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Abstract

:

Various kinds of biological sensors are now embedded in wearable devices and data on human biological information have recently become more widespread. Among various environmental stressors, sound has emotional and biological impacts on humans, and it is worthwhile to investigate the relationship between the subjective impressions of and biological responses to such sounds. In this study, the relationship between subjective and biological responses to acoustic stimuli with two contrasting kinds of sounds, a murmuring river sound and white noise, was investigated. The subjective and biological responses were measured during the presentation of the sounds. Compared with the murmuring river sound, the white noise had a significantly decreased EEG-related index of α-EEG and HRV-related index of SD2/SD1. The correlation between each index of subjective and biological responses indicated that α-EEG was highly correlated with the results of subjective evaluation. However, based on a more detailed analysis with clustering, some subjects showed different biological responses in each trial since they felt the sound was powerful when listening to the murmuring river sound, as well as feeling that it was beautiful. It was suggested that biological responses to sound exposure may be affected by the impression of the sound, which varies by individual.
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1. Introduction


In 2014, a basic survey on industrial safety and health conducted by the Japanese Ministry of Health, Labour and Welfare (MHLW) showed that more than 1.11 million patients suffer from mood disorders such as depression, and that the number has been rising annually. In contrast, on a global level, over 300 million people are estimated to suffer from depression, equivalent to 4.4% of the world’s population [1]. One of the major reasons for this situation is the stress caused by various kinds of tension and anxiety in modern life. To make our lives more comfortable, living environments should be designed to be suitable from both physiological and psychological perspectives.



Firstly, physiological function is mainly regulated by central nervous system activity and peripheral nervous system activity. While the function of central nervous system responses can be evaluated through background and evoked electroencephalographs (EEGs), which record the electrical activity of the brain, the function of peripheral nervous system responses can be evaluated through cardiovascular activities such as by electrocardiogram [2,3], reflecting the heart rate, blood pressure [4] and vasomotor activity [5], which indicate autonomic nervous system activity, and other factors such as respiration [6], skin temperature [7], and eye movements [8]. In recent years, many studies on brain science have been conducted, and objective interpretations of how the brain is related to psychological functions have also been studied [9]. A brain wave is an electrical pattern of brain activity. EEGs are typically described in terms of rhythmic activity and transient activity. The former type of brain wave activity constitutes alpha waves, beta waves, gamma waves, and lambda waves. Other than these frequency components, delta and theta waves in the lower frequencies under 8 Hz have also been treated. Alpha waves are found in the frequency range from 8 Hz to 13 Hz [10]. Hans Berger firstly named this rhythmic EEG activity as an “alpha wave” [11]. These rhythmic waves differ in frequency. For example, the rhythmic wave in the alpha domain can be observed when closing the eyes and with relaxation. The mechanism of exciting these various frequency components has been investigated; however, physiological changes including brain activities in response to emotional stimuli are not simple linear responses, but rather are assumed to be complex [3,12]. The measurement of psychological functions is generally based on a subjective evaluation. However, since the results of subjective evaluations vary widely among individuals, it may be beneficial to combine them with an objective evaluation method using physiological indicators in order to bring universality to evaluations. To use such a combined method with subjective and objective evaluations, it is first necessary to clarify the relationship between physiological and psychological functions.



We are constantly exposed to various kinds of environmental stimuli in our daily lives. For example, from an acoustic viewpoint, environmental noise, such as that from a train station or a construction site, can be perceived as “unpleasant” if it is too loud, and may thus cause stress. On the other hand, listening to a murmuring river, birdsong, or classical music can be perceived as “pleasant”. It is thought that the latter type of stimuli may have a stress-reducing effect. For example, the effects of water sounds on reducing stress have been investigated; however, these depend on the individual situation [13]. Even when listening to pleasant sounds, some people may feel uncomfortable due to other factors. However, if the subjective and objective evaluations have a relatively strong relationship, the effects of the surrounding environment on humans can be accurately assessed using a combination of methods.



Regarding the mechanism of emotional and biological responses to sounds, it has been reported that music perception involves complex brain functions, potentially affecting emotion and influencing the autonomic nervous system [14]. In a study of the EEG responses of subjects listening to their preferred and non-preferred music, the power of alpha waves increased when listening to their preferred music [15]. Many studies on the relationship between auditory stimuli and EEG, such as a study that measured EEG when Mozart’s music was presented [16], can be seen. In the other study, the effect of music preference on brain waves was studied using classical and rock music [17]. As described above, the auditory effect of comfortable music on brain waves has been investigated, but the auditory stimuli of music consist of many sounds and complex structures, and their effect on humans is also considered to be complex. In contrast, natural sounds such as river sounds are simple, and they may provide relaxation to humans [18]. However, the auditory effect of such a comfortable sound on a human’s brain wave has barely been discussed in detail.



On the other hand, heart rate variability (HRV) has also been utilized as an indicator of many physiological and behavioral factors [19] such as stress [20], fatigue [21], and performance [22]. The relationship between HRV and other biological conditions such as autonomic nervous function has been investigated [23]. While the relationship among various biological indicators has been generally discussed, HRV and EEG are often investigated together [24] since both provide cyclic time-transient data and are relatively easy to measure. The synchronicity of HRV and EEG is often analyzed and applied to various cases [25]; however, the relationship between HRV and EEG in response to sound stimulation has rarely been studied. As mentioned above, it is clear that sound has an emotional and biological impact on humans, and it is worthwhile to investigate such a mechanism; it will be beneficial to investigate the relationship between the subjective impressions and biological responses caused by sounds using HRV and EEG.



The purpose of this study is to evaluate the effects of auditory stimuli comparing two kinds of sounds, white noise and a murmuring river sound, using psychological and physiological responses. Through such a study, a basic understanding of how auditory stimuli affect both psychological and physiological states of humans can be confirmed. So, in this study, using EEG and HRV as the means of physiological evaluation, the relationship between subjective impressions and biological responses is discussed.



Firstly, the experimental methods of subjective and biological measurements are described in Section 2. The subjective impressions of the white noise and murmuring river sound were measured by a subjective evaluation test using the semantic differential (SD) method. After this, the biological parameters related to EEG and HRV were physiologically measured for each of the subjects. In Section 3, the subjective and physiological results are comparatively discussed. Then, we determine whether some of the biological parameters of EEG and HRV are significantly related to the comfortableness of the reproduced sound. However, some subjects decreased their alpha wave energy of the EEG and indicated different responses to the comfortable sound of murmuring river compared to the majority of the subjects who showed an increase in alpha wave energy. A minority of subjects had slightly different auditory impressions of the murmuring river sound where they felt some negativity toward it. Finally, it has been indicated that individuals have different impressions of sound, but the relationship between subjective impressions and biological responses shows a consistent trend.




2. Methods


Psychological and physiological evaluation experiments to examine the effects of auditory stimuli on subjective and biological responses were conducted. Firstly, the subjective impressions caused by two kinds of sounds were determined based on the results of the subjective evaluation experiment, and the obtained results were compared to the biological responses relevant to EEGs and HRV.



2.1. Outline of the Experiment


Eight healthy males with normal hearing in their twenties were selected as the subjects of the experiment. It should be noted that in this research the relationship between the subjective and biological response on sound representation was assessed. So, the subjects were university students in their twenties. However, it should also be noted that, ideally, subjects should be selected from a large population of various ages, if one wants to determine the effect of the subjects’ age on their interpretations. The method of the experiment is shown in Figure 1. After a one-minute period in which the subjects familiarized themselves with the experimental environment, they had a four-minute pre-resting period, listened to a five-minute-long auditory stimulus, and then had a three-minute post-resting period, for a total of 12 min. After completing the experiment, a subjective evaluation of the subjects’ impressions of the presented sounds was conducted. To verify the reproducibility of this experiment, the experiments were repeated three times under the same experimental conditions as shown in Figure 1b. To prevent the disturbance of brain waves and heart rates caused by visual stimuli as much as possible, the experiment was conducted in a dark room, shown in Figure 2a. In addition, to avoid artifacts such as muscle potential and eye movement, each subject was instructed to relax in a seated position with their eyes closed during the experiment. To prevent fatigue, all three experiments were conducted with a 30 min break between each trial.



Two types of stationary auditory stimuli were used: white noise and the murmuring sound of a river. Hereafter, the white noise condition is indicated as “SA”, while the murmuring river condition is indicated as “SB”. The sounds were listened to using in-ear headphones (Etymotic Research, ER-4s). The reason for using in-ear headphones was that they were not expected to interfere with the wearing of an EEG headset. In addition, ER-4s were chosen since they have a frequency response that is as flat as possible. The A-weighted equivalent sound pressure levels (LAeq) of the reproduced sounds were set to 60 dB for both sounds.




2.2. Physiological Measurement


After the explanation of the experiment, an EEG (OpenBCI, Ultracortex Mark IV, Figure 2b) was attached to the subject’s head. In addition, a heart rate monitor (AffordSENS Corporation, Vitalgram, Figure 2c, Yokohama, Kanagawa, Japan) was attached to the chest. The hardware specifications for (b) and (c) are indicated as follows: The above EEG consists of the Cyton biosensing board (OpenBCI Inc., Brooklyn, NY, USA) and the the Ultracortex Mark IV EEG headset. The performance of the Cyton board is comparable to medical-grade EEG-amplifiers [26]. The specifications of the OpenBCI Cyton are listed in Table 1a. On the other hand, the above heart rate monitor, Vitalgram is a wearable adhesive plaster-type wireless biometric sensor. The specifications of this device are listed in Table 1b.



The sampling rate of the EEG was set to 250 Hz. The measured data were transmitted via Bluetooth and recorded. Figure 2d shows the monitoring points of the EEG. The sampling rate of the heart rate monitor was 512 Hz. The measured data were transmitted via Bluetooth and recorded as in the EEG. There were three types of EEG indices, α-EEG, β-EEG, and percent α-EEG (the ratio of α-EEG power within the sum of α- and β-EEG power), and two types of heart rate indices, the low-frequency component/high-frequency component (LF/HF) [27,28] and the standard difference 2/standard deviation 1 (SD2/SD1) [29,30], were used to evaluate biological responses. The EEG data used in the analysis were measured at the point of Pz on the parietal region of the head, as shown in Figure 2d. This is because the distribution of α-waves on the scalp has the maximum amplitude in the parietal and posterior regions [31]. Note that the reference electrode was attached to the earlobe to derive EEG based on the monopolar derivation method [32].




2.3. Analysis


The analysis methods of HRV and EEG are described as follows: Firstly, the raw data obtained using biological responses are not useful for comparison between different conditions since the absolute values of the brain waves and heart rates vary in each measurement. Therefore, we used the ratio of each biological parameter Bstimul measured at the time of stimulation to that of Brest during the pre-rest period before the presentation of the auditory stimuli, that is, the change rate R of each index calculated as per Equation (1) below:


  R =    B  stim   −  B  rest      B  rest     · 100  



(1)







Finally, the change rates of α-EEG, β-EEG, percent α-EEG, LF/HF, and SD2/SD1 were treated as physiological parameters.



Next, the scheme of analysis for brain waves and heart rate is described hereafter. First, brain waves were analyzed as follows: The higher-frequency components were filtered out using a low-pass filter with frequency components up to 30 Hz. The unnecessary pulsive waves of artifacts caused by eye movements were manually detected and excluded. After this, the waveform was cut into multiple segments with a duration of 10 s, and the band-limited powers from f1 Hz to f2 Hz, Pf1−f2, of each segment in the α-band from 8 to 13 Hz and β-band from 13 to 30 Hz were calculated as per Equation (2) below:


   P   f 1  −  f 2    =    ∫    f 1     f 2     P S D  ( f )  d f ,  



(2)




where PSD(f) is the power spectrum density obtained from the fast Fourier transform (FFT) treatment of each segment, and f1 and f2 are assigned as 8 Hz < f < 13 Hz for α-band and 13 Hz < f < 30 Hz for β-band, respectively.



Secondly, the HRV indices were analyzed by following the method indicated in Figure 3. First, the time intervals between each of the R-waves among each of the P, Q, R, S, T and U waves [33] were analyzed as a time series of the R-R interval (RRI) [34] from the waveform of the heart rate. Second, two kinds of heart rate indices of LF/HF and SD2/SD1 were adopted. LF/HF is an index for estimating sympathetic and parasympathetic activities [35] from the power spectrum of the RRI, while SD2/SD1 represents the RRI fluctuation that can be estimated based on the Poincaré plot [36], which is a geometric representation of the time series of RRIs.



LF/HF can be calculated from the energy ratio of LF (from 0.04 Hz to 0.15 Hz) of the time series of RRI to HF (from 0.15 Hz to 0.40 Hz). This parameter was calculated using the power spectrum obtained by FFT treatment. An example of the power spectrum is shown in Figure 4a. SD2/SD1 can be calculated as follows: By using the obtained time series of RRI, a Poincaré plot can be firstly obtained by plotting RRI at k th time step (RRIk) on the horizontal axis, while plotting RRI at k + 1 th time step (RRIk+1) on the vertical axis, as shown in Figure 4b. Then, SD2/SD1 can be calculated using the SD1 and SD2 of the Poincaré plot. Note that SD1 and SD2 are standard deviations of the plotted data in the orthogonal short and long axes of the ellipse, as shown in Figure 4b.




2.4. Subjective Evaluation Experiment


A subjective evaluation experiment was conducted to examine how each of the subjects perceived the same sounds. To measure the subjective human response to sound, various investigations have been conducted [37,38,39,40]. For example, the quality of various spaces such as room-acoustic spaces [37] and waterfront exterior spaces [38,39] are treated using psychological evaluations with subjective experiments. The relationship between the unpleasantness and tonality of sound has also been assessed using subjective evaluations. The room-acoustic impression is evaluated by using contrasting adjective pairs on a bipolar six-point semantic scale. Such an evaluation scheme is called an SD method, which was first introduced by Osgood [41]. This method is advantageous because of its easy-to-understand scaling and usage of popular adjectives. So, in the experiment, the SD method was used to evaluate subjective sound impressions.



Many studies have used this method. For example, Yamada et al. used it [42] to specify the subjective and objective effects of dental drill sounds on subjects. Like this study, the subjects were asked about their impression of the sound based on 15 paired adjectives. To evaluate the auditory impression of the contrasting sounds of white noise and murmuring river sound, 15 pairs of bipolar adjectives were selected: beautiful–dirty; clear–dull; comfortable–uncomfortable; smooth–rough; moist–dry; sentimental–unsentimental; powerful–powerless; rich–poor; noisy–quiet; large–small; loud–calm; metallic–not metallic; high pitched–low pitched; hard–soft; and bright–dark. Using the selected 15 pairs of adjective attributes, respondents rated each of the auditory stimuli on a bipolar seven-point semantic scale according to ISO 10551:1995 [43]. It should be noted that there was the option to use a unipolar 11-point scale according to ISO 15666:2003 [44]. However, in this study, it was preferable to use a bipolar scale for the bipolar adjectives above. Additionally, it is noted in [45] that the degree of relative differentiation based on indoor physical factors made no significant difference across these two response scales. In addition, in past studies, the bipolar seven-point semantic scale has been frequently used for auditory evaluation [42,46]. So, in this study, the bipolar seven-point scale was adopted as shown in Figure 5.




2.5. Statistical Analysis


The statistical analysis in this study was performed using R. In the analyses of the physiological indices and psychological scores, paired t-tests were used to compare the average values for the auditory stimulation periods between the murmuring river sound and white noise. For all the analyses, a p-value less than 0.05 was considered significant.





3. Results and Discussion


3.1. Profile Analysis


The results of the SD evaluation for each subject were arithmetically averaged and are summarized in Figure 6. The blue dots are the results for SA, while the orange dots are those for SB. There is a large difference between these two sounds. In particular, there are large differences in the rated scores for the items “beautiful”, “clear”, “pleasant”, “smooth”, and “bright”. As a result of the significance test for each evaluation factor, significant differences were found for all items (p < 0.05), indicating that the characteristic differences of the sounds affected the results of the subjective evaluation.




3.2. Factor Analysis


Factor analysis was conducted based on the maximum likelihood method with promax rotation. The number of factors was set at three by following the Kaiser–Guttman “Eigenvalues greater than one” criterion [47,48]. The factor loadings with the contribution ratio obtained from the analysis results are shown in Table 2. For each adjective, the factor with the highest factor loading is marked with a yellow marker. The factors were named as follows in consideration of the characteristics of their constituent items and their factor loadings: The first factor is the “comfort factor” and consists of “comfortable”, “beautiful”, “clear”, and “pleasant”. The second factor is the “timbre factor” and consists of “rich” and “metallic”. The third factor is the “power factor” and consists of “powerful” and “noisy”. The contribution rate of the comfort factor was the largest at 34%. From the cumulative contribution rate of all the factors, these three factors accounted for 80% of the contribution of all factors.



Figure 7a,b show the averaged factor scores and their SDs of the comfort and timbre factors (Figure 7a) and the power and timbre factors (Figure 7b), respectively. From these results, SB indicated a contrasting impression compared to SA, and was rated as a sound with a higher comfort score and lower timbre and power scores. Based on the above results, it can be suggested that white noise and murmuring river sounds can be separately perceived as uncomfortable and comfortable sounds, respectively, for the majority of people.




3.3. Physiological Response


The change rates of α-EEG, β- EEG, percent α-EEG, LF/HF, and SD2/SD1 are shown in Figure 8a–e, respectively. Note that, in this section, the biological data obtained from all three trials in Figure 1b are averaged and discussed. The change rates of α-EEG showed a significant difference between SA and SB (p < 0.05). This indicates that the α-EEG significantly decreased when SA was presented, while the α-EEG did not significantly increase when SB was presented. This is consistent with past research [49], where the brain wave in the alpha domain was also decreased by exposure to white noise. In some references, such as [50], the strength of α-waves was proportional to the degree of relaxation of the subject. However, in this study, the averaged result of α-EEG was not increased by the murmuring river sound. The reason for the unchanged α-EEG will be discussed in the next section. In the case of change rates of β-EEG and percent α-EEG, there was no significant difference between those in the SA and SB conditions. The presence of stress has been shown to increase the β-EEG [51], but in this case, it is considered that the environmental stress on humans caused by the white noise and murmuring river sound did not have different influences on human, while the α-EEG slightly increased in the SA condition. It is said that components in the beta frequency band are distributed in the front of the head [52], and the amount of frontal beta is correlated to task difficulty. The reason for the lack of a significant difference may be due to the fact that the stimulus was not a task involving difficult judgements, but rather just exposure to sounds. Moreover, in the literature [53], no significant differences have been observed between conditions with and without acoustic stimuli. However, the results of the present study had a greater standard deviation, especially under the SB condition, indicating large inter-individuality. This may be caused by inter-individual differences in the perception of the sound of a murmuring river.



Next, LF/HF slightly increased in the SA condition compared to the SB condition, but there was no significant difference between the conditions with and without acoustic stimuli. Since numerous papers have suggested that the increase in LF/HF is related to the increase in sympathetic nerve activity [28], the increase in LF/HF may be due to the stress that occurs when listening to uncomfortable sounds such as white noise. It is also related to previous results [54] where the HF component decreased with white noise exposure. SD2/SD1 showed a decreasing trend during the SA condition and an increasing trend during the SB condition, with a significant difference between the two sound sources (p < 0.05). It is said that SD2/SD1 is related to autonomic balance where SD2 reflects sympathetic cardiac regulation and SD1 reflects parasympathetic activity [55,56]. In addition, in yet another study [57], it is shown that when white noise is greater 50 dBA, significant sympathetic activation is induced, producing significant cardiovascular stress. Thus, it may be reasonable that SD2/SD1 decreased with white noise exposure and increased with exposure to the more comfortable murmuring river sound.



Herein, both α-EEG and SD2/SD1 decreased in the white noise condition, while increased or unchanged in the murmuring river sound condition. So, the correlations between (a) α-EEG and SD2/SD1 and (b) β-EEG and SD2/SD1 are shown in Figure 9a,b, respectively. As shown in Figure 9a, the SD2/SD1 increases as the α-EEG increases, while, in Figure 9b, the SD2/SD1 decreases as the β-EEG increases. So, it can be estimated that the physiological parameters related to HRV and EEG could be correlated with each other.



In the above physiological responses, it can been seen that large variations generally occurred in all results of the present study. In the literature, it has also been pointed out that α-EEG was more largely induced by preferred musical stimulation than non-preferred [15]. This may be influenced by differences in the way individuals subjectively perceive sound. In the next section, the correspondence of the results with those of the subjective evaluation experiment will be discussed.




3.4. Relationship between Subjective and Biological Responses


To examine the relationship between subjective and biological responses, the relationship between the factor scores of the subjective evaluation and the five indicators of biological response were discussed. First, the results of the correlation coefficients and their p values are shown in Table 3. The α-EEG was correlated with each subjective evaluation result. This suggests that the α-EEG is the indicator most highly correlated with the results of the subjective evaluation.



A non-hierarchical cluster analysis using the k-means method was conducted using the factor scores and the change rate of α-EEG, and the relationships among them were discussed for each cluster. The data used for the analysis consisted of two types of sound sources and three experiments with eight subjects, for a total of 48 datasets that were classified into four groups. The results of the cluster analysis are shown in Figure 10. The orange plots show the results when SB was presented, while the blue plots show those when SA was presented. Each marker indicates individual subjects. It should be noted that, in this figure, the subjective data were obtained only once for the three biological data. The results of the analysis were classified into the following four groups: Group-1, whose α-EEG decreased when presented with white noise; Group-2, whose α-EEG increased when presented with the murmuring river sound; Group-3, whose α-EEG did not change or increase when presented with white noise; and Group-4, whose α-EEG decreased when presented with the murmuring river sound. The differences among these groups were examined using the time trends of the change rate of α-EEG. The examples of the results measured during the three different trials for one subject marked by blue and orange circles in Groups-1 and 2 are shown in Figure 11a,b, respectively. These figures show that the α-EEG of the subject decreased by 4 to 9 min after the presentation of white noise (Figure 11a), while that in Group-2 increased by 4 to 9 min after the presentation of the murmuring river sound (Figure 11b).



Figure 12a–c show examples of subjects categorized into Group-4. From Figure 12a,b, it can be seen that the α-EEGs of the subjects with triangular and rectangular legends tended to decrease in two experiments, while they tended to increase in the remaining experiment when listening to the murmuring river sound. From Figure 12c, it can be seen that the α-EEG of the subject indicated by a plus sign tended to decrease in all three experiments when listening to the murmuring river sound. As shown in this figure, the majority of the subjects indicated decreased α-EEG in the SB condition, while the subjects indicated various α-EEG values depending on the individuals. The reason for these results may be due to the effects of other subjective factors of power, as described below.



Figure 13 shows the results of the relationship between α-EEG and the factor scores of power. In this figure, the three subjects surrounded by the broken lines felt power behind the murmuring river sound. From this result, it is shown that these three subjects felt a negative impression of the power associated with the murmuring river sound, which led to the decrease in α-EEG. This suggests that individuals have different mechanisms of subjective evaluation of comfort even when the same auditory stimulus is given, and that these different impressions have effects on biological responses.





4. Conclusions


The relationship between subjective and biological responses to acoustic stimuli with comfortable and uncomfortable sounds was investigated in this study. Compared with the murmuring river sound, white noise showed significantly decreased α-EEG and SD2/SD1. The correlation between each index of subjective and biological responses was examined. It was found that the α-EEG was highly correlated with the result of the subjective evaluation. However, when the subjects were divided into groups by cluster analysis, it was also seen that the α-EEG decreased in subjects who felt that the murmuring river sound was powerful, even though it is a natural sound. Furthermore, some subjects showed different biological responses in each trial, and it was suggested that biological responses may vary, and this was especially the case for the subject who felt that the sound was not comfortable but powerful.



The contents of this paper can be applied to the fields of product design, which requires psychological and physiological sound quality evaluations such as car cabin noise. By using such a method, where sound quality can be easily assessed by using physiological indicators, the evaluation of sound can be efficiently conducted. Additionally, comfortable sounds, such as water sounds, can be played in a noisy environment such as inside stations to make them more comfortable spaces.



In this study, the relationship between subjective and objective responses was investigated using two contrasting sounds in terms of whether the subjects perceived them as comfortable or not. However, since the characteristics of the environmental sounds largely varied, the obtained relationship between biological responses and subjective impressions will have to be expanded in future work by increasing the kinds of test sounds.
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Figure 1. Experimental processes (a) for each of the trials and (b) for the entire experiment. 






Figure 1. Experimental processes (a) for each of the trials and (b) for the entire experiment.



[image: Applsci 12 03417 g001]







[image: Applsci 12 03417 g002 550] 





Figure 2. (a) Experimental environment inside the dark room, (b) adopted EEG headset (OpenBCI, Ultracortex Mark IV), (c) heart rate monitor (AffordSENS Corporation, Vitalgram), and (d) electrode arrangement points. 
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Figure 3. Flow chart of analysis of HRV. 
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Figure 4. Examples of (a) power spectral density and (b) Poincaré plot, respectively. 
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Figure 5. Seven-point scale adopted in the subjective evaluation experiment. 
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Figure 6. Results of the profile analysis of the subjective evaluation experiment. All the results for each of the subjects were arithmetically averaged and as a profile. The blue dots are the results for SA, while the orange dots are those for SB. There is a large difference between these two sounds with significant differences for all items (p < 0.05). 
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Figure 7. Relationship of the averaged factor scores and SDs between (a) beauty and timbre factors, and (b) timbre and power factors, respectively. These scores of SA (white noise) and SB (murmuring river sound) contrast with each other, and white noise and murmuring river sounds can be separately perceived as uncomfortable and comfortable sounds. 
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Figure 8. Experimental results of the averaged values and their SDs of the biological responses of (a) α-EEG, (b) β-EEG, (c) percent α-EEG, (d) LF/HF, and (e) SD2/SD1, respectively. In these results, each of the biological results in the conditions of SA (white noise) and SB (murmuring river sound) are shown. The asterisk shows a significant difference between SA and SB (p < 0.05). 
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Figure 9. Relationship between (a) α-EEG and SD2/SD1 and (b) β-EEG and SD2/SD1, respectively. 
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Figure 10. Results of the non-hierarchical cluster analysis by the k-means method. Blue plots indicate scores for SA (white noise), while orange plots indicate scores for SB (murmuring river sound). Each marker indicates an individual subject. All 48 data including two types of sound sources (SA and SB) and three experiments with eight subjects were classified into Group-1 to Group-4. 
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Figure 11. Examples of the time-transient change rate of α-EEG of (a) one subject indicated by blue minus signs (Subject 5, Figure 9) categorized into Group-1 with white noise, and (b) one subject indicated by minus signs (Subject 5, Figure 9) categorized into Group-2 with murmuring river sound, respectively. In these time-transient waveforms, the initial four minutes are for the pre-resting time without any sound reproduction, while the latter five minutes are for the time of sound reproduction. Note that in these figures the three trials in the experiment are indicated as three lines. In these results, the α-EEG of the subject decreased by 4 to 9 min after the presentation of white noise in (a), while increased by 4 to 9 min after the presentation of the murmuring river sound in (b). 
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Figure 12. Examples of the time-transient change rate of α-EEG of (a) one subject indicated by orange triangles (Subject 2, Figure 9) categorized into both Group-2 and -4 with murmuring river sound, (b) another subject indicated by orange squares (Subject 4, Figure 9) categorized into both Group-2 and -4 with murmuring river sound and (c) another subject indicated by orange plus signs (Subject 6, Figure 9) categorized into only Group-4 with murmuring river sound, respectively. Note that in these figures the three trials in the experiment are indicated as three lines. In the case of subject in (c), all three lines indicate decreased α-EEG, while in the cases of (a,b), one line indicates increased α-EEG compared to the other two lines, indicating decreased α-EEG. 
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Figure 13. Relationship between the change ratio of α-EEG and the factor scores of power. Each marker indicates the same subjects as those in Figure 9. Each odatum includes two types of sound sources (SA and SB) and three experiments with eight subjects. Blue plots indicate scores for SA (white noise), while orange plots indicate scores for SB (murmuring river sound). 
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Table 1. Hardware specifications for (a) Ultracortex Mark IV (OpenBCI Inc., Brooklyn, NY, USA), and (b) Vitalgram (AffordSENS Corporation, Vitalgram, Figure 2c, Yokohama, Kanagawa, Japan), respectively.
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(a)




	
Channels

	
8




	
Quantization bit rate

	
24-bit




	
Possible gain

	
1, 2, 4, 6, 8, 12, 24




	
Operation voltage

	
3.3 V




	
Amplifier

	
Texas Instruments ADS1299 ADC




	
Microcontroller

	
PIC32MX250F128B




	
(b)




	
Sampling frequency

	
128, 256, 512, 1024 Hz




	
Quantization bit rate

	
10-bit




	
Radio communication

	
Bluetooth 4.0 wireless technology




	
Power supply

	
Rechargeable Li-ion battery




	
Terminal OS

	
iOS 8.0 and above











[image: Table] 





Table 2. Results of the factor loadings and the contribution ratio of the 15 adjectives for each factor of factors 1, 2 and 3 obtained from the factor analysis. For each adjective, the factor with the highest factor loading is marked with a yellow marker. The first, second and third factors are named the “comfort factor”, “timbre factor” and “power factor”, respectively. The contribution rate of the comfort factor was the largest at 34%.
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Factor 1

	
Factor 2

	
Factor 3






	
Beautiful

	
-

	
Dirty

	
0.78

	
0.18

	
−0.13




	
Clear

	
-

	
Dull

	
0.73

	
0.16

	
−0.19




	
Comfortable

	
-

	
Uncomfortable

	
0.55

	
0.32

	
−0.24




	
Smooth

	
-

	
Rough

	
1.12

	
−0.35

	
−0.14




	
Unsentimental

	
-

	
Sentimental

	
−0.43

	
−0.24

	
−0.37




	
Loud

	
-

	
Calm

	
−0.74

	
−0.21

	
0.05




	
Bright

	
-

	
Dark

	
0.43

	
0.38

	
−0.18




	
Low-pitched

	
-

	
High-pitched

	
0.47

	
0.32

	
0.38




	
Moist

	
-

	
Dry

	
0.45

	
0.48

	
−0.17




	
Poor

	
-

	
Rich

	
0.01

	
−0.70

	
−0.07




	
Large

	
-

	
Small

	
0.10

	
0.81

	
−0.04




	
Soft

	
-

	
Hard

	
0.21

	
0.67

	
−0.07




	
Metallic

	
-

	
Not metallic

	
−0.23

	
−0.70

	
−0.49




	
Powerless

	
-

	
Powerful

	
−0.12

	
0.13

	
−0.87




	
Quiet

	
-

	
Noisy

	
0.12

	
−0.42

	
−0.69




	
Contribution ratio

	
0.34

	
0.28

	
0.18




	
Cumulative contribution ratio

	
0.34

	
0.62

	
0.80
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Table 3. Correlation coefficient between each subjective score and each biological parameter and p values of each correlation. Among each of the biological parameters, the α-EEG was mostly correlated with each subjective evaluation result. (*; p < 0.05, **; p < 0.1).
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Comfort Factor

	
Timbre Factor

	
Power Factor




	

	
Corr. Coeff.

	
p Value

	
Corr. Coeff.

	
p Value

	
Corr. Coeff.

	
p Value






	
a-EEG

	
0.48

	
0.05

	
*

	
−0.56

	
0.02

	
*

	
0.52

	
0.04

	
*




	
b-EEG

	
0.40

	
0.12

	

	
−0.54

	
0.03

	
*

	
−0.37

	
0.15

	




	
Percent a-EEG

	
0.24

	
0.36

	

	
−0.21

	
0.43

	

	
−0.43

	
0.03

	
*




	
LF/HF

	
−0.44

	
0.09

	
**

	
0.37

	
0.16

	

	
0.40

	
0.13

	




	
SD2/SD1

	
0.44

	
0.09

	
**

	
−0.58

	
0.02

	
*

	
−0.33

	
0.21
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