
al00n amplitude 100 filtered noise
f100r frequency 100 phase randomization
f100n frequency 100 filtered noise
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4.6. Results

Scheffé’s method of ANOVA, modified by Ura, was
applied to the results of the experiments. Significant in-
teractions between session and stimulus were found for
a minority of the subjects. This significant interaction
was found in the evaluation of the first and second mea-
sures obtained from MO. The same significant interac-
tions were found in those of the 15th and 16th measure
obtained from KN and MK. For subject MK, the evalua-
tions of the second session were found to be significantly
different from those of the other two sessions. It may be
due to a lack of stability of his internal reference for eval-
uation, because he had no experience on flute playing.
For subject MO and KN, the evaluations of the first ses-
sion were found to be significantly different from those
of the other two sessions. It may be due to a lack of fa-
miliarity with the stimulus sounds. For these subjects, the
session in which the inconsistent evaluation occurred was
excluded, and ANOVA was applied again to the data from
the other two sessions. In all such cases, there was no sig-
nificant interaction between session and stimulus. There-
fore, with this modification, we regarded the data from
these subjects as reproductive data, and we used them in
our analysis.

Estimated values of preference obtained from the ex-
periments using the first and second measures are shown
in Fig. 14 for all subjects, except NA and KN. NA and KN
showed no significant difference in preference for any of
the stimuli, so their data were excluded from Fig. 14 and
the subsequent analysis. The results obtained from the ex-
periments using the 15th and 16th measures agreed with
those obtained for the first and second measures, so that
data is not included in the figures.

Figure 14 illustrates that the tendencies of prefer-
ence were very similar among all subjects, although their
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sures.
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ranges of estimated values were different. For example,
the range of estimated values was less than unity for sub-
jects NI and MO, whereas that of the other subjects was
approximately 2. These differences are due to the ranges
of evaluation that the subjects used. The subjects NI
and MO answered using small ranges of evaluation, even
though they were clearly able to perceive timbre differ-
ences.

To equate the ranges of evaluation, the data obtained
from each subject were normalized using the difference
between the maximum and minimum values of their esti-
mations as a standard. ANOVA was again applied to the
data after normalization.

Figure 15 shows estimated preferences averaged over
all subjects. Error bars correspond to 95% confidence
limits. An interaction between stimulus and subject was
not significant [F(128,1043) = 0.93 (p < 0.697)]. This
finding means that no subject evaluated any of the stimuli
differently than did the other subjects.

Figure 15 also shows that there was no significant
difference in perceived quality between the synthesized
flute tones which were generated by the phase random-
ization method (f20r, f100r, a20r, a100r) and the original
flute tone (orig). This finding means that the phase of
the fluctuation waves of the harmonics did not affect the
perceived quality of these flute tones. In contrast, the syn-
thesized flute tones which were generated by the filtered
noise method (a20n, al00n, f20n, f100n) were evaluated
as significantly inferior in quality to the original tone
(p < 0.05). Both methods of fluctuation synthesis main-
tain temporal variations of the spectra which synchro-
nize to the amplitude variation of the vibrato, as shown
in Fig. 11. However, temporal variation of the power of
each fluctuation frequency component which was gen-

erated by the phase randomization method is closer to
that of the original fluctuation component (see Fig. 12).
These results indicate that spectral variation of the fluc-
tuation waves which is higher in frequency and lower in
amplitude than the spectral variation which accompanies
vibrato may have an influence on perceived quality.

In the case of the filtered noise synthesis method,
those tones with synthesized frequency fluctuation waves
(f20n, f100n) were evaluated as being of not as poor
quality as the tones with synthesized amplitude fluctu-
ation waves (a20n, al0OOn). This result means that fre-
quency fluctuation waves are less likely to lose physi-
cal correlates to timbre than amplitude fluctuation waves.
Also, the timbre of the flute tones synthesized using high
crossover frequency (al00n, f100n) was evaluated as sig-
nificantly superior to that of tones synthesized using low
crossover frequency (a20n, f20n). Since the frequency
range of fluctuation synthesis is wide when the crossover
frequency is low, the crossover frequency may affect the
quality of the synthesized tone. This result indicates that
not only the existence of higher fluctuation components
but also the characteristics of fluctuation components in
the frequency range of 20Hz to 100Hz and of above
100 Hz affect the timbre of flute tones.

4.7. Discussion

In Experiment 2, we investigated the effects of the
modification of fluctuation waves on timbre of flute tones.
We assume that those physical properties whose presence
or absence affects perceived quality are physical corre-
lates of flute tone. However, it is possible that other phys-
ical correlates exist, such as correlations of fluctuations
among harmonic components other than vibrato, though
we have not been able to discover them in the present
flute sounds. Further investigations involving other flute
sounds will yield useful information.

S. CONCLUSION

We investigated the relationship between amplitude
and frequency fluctuations of harmonics and the per-
ceived quality of flute tones with vibrato. Listener’s pref-
erence for flute tones was found to be affected by the de-
gree of intensification or attenuation of minute and irreg-
ular frequency and amplitude fluctuations above 13 Hz.

Also, we investigated the physical properties of the
fluctuations that affect perceived quality of flute tones, by
synthesizing fluctuation waves of harmonics. The results
of evaluation by test subjects show that there was no per-
ceived difference in quality between the original tone and
synthesized tones with fluctuations that were synthesized
by randomization of the phase spectra of the original fluc-
tuations. In contrast, synthesized tones with fluctuations
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that were synthesized from filtered noise were perceived
to be significantly inferior to the original tone. These re-
sults suggest that spectral variation of fluctuation waves
which is at higher frequency and lower amplitude than
spectral variation of vibrato influences perceived quality.
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