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ABSTRACT

The phenomenon in which listeners’ impressions of music are unintentionally altered even when the same sound
source is played back remains an important issue. Previous research has shown that the state and combination of
audio equipment affect the characteristics of nonlinear distortion in music playback. Hence, we conducted
subjective evaluations of auditory and musical impressions using sound sources with various nonlinear distortions.
However, the subjective evaluation was unstable and difficult to assess. The reason was that the sound change was
perceived emotionally as a slight change in sound image and musicality, and that interpretation of evaluation terms
varied widely among subjects due to the difficulty of verbalizing the impression. Therefore, we evaluated the
change in listeners’ stress caused by nonlinear distortion in music playback using photoplethysmography (PPG).
In this study, we conducted a follow-up experiment with improved accuracy. In the experiment, 41 subjects
listened to sound sources with even-order / odd-order harmonic distortions and no distortion. The musical piece
of sound sources is an original to eliminate familiarity and bias toward existing music. We evaluated changes in
subjects’ stress states using the mean pulse-pulse interval (PPI) and the root mean square of successive differences
(RMSSD), computed from the PPG signal, as indicators of stress. These results reconfirm that nonlinear distortion
in music playback affects listeners’ vital responses, as evidenced by significant differences in both mean PPI and
RMSSD, as assessed by Cochran's Q test at the 5% significance level.

distortion in music playback [2][3]. However, the
1 Introduction nonlinear distortion occurred in actual playback
equipment consists of multiple mixed components,
making it difficult to identify how specific distortion
components affect human perception and musical
impressions. Therefore, to elucidate these effects
step-by-step, we initially conducted subjective
evaluation experiments using sound sources with
only integer-order harmonic distortion. Furthermore,
we have expanded the experimental conditions to
include intermodulation distortion and have verified
the effects of the presence and types of distortion on
impressions of sound and music using polyphonic
sound sources. Despite these efforts, the subjective

The sound quality of audio equipment has been
notably improving. However, the phenomenon in
which listeners’ impressions of music are
unintentionally altered by sound changes caused by
slight nonlinearities in audio equipment, even when
the same sound source is played back, remains an
important issue [1]. We have been attempting to
elucidate the mechanism of this phenomenon, and our
previous research had shown that the state and
combination of audio equipment alter the
characteristics of harmonic and intermodulation
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evaluation was unstable and difficult to assess, even
though listeners felt the impression change. The
reason is that the sound change is perceived
emotionally as a slight change in sound image and
musicality, and interpretations of evaluation terms
vary widely among individuals due to the difficulty
of verbalizing the impression.

On the other hand, it has been reported that the
sympathetic nervous system becomes dominant and
heart rate increases when humans experience stress
[4]. Therefore, we have focused on listeners'
physiological stress responses to evaluate changes in
musical impressions induced by nonlinear distortion.
Specifically, we conducted a listening experiment
using distorted sound sources and assessed listeners’
stress levels based on pulse wave intervals measured
via photoplethysmography (PPG) [5]. In this study,
we conducted a follow-up experiment with improved
accuracy by increasing the number of subjects to 41,
extending the pulse measurement duration, refining
the sound sources, and introducing significance
testing, based on the previous evaluation experiment.
In this paper, we present the methodology and results
of this evaluation experiment.

2 Evaluation Setup

2.1 Distorted Sound Source Creation Method

We focus on harmonic distortion, which is a type of
nonlinear distortion caused by the nonlinearity of
audio equipment. Harmonic distortion that consists of
an integral multiple of the fundamental frequency is a
realistic distortion caused by nonlinearities in audio
equipment. It is classified into even-order and odd-
order harmonic distortion according to the parity of
the integer order. To compare this difference, we used
two types of harmonic distortion models in the
evaluation experiment. The even-order harmonic
distortion was added by the following equation with
a polynomial approximation consisting only of even
power terms.
y[t] = x[t] — 1.005x[¢t]? + 5.210x[¢t]*

—11.542x[t]® + 11.348x[t]® — 4.083x[t]'°, (1)
where x[t] is the amplitude of an input sound
waveform, y[t] is that of a distorted sound output,
and t denotes the discrete time index. This model
generates even-order harmonic distortion when a
single-frequency sine wave is input. The odd-order
harmonic distortion was added by the following
equation, consisting of only odd power terms.

y[t] = 1.356x[t] — 3.723x[t]® + 15.028x[t]°

—28.249x[t]” + 24.738x[t]° — 8.166x[t]*!. (2)

These equations were created by using the fact that -
th order harmonics can be expressed using the n-th
power terms of the polynomial approximation
formula [6].

In the evaluation experiment, the intensity of the
added distortion was set to 2.69% total harmonic
distortion in order to gain listeners’ reaction caused
by the distortion and to ensure that the distortion of
the audio equipment used in the experiment is
sufficiently small compared to the added distortion.
The input-output characteristics of the distortion
models are shown in Figure 1. Although the gain of
this distortion model is slightly above 1, we
confirmed that the amplitude of all music to which we
applied distortion does not exceed +1 with no
clipping.

We created an original polyphonic musical piece to
eliminate familiarity and bias toward existing music
because familiarity with the music and the original
overtone components of the music have a strong
influence on the listeners’ sound impressions. The
piece is composed solely of sine waves containing no
overtone components. To prevent sudden emotional
changes or tension in listeners caused by factors other
than nonlinear distortion, the tempo was set to 60
BPM, close to a human's resting heart rate, only
diatonic chords in the C major scale were used, and
borrowed chords and accidentals were entirely
excluded. The piece is 15 measures long, adjusted to
exactly 60 seconds. The piece consists of two parts, a
main melody and a sub-melody, and is composed of
chords with four simultaneous notes. Consequently,
the distortion models add not only harmonic
distortion but also intermodulation distortion. In the
experiment, we prepared three types of sound sources
from this musical piece by applying different
distortion conditions: no added distortion, even-order

Output

—Even-Order Harmonic Distortion
- -Odd-order Harmonic Distortion
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Figure 1. Input-output characteristics of the distortion models.
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harmonic distortion, and odd-order harmonic
distortion.

2.2 Experimental Method

A schematic illustration of the experimental
environment and equipment is shown in Figure 2. In
the evaluation, 41 healthy adults (31 men, 10 women;
aged 18-23 years; 24 with experience with music or
musical instruments) with normal hearing sensitivity
wore headphones (Sony, MDR-CD900SR) connected
to the phone output of a DAC (NuForce, UDH-100).
A notebook PC played WAV files. The subjects
listened to music in a soundproofed room, lying on a
large, soft sofa with their eyes closed and in a relaxed
state. Before the evaluation, subjects adjusted the
DAC volume to a preferred level at which they could
hear music clearly, so that their ears would become
accustomed to the sound. No information about the
evaluation, including its content and the type of
distortion, was provided to the subjects in advance.
Subjects listened to the sound source once, with a 60-
second silence interval. The playback order of the
sound sources was as follows: odd-order harmonic
distortion (shown as “ODD”), even-order harmonic
distortion (shown as “EVEN”), and no distortion

(shown as “W/O").

2.3 Evaluation Method

The PPG signal of each subject was measured by the
pulse oximeter (Texas Instruments, AFE4490SPO2
EVM; sampling rate: 500 samples/s) attached to the
index finger of the subject’s non-dominant hand.
Mean PPI (Pulse-Pulse Interval) and RMSSD (Root
Mean Square of Successive Differences) were
calculated from this signal as indicators of human
stress states using a HRV (Heart Rate Variability)
analysis software (Kubios Oy, Kubios HRV). An
example of a measured PPG signal is shown in Figure
3, where the arrows indicate the PPI. RMSSD is the
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Figure 2. Schematic illustration of the experimental environment

and equipment.
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Figure 3. Example of measured PPG signal and its PPI.

root mean square of successive differences between
adjacent PPIs. Because it enables the estimation of
autonomic nervous system balance over short periods,
it is widely used in devices such as smartwatches
[71[8][9]. When a person experiences stress, and the
sympathetic nervous system becomes dominant, the
heart rate increases, leading to a narrower PPL
Concurrently, HRV decreases, and as the PPI
approaches a constant value, the RMSSD decreases
[10][11].

Figure 4 shows the playback sequence in the
measurement. For each measurement, the mean PPI
and RMSSD were extracted for the 60 seconds before
and during playback of each sound source. A change
to a stressed state is defined as a decrease in values
during the 60-second playback relative to those
during the 60-second silence period preceding each
playback.

3 Evaluation Results and Discussion

The evaluation results are shown in Table 1. This
table indicates that the change in stress state depends
on the type of added distortion, even within the same
piece. Listeners are more likely to experience stress
when listening to a distorted sound source than when

Silence (60s) Compare mean PPI &
ODD (60s) |~ RMSSD between conditions

Silence (60s) ... Compare mean PP &
EVEN (60s) |~ RMSSD between conditions

Silence (60s) Compare mean PPI &
W/O (60s) " RMSSD between conditions

Figure 4. Playback sequence in the measurement.
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Table 1. Proportion of transitions to a stressed state
by distortion type for mean PPI and RMSSD.

Proportion of transitions
to a stressed state

W/O EVEN ODD
Mean PPI 24.4% 61.0% 85.4%
RMSSD 24.4% 53.7% 73.2%

listening to an undistorted one. In addition, while the
proportion of participants who became stressed in
response to sound sources with even-order harmonic
distortion were 61.0% for PPI and 53.7% for RMSSD,
these proportions increased to 85.4% and 73.2%,
respectively, for odd-order distortion. Thus, the odd-
order distorted sound source shows a clearer tendency
to induce stress than the even-order one. The reason
appears to be due to the difference in their frequency
components. In general, even-order harmonic
distortion contains not only unpleasant frequency
components that do not harmonize but also frequency
components in octave relationships, which are
considered pleasant. In contrast, odd-order harmonic
distortion contains many unpleasant frequency
components that do not harmonize [12].
Furthermore, Cochran’s Q test with 5% significance
level was performed using JMP 19 (SAS Institute).
This test is used to determine significant differences
in proportions among three or more matched groups
of binary data, allowing analysis of response variation
when multiple conditions are applied to the same
subjects [13]. The results revealed statistically
significant differences for both mean PPI (y2(2) =
28.8, p < 0.0001) and RMSSD (x%(2) = 21.0,p <
0.0001).

It should be noted that approximately 25% of the
participants exhibited a stress response even to the
undistorted sound sources. We attribute this to
tension caused by the experimental environment, or
the orienting reflex triggered when the acoustic
stimulus began after a period of silence.

4 Conclusion

In this study, we aimed to elucidate the correlation
between nonlinear distortion added to music sources
due to the nonlinearities of audio equipment and
changes in listeners’ impressions of musical pieces.
To achieve this, we evaluated stress states using
indicators calculated from PPG signals while listeners
listened to the distorted sound sources.

The results showed that nonlinear distortion,
especially odd-order harmonic distortion, makes
listeners more stressed. This study reconfirmed that
nonlinear distortion in music playback affects
listeners’ vital responses. Because similar tendencies

and significant differences were observed in both the
mean PPI and RMSSD indicators, we consider that
this follow-up experiment yielded more reliable
results.

In future work, we plan to incorporate additional
physiological metrics, such as
electroencephalography and electromyography, to
further evaluate the changes in musical impressions
induced by nonlinear distortion.
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