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Abstract—Recent advancements of spatial audio 
technologies to enhance human’s emotional and immersive 
experiences are gathering attention. Many studies are clarifying 
the neural mechanisms of acoustic spatial perception; however, 
they are limited to the evaluation of mechanisms using basic 
sound stimuli. Therefore, it remains challenging to evaluate the 
experience of actual music contents and to verify the effects of 
higher-order neurophysiological responses including a sense of 
immersive and realistic experience. To investigate the effects of 
spatial audio experience, we verified the psychophysiological 
responses of immersive spatial audio experience using sound 
field synthesis (SFS) technology. Specifically, we evaluated alpha 
power as the central nervous system activity, heart rate/heart 
rate variability and skin conductance as the autonomic nervous 
system activity during an acoustic experience of an actual music 
content by comparing stereo and SFS conditions. As a result, 
statistically significant differences (p < 0.05) were detected in the 
changes in alpha wave power, high frequency wave power of 
heart rate variability (HF), and skin conductance level (SCL) 
among the conditions. The results of the SFS condition showed 
enhanced the changes in alpha power in the frontal and parietal 
regions, suggesting enhancement of emotional experience. The 
results of the SFS condition also suggested that close objects are 
grouped and perceived on the basis of the spatial proximity of 
sounds in the presence of multiple sound sources. It is 
demonstrating that the potential use of SFS technology can 
enhance emotional and immersive experiences by spatial 
acoustic expression. 

Index Terms —Immersive audio experience, perception of spatial 
sound, psychophysiological effect 

I. INTRODUCTION 

Music evokes strong emotions in listeners and has 
psychological and physiological beneficial effects on health 
and wellbeing. The relationship between music and emotions 
has been historically studied in the field of psychology, and 
music-induced emotions have been attributed to cognitive 
evaluation [1]. Recent advances in neuroscience have led to 
research into the principles underlying the elicitation of 
emotions induced by music. For example, several 
mechanisms have been proposed, including brainstem 
reflexes caused by basic acoustic characteristics such as 
timbre, intensity, and consonance/dissonance, and emotional 

contagion, in which listeners perceive the emotional features 
and expressions of music, and imitate these features and 
expressions as their own emotions [2][3][4]. As a result, it 

has been reported that listeners show various physiological 

978-1-6654-0019-0/21/$31.00 ©2021 IEEE 

responses involving various systems, including central and 
autonomic nervous systems, when they concentrate on 
listening to music [5]. On the basis of these neural 
mechanisms, many studies on the effects of musical 
experiences on immersive sensations and emotions have been 
conducted in the area of psychophysiology. Furthermore, in 
the research field of applied acoustics, there is increasing 
attention on psychophysiological effects of music to enhance 
the listener’s immersive acoustic experience. 

As a recent scientific approach from the perspective of the 
immersive acoustic environment, a soundscape is considered 
to be acoustically equivalent to a landscape and is defined as 
a human perception of the acoustic environment in context 

[6]. A soundscape can be perceived as the outcome of a 
single sound or as the result of a combination of sounds 
arising from various environments. Previous studies on 
soundscapes have shown that positively perceived sounds, 
such as the sounds of nature, are associated with a higher 
quality of life and improved psychological and physical 
health [7]. In a previous study [8], soundscapes were 
classified into three main areas on the basis of sound sources: 
geophony, which includes all environmental sounds produced 
by non-organic elements of nature such as waterfalls; 
biophony, which includes organic but nonhuman sources such 
as animal mating vocalizations; and anthrophony, which 
includes all environmental sounds produced by human 
sources such as the human voice and sounds associated with 
human activity. The soundscape concept has been 
systematized and psychological evidence of the effects of 
sound on the human nervous system is accumulating, but the 
mechanisms underlying the effects are not yet fully 
understood. In recent years, the advancements in 
psychophysiology and neuroscience have accelerated the 
objective evaluation of emotion and acoustic environments; 
however, most studies are focused on assessing only 
autonomic nervous system responses measured such as skin 
conductance and heart rate/heart rate variability, which are 
easy to measure, and limited to studies on the neural basis of 
emotion and cognitive process [9][10][11]. Therefore, to 

investigate the effect of an immersive acoustic environment 
on emotion, it is important to understand the physiological 
basis using not only the parameters associated with the 
autonomic nervous system such as skin conductance and 
heart rate/heart rate variability but also those associated with



the central nervous system measured by a method such as 
electroencephalography (EEG). 

As an element of acoustics that provides a sense of 
immersive and realistic experience, sound source localization 
is a field of research that needs attention. If it is possible to 
perceive the positions of sound sources above and below, left 
and right, and in front and behind a listener, it is expected to 
provide the listener a more immersive and realistic 
experience. From the viewpoint of the physiological basis of 
sound localization, spatial sound cues are already processed 
at the level of the brainstem. For example, it has been shown 
that neurons in the inferior colliculus (IC) are sensitive to 
interaural time and level differences (ITD and ILD, 
respectively)[12][13]. At the level of the cortex, 
neuroimaging studies have shown that nonprimary areas of 
the auditory cortex, particularly the temporal lobe plane and 
posterior superior temporal gyrus (STG), are sensitive to 
moving sound stimuli [14][15]. Furthermore, there is also a 

growing interest in decoding the spatial characteristics of an 
auditory scene from brain activity. The cortical representation 
of a continuously moving auditory stimulus has been 
investigated by scalp EEG [16]. These studies are very 
important to clarify the neural mechanisms of acoustic spatial 
perception; however, they are limited to the evaluation of 
mechanisms using basic sound stimuli. Therefore, it remains 
challenging to evaluate the experience of actual music 
contents and to verify the effects of higher-order 
neurophysiological responses including a sense of immersive 
and realistic experience. 

To bridge the gap between applied acoustics and 
neuroscience/psychophysiology in examining the effects of 
spatial acoustic experiences, in this paper, we investigate the 
effects of actual music contents on neurophysiological 
responses related to emotion elicitation and the spatial 
perception of sound movement during audio experience. 
Specifically, to verify the effects of enhancement of 
emotional and immersive experience by sound spatial 
perception, we create spatial acoustic contents as 
experimental stimuli in which the sound objects move in three 
dimensions using sound fields synthesis (SFS) technology 
[17]. SFS technology synthesizes physical wavefronts of 
multiple virtual sound sources simultaneously by changing 
delays and gains of driving signals for individual 
loudspeakers, and the synthesized wavefronts give the 
listener a spatial acoustic experience. We evaluated 
differences in psychophysiological responses between SFS 
and stereo sound sources conditions, and verified the effects 

of spatial audio experience on enhancing the immersive 
experience and emotion elicitation in the music experience 
through human spatial perception. 

II. METHOD 

In this study, we used SFS technology [17] to investigate 
the effect of emotion and spatial perception of sound object 
movement. On the basis of the literature on immersive 
acoustic environments such as soundscapes, we hypothesized 
that SFS technology could enhance a listener's emotional 
experience. Specifically, we hypothesized that the content 
that induces arousal will further arouse the listener and the 

content that induces relaxation will further relax the listener 
through the SFS technology. To verify these effects, we 
created new spatial acoustic contents to induce emotions and 
conducted = psychophysiological experiments with 
measurements by EEG, electrocardiography (ECG), and 

electrodermal activity (EDA), as non-invasive methods of 
measuring physiological signals of nervous activity. 

A. Content Creation 

In creating the acoustic contents, we prepared two types 
of content: one for making the participants get accustomed to 
the two listening conditions, stereo and SFS (ie., 
habituation), and the other for the actual measurements. 
These contents were created by a sound artist, evala. 

1) Content for habituation: In this experiment, the 
participants needed to get used to wearing sensors, the 

experimental environment and the loudness of the 
loudspeakers in order to eliminate unnecessary stress. To 

achieve this, we prepared a two-minute melody similar to that 
of the signal sound was repeated at a constant rhythm. This 

content was prepared for both the SFS and stereo conditions. 

2) Content for measurement (a target sound stimulus): 
To observe if the spatial sound of SFS technology contributes 
to the participants' emotional experience, we created a nine- 
minute spatial sound content. The content was created using 

simple sound sources and melodies so that the participants 

could actually listen to the spatial sound jumps and 
movements created by the SFS technology. The content was 
composed of two parts: the first half was for investigating the 

relaxation effect of SFS technology, and the latter half for 

investigating the concentration and arousal effects of SFS 
technology. The music was designed as a signal to change 
scenes after around 30 s considering the biological reaction 

time. Table I. shows the scene details in the target stimulus. 

The SFS reflected natural sounds such as rain and animal 
sounds, as well as melodies from electronic sounds and 

human voices. With time, these sound sources jump out 

Spatially and move  three-dimensionally around the 
participant, creating a sound content that gives a sense of 

space, as if the participant was entering the scenery of the 
music. 

TABLE I. SCENE DETAILS IN TARGET SOUND STIMULUS 

  
Scene Start time End time Duration 

  
1 Opening 00:00 (0 s) 00:10 (10 s) 108 

—
>
 

  
2 Sound of water droplets 

and muddy streams 

00:10 (10 s) 01:25 (85 s) 758 

  

  S£
6T
 

i
e
d
 
n
o
n
e
x
e
 
pa

y 

  

  

  

  

  

  
10 | Melody B 06:10 (370 s) 06:37 (397 s) 27s 

3 Sound of a wind 01:25 (85 s) 01:49 (109 s) 248 

4 Sound of rain 01:49 (109 s) 02:23 (143 s) 46s 

5 Insect and animal 02:23 (143 s) 03:53 (233 s) 90s 

sounds. 

6 Sound of wavelets 03:53 (233 s) 04:53 (293 s) 60s 

7 Melody A 04:53 (293 s) 05:22 (322 s) 298 5 
S 

8 Chime ofa bell 05:22 (322 s) 05:50 (350 s) 288 5 
nw B 
wo 

9 Bird's chirping 05:50 (350 s) 06:10 (370 s) 20s ye 
c 

3 
5   

11 | Melody 06:37 (397 s) 08:33 (513 s) 116 s 
              + 12 Woman's breath 08:33 (513 s) 08:45 (525 s) 138 
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Fig. 1. Placement of loudspeakers. 
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(a) Sound object movement in target stimulus. (Top) distance 
between sound objects and position of listener. (Bottom) 

azimuth of sound objects from position of listener. 
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(b) Equivalent continuous A-weighted sound pressure level for 
every second. 

Fig. 2. Parameters of target sound stimulus. 

B. Acoustic Equipment and Conditions 

As the playback equipment, we used a 128-channel linear 
array of loudspeakers, which is similar to that used at 
Acoustic Vessel Odyssey [17]. In this examination, these 
loudspeakers covered the frequency range from 250 Hz to 24 
kHz. To compensate for low frequencies, we also used two 
GENELEC8040 woofers that covered the range from 80 to 
250 Hz, and two GENELEC7050C subwoofers covered 

frequencies below 80 Hz. Fig. 1 shows the placement of these 
loudspeakers in detail. The height of the linear array was set 
to about 1.1m which was the same as that of the listener's ear. 
The woofers were placed under the 40th and 89th channels of 
the linear array. The subwoofers were placed nearby the 
woofers. The listener sat in front of the speaker, and the 
distance between the listener and the speaker was 2.5 m. 

C. Content parameters 

Fig. 2 shows parameters of the target sound stimulus as 
described in Table I. Fig. 2(a) shows the sound object 
movement in the content for measurement. Each color in the 

graph indicates a sound object. The top panel in Fig. 2(a) 
shows the distance (radius) between the sound objects and the 
position of the listener. The bottom panel in Fig. 2(a) shows 
the angle (azimuth) of the sound objects from the position of 
the listener. The angle is positive in the left-hand direction of 
the listener and in Fig. 2(a) in the front. Fig. 2(b) shows the 
equivalent continuous A-weighted sound pressure levels, 
which are used to account for the relative loudness perceived 
by the human ear per second. 

For comparison, we created the stereo contents from the 
SFS contents as explained in this section. In a lower 
frequency range, we used the same woofers and subwoofers 
and these loudspeakers produced the same sound. In this 128- 
channel linear loudspeaker array, we used only the 40th and 
89th channels. The sound signals of these two loudspeakers 
were generated by adjusting the left-right balance of each 
sound objects according to the positions of the sound objects 
based on the tangent law. The gain of each sound objects was 
adjusted according to the distance of the sound object from 
position of listener and the entire gain was adjusted so that the 
emitted sound intensity was the same as that of the SFS 
content. 

D. Experimental Procedure 

This study was preapproved by the Sony Bioethics 
Committee. There were 16 healthy participants (9 males and 
7 females), aged 25—55 years. 

We conducted the experiment indoor in a noise-free 
environment. The participants were seated at 2.5 m from the 
loudspeakers. During data collection, the participants were 
instructed to remain in the resting state and to close their eyes 
during the task. The EEG data were recorded using a 20- 

channel CGX Quick-20 acquisition system (CGX, United 
States) at a sampling rate of S00 Hz. To monitor autonomic 
nervous system activity, ECG and EDA were recorded using 
a Shimmer3 ECG/GSR system (Shimmer, Ireland) at a 

sampling frequency of 256 Hz (Fig.3) . 

The participants performed the tasks shown in Fig. 4 
under two different conditions: stereo and SFS. Specifically, 
in Task A, the participants listened to a 150 s sound to 
familiarize themselves with the condition with eyes closed. 
Second, each participant performed a baseline task in the rest 
state for 120 s with eyes closed. Finally, in Task B, the 
participants listened to the target stimulus (a 530 s evaluation 
sound) with eyes closed. To remove the order effect, the order 
of the two conditions was randomized. 

The participants were instructed not to make any 
unnecessary movements in order to minimize the effect of 
noise caused by movement during the EEG measurement. In 
addition, the participants were instructed not to fall asleep 
during the experiment, and this was confirmed by post- 
intervention interviews. 

The effects of relaxed/concentrated music listening 
were assessed using the visual analog scale (VAS) ratings of 
arousal. VAS ratings were taken after the completion of 
Task B to evaluate the participants’ subjective experience in 
addition to physiological responses. The VAS ratings were 
normalized from 0 to 100, and the participants were instructed 
to answer closer to 0 if they felt relaxed, closer to 100 if they 
felt excited, and closer to 50 if they felt neutral. 

Authorized licensed use limited to: California Polytechnic State University San Luis Obispo. Downloaded on January 25,2022 at 01:58:05 UTC from IEEE Xplore. Restrictions apply.



EEG (CGX Quick-20) 

128-channel linear 
array of loudspeakers 

  

EDA (Shimmer3 GSR+) 

ECG (Shimmer3 ECG) 

Fig. 3. Experimental setup of equipment. 

VAS ratings 

Vv   
Task A Baseline Task B (target sound stimulus) 

150s 120 s 530s           

Fig. 4. Procedure of experiment. 

E. Preprocessing Steps 

I) EEG data preprocessing: All EEG data were 

processed offline in MATLAB 2020b using custom written 
scripts and the EEGLAB toolbox [18]. The data were filtered 

using an 8th-order IIR filter between 0.02 and 30 Hz and 

downsampled to 128 Hz. Data from unsatisfactory channels 

were interpolated from those from the surrounding channels. 
In this study, we focused on the analysis of fluctuations in the 
alpha frequency range of 8-13 Hz, because alpha power, or 

the amplitude of brainwaves in the 8—13 Hz frequency band, 

has consistently been shown to be inversely correlated with 
mental activity [19] and directly correlated with relaxation; 
thus it has the potential as an indicator of spatial perception 

of sound localization [16]. For the visualization of brain 

activation patterns by EEG, we used MNE python [20]. 

2) EDA data preprocessing: EDA data were processed 
offline in MATLAB using custom written scripts and the 

Ledalab toolbox[21]. The data were downsampled to 16 Hz 

and then decomposed into Skin Conductance Level (SCL) 

and Skin Conductance Responses (SCR) by Continuous 
Decomposition Analysis of Ledalab. Both of SCL and SCR 
are activated only by sympathetic nervous system [22]: 

therefore, we focused on the evaluation SCL/SCR as arousal 

indicator from EDA signal. 
3) | ECG data preprocessing: ECG data were processed 

using ConcensysPRO software (Shimmer, Ireland) to extract 

interbeat interval (IBI) time series. Then, we used custom 

written scripts to extract HRV indices. In particular, we 
focused on mean heart rate and high-frequency (HF) activity 
(0.15 to 0.40 Hz) in this study because both indices are robust 

indicators of ultrashort-term HRV analysis and are suitable to 

confirm changes of physiological phenomena in time series 
[23]. We expected HFs as a relaxation index activated by the 
parasympathetic nervous system. In this study, we used a 90- 

sec sliding window with 89-sec overlap to extract HRV 

features as time series data to examine the effect on time 
series data of each scene in the target stimulus. 

III. RESULTS 

A. Subjective Evaluation by VAS ratings 

First, the VAS ratings were analyzed to check the 
differences between the stereo and SFS conditions, and to 

evaluate the subjective effects of the experimental experience 
on the participants. A plot of the mean values with 95% 
confidence intervals of the VAS ratings of arousal in 16 
participants is shown in Fig. 5. The results shown in Fig. 5 
suggested that the difference in VAS ratings between the two 
conditions, stereo and SFS, was small. The mean score was 

below 50 under both conditions, suggesting that the 
subjective experience was relaxing under both conditions. 
One-way analysis of variance (ANOVA) was conducted and 
there was no statistically significant difference in the VAS 
ratings of arousal between the SFS and stereo conditions, 
F(1,30) = 0.017, p = 0.896, n?= 0.001. 

VAS: arousal 
100 

aa =SFS 

Mmm stereo 
80 

60 
D> 
c 

f 
40 

20 

  

Task B 

task name 

Fig. 5. Subjective evaluation from VAS ratings of arousal. 

B. Changes in Autonomic Nervous System Activity 

In addition to the VAS ratings, autonomic nervous system 
activity was assessed to confirm the effect of immersive 
spatial audio experience on _ physiological arousal. 
Specifically, to compare physiological responses to each 
scene, we focused on time series data analysis of (1) mean 
heart rate as a robust index of arousal by cardiovascular 
system, (2) HF as an index of relaxation by parasympathetic 
nervous system activity, and (3) SCL and (4) SCR as indices 
of tension caused by sympathetic nervous system activity. To 
exclude the effect of individual differences in the absolute 
values of physiological responses, normalization with 
baseline subtraction was introduced to consider the law of 
initial values (LIV) in biological science [24]. In Fig. 6, the 
lines indicate the mean values of the population data for each 
index at each time and are shown with 95% confidence 
intervals. As shown in these four indices, under both stereo 

and SFS conditions, the mean heart rate tended to decrease 

slightly, HF tended to increase slightly, SCL tended to 
decrease, and SCR tended to remain unchanged, suggesting 
that the participant was relaxed throughout the musical 
experience. The results are consistent with the VAS ratings 
and results in the literature [23]. The output differences in the 
autonomic nervous system responses between the SFS and 
stereo conditions were examined in the level of time series 
using the Mann-Whitney U test. However, no significant 
difference in autonomic nervous system activity was detected 
between the stereo and SFS conditions at the level of time 
series data. 

Furthermore, we conducted 2-way repeated measures 
ANOVAs (Sound Type (SFS vs stereo) x Scene (#1 to #12 
as shown in Table 1.)) to investigate statistical test beyond the 
level of the time series. We found that there was no significant 
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Fig. 6. Changes in autonomic nervous system responses (mean heart 
rate, HF, SCL, and SCR) during music experience (task B, the 

music listening task for the target sound stimulus) that were scaled 
by subtracting the mean of the baseline task prior to task B. 

interaction effect of sound type and scene for all the indices. 
For mean heart rate, it was found that there was no significant 
main effect of sound type or no significant effect of scene. 
For HF, it was found that there was a significant main effect 
of sound type under the significance level at 0.05, 
F(1,180) = 5.078, p = 0.025, 7? = 0.009, but there was no 
significant main effect of scene. For SCL, we confirmed that 
there was a significant main effect of sound type, F(1,180) = 
6.795, p = 0.010, 7” = 0.009, and there is a significant 
effect of scene, F(11,180) = 6.112, p < 0.001, 7? = 0.272. 

For SCR, there was no significant main effect of sound type 
and that of scene. Since the main effects of sound type for HF 
and SCL were found, post hoc tests were conducted for them. 
The post hoc tests revealed that HF was greater in the SFS 
condition than in the stereo condition (p = 0.023,d = 
0.166), and that SCL was greater in the SFS condition than 
in the stereo condition (p = 0.010, d = 0.188). Although no 
interaction effect was found, the simple main effect analysis 
of sound type was conducted to investigate difference 
according to each scene; however, no significant differences 
were detected. 

C. Changes in EEG power 

Finally, changes in EEG power during a music experience 
were evaluated to investigate the activity of the central 
nervous system. EEG power is physiologically more robust 
than autonomic nervous system activity; however, from the 
VAS ratings and autonomic nervous system activity, it was 
assumed that the difference between the two conditions was 
small. Therefore, to enhance changes in EEG power during a 
music experience, we used log-transformation for the scaling 
of the magnitude of EEG alpha power on the basis of a 
previous study [25]. Furthermore, normalization with 
baseline subtraction was introduced also as in the previous 
section. Fig. 7 shows the change in log-transformed alpha 
power in the music listening task with the target sound 

stimulus (hereafter referred to as task B) relative to the 
previous baseline task shown in Fig. 4. In addition, the output 
differences in log-transformed alpha power between the SFS 
and stereo conditions were examined using the Mann— 
Whitney U test in Fig. 8. As shown in Fig. 8, focusing on the 
details of the scene, statistically significant differences in the 
change in alpha power were detected between the two 
conditions. Especially, Melody A (scene #7) and Melody C 
(scene #11) contained scenes in which significant differences 
(p < 0.01) in the changes in alpha power in the frontal lobe 
were detected under the stereo and SFS conditions. 

Furthermore, as well as for the physiological indices of 
autonomic nervous system activity, 2-way repeated measures 
ANOVAs (Sound Type X Scene) were also conducted for 
changes in alpha power in each scalp region of the EEG 
channels. For the frontal region (Fp1, Fp2, F3, F4, F7, F8, and 

Fz), we found that there was a significant main effect of sound 
type under the significance level at 0.05, F(1,180) = 
6.236, p = 0.013,? = 0.012, but there was no significant 
main effect of scene. There was no significant interaction 
effect of sound type and scene for the frontal region. For the 
parietal region (C3, C4, P3, P4, and Pz), we found that there 

was a significant main effect of sound type under the 
significance level at 0.05, F(1,180) = 5.066,p = 

0.026, 7? = 0.007, but there was no significant main effect 

of scene. There was no significant interaction effect of sound 
type and scene for the parietal region. For the temporal region 
(T3, T4, TS, and T6) and the occipital region (O1 and O2), 
we found that there were no significant main effects of sound 
type, no significant effects of scene, or no significant 
interaction effects. The post hoc tests revealed that change of 
frontal alpha power was greater for the SFS condition than for 
the stereo condition (p = 0.012,d = 0.182) and revealed 
that change in parietal alpha power was greater in the SFS 
condition than in the stereo condition (p = 0.025,d = 
0.163). Although no interaction effect was found, the simple 
main effect analysis of sound type was conducted to 
investigate difference according to each scene. As a result, 
significant differences were found in changes in alpha power 
in the frontal region for Melody A (p = 0.025). 

IV. DISCUSSION 

In this section, the results are discussed below from two 

perspectives: 1) emotional responses and 2) spatial perception 
of sound object movement. 

A. Emotional responses 

In the previous section, the results suggest that no 
significant differences in subjective evaluation were found, 
whereas significant differences were detected in HF from 
ECG, SCL from EDA, and alpha power from EEG. In the 
changes in HF and SCL, the results suggested that both 
parasympathetic activity and parasympathetic activity were 
more activated in the SFS condition than in the stereo 
condition. The results of the SCL waveform check through 
Task B showed that the waveform decayed in both Stereo and 
SFS conditions, and the HF also tended to increase from the 

baseline, indicating that the participants were basically in a 
relaxed state in both conditions in terms of autonomic 
nervous system activity. In the changes in alpha waves, we 
found that the alpha waves in the frontal and parietal regions 
were greater in the SFS condition than in the stereo condition. 
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Fig. 7. Changes in alpha power during music experience that were scaled by subtracting the mean of the baseline task prior to task B. 
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Fig. 8. Time series data of p-values for changes in alpha power on each EEG channel (Mann—Whitney U test). 

It is known that the frontal lobe plays a role in regulating 
emotions, and that alpha power increases in a relaxed state 
[26], which is consistent with our results for EEG analysis. In 
particular, in Melody A, there was a significant difference in 
frontal alpha power at the level of time series, and participants 
were able to easily perceive the difference between the two 
conditions as a scene close to the boundary between the first 
and second half parts, suggesting that the relaxation effect 
was high. 

In order to further investigate the effect of SFS on 
emotional responses to each scene, we conducted a detailed 
analysis of the brain activated area according to the results in 
Figs. 7 and 8. Specifically, we compared the results with those 
of previous studies in the context of mindfulness meditation, 
in which relaxation effects on the resting state are being 
studied [27]. Mindfulness meditation is a general term for 
types of meditations that originated in primitive Buddhism. 
There are two types of meditation technique: focused 
attention meditation (FA), which focuses attention 
deliberately and continuously on a specific object, and open 
monitoring meditation (OM), which focuses attention on an 
experience occurring in the present moment and accepts it as 
it is without judgment. Results of previous studies suggest 
that experienced meditators have increased alpha power in the 
prefrontal and parietal regions [28][29][30]. On the other 
hand, there is no strong consensus on the existence of parieto- 
occipital alpha power, with some studies suggesting an 
increase in occipital alpha power and others suggesting a 
decrease in alpha in FA and OM meditation. 

From our results shown in Figs. 7 and 8, we confirmed that 
the alpha powers in the frontal and parietal regions increased 
more under the SFS condition overall, especially from scene 
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#4 to scene #12 shown in Table I. On the other hand, in the 

occipital region, the trend of the changes in alpha power was 
not consistent between the SFS and stereo conditions. 
Although further investigation is required, our results suggest 
that SFS enhances the effects of meditation observed in 
previous studies, especially when focusing on changes in the 
frontal and _ parietal regions during meditation 
[28][29][30][31], and that SFS may have the potential to 
produce effects that allow people to relax and still be able to 
concentrate. 

B. Spatial perception of sound object movement 

In this subsection, we discuss the results shown in Figs. 7 
and 8 in detail, taking into account the content parameters 
shown in Fig. 2. The sound location is spatially perceived 
using ITD and ILD as cues. In addition, previous studies have 
shown that the localization of sound sources depends on 
orientation and sound pressure level, which may affect the 
spatial perception of sound object movement [32]. These 
previous findings should be considered when interpreting the 
spatial perception effects of sound source motion in the SFS 
condition. We qualitatively evaluated the results shown in 
Figs. 7 and 8 and the content parameters shown in Figs. 2 and 
3. In the neuroscience field, the parietal lobe contributes to 
human spatial perception. Furthermore, a recent study of 
sound source localization shows the response of the parietal 
lobe contributes significantly to the alpha power decoder [16]. 

In our results, only Melody C (scene #11) contained 
scenes in which significant differences (p < 0.01) in the 
changes in alpha power in the parietal lobe were detected 
under the stereo and SFS conditions. Furthermore, during 
Melody C, there were mixtures of segments where significant
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Fig. 9. Time series data of p-values for changes in alpha power on each 
EEG channel (Mann—Whitney U test) during Melody C in Task B. 
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(b) Equivalent continuous A-weighted sound pressure level during 
Melody C. 

Fig. 10. Content parameters during Melody C in Task B. 

differences were detected and segments where no significant 
differences were detected. Therefore, we focused on Melody 
C and compared the time series data with significant 
differences with the details of the content parameters. Fig. 9 
shows the time series data of p-values of the changes in alpha 
power, which is excerpted from Fig. 8. Fig. 10 shows content 
parameters during Melody C, which is excerpted from Fig. 2. 
Specifically, Fig. 10(a) shows the sound object movement 
information of the azimuth as a content parameter, where 
each color shows a sound object, and Fig. 10(b) shows 
equivalent continuous A-weighted sound pressure level 
during Melody C. As shown in Fig. 9, significant differences 
between the stereo and SFS conditions were detected between 
435 and 455 seconds in the change in alpha power in the 
parietal lobe. In addition, we compared the azimuthal 
movements of the sound sources at intervals where significant 
differences were detected and at the other intervals where no 
significant differences were not detected. We confirmed that 
the p-values were significantly lower at the intervals where 
multiple sound objects were moving in a spatially and 
temporally dispersed manner. Since the number of sound 
sources remained the same at both intervals, spatial proximity 
between multiple sound sources is suggested to be related to 
people's spatial perception. In addition, when sound objects 
that are not spatially close to each other move in a distributed 
motion, it is suggested that the sound objects to which 
attention was paid may have differed among the participants 
of the experiment. Our results provide findings similar to 
those in the literature [33], that is, close objects are grouped 
and perceived on the basis of the spatial proximity of sounds 
in the presence of multiple sound sources. On the other hand, 

these findings are still limited to focusing on sound source 
movement as one of the acoustic parameters. It remains to be 
interpreted from more multidimensional and principles-based 
perspectives, considering other content elements that 
contribute to emotions and contextual information in music 
contents. This study is only a preliminary to examine the 
physiological and psychological effects of mechanisms and 
real-world content experiences. Further evaluation will be 
carried in our future work. 

V. CONCLUSION 

In this study, we verified the psychophysiological 
responses of immersive spatial audio experience using SFS 
technology for examining the effect of spatial acoustic 
experiences to bridge the gap between applied acoustics and 
neuroscience/psychophysiology. For psychophysiological 
verification, we analyzed alpha power from EEG, heart 
rate/heart rate variability from ECG, and skin conductance 
level/skin conductance responses from EDA analysis during 
an audio experience using SFS technology. As experimental 
stimuli, we created spatial audio contents using SFS 
technology. For comparison, we created stereo contents from 
SFS contents. As a result of psychophysiological verification, 
in the subjective evaluation and autonomic nervous system 
activity indices, the results of statistical analysis suggest that 
the participants were in the relaxed state during the music 
experience under both stereo and SFS conditions. We found 
significant main effects of sound type (stereo vs SFS) in 
changes in HF, SCL, and alpha power in the frontal and 
parietal regions (p < 0.05). At the level of time series data, in 
changes in alpha power, significant differences between 
conditions were detected (p < 0.01). The results under the SFS 
condition showed enhanced changes in alpha power in the 
frontal and parietal regions, suggesting a trend similar to 
previous studies on meditation. Furthermore, the results 
under the SFS condition also suggested that close objects are 
grouped and perceived on the basis of the spatial proximity of 
sounds in the presence of multiple sound sources, 
demonstrating the effect of spatial perception of sound object 
movement. 

The results suggest the potential use of SFS technology to 
enhance emotional and immersive experiences by spatial 
acoustic expression. However, there are some limitations in 
generalizing the results due to limited variations of music 
stimuli. This study is still limited to the analysis of the alpha 
power obtained by EEG carried out to understand the neural 
mechanism in detail. From the viewpoint of content 
parameters, they remain to be analyzed on the basis of a more 
multidimensional and _ pprinciples-based _ investigation, 
considering other content elements and _ contextual 
information in music contents. In the future, we will explore 
other physiological analysis methods to further clarify the 
neural mechanism and content evaluation methods to identify 
which neural mechanism may be applied to enhance the 
listener’s acoustic immersive experience. 
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