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Sound induces various emotions or feelings, suchoasfort or discomfort. It is difficult to
evaluate these impressions as these emotionalnespeary among individuals; therefore, sub-
jective evaluation is widely used. Although thisthw has had some success in evaluating
such impressions, it is demanding for participaAtsnore objective measure is an analysis of
heart rate variability (HRV), correlated with flueitions in autonomic nerve activity. In this
study, we investigated the effectiveness of meaguirnpressions in response to sound using
phonocardiography. We measured the HRV of the @paints while they listened to music and
a car engine sound. The results showed similadsrdar each participant according to each
type. These results suggest that the analysis &f lBRa useful way of measuring the impres-
sion evaluation index of sounds.

Keywords: Heart rate variability analysis, Subjeetevaluation, Phonocardiography, Car engine
sound, Sound of music

1. Introduction

There are many types of sound in our daily livesewwe hear a sound, we experience feelings,
emotions, or impressions such as comfort or disodmfAs sounds can evoke many different im-
pressions and feelings, a range of methods is tsedaluate such sounds, including electroen-
cephalography, magnetoencephalography, and sulgestaluation. In particular, subjective evalu-
ation is widely used and accepted as an evaluatgthod for this type of examination [1]. Howev-
er, asking multiple questions is often necessargstablish a correct evaluation, and this can be-
come laborious for the participant.

Thus, we focused on analyzing the heart rate viitisHRV), which is often used to measure
fluctuations in the autonomic nervous system. Hed# activity is strongly related to the autonom-
ic nervous system activity, disorders of which caange the behavior of the heart. Fluctuations in
sympathetic nervous system activity are mainly edusy stress or by external factors, which can
cause the parasympathetic nerves to become exeited,when the participants are feeling relaxed
[2]. Heart rate activity increases when sympathe#cves are excited, and decreases when para-
sympathetic nerves are activated. Thus, fluctuatiarthe autonomic nerve and heart rate activity
can be detected upon hearing a sound. We can eixpegtluate emotional responses to sound by
examining autonomic nervous system activity dateaeked from variations in the heart rate activi-
ty. In general, electrocardiography is used toya®athe heart rate activity; however, phonocardiog-
raphy is another, less used method. Thus, in thidysthe effectiveness of phonocardiography to
evaluate emotional responses to sounds was inaéstig
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2. Experimental method

2.1 Experimental outline

2.1.1 Measurement

The participant was a healthy male, and the measnewas performed using a device devel-
oped for the study, as shown in Figure 1 [3]. Tigmas were measured around the fourth inter-
costal space, close to the sternum edge. The ipariicwas required to sit on a chair, with his eyes
closed while the measurements were recorded. Soweds presented through headphones as
shown in Figure 2. In this experiment, the durattdreach sound was 3 min, with a 1-min interval
between stimuli [4]. After each experiment, ovanih rest was allowed before subsequent experi-
ments were performed.
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Figure 1. Measuring device.
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Figure 2: Experiment environment.
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2.1.2 Experiment 1: Evaluation of sound discomfort

Experiment 1 examined the effectiveness of evalgasound discomfort by analysis of heart
rate activity. This experiment comprised one pgréint. The participant was a healthy male in his
twenties. Heart sounds were recorded under conditad silence, and on hearing wasp-buzzing
sounds and classical music. Subjective evaluatias eonducted by the participant, who allocated a
rating to each sound. Five rating levels were usgatth “1” being most uncomfortable and “5” be-
ing most comfortable [5].

2.1.3 Experiment 2: Dependence on music type

Experiment 2 comprised four participants. The pgréints were healthy males in their twenties.
To confirm dependency on different types of mukmmse music and classical music were present-
ed to the four participants, after which their heate activity was monitored. Three evaluations
were conducted per participant. The average ldvebond pressure was 70 dB (A) near the partici-
pant, and evaluation was performed at seven leV¥éls.comfort level and favored level for each
situation were presented by the participants. Tifierdnce between comfort level and favored level
included a number of aspects. The favored levet toto account various factors, such as excite-
ment factor and desirable beat. The other sideggsssl only the relaxation element.

2.1.4 Experiment 3: Dependence on car engine sound
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Experiment 3 comprised nine participants. The pigdints were healthy males in their twenties.
In an accelerating car, the components of the engaund change as the engine speed increases.
The time-varying nature of the components can iedaaditory impressions such as “sporty” and
“accelerating” in listeners. In the current stuthe psychoacoustic effects of the sound level end |
modulation were investigated. Acceleration noise waeasured using a straight-four engine, and
harmonic complex tones that simulated acceleratioise were used as a stimulant. In a four-
cylinder engine, the engine fires twice with eaotation, generating a secondary vibration force,
and these higher harmonics constitute the main oaemts of the noise. The engine sound consists
of the harmonic components as well as other comgen®©ne of the main causes of poor sound
guality in a passenger car is the high contributbmultiple half-order components of in-line four-
cylinder vibration. Half-order multiple rolling moents caused by torque fluctuation and combined
torsional moments act on the cylinder block arotirdcrankshaft axis as internal forces. As such,
the torsional vibration shape is excited as halleormultiples of the engine rotation. Model sound
sources, created as harmonic complex tones, wenprised of even-numbered order sounds and
half-order sounds, as well as the main compondmiseostraight-four engine noise. Each stimulus
of the half-order sound level was changed by +20 @BB, and —10 dB. Artificial acceleration
noises were created by changing the frequenciesai component over time using the sinusoidal
model [6]. Sinusoidal modeling is an analysis-bptbgsis technique that sequentially extracts the
parameters for each sinusoidal component. The miog@ements analysis, transformation and
synthesis for sound waves, as shown in Figure 8. gg¢aks of the spectrogram in each analysis
frame were extracted using a short-term Fouriersfiam (STFT), and partial sounds were deter-
mined by the information regarding instantaneougmitade, frequency and phase included in the
peaks. In this study a 2.3 L straight-four sedagirenwas employed as an object, and the driving
condition was set to full acceleration in third gea
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Figure 3: Analysis-by-synthesis with sinusoidal ralod

The average level of sound pressure was 65 dB €A) the participant, and sound quality evalu-
ation for each level of half-order sound was exadinsing Scheffe's paired comparison tests. Ten
subjects with normal hearing participated in thipeximent. Pairs of sounds were presented, and
subjects were asked to judge their preferred aateig car engine sound. Paired-comparison tests
were performed for all combinations of pairs of sdstimuli.

2.2 Analysis method.

Noise from heart sound measurements was filterdu avband-pass filter, after which two peaks
— the first and second heart sounds — were exttadtee first heart sound was extracted, and the
time intervals between the heart sounds were ckdl(Figure 4). A trend graph was used to cal-
culate heart rate interval times, after which tmedtorder spline interpolation and re-samplinghwit
1 Hz were introduced. Low frequency (LF) and higdgtiency (HF) components of the trend graph
frequency result were defined as 0.005-0.15 Hz(Gah8-0.4 Hz, respectively. Sympathetic nerve
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activity is reflected in LF and HF component valuebereas parasympathetic nerve activity is re-
flected only in the HF component. Frequency analyss conducted using a 256-point fast Fourier
transform (FFT) method for 3 min, which correspanhdie the duration of the trend graphs. LF and
HF components were gained with a defined area.,NleatLF/HF ratio was calculated by dividing
the LF and HF areas for each condition, as showiguare 5.
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Figure 4: Heart sound interval.
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Figure 5: Heart sound interval.
3. Experimental results

3.1 Experiment 1: Evaluation of sound discomfort

From the results of the comparison of silence with different types of sound, it was confirmed
that the HF component of classical music was 22#etfdhan that of the silence condition. Moreo-
ver, the HF component of the wasp-buzzing sounds 2886 lower than that of silence. When the
LF/HF ratio was used to represent the activity dé the sympathetic nervous system, the rate
was found to be twice that of silence for both sieal music and wasp-buzzing sounds. Thus, there
were no differences in discomfort caused by présgriassical music or wasp-buzzing sounds to
the participants. However, it was confirmed that ttF/HF ratio for wasp buzzing was slightly
higher than that for classical music. The resuftampression evaluations revealed that classical
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music scored a slightly more comfortable score4jfcompared with wasp buzzing, which had a
score of “3.”

3.2 Experiment 2: Dependence on music type
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Figure 6: Experiment 2 result (Comfort level).
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Figure 7: Experiment 2 result (Favorable level).
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For each participant, we compared the results bdafrom listing to classical and house music
under the same conditions as those of Experimenhéd relationship between subjective evaluation
and an LF/HF frequency analysis are shown in Fg@@nd 7. These results were calculated by
regression analysis using the least squares méitleccompared the results of the subjective eval-
uation and the time-frequency analysis. From tledservations, we confirmed a similar tendency
for all conditions. When participants listened tagic that they rated as having a high comfort level
we observed a tendency towards a decreasing LFaHFe \(Figure 6). For classical music, a corre-
lation coefficient of —0.78513 was found betweemtmrt level and LF/HF ratio; for house music,
the correlation coefficient was —0.35832. Similatlyhen participants listened to music they rated
as highly favorable, we observed a tendency towarmdiscreasing LF/HF value (Figure 7). For clas-
sical music, a correlation coefficient of —0.46282s found between preference level and LF/HF
ratio; for house music, the correlation coefficient was —0.52242.

3.3 Experiment 3: Dependence on car engine sound

Figures 8 and 9 show the relationship between #iieonder sound level and annoyance rating
value, which was obtained by subjective evaluatidre results revealed that when the level of the
half-order sound increased, the level of annoyave® increased for some listeners (A, B, C, E, F,
G, H, I, and J), but decreased for others. Theltre$wariance analysis was significant for partici
pants A, B, C, E, F, H, I, and J.
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Figure 9: Relationship between the half-order sdemdl and annoyance rating value for F, G, Hn{ a.
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Figures 10 and 11 show the results for the chaimge&V based on LF/HF before presenting the
stimuli, using HRV analysis. For A, B, E, F, Hand J, the annoyance value is maximum for +20
dB of the half-order sound increased. The tendefi@nnoyance level was consistent with the ten-
dency for HRV results.
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Figure 10: Relationship between the half-order gdemel and the HRV for A, B, C, D, E.
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Figure 11: Relationship between the half-order sdemel and the HRV for F, G, H, I, J.

4. Discussion

In Experiment 1, when an evaluation was conductdguthe HF component and LF/HF ratio,
the HF component of the wasp-buzzing sound was &, the LF/HF ratio was high compared
with those of classical music. Although it was pblesto analyze the difference between the silence
and different sounds, the difference between adabsnusic and wasp buzzing could not be ana-
lyzed. Both sounds may have induced similar reastliecause of similar stress experienced by the
participants.

In Experiment 2, we confirmed a negative corretatietween the time-frequency analysis result
and the subjective evaluation. As in Experimerth#, LF/HF ratio decreased with music of a high
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comfort level and high favorable level, and a riggctvas evoked with each music type. This trend
suggested that HRV analysis could capture a vaaegutonomic nervous system responses. How-
ever, in terms of participant reactions, we obsgveontrast between the HRV analysis results and
the subjective analysis results. For those casesentine subjective evaluation did not correlate
with the HRV analysis, the absence of correlatiaymave been due to the participants being una-
ble to concentrate, or because the listening ti@ae short.
In Experiment 3, many participants were annoyed hie +20 dB half-order sound level and

were not annoyed with the —10 dB level for the @agine sound. For the result of HRV analyses,
the rate of change based on LF/HF was in corresparawith subjective annoyance.

5. Conclusion

In this study, we evaluated emotional responsestmds using HRV analysis of heart sounds.
HRV was observed for each sound, and the relatipristtween the participant reactions and im-
pression evaluations was also confirmed. Thus, ptentiography has a potential use in evaluating
auditory impressions by an analysis of HRV.

Future studies are required to improve the accuohg@honocardiography and to evaluate emo-
tional responses to sounds using larger numbgartiCipants and stimuli.
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