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ABSTRACT. We investigated the effects of masking noise in the auditory feedback on
singing. We conducted two experiments in this study. Participants sang a steady vowel
/a/ at three pitch heights C8, G3, and C4 for approzimately 5 s. In the first experiment,
we used a 70 dB pink noise. In the second experiment, we assessed the effects of a
masking noise by combining the 70 dB pink noise with a 2,000 Hz high-pass filter. We
observed changes in the fundamental frequency, sound pressure level, and formant 1 and
2 frequencies in both the experiments. We found that the sound pressure level and the
formant 1 and 2 frequencies increased under the noise in both the experiments. The
results of the second experiment indicated that the sound pressure level and formant 1
and 2 frequencies decreased when the 2,000 Hz high-pass filter was used, regardless of the
presence or absence of the noise. Moreover, both experiments did not show any changes
in the fundamental frequency of the vocalization due to the noise and filter.
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1. Introduction. In speech production, people receive their own voices through their
auditory organs and then modulate them through feedback to their vocal organ. This
feedback is called auditory feedback. Several studies have revealed that the speech process
includes its production and perception.

Lombard demonstrated that the sound pressure level of the speaking voice of a person
increases in a noisy environment [1]. This phenomenon is called the Lombard effect and
some of its features have been proven by various studies. Korn [2] showed that the vocal
sound pressure level increases by approximately 0.38 dB for every 1.0 dB increase in
the noise level above 55 dB. Kano [3] investigated the effects of three types of noises on
speech production, where each noise had its peak in the low, middle, and high frequencies,
respectively. It was found that the rise in the vocal sound pressure level was independent
of the frequency distribution of the noise and showed an average increase of 0.49 dB for
every 1 dB of amplified noise up to 50-90 dB. Previous studies have reported that apart
from the increase in the vocal sound pressure level, there are also other changes in the
features of a voice. Uemura et al. [4] showed that the fundamental frequency, formant 1
and 2 frequencies, and power spectrum of the voice increased under noise. In addition to
the increase in the fundamental frequency and the sound pressure level, Patel and Schell
[5] indicated that the speech duration also increases under noise.

Further, delayed auditory feedback (DAF) has also focused on the role of auditory
feedback. Lee [6] demonstrated that when speakers received their own voice after a delay,
their speaking errors and speech durations increased. Fairbanks [7] clarified that the
fundamental frequency and sound pressure level of the voice of the speaker increased with
a DAF. Some researchers have used noise to mask their bone conduction voice during
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the DAF [6-9], while avoid using such a noise [10-12]. When noise is used in the DAF,
the sound pressure level of the noise is approximately 70 dB and is then presented with
delayed speech stimuli.

The DAF disrupts the speech production by strong interference, and it was considered
to be unsuitable for investigating normal conditions of the auditory feedback. Therefore,
altered auditory feedback (AAF) was proposed [13]. In AAF, participants utter a steady
vowel while wearing headphones. The characteristics of the feedback voice are artificially
manipulated. This manipulated voice is presented to the speaker via headphones instead
of the voice transmitted naturally from the mouth to the ear during the normal course
of speech. The pitch of the feedback voice is shifted by a pitch converter. The pitch
converter shifts the pitch in the positive or negative direction from several cent to several
hundred cent for several hundred milliseconds. The results of the pitch shift show that
the compensation response, which is the response to the pitch shift in the negative or
positive direction, appears with a latency of approximately 150 ms [14-16]. The response
is usually not in the same direction as that of the pitch shift [15]. In addition, academic
literature on AAF suggests that a masking noise can be used to mask the sounds from
the surrounding environment and the air conduction sound. Various methods for masking
have been discussed in past studies [13-22]. These are summarized below. Noise levels used
here are from 50 to 80 dB, which mostly require a 70 or 80 dB noise to mask the original
utterance. Purcell and Munhall [22] examined whether the auditory system compensates
for changes in the first formant in the utterances of vowels using speech-shaped noise at 50
dB. Hafke [21] tested the increase or decrease in the unconscious control of voice intensity
when the sound pressure level in the auditory feedback was increased or decreased by
small measures in the presence of a pink noise of 60 dB. The remaining studies in Table 1
[13,15,17-20] investigated the reflexive control of fundamental frequency of the voice due
to the pitch-shift under varying noise conditions. Summers et al. [23] reported that when
spoken in variable noise environments that in quiet and in 80, 90 and 100 dB of masking
noise which was white noise low-pass filtered at 3.5 kHz, speech intensity, duration, pitch
and formant frequency increased as the noise increased. Although researches summarized
below have been studied in varying types of noise: pink noise, white noise, multitalker
babble noise and speech shaped noise, the effects of these variable noises have not been
revealed yet.

On the other hand, there is much research on the effects of using noise masking [13-
22] as well as the effects of not using noise masking [24-29]. In the studies that did not
use noise masking, the sound pressure level of the feedback voice was generally amplified
to 10 dB greater than the original voice. Therefore, each researcher in the past studies
has used his or her own method, and there is a lack of a unified approach on the use of
noise masking. Moreover, in AAF, the participants receive their own voice in real time.
When people receive a loud feedback of their own voice, they speak in a lower voice. On
the contrary, if the feedback voice becomes low, they speak more loudly. This is called
the Fletcher effect [30-32]. From the above, it can be concluded that it is necessary to
fundamentally assess the loudness of the masking noise and feedback voice. However,
there has been little research on this, especially with respect to singing.

In the present study, two experiments were performed to investigate the effect of mask-
ing noise in the auditory feedback on singing. In the first experiment, the participants
uttered a steady vowel /a/ at three pitch heights (C3, G3, and C4) with and without noise
masking. In the second, we used a 2,000 Hz high-pass filter in addition to noise mask-
ing. It is believed that sounds over 2,000 Hz are important in the case of male singers.
The singer’s formant, which typically appears in a male operatic voice, is observed above
2,000 Hz [33]. The male singer is expected to emphasize the sounds above 2,000 Hz, thus
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TABLE 1. Summary of altered auditory feedback studies using masking noise

Feedback voice

Authors Voice Noise conditions -
conditions
Purcell and 50 dB
Munhall [22] fe] vowel speech-shaped noise Feedback at 80 dB

Vowel /u/ at
150 Hz for male

Hafke [21] voice, 240 Hz for 60 dB pink noise Feedback at 75 dB
female voice
Hawco and /a/ vowel at D4 70 dB pink noi Feedback at 85 dB
Jones [19] in female voice Pk noise Utterance at 75 dB
Sivasankar / ué vovxl/)ell at. ah 4B bink noi Feedback at 88 dB
et al. [18] com ortable p‘1tc 70 I hoise Utterance at 77 dB
in female voice
i 70 dB Calibrating a sine
Natke and / tataétas/ glth C:ong low-pass-filtered tone of 440 Hz and
Kalveram [17] unstSrZ:::Z zrtlterns white noise 75 dB to a feedback
P (fc = 900 Hz) volume of 70 dB
Kawahara [13] Sustained vowel at 70 or 80 dB 10 dB louder than
a comfortable pitch pink noise the sidetone
/u/ vowel at C3 Vocal signal and
Liu and and C4 for male 40 dB pink noise Feedback at 80 dB
Larson [15] voice, A3 and E4 are mixed and Utterance at 70 dB

for female voice amplified to 80 dB

Keough and a/ t;/AZt.F%c; G:fe 80 dB malti-talker B
Jones [20] t Volil(]:e m babble noise

affecting the auditory feedback [34]. The purpose of this study is to identify the effects of
noise masking in the auditory feedback on singing [35-37]. Here, we have considered the
uttering of a specific vowel at specific pitch heights as singing.

2. Method.

2.1. Participants. Healthy young males (ages 21-23) participated in the two experi-
ments. Six males participated in experiment 1 and six males in experiment 2. Three
participants took part in both the experiments. They were first required to pass a test
for their sense of pitch, in which two successive tones containing unison, minor second,
perfect fifth, and octave were generated using with a keyboard, and the participants were
asked to answer whether the second tone was higher, lower, or the same compared to
the first tone. None of participants reported a history of neurological, speech, or hearing
disorders.

2.2. Apparatus. Participants wore headphones (Pioneer/SE-M870) in an anechoic cham-
ber during experiment 1. They were asked to vocalize at 85 dB while looking at a
sound level meter (Briiel & Kjeer/Type 2250). The vocal signal from the microphone
(ONOSOKKI/MI-1235) was amplified with a microphone amplifier unit (ONOSOKKI/SR-~
2200). A masking pink noise was presented via a PC (MacBook Air). The feedback voice
and the masking noise passed through a mixer (KORG/D888). The feedback voice was
amplified to 85 dB to obtain a level similar to the utterance, thus avoiding the Fletcher
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effect. The masking noise was amplified to 70 dB before it was presented via headphones.
The sound pressure level at the ear pad of the headphones was measured with the B &
K sound level meter.

The participants wore headphones in an anechoic chamber throughout the sessions in
experiment 2 as well. They were asked to vocalize at 85 dB while looking at a sound
level meter (RION/NL-31). The vocal signal from the microphone (Briiel & Kjeer/Type
4189) was amplified with a microphone amplifier unit (ONOSOKKI/SR-2200) and passed
through a high-pass analogue filter (NF Corporation MS-525) with a cut-off frequency of
2,000 Hz. The character of the high-pass filter was an 8-th order Butterworth. The fre-
quencies lower than 2,000 Hz were attenuated by 48 dB per octave by the high-pass filter.
The masking pink noise was the same as that in experiment 1. The vocal signal alone was
passed through the high-pass filter. The masking pink noise was not passed through it.
The feedback voice and the masking noise passed through a mixer (KORG/D888). The
normal and the high-pass filtered feedback voice were amplified to 85 dB. Amplifying the
high-pass filtered voice to 85 dB meant sounds over 2,000 Hz being emphasized because
sounds below 2,000 Hz were attenuated. The masking noise was amplified to 70 dB and
the sound pressure levels were checked at the same point as in experiment 1 with the B &
K sound level meter. The signal-to-noise (S/N) ratio was 15 dB in both the experiments.

2.3. Procedures. In the first experiment, participants were instructed to sing a steady
vowel /a/ at three pitch heights, C3 (130.81 Hz), G3 (196 Hz), and C4 (261.63 Hz), with
and without noise masking. In the second experiment, the normal voice feedback and the
high-pass filtered voice feedback with and without noise masking were presented to the
participants. Before the experiments, several practice trials were conducted to ensure that
the participants could match the notes within 100 cent. Next, the participants were asked
to sustain the vowel /a/ for approximately 5 s duration at each of the three pitch heights.
Sine waves, whose pitch heights were twice as much as C3, G3, and C4, were presented
using the PC before each trial and after the experimenter gave the signal to begin the
utterance to obtain the vocalized note. The reason we doubled the frequency of the sine
waves is that the actual sounds were so low that it was difficult to confirm these pitch
heights. During the utterance, the sine waves were not presented. In experiment 1, six
trials constituted an experimental block, and the masking noise was either presented or
not presented for each note. Each block was repeated five times for a total of 30 attempts
for each participant. All trials within a block were randomized. In experiment 2, each
experimental block included 12 vocalizations. For each note, the voice feedback was either
normal or high-pass filtered and with or without the masking noise. These trials were
randomized and performed five times each for a total of 60 trials per participant.

2.4. Data analysis. We used Praat [38] to analyze the voice waveforms for each partici-
pant separately in terms of the fundamental frequency, sound pressure level, and formant
1 and 2 frequencies under each experimental condition. We obtained 180 valid trials in ex-
periment 1 and 300 valid trials in experiment 2. We averaged the data for each condition
and ran a two-tailed paired t-test. In experiment 1, this test was performed in between
the experimental conditions where a masking noise was used for each note and where it
was not used. In experiment 2, it was performed first in between the experimental con-
ditions where masking noise was applied without filtering (MN) and where no masking
noise was applied and no filtering was done (NN). Next, it was performed in between the
experimental conditions where the masking noise was applied with filtering (MF) and no
masking noise was applied but filtering was done for each note (NF).



EFFECTS OF MASKING NOISE IN AUDITORY FEEDBACK ON SINGING 595

3. Results.

3.1. Fundamental frequency. Figure 1 reports the mean of the fundamental frequen-
cies obtained with and without noise masking in experiment 1. The fundamental fre-
quencies are expressed by converting to cent from Hz using the formula 1200log2(f1/10)
as the pitch ratio between the actually uttered voice of the fundamental frequency (f1)
and the utterance fundamental frequency at which the utterance challenge (f0) (100 cent
= 1 semitone). There was no significant difference in the fundamental frequencies for
each note. The difference in the fundamental frequencies in the presence and absence of
noise masking was 0.98 cent at C3, 0.02 cent at G3, and 2.66 cent at C4 for each note.
When the masking noise was applied, all the pitch heights were lower compared to the
case where no masking was applied.
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FIGURE 1. Mean of the fundamental frequencies with and without the
masking noise for each note in experiment 1 (cent). Error bars represent
the standard deviation. Thick black line at 0.00 cent indicates the target
pitch heights: C3 (130.81 Hz), G3 (196 Hz), and C4 (261.63 Hz).

In experiment 2, there was again no significant difference in each note under the dif-
ferent experimental conditions (Figure 2). However, C3MN was higher than C3NN, and
the fundamental frequency tended to decrease when the masking noise was presented
regardless of whether filtering was performed.

3.2. Sound pressure level. Figure 3 shows the mean of the sound pressure level with
and without the masking noise for each note in experiment 1. Although, participants sang
while seeing the monitor, as the fundamental frequency increased, the sound pressure level
increased. A significant difference appeared in C3 (p < 0.01) and it was observed that
presenting the masking noise increased the sound pressure level for every note.

It was also observed that the higher the fundamental frequency was, the higher the
sound pressure level was (Figure 4). There were significant differences between all the
values except for those between C3NF and C3NN, and C4NF and C4MF (p < 0.01).
When the masking noise was presented, the sound pressure level increased regardless of
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FIGURE 2. Mean of the fundamental frequency of the filtered and unfiltered
conditions with and without the masking noise for each note of experiment
2 (cent). Error bars represent the standard deviation. Thick black line at
0.00 cent indicates the target pitch heights: C3 (130.81 Hz), G3 (196 Hz),
and C4 (261.63 Hz) from left to right every four marks. The marks indicate
NN, MN, NF and MF condition from left to right for each note.

88.00
**p <001
86.00
)
= 84.00 sk
©
E ! 2
Q
— 82.00 i
L
5 X
7
g 80.00 =
=]
§ 78.00
w A without masking noise
76.00 x with masking noise
T C3 G3 C4

FIGURE 3. Mean of the sound pressure levels with and without the masking
noise for each note in experiment 1 (dB). Error bars represent the standard
deviation. Each set of two lines from left to right represents the target pitch
height.

the filter. When the high-pass filter was applied, then the sound pressure level decreased
for each note.
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FIGURE 4. Mean of the sound pressure levels with and without filtering
and with and without the masking noise for each note of experiment 2
(dB). Error bars represent the standard deviation. Each set of four lines
from left to right represents the target pitch heights for NN, MN, NF, and
MF.
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FIGURE 5. Mean of the formant 1 frequency with and without the masking
noise for each note of experiment 1 (Hz). Error bars represent the standard
deviation. FEach set of two lines from left to right represents the target
pitch.

3.3. Formant frequency. We analyzed formant 1 and 2 frequencies with respect to the
vocalization of the vowel. In the first experiment, the formant 1 frequency increased
significantly in C3 (p < 0.05) and G3 (p < 0.01) when the masking noise was applied.
A participant had difficultly in uttering high notes in the C4 pitch, leading to a wide
variation in the recorded data. No significant difference was observed in this case (p =
0.143). However, the mean of formant frequency F1 in C4 was higher when the masking
noise was applied than when no masking was applied (Figure 5). Formant 2 frequency
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FIGURE 6. Mean of the formant 2 frequency with and without the masking
noise for each note of experiment 1 (Hz). Error bars represent the standard
deviation. Each set of two lines from left to right represents the target pitch
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FIGURE 7. Mean of the formant 1 frequency with and without the filter
and with and without the masking noise for each note in experiment 2 (Hz).
Error bars represent the standard deviation. Each set of four lines from left
to right represents the target pitch heights for NN, MN, NF, and MF.

increased significantly in the G3 and C4 pitches when the masking noise was applied, as
shown in Figure 6. However, small differences were observed in the C3 pitch between the
conditions where a masking noise was applied and where no masking noise was applied.

In the second experiment, significant differences were observed between C3MN and
C3NN, C3MF and C3NF (p < 0.01), C3MF and C3MN (p < 0.05), G3BMF and G3NF (p
< 0.01), and CANF and CANN (p < 0.05) in the first formant frequency. The formant
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FIGURE 8. Mean of the formant 2 frequency of the filtered and unfiltered
conditions with and without a masking noise for each note of experiment
2 (Hz). Error bars represent the standard deviation. Each set of four lines
from left to right represents the target pitch heights for NN, MN, NF, and
MF.

frequency increased when the masking noise was applied and decreased when the high-
pass filter was applied. The fundamental frequency showed an increase with the increase
in the first formant frequency (Figure 7). In the second formant frequency (Figure 8),
significant differences were observed between C3MN and C3NN (p < 0.05), and C4MN
and CANN (p < 0.01). In addition, it was observed that the fundamental frequency
increased with the increase in the second formant frequency.

4. Discussion.

4.1. Fundamental frequency. There were no statistically significant differences ob-
served in the fundamental frequencies in both the experiments. In experiment 1, the
differences between the experimental conditions where the masking noise was applied and
where no masking noise was applied were 0.98 cent at C3, 0.02 cent at G3, and 2.66 cent
at C4. In experiment 2, the differences under the similar situations were 1.0 cent between
C3MF and C3NF, 10.6 cent between G3MN and C3NN, 6.2 cent between G3MF and
G3NF, 4.6 cent between C4MN and C4NN, and 3.0 cent between C4AMF and C4NF. All
the results, except the difference between C3MN and C3NN, showed that the fundamen-
tal frequency decreased when the masking noise was applied. Wier et al. [39] reported
that the pitch discrimination level for pure tones was 8.6 cent at 200 Hz and 4.3 cent at
400 Hz. These results suggest that our findings were considerably small. Considering the
Lombard effect, it was assumed that it increased in the masked condition, but the results
indicated the opposite. Letowski et al. [40] demonstrated that when a 70 dB wideband
noise was presented as normal speech via earphones, the fundamental frequency increased
by 12 Hz against a quiet condition for male subjects. If the fundamental frequency of
conversation is assumed to be 135 Hz for males, increasing by 12 Hz would imply 147
cent ascending. It has been proposed that 70 dB of noise affects normal speech; however,
no significant effects are observed during singing, which is considered to sustain a specific
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fundamental frequency. Miirbe et al. [37] studied the ability to control the fundamental
frequency under a 105 dB band-pass noise (50-2,000 Hz) in students training to become
professional solo singers. The students were tested at the beginning of their training and
after three years of training. Significant differences were identified in their ability to con-
trol the fundamental frequency regardless of their period of education. This suggests that
a loud noise can affect the control of the fundamental frequency during singing. However,
a 70 dB pink noise is not effective level. In experiment 2, we used a 2,000 Hz high-pass
filter. The fundamental frequency decreased because of the filtering. However, the dif-
ference was not significant. It is debatable whether a change in the amplification level or
cut-off frequency will result in a significant decrease in the fundamental frequency. Pitch
and phonetic information are not available for frequencies above 2,000 Hz. Therefore, it
can be concluded that a 2,000 Hz high-pass-filtered auditory feedback does not affect the
control of the fundamental frequency of human voice.

4.2. Sound pressure level. The results indicate an increase in the sound pressure level
with increasing fundamental frequency regardless of whether the participants used the
sound level meter to check their voice level while vocalizing. This increase appeared to
be a natural response in which the specified sound pressure level could not be maintained
as the fundamental frequency increased. It was demonstrated that in almost all the cases
where the masking noise was applied, there was a significant increase in the sound pressure
level. It can be concluded that a 70 dB pink noise can increase the sound pressure level
while singing. When the participants received a 2,000 Hz high-pass-filtered voice amplified
to 85 dB as feedback, which was louder than the original utterance, the sound pressure
level decreased significantly. Human hearing is the most sensitive in the frequency band
between 3,000 Hz and 4,000 Hz. When the high-pass filter was used, the sounds in the
frequency band above 2,000 Hz were emphasized. It is possible that this has caused the
decrease in the sound pressure level to enable the reception of the emphasized sound. This
suggests that sounds above 2,000 Hz can lead to the Fletcher effect in singing. Moreover,
these results indicate that the sound pressure level decreases when the subjects receive
the high-pass filtered auditory feedback regardless of the presence of the masking noise.

4.3. Formant frequency. Uemura et al. [4] showed that the formant 1 and 2 frequencies
increased under noise during speech. When noise masking was applied, we observed an
increase in the first and second formant frequency. This demonstrates that the Lombard
effect occurs not only in speech, but also in singing. When a 2,000 Hz high-pass filter
was applied in the auditory feedback, it was observed that formant 1 frequency decreased
significantly between C3MF and C3MN, and C4NF and C4NN when the participants
received the emphasized high-pass filtered voice. However, the observations in C3MF
and C3MN were made under the effect of a masking noise, whereas those in CANF and
C4ANN were made without a masking noise. Therefore, we cannot determine whether
the difference in formant 1 frequency was simply the effect of the high-pass filter or a
combination of the filter and masking noise. The observations in this case merely indicate
a trend. Further investigations are needed to explain the observations.

5. Conclusion. We assessed the effects of the masking noise in auditory feedback on
singing using two experiments. The first experiment involved singing a sustained vowel
/a/ at three pitch heights C3, G3, and C4 with and without noise masking using a 70 dB
pink noise. The second experiment also involved singing in a similar fashion. However, in
this case, a 70 dB pink noise and a 2,000 Hz high-pass filter were applied to the auditory
feedback. As a result, the following was determined.
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i. A 70 dB pink noise and 2,000 Hz high-pass filter do not change the fundamental
frequency in singing.

ii. A 70 dB pink noise increases the sound pressure level and a 2,000 Hz high-pass filter
causes the sound pressure level to decrease, considering the Lombard and Fletcher
effect in singing.

iii. A 70 dB pink noise leads to an increase in the first and second formant frequencies
in singing.

Thus, it is demonstrated that the Lombard and Fletcher effects can be observed in
singing when presented with a masking noise and 2,000 Hz high-pass filter. Moreover,
the use of noise masking in experiments on auditory feedback is questionable. Because
we can observe the effects of the high-pass filter without the masking noise. The use of
a masking noise can result in causing the Lombard effect, which will affect the results of
the experiments. In addition, a masking noise is an auditory load. In our future work, we
will conduct experiments that change the sound pressure level of the masking noise and
feedback sound, and investigate the role of auditory feedback on singing.
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