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Abstract

Singing voice has unique acoustical features that are different
from those of speaking voice. In this study, we investigate
brain activities that elicited by the stimuli concerning singing
and speaking voices. We analyze differences of those brain
activities to investigate human voice perception. The results
of brain activity measurement experiments showed that cer-
tain brain activity regions are elicited by the singing voice
stimulus. The brain regions include LOrG (lateral orbital
gyrus), MOrG (medial orbital gyrus) concerning the emotion
system.

1. Introduction

The purpose of this study is to investigate what acousti-
cal features concerning nonlinguistic information elicit brain
activities by observing the brain activities when presenting
stimuli with different nonlinguistic information to listeners.

Speech has linguistic information and nonlinguistic infor-
mation. Humans perceive both information from speech. Lin-
guistic information is what speaker said, and nonlinguistic in-
formation is the information related to speaker’s gender and
feelings, etc. Although a large number of studies have been
done on investigating perception of linguistic information,
few focuses on perception of nonlinguistic information. It is
understood that humans can perceive and distinguish singing
and speaking voices by using the difference of nonlinguistic
information. In this study, we investigate acoustical features
that humans capture to perceive speaking voice and singing
voice as an example to examine the perception mechanism of
nonlinguistic information by measuring the brain activity.

We conduct two brain measurement experiments using
stimulus sounds that have the same linguistic information and
different nonlinguistic information. In experiment I, we use
the stimuli that include real singing and speaking voices, syn-
thesized sounds in which singing voice spectrum shape and
vibrato are added to speaking voice in order to investigate
brain activities are elicited by singing voice, speaking voice
and acoustical features including spectrum shape, vibrate. In
experiment II, we use the stimuli that include synthesized
sounds which have different acoustical features including F0,
spectrum shape, amplitude envelope in order to investigate
brain activities are elicited by acoustical features including
F0, spectrum shape, amplitude envelope. Moreover, we con-
ducted the psychoacoustic experiments in order to discuss the
relation between the results of psychoacoustic experiments
and the results of brain activities.

2. Experiment I

2.1. Stimuli

In experiment I, to investigate brain activities elicited by
the difference between singing voice and speaking voice, the
influence of spectrum shape and vibrate, we used six stimu-
lus sounds. Those stimuli were synthesized using the high-
quality analysis-synthesis system STRAIGHT [2]. The six
stimuli include: (1) Speak: real (actual) speaking voice; (2)
Sing: real (actual) singing voice; (3) Base: synthesized voice
with the singer’s formant (formant peak at about 3 kHz); (4)
VR1: synthesized voice that has vibrate of 0.95-1.05 Hz; (5)
VR2: synthesized voice that has vibrate of 5.3-5.9 Hz; (6)
VR3: synthesized voice that has vibrate of 18.93-21.0 Hz.
Speak and Sing were vocalized professional tenor singer. The
other stimuli were synthesized with spectrum shape or vibrate
that were important for singing voice [1]. The vibrato rate and
band width of VR2 was decided as the parameter of natural
singing voice according to Saito’s research [1]. The parame-
ters of VR1 and VR3 were decided as the center frequency of
1 Hz, 20 Hz, and the band width of the same ratio. Linguistic
information of all stimuli were the same /a/, and the duration
of Sing stimuli was 1.79 seconds, others were 1.74 seconds.

2.2. Psychoacoustic experiment

In this study, to investigate singing voice perception, we
need to evaluate “Singing-ness”. Moreover, to examine
whether the stimuli are perceived as human voice, we need
to evaluate “Natural-ness”. Then, we discuss the relation be-
tween the results of psychoacoustic experiments and the re-
sults of brain activities.

2.2.1. Method

The subjects were ten normal-hearing Japanese(nine males
and one female).

The paired stimuli were presented through binaural head-
phones at a comfortable loudness level. The number of paired
stimuli was 30. Each paired stimulus was randomly pre-
sented to each subject three times. Scheffe’s paired compari-
son method [3] was used to evaluate the “Singing-ness” and
“Natural-ness” of stimulus (Five-grad evaluation measure: -2,
-1, 0, 1, 2). Experimental apparatus are: Personal computer is
Panasonic CF-R6, D/A converter and headphone amplifier is
YAMAHA DP-U50, headphone is SENNHEISER HDA200.
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Figure 1: Psychoacoustic experiment results

2.2.2. Results and Discussions of psychoacoustic experiment

The results of psychoacoustic experiments are shown in
Fig.1. The horizontal axis indicate the degree of “Singing-
ness”, and the vertical axis indicate the degree of “Natural-
ness”. Fig.1 indicate that Sing and VR2 are large “Singing-
ness”. It is showed that the effect of the vibrate rate 5.3-5.9
Hz is large on “Singing-ness”. This results are consistent with
the results of Saito’s study[1]. Fig.1 showed that Speak, Sing
and Base are large “Natural-ness”.

2.3. Brain activity measurement experiment I

To investigate the brain activities elicited by the singing
and speaking voices, and the acoustical features including
spectrum shape, fundamental frequency, we conducted brain
activity measurement experiment.

2.3.1. Method

The subjects were fifteen normal-hearing Japanese(eleven
males and four females). They all were right-handed.

We add noise stimulus except the six stimuli. To do not
consider the experiment on the singing voice, we instructed
subjects to press button when they listen to noise stimulus
(oddball task).

In this brain activity measurement experiment, six stim-
uli and noise stimulus were presented via headphone in func-
tional MRI. Subjects were instructed to close eyes and keep
still. Each stimulus was presented fifteen times at optimized
order, and noise was presented ten times in one session. Each
stimulus was presented every 4 seconds. The experiment was
three runs for each subject. For functional brain imaging, a
3.0-T functional MRI was used at ATR BAIC. A total of 30
contiguous axial slices was acquired with a 3.0× 3.0× 4.0-
mm voxel resolution. A total of 108 scans were taken for
each run of the experiment. Each run was approximately 7
min in duration. Images were realigned, unwarped, spatially
normalized to a standard space using a template EPI image,
and smoothed using an 6× 6× 6-mm FWHM Gaussian ker-
nel.

Those obtained brain data were analyzed using SPM5 soft-
ware (Statistical Parametric Mapping).

Figure 2: Sing minus Speak in experiment 1

2.3.2. Results of brain activities in the experiment I

In the experiment I, trends were investigated using a thresh-
old of P <0.001uncorrected, spatial extent threshold 3 voxels.
Sing stimuli more elicited brain activities than Speak stim-
uli. The results of brain activity by Sing minus brain activity
by Speak contrast are shown in Fig.2. These regions include
LOrG (lateral orbital gyrus) [-22, 33, 0], SPL (superior pari-
etal lobule) [-30, -45, 32], PrG (precentral gyrus) [-24, -12,
40], AnG (angular gyrus) [27, -57, 36], Cerebellum [6, -33,
-32]. However, the effect of brain activities by Speak mi-
nus that by Sing showed no activations. Moreover, the re-
sults of the synthesized sounds versus the other synthesized
sounds showed no large activations. Thus, the effects of dif-
ferent acoustical features (spectrum shape and vibrate) were
not clearly.

3. Experiment II

3.1. Stimuli

The purpose of brain activity measurement experiment II
was to investigate brain activities elicited by spectrum shape,
fundamental frequency and amplitude envelope.

In the experiment II, we used six stimulus sounds. Those
stimuli were synthesized from actual singing voice (Sing)
and speaking voice (Speak) that were used in experiment I.
In consideration of ”Natural-ness”, we extracted spectrum
shape, fundamental frequency and amplitude envelope from
those two actual human voices. Next, we synthesized six
stimuli based on extracted acoustical features. The six stimuli
include: (1) Sp-Sp-Sp: synthesized with F0, spectrum shape,
amplitude envelop, from Speak; (2) Sp-Si-Sp: synthesized
with spectrum shape from Speak, and F0, amplitude envelop
from Sing; (3) Sp-Si-Si: synthesized with F0 from Speak,
spectrum shape, amplitude envelop, from Sing; (4) Si-Sp-Sp:
synthesized with F0 from Sing, spectrum shape, amplitude
envelop, from Speak; (5) Si-Sp-Si: synthesized with spec-
trum shape from Speak, F0, amplitude envelop, from Sing;
(6) Si-Si-Si: synthesized with F0, spectrum shape, amplitude
envelop, from Sing. Linguistic information of those stimuli
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Figure 3: Psychoacoustic experiment results

were the same /a/, and duration of those were also same 1.74
sec, and sound pressure were same.

3.2. Psychoacoustic experiment

3.2.1. Method

This psychoacoustic experiment was conducted in the
same way as in the experiment I. Only stimuli are different.
The subjects were nine normal-hearing Japanese (eight males
and one female).

3.2.2. Results and Discussions of psychoacoustic experiment

The results of psychoacoustic experiment are shown in
Fig.3. Fig.3 shows that Si-Si-Si was the lagest “Singing-
ness”, and Sp-Sp-Sp was the smallest “Singing-ness” in the
six stimuli. The evaluation of another stimulus’s “Singing-
ness” were between evaluation of Si-Si-Si and that of Sp-
Sp-Sp. The effect of F0 on singing-voice perception was the
largest among all features. In addition, Fig.3 showed that the
effect of spectrum shape was the smallest on “Natural-ness”.

3.3. Brain activity measurement experiment II

To investigate brain activities that were elicited by F0,
spectrum shape and amplitude envelope, we conducted brain
activity measurement experiment II.

3.3.1. Method

The data presented in the experiment were obtained from
a total of sixteen healthy subjects. The subjects were twelve
males and four females. Fifteen subjects were right-handed
and one was left-handed. The experiment design and proce-
dure were the same as experiment I.

3.3.2. Results of experiment II

In the experiment II, trends were investigated using a
threshold of P <0.001 uncorrected, spatial extent threshold
3 voxels. The contrasts of interest included the following:
(1) difference between listening to Si-Si-Si and listening to

Figure 4: Si-Si-Si minus Sp-Sp-Sp in experiment II

Sp-Sp-Sp; (2) difference between stimuli which are only dif-
ferent in F0; (3) difference between stimuli which are only
different in spectrum shape; (4) difference between stimuli
which are different in F0 and amplitude envelope.

The results of the listening to Si-Si-Si minus the listening
to Sp-Sp-Sp contrast are shown in Fig.4. These regions in-
clude MOrG (medial orbital gyrus) [-18, 42, -8], Cerebellum
[-3, -45, -28]. In contrast, the activities regions of Sp-Sp-Sp
minus Si-Si-Si include MTG (middle temporal gyrus) [57, -
42, 4].

The results of the contrast between stimulus that are only
different F0 component are shown in Fig.5. These regions in-
clude CG (cingulate gyrus) [-3, 6, 40], [-6,30,28], Ins (insula)
[42,-18,4], SMG (supramarginal gyrus) [45, -48, 32], STG
(superior temporal gyrus) [45, -45, 16], [57,-39,16], MTG
[48,-36, -8], PCun (precuneus) [-3, -60, 12].

The results of the contrast between stimulus that are only
different Spectrum shape component are shown in Fig.6.
These regions include CG [12, -36, 20], Cd (caudate nucleus)
[18, -21, 24], Cerebellum [-33, -57, -40].

The results of the contrast between stimulus that are dif-
ferent F0 and envelope components are regions include IF-
GOr (inferior frontal gyrus, orbital part) [-39, 30, -12], SG
(straight gyrus) [-6, 36, -12].

4. Discussions

The two experimental results showed that certain brain ac-
tivity regions were elicited by the singing voice stimulus.
Overlapping brain activity regions of singing voice minus that
of speaking voice in both experiments are orbital part includ-
ing LOrG and MOrG. These region have been implicated to
be involved with emotion[4]. In another study [5], these re-
gions are activated to perceive music. As results, it might be
activated those regions, when humans perceive singing voice.

The results of the experiment II showed that brain activities
were different because of the difference of the acoustical fea-
tures including F0 and spectrum shape. These brain regions
include CG (cingulate gyrus) that belongs to limbic system,
Cd (caudate nucleus) that belongs to basal ganglion, Ins (in-
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Figure 5: the brain activity of the difference of F0

Figure 6: the brain activity of the difference of spectrum
shape

sula). Ins (insula) is thought that a route which sends the
limbic system the signal concerning feelings. These activity
regions are inside regions of brain. As results, we suppose
that the processing of nonlinguistic information concerning
the singing voice has been activated the regions inside brain
regions.

Callan et al. also carried out a brain measurement experi-
ment [6] . They used stimuli that were 20 s Japanese songs.
Activities in the PrG [-46, 1, 28], SPL [-20, -60, 44], Cere-
bellum [-40, -48, -28], and OFC (orbitofrontal cortex) [-2, 46,
-16] near orbital part for perceiving singing voice are consis-
tent with the findings by Callan et al. Those regions (PrG,
SPL, Cerebellum) are related to the motor function. It might
activate the regions related to vocalization when humans per-
ceive singing voice. The results in Callan’s study also acti-
vated CG [18, 13, 23], Cd [-8, 5, 18]. As mentioned above,
many regions in our results are consistent with the results in
Callan’s study. In contrast, the active regions only observed in
the Callan’s study were HG (heschl gyrus) and Hippocampus.
It might be the active regions related to linguistic information.

We examined correlations between the results of psychoa-
coustic experiment and the results of brain activity experi-
ments. The results of experiment I showed that the stimulus
with large “Singing-ness” elicited larger brain activities than
the stimulus with small “Singing-ness”. Moreover, in the ex-
periment I, although Sing and VR2 were also high “Singing-
ness”, brain activities are quite different. We consider that the
difference of “Natural-ness’ is a source. There was no region
that was more elicited by rising of the evaluation of “Singing-
ness”.

5. Conclusions

The experimental results showed that certain brain activity
regions were elicited by the singing voice stimulus. These
brain regions have been implicated to be involved with emo-
tion system. Moreover, it showed that brain activities are dif-
ferent by the different acoustical features. Those brain regions
are inside regions of brain. It is necessary for future work to
increase the number of subjects so that the activity difference
may appear even if the threshold of the analysis is made more
severe.
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