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Abstract: The technical performance of recent automobiles is highly progressed and standardized
across different manufacturers. This study seeks to derive a semantic space of engine acceleration
sound quality for end users and identify the relation with sound characteristics. For this study, two
affective attributes: ‘refined” and “powerful’, and eight acoustic parameters considering revolutions
per minute were used to determine the correlation coefficient for those affective attributes. In the
experiment, a total of 35 automobiles were selected. Each of the 3rd gear wide open throttle sounds
was recorded and evaluated by 42 adult subjects with normal hearing ability and driving license.
Their subjective evaluations were analyzed using factor analysis, independent t-test, correlation
analysis, and regression analysis. The prediction models for the affective dimensions show distinct
differences for the revolutions per minute. From the experiment, it was confirmed that the customers’
affective response can be predicted through the acoustic parameters. In addition, it was found that the
initial revolutions per minute in the accelerated condition had the greatest influence on the affective
response. This study can be a useful guideline to design engine acceleration sounds that satisfy
customers’ affective experience.

Keywords: sound quality evaluation; automobile engine; engine acceleration sound; psychoacoustic;
affective response

1. Introduction

People evaluate vehicles based on a variety of design factors such as the overall appearance of the
vehicle or the sound of the engine [1,2]. In response to consumers’ tendency to be satisfied when they
come across products that exceed their expectations with superior features, many companies in the
automotive industry have focused on developing design elements that satisfy the human senses [3,4].

Previous studies on the engine sound of an automobile have focused on reducing noise [5].
This is because drivers are constantly exposed to the engine sound while driving and the noise has
a deleterious effect on human health [6]. Sleep disorders, learning impairment, heart disease, and
emotional annoyance have been reported to be related to the exposure to the noise of automobiles [7-10].
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Among various types of design elements that make up an automobile, sounds provide people
with a variety of affective experiences. As a result, automobile companies seek to satisfy their
customers by making efforts to advance the sound qualities, while establishing their own brand
identity [11,12]. For example, when designing their automobiles, Maserati designs optimum engine
sounds according to the drive-mode through consultation with pianists and composers. In addition,
bayerische motoren werke (BMW) is seeking to apply its brand identity to engine sound with active
sound design (ASD) system.

A variety of studies have been carried out to understand the semantic space of automobile sound
quality, and the semantic space of customers has been derived from various components, such as
engine, door, HVAC (heat ventilation air-conditions), etc. [13,14]. These studies generally begin with
the collection of affective vocabulary associated with automobile sound from a variety of sources. In the
previous studies on the collection of affective vocabulary, methodologies such as free verbalization,
expert interview, and literature review were mainly used [15]. These methods have the advantage of
collecting affective vocabulary related to a target object fast and diversely.

Most of the previous research on the sound quality of automobile engines have performed a
sound evaluation for experts and trained evaluators to derive the semantic space of a specific sound
source [16,17]. However, the expected affect of the expert on the sound quality of automobiles, and
the degree of auditory affect and taste may be different from that of the consumer. Therefore, it is
important to derive a proper semantic space from the viewpoint of the consumer by identifying various
affective variables expressing the sound quality of the automobile engine [18]. In addition, customers’
expectation of the sound quality of the automobile engine varies depending on the types of vehicle.

The sound quality of an automobile engine is structured by complicated phenomena, and various
emotions, perceptions, and interpretations of people play an important role in evaluating it [19].
Therefore, it is very important to determine a common affective vocabulary that appropriately expresses
the sound quality of the automobile engine. Also, previous studies have shown that engine sounds
have different affective responses to people according to various states such as idle, constant and
acceleration speed [4,5]. In an automobile driven by an internal combustion engine, the engine has the
greatest influence on the interior sound of the automobile [20], and it generates a characteristic sound
according to revolutions per minute (RPM).

The purpose of this study is to derive the representative affective dimensions of sound quality for
automobile engine sound created by vehicle characteristics only for the end user, who has little prior
knowledge or technical background on automobile sound. In addition, in this study, the relation with
the RPM-based acoustic parameter was investigated in order to quantitatively explain the affective
dimension. The remainder of this paper is organized as follows. Section 2 introduces the background
theories related to this study. Section 3 describes data acquisition and research methods, and Section 4
shows the results of the experiments. Finally, the discussions and results of this study are described in
Sections 5 and 6, respectively.

2. Background

2.1. Soundscape in Automobile

Soundscape is defined as “an environment of sound with an emphasis on the way it is perceived
and understood by the individual, or by a society” by Truax [21]. In recent years, the major concept
of soundscape has focused on the emotional approach that affects humans [22,23]. Soundscape in
automobiles is not just about eliminating noise but is also involved in providing people with specific
affective experiences [24]. The soundscape in an automobile is a complex environment, relating
psychological, physical, and context factors. Therefore, it is important to understand the core factors
that determine the characteristics of a soundscape considering the environment of an automobile.

Affective adjectives or variables delivered through linguistic play an important role in auditory
judgment based on the psychological dimension in which sound stimuli are evaluated [25]. Previous
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studies have focused on the interpretation of a person’s complex perception of sound through Likert’s
or semantic differential scale [26]. A multidimensional evaluation of the sound of an automobile
has been conducted, and it has identified the major components of their subjective feelings through
questionnaires or field tests [15].

Principal component analysis (PCA) and factor analysis (FA) are commonly used to identify
relationships between components of soundscape [27]. These two methods can be distinguished by
the linear independence of the latent variable from the linear combination. Dunne and his colleagues
conducted PCA on the power train of 33 automobiles to derive two main components: pleasant and
powerful [28]. Vastfjdll et al. [24] reported that there are five components of subjective feelings in
automobile sounds using FA. Swart et al. [29] confirmed that the subjective dimensions of electric
vehicles consist of three factors.

In order to quantitatively explain the dimension of the derived soundscape in an automobile,
previous researchers used psychoacoustic parameters [30]. Huang et al. [31] designed a model to
predict the sound quality of the vehicle interior noise through 10 psychoacoustic parameters, such as
loudness, sharpness, roughness, etc. Li and Huang [32] proposed a prediction model of discomfort
according to different road conditions and vehicle types based on psychoacoustic parameters.

2.2. Psychoacoustics

Psychoacoustics is the study of the relationship between the physical quantity of sound and
subjective auditory emotion [11]. To demonstrate this relationship, physical parameters such as
loudness, sharpness, roughness, SPL, and frequency are used. Loudness is a measure of acoustic
intensity using size estimation in relation to human auditory perception [33]. This is a dominant feature
in sound quality assessment, and loudness is the most important parameter in the preference test of
vehicle design [34]. The sound pressure level (SPL) is defined as "the SPL of a 1 kHz tone in a plane
wave and frontal incident that is as loud as the sound; its unit is phone, and the unit is phone" [35].
The critical band is a specific range of audio frequencies in 24 bands of Bark, and the intensity of a
specific sound is the calculated volume of each important band. The mathematical equation of the
loudness is shown in Equation (1).

24Bark
N = / N'dz (1)
0

where N is the overall loudness and N’ is the specific loudness. The variable z represents the
critical band.

Sharpness is related to auditory perception, which is a measure of tone and is used to measure the
sound at high frequencies that play an important role in sound quality evaluation [36]. The sharpness
can be estimated relatively easily by calculating the weighted area of loudness [35]. The sharpness is
due to the narrowband noise corresponding to one critical bandwidth at the center frequency of 1 kHz
at a level of 60 dB, where the unit is defined as 1 acum. Aures modified the Bismarck model to reflect
the effect of loudness on the sharpness [37]. The mathematical expression of the sharpness calculation

is shown in Equation (2).

24Bark
s_onh . Nz

f024Bark N'dz

where is N is the specific loudness, z is critical band rate and ¢(z) is if z < 14, then ¢’(z) = 1, and if z >
14, then ¢’(z) = 0.00012z* —0.0056z3 + 0.1z2—0.81z + 3.51.

Roughness has been considered as one of the important psychoacoustic parameters for its
significant influence on the reduction of pleasantness [35,38], which leads to a negative effect of
sound quality. The roughness is a subjective perception evoked from rapid (15-300 Hz) amplitude
modulation of a sound, and Aures [38] introduced a calculation model of roughness for sound. The unit
of roughness is asper and the equation of the roughness is shown in Equation (3).

@
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R— 0‘3fmod /24Bark AL(Z) -dz

kHz Jo dB/Bark
where f 1,4 is the frequency of modulation, and AL(z) is the perceived masking depth.
Tonality is a measure of the ratio of tonal elements in a spectrum of complex signals. Aures and
Terhardt proposed a method of calculating tonality [39,40]. According to their study, the measurement
unit of tonality is tu, and 1 tu is the sine tone of 60 dB, 1 kHz. Aures [39] proposed a calculation method
of tonality considering the influence of frequency, bandwidth, level, and noise of all tone components.

®)

3. Method

3.1. Samples and Subjects

Engine sounds of 35 well-known global brand automobiles, ranging from compact to luxury,
sporty cars, were recorded for jury test. In order to measure only engine noise, each sound source was
recorded in a semi-anechoic chamber (See Figure 1) and as shown in Figure 2, a dummy head was
placed on the front passenger seat to record. Because the sound of the engine varies according to the
RPM, a sound source capable of representing various RPM is needed to analyze the more accurate
affective response to the engine sound. Therefore, all sound sources of this study used 3rd gear wide
open throttle (WOT) condition.

A total of 42 people participated in the jury test. The subject group was composed of 30 males
and 12 females with normal hearing ability. Their ages were from 20 to 40 years (M = 31.62, SD = 6.09)
and the average value of driving experience was 11.89 and the standard deviation was 5.89. To avoid
owners’ preferences on car sound, which were found in the study by Kubo et al. [41], luxury car or
sports car owners were excluded from the participants.

Figure 1. Semi-anechoic room and dynamometer for sound recording.
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Figure 2. Dummy head used in the study and an example of the installation.
3.2. Psychoacoustic Parameter

In order to determine affective dimension to automobile engine acceleration, psychoacoustic
parameters and SPL were selected. In this study, five metrics of the psychoacoustic parameter: loudness,
sharpness, roughness, fluctuation strength, and tonality and three metrics of SPL: SPL, SPL-A weighted,
and SPL-C weighted were used. In addition, in this study, the parameters were designed considering the
revolutions per minute (RPM) of the automobile in acceleration condition. All parameters are calculated
and used in three different conditions: 2000 to 5000 RPM, 2000 to 3500 RPM, and 3500 to 5000 RPM.
The descriptive statistics of each parameter are shown in Table 1 below. Skewness is a measure of
the degree for symmetry. The value of skewness in the dataset with a symmetric distribution is zero.
Kurtosis is a measure of the degree for the combined tails in data distribution. The value of the kurtosis
in the normal distribution is three. According to Hu et al. [42], if the values of skewness and kurtosis do
not exceed 3.0 and 8.0 respectively, then the normality of the data distribution is assumed. The values
of skewness and kurtosis the parameters used in this study were found to meet the relevant criteria.

Table 1. Result of descriptive statistics for psychoacoustic parameters and acoustic parameters.

Parameter Min Max Mean SD Skewness Kurtosis
Loudnesszoo-5000 6.30 58.40 18.92 10.48 225 5.63
Sharpn8552000_5000 0.74 1.34 0.89 0.11 217 7.67
Roughnesszooo,g,goo 0.52 3.67 1.70 0.54 147 4.38

FluCtuaﬁOI‘lzoo[}5000 0.04 0.85 0.22 0.22 1.82 2.58
Tonality2000,5000 0.03 0.27 0.12 0.06 1.04 1.00
SPLo000-5000 79.42 99.64 90.25 491 0.20 —0.34
SPL-A2000-5000 50.54 85.72 66.31 742 0.96 1.08
SPL-Ca000-5000 72.93 98.25 83.74 5.34 0.94 0.91
Loudnessooo-3500 9.95 66.90 26.97 12.66 1.71 2.54
Sharpn655200@3500 0.77 1.81 1.08 0.17 221 7.38
ROugl’mESSZOOO,gﬁoo 0.94 4.18 2.34 0.54 1.13 4.42
FluCtuatiOn200m3500 0.04 0.39 0.13 0.09 1.50 1.14
Tonality2000,3500 0.05 0.39 0.14 0.07 1.31 2.77
SPLo000-3500 85.71 104.12 94.40 448 0.36 —0.48
SPL-A2000-3500 59.00 87.44 71.73 6.92 1.00 0.46
SPL-Ca000-3500 79.80 97.28 86.84 442 1.14 0.57
LOudneSS3500,5000 8.11 62.70 22.87 11.44 1.98 4.01
SharpneSS350(F5000 0.83 1.57 0.99 0.14 2.35 791
RoughneSS3500,5000 0.94 4.18 2.34 0.54 1.14 4.42
Fluctuatior1350(}5000 0.01 0.23 0.04 0.05 2.52 6.77
TOnalitY3500,5000 0.04 0.32 0.13 0.06 1.21 2.53
SPLs500-5000 83.63 102.17 92.88 451 0.34 —0.43
SPL-A3500-5000 56.61 86.69 69.85 7.04 1.01 0.54

SPL-Ca500-5000 77.61 97.79 85.64 471 1.09 0.66
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3.3. Procedure of Sound Evaluation

The sensory evaluation was performed while listening to the recorded sound through the
headphones in the listening room. The headphone used in the evaluation was Sennheiser HD850.
The sensory evaluation was presented to the subjects in order of the Latin square design. The evaluation
sound was freely repeated until subjective evaluation of each sound was completed. This study was
approved by the research ethics committee of Seoul National University (SNUIRB NO. 1607/001-013)
and was therefore conducted according to the guidelines laid down in the Declaration of Helsinki.
The questionnaire consisted of 7-point Likert scale based on 12 affective adjectives as shown in Table 2.
The vehicle information for each sound source was not disclosed and the sensory evaluation for each
sound was performed at intervals of 1 to 2 min. The total experiment time per each evaluator took
about 90 min.

Table 2. Seven-point Likert’s scale questionnaire for this study.

Extremely
Disagree

Comfort \%
Stable \%
Refined \%
Soft A%
Luxury \%
Harmonic \%
Calm \%
Sporty \Y
Fast \%
Powerful A%
Sharp \Y
Rumbling \%

Extremely

Slightly Neutral Slightly eree

Disagree Disagree Agree

Agree

3.4. Statistical Analysis

In this study, four methods of statistical analysis were used to identify the level of affect on
users caused by vehicle segment. First, exploratory factor analysis (EFA) was performed to derive the
representative affective dimension of engine acceleration sound. A principal component analysis was
used to extract representative factors, and only those factors with an eigenvalue of 1 or more were
selected [43]. The factors were rotated using the Varimax method to maintain independence among the
factors. Second, in order to confirm whether there is a difference in each affective dimension according
to the characteristics of the automobile, such as cylinder or size, analysis of variance (ANOVA)
was performed. Third, the relationship between affective dimensions and acoustic parameters were
analyzed through correlation analysis. Finally, stepwise multiple regression was performed for all
automobiles, and the predictive model of each affective dimension was derived. All statistical analyses
were conducted using IBM SPSS Statistics Version 24 (IBM Corp., Armonk, NY, USA).

4. Results

4.1. Extracting Representative Affective Dimension through Factor Analysis

As a result of the factor analysis, the number of factors with an eigenvalue of 1 or more was 2 (See
Figure 3), and the cumulative percentage of the total variance explained was 92.804%. The value of
commonalities of all affective adjectives was more than 0.5, and the results of the factor analysis are
shown in Table 3 below. According to Swisher et al. [44], the value of cut-off of the appropriate factor
loading in EFA is between 0.30 and 0.55. Therefore, in this study;, if the value of factor loading is under
0.5, the values are not shown in the table for readability. Of the total 12 affective adjectives, seven
were affective adjectives belonging to factor 1, which were luxury, harmonic, stable, refined, comfort,
soft and calm. All of these variables showed factor loadings of 0.7 or more and the total cumulative
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was 48.814%. In this study, factor 1 was defined as ‘Refined’. In factor 2, five affective adjectives were
classified as sporty, fast, powerful, sharp, and rumbling. The percentage of variance in factor 2 was
43.990%, which is defined as ‘Powerful’ in this study.
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Figure 3. Results of scree plots (a) and principal component analysis (b) for automobile acceleration sound.

Table 3. Results of factor analysis for extracting representative affective dimensions in engine sound.

Component
Factorl Factor2

luxury 0.962
harmonic 0.960
stable 0.902
refined 0.880
comfort 0.812
soft 0.740
calm 0.647

fast 0.948

powerful 0.932

sporty 0.897

rumbling 0.761

sharp 0.708
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4.2. Descriptive Statistics

The outcomes of the descriptive statistics on the two representative affective dimensions derived
from the factor analysis are shown in Table 4. In order to confirm an existing difference between
affective dimensions in two specifications of automobiles, ANOVA was performed. First, the normality
test of the data was performed through Shapiro-Wilk. As shown in Table 5, the value of p in all
cases was higher than 0.05. Thus, it is evident that the normality of the data is assumed. As a result
of ANOVA analysis, there was no statistically significant difference between affective dimensions
according to the cylinder (V4, V6, and V8) and body size (Compact, Luxury, and Sports) (See Table 6).
Therefore, in this study, the relationship between affective dimensions and acoustic parameters for all
automobiles were examined.

Table 4. Descriptive statistics for affective dimensions in samples.

Refined Powerful
Sample No.

min Max Mean SD min Max Mean SD
1 3.44 4.72 4.30 0.39 3.53 4.47 4.30 0.39
2 3.31 5.14 4.44 0.76 2.83 494 4.44 0.88
3 3.28 5.29 4.09 0.75 3.92 4.44 4.09 0.21
4 3.28 5.18 3.56 0.41 3.42 3.78 3.56 0.13
5 3.67 4.64 4.06 0.30 3.72 4.50 4.06 0.32
6 3.97 5.35 4.77 0.59 3.36 5.18 4.77 0.54
7 3.54 5.14 4.24 0.36 3.19 4.64 4.24 0.59
8 3.16 431 3.65 0.38 3.75 411 3.65 0.15
9 3.39 4.73 431 0.36 3.42 4.67 431 0.47
10 3.25 4.95 4.28 0.61 3.39 4.67 4.28 0.53
11 4.56 5.75 4.48 0.61 3.86 4.79 4.48 0.59
12 3.16 5.17 3.97 0.86 2.86 5.22 3.97 0.94
13 3.56 5.06 441 0.93 3.69 4.64 441 0.40
14 2.25 4.61 3.31 0.83 2.81 3.78 3.31 0.31
15 3.53 5.60 4.66 0.56 3.94 5.13 4.66 0.17
16 3.05 5.25 4.00 0.93 2.83 4.69 4.00 0.69
17 3.13 5.06 4.35 0.64 3.86 4.78 4.35 0.28
18 3.37 4.89 4.09 0.57 3.67 452 4.09 0.22
19 3.61 497 4.65 0.55 4.06 5.10 4.65 0.09
20 3.67 5.01 4.19 0.48 3.89 4.52 4.19 0.12
21 2.89 4.23 3.67 0.43 3.31 4.64 3.67 0.53
22 4.11 4.75 4.49 0.48 3.57 4.73 4.49 0.34
23 2.79 5.43 411 1.11 2.89 5.18 411 0.88
24 2.89 3.92 3.21 0.30 3.27 3.83 3.61 0.29
25 3.51 5.17 4.23 041 4.00 4.75 4.23 0.33
26 3.78 4.96 4.42 0.28 4.08 4.67 442 0.28
27 3.28 4.83 4.19 0.12 3.28 4.78 4.19 0.7
28 3.97 5.47 493 0.21 4.39 5.12 4.93 0.23
29 3.36 5.43 4.24 0.25 3.65 4.67 4.24 0.29
30 3.17 4.67 3.84 0.31 3.70 417 3.84 0.09
31 3.39 4.97 4.28 0.27 4.08 4.46 4.28 0.13
32 3.14 4.69 4.00 0.23 3.67 4.36 4.00 0.34
33 3.25 4.74 4.32 0.10 4.29 4.79 4.32 0.21
34 3.27 4.83 4.30 0.56 3.48 491 4.30 0.53
35 2.75 493 4.57 0.27 3.76 5.01 4.57 0.81
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Table 5. Results for tests of normality.

9o0f17

Shapiro-Wilk

Affective Dimension Category

Statistic df p
V4 0.947 14 0.517
Refined V6 0.961 11 0.790
Cylinder V8 0.931 10 0.453
V4 0.938 14 0.388
Powerful V6 0.930 11 0.409
V8 0.920 10 0.356
Refined Type Compact 0.941 14 0.437
Luxury 0.954 11 0.694
Sports 0.861 10 0.078
Powerful Compact 0.973 14 0.909
Luxury 0.931 11 0.422
Sports 0.936 10 0.505

Table 6. Results of ANOVA for extracting representative affective dimensions in engine sound.

Category Affective Dimension Sum of Squares df Mean Square F p
Cylinder Refined Between 0.011 2 0.006 0.042 0.959
Within 4.244 32 0.133
Total 4.255 34
Powerful Between 0.305 2 0.153 0.443 0.646
Within 11.031 32 0.345
Total 11.336 34
Size Refined Between 1.177 2 0.588 1.853 0.173
Within 10.159 32 0.317
Total 11.336 34
Powerful Between 0.373 2 0.186 1.536 0.231
Within 3.882 32 0.121
Total 4.255 34

4.3. Correlation Analysis

The results of the correlation analysis between the representative dimensions derived from the

factor analysis (‘Refined” and ‘Powerful’) and acoustic parameters (Loudness, Sharpness, Roughness,
Fluctuation, Tonality, and SPL) of each RPM are shown in Table 7 below. First, in the case of ‘Refined’,
the highest value of the correlation coefficient was Sharpnessyngg-s000 (—0.566). Sharpness in all RPM
range and roughnessssoo-5000 showed a negative correlation with ‘Refined’, and SPLypp-5000 and
SPL-Aj000-3500 showed a positive correlation. This indicates that as sharpness and roughness increased,
perceived refined decreased.

Second, as a result of the correlation analysis for the ‘Powerful’, the all psychoacoustic parameters
in 2000 to 5000 RPM, except fluctuation, were found to be significantly related. Loudness is the
parameter with the highest correlation coefficient with ‘Powerful’. In addition, unlike ‘Refined’, the
psychoacoustic parameters in the 2000 to 3500 RPM also showed a significant correlation.
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Table 7. Results of correlation analysis between affective dimension and acoustic parameter.

Acoustic Parameter Refined Powerful
Loudnesszooo_5000 0.624 **
Sharpn6882000_5000 —0.566 ** 0.596 **
Roughn6552000_5000 0.630 **

Fluctuationyggg_s5000

Tonality2000-5000 0.519 **
SPL2000-5000 0.468 **
SPL-A2000-5000 0.619 **
SPL-C»000-5000 0.506 **
Loudnessgoo-3500 0.575 **
Sharpnesszooo_3500 —0.382 * 0.597 **
Roughnesszgoo_35og 0.575 **
Fluctuationyggg_3500 0.517 **
Tonality2000-3500 0.475 **
SPL2000-3500
SPL-A2000-3500 0.489 ** 0.563 **
SPL-C»000-3500 0.467 **
LOUdIIESS3500_5000 0.606 **
SharpneSS3500_5000 —0.449 * 0.629 **
RoughneSS3500_5000 —0.340 * 0.577 **
Fluctuationssgg_s5000
Tonality3500_5000 0.549 **
SPL3500-5000
SPL-A3500-5000 0.577 **
SPL-Cs500-5000 0.489 **

Note. *: p <0.05, **: p < 0.01.

4.4. Regression Analysis

Stepwise multiple linear regression analysis was performed to design a model that predicts each
affective dimension through acoustic parameters. Since the VIF (variance influence factor) values of all
designed models were less than 10, it was found that there was no multi-collinearity. The results of
the regression analysis for each range of RPM are shown in Tables 8-10. All the results in the table
are shown only for the case where the R? is highest among the results obtained through the stepwise
regression analysis. First, regression analysis for the range of entire RPM from 2000 to 5000 shows that
SPL, sharpness, and fluctuation are included in the predictive model for ‘Refined’. When the sharpness
and fluctuation decreased and SPL increased, the value of perceived refined increased. In the case of
‘Powerful’, roughness, SPL, and SPL-A constituted the model. At the value of the standardization beta,
the parameter that has the greatest influence on ‘Powerful’ is SPL-A.

Table 8. Results of regression analysis of affective dimensions for acoustic parameters from 2000 to

5000 RPM.
Affedlye Acoustic Parameter B Error B F p VIF R2
Dimension
Constant 0.635 0.461 1.379 0.178
Refined SPL2000-5000 0.064 0.005 0.885 8782 0000 0813
etne Sharpnessyogos000  —2.370 0232 —0736 —5210 0.000 0883
Fluctuationyggg_5000 —0.369 0.114 —0.231 —3.232 0.003 0.898
Constant 9.845 0.711 13.851  0.000
Powerful Roughnessygoo_so00  0.059 0.113 0.055 55 0000 3746 oo
owerlu SPL000-5000 —0.158  0.012 —1341 —12.699 0.000 3717

SPL-A200-5000 0133 0012 1706 11284 0.000 7.616
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Table 9. Results of regression analysis of affective dimensions for acoustic parameters from 2000 to

3500 and 3500 to 5000 RPM.
A.ffech?/e Acoustic Parameter B Error B F p VIF R2
Dimension
Constant 0.597 0.754 0.792 0.434
Refined SPL3500-5000 0.065 0.012 0.835 6.951 0.000 0.780 0.785
etme Sharpnesssspo_soo0 ~ —1.793 0231  —0.707 —4757 0.000 0818
Roughness3s0-5000 —0.352 0.114 —-0.192 —-2.265 0.031 0.949
Constant 10.266 0.644 5.472 0.000
P ful Tonality3500-5000 2.755 0.547 0.277 3.481 0.001 0.782 0.926
owerlu SPLo000-3500 —0.146 0360 —1.133 —4376 0.000 0382
SPL-A3500-5000 0.110 0.027 1.339 5.831 0.000 0.332
Table 10. Results of regression analysis of affective dimensions for all acoustic parameters.
A.ffechye Acoustic Parameter B Error B F p VIF R2
Dimension
Constant 1.430 0.592 2414 0.022
SPL3500-5000 0.045 0.009 0.542 4.902 0.000 3.708
Refined Sharpness;00-5000 —3.311 0.280 —0.960 —11.838 0.000 1.996 0.892
Fluctuationyggg-5000 —0.481 0.107 —0.281 —4.506 0.000 1.184
SPL-A3500-5000 0.023 0.007 0.423 3.094 0.004 5.682
Constant 10.688 0.544 8.093 0.000
P ful SPL000-5000 —-0.114 0.215 —0966 —4.237 0.000 8471 0.936
owerlu SPL-A2000-5000 0.134 0.107 1.726 8936  0.000 3552
SPL>000-3500 —0.051 0.083 —0.397 —3.849 0.001 5.201

Second, regression analysis was performed based on the parameters of RPM divided by 2000
to 3500 and 3500 to 5000. In the case of ‘Refined’, the regression model consisted of SPL3500_5000,
sharpnessssng_s000, and roughnessasgo-s5000- In this model, SPL3s00_5000 is the most dominant parameter
(B = 0.835). The regression model of ‘Powerful’, the coefficient of determination from tonalityss00-5000,
SPL2000_3500, and SPL-A3500_5000 was 0.926.

Finally, as a result of regression analysis with all parameters, the coefficient of determination was
the highest for each affective dimension. Especially, ‘Powerful” had the highest value of the coefficient
of determination among all derived regression models (R? = 0.936), and SPL-A was the most dominant
parameter ( = 1.726). In the model of ‘Refined’, SPL, SPL-A, sharpness, and fluctuation consisted of a
predictive model, and the value of the coefficient of determination was 0.892. The equations derived
from the regression analysis for each affective dimension were shown in Equations (4) and (5) below.

Refined = 0.045SPL3500_5000 — 3-311S2000-5000 — 0-481F2000-5000 + 0-023SPL — A3500_5000 + 1.430 (4)

Powerful = —0.1148PL2000_5000 + 0.134SPL — A2000_5000 — 0.0515PL2000_3500 + 10.688 (5)

where S is sharpness, F is fluctuation.

5. Discussion

This study aimed to verify that the affective response of the engine acceleration sound through
acoustic parameters based on RPM occurs even for consumers who have no empirical knowledge
about the automobile sound. In addition, it is found that a model can be designed to predict affective
dimensions through acoustic parameters. As a result of the analysis, it was found that the engine
acceleration sound developed a specific affective response of customers and the acoustic parameters
based on RPM were suitable for explaining the affective response. It can be assumed that the subjects
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heard the engine acceleration sound for each automobile and recognized the developed affective
dimensions relatively accurately.

As a result of the factor analysis, two representative factors: ‘Powerful’ and ‘Refined’ in the
engine acceleration sound were extracted. Previous studies on automobile sounds that explored the
relationship with various acoustic parameters, where ‘Luxurious’ and ‘Sporty” were the representative
affective dimension [45,46]. Kubo et al. [41], have shown that the degree of the auditory affect felt by
the driver varies depending on two driving circumstances. In the case of constant speed, two factors:
‘Pleasant’ and ‘Metallic’ were selected in 15 affective adjectives, but in the case of acceleration speed,
three factors: ‘Powerful’, ‘Pleasant” Three factors of ‘Metallic” were selected as 16 affective adjectives.
Genell et al. [47] derive three representative affective adjective factors for sound interior sound in
the truck. Kuwano et al. [48] selected 15 affective adjectives that user-perceived door sound in an
automobile. From the factor analysis, three representative affective dimensions: metallic, pleasant, and
powerful were derived.

In this study, seven affective adjectives belonged to ‘Refined” and five affective adjectives belonged
to ‘Powerful’. Compared to the research of Kubo et al. [41], they performed an auditory evaluation
on Germans, but this study was conducted on Koreans. As a result, it can be seen that there is a
difference in the degree of the auditory affect to the engine acceleration sound depending not only on
the automobile types but also on the races. Therefore, in a future study, it is necessary to clarify the
difference of the affective dimensions according to race against engine acceleration sound.

According to the results of correlation analysis, in terms of ‘Refined’, it is confirmed that the value
of the correlation coefficient is the highest in sharpness. Li and Huang [32] examined the discomfort
feeling of the interior noise in automobiles. They found that sharpness is one of the most important
parameters when describing the discomfort of automobile sound. In terms of ‘Powerful’, it is correlated
with various types of acoustic parameters compared to ‘Refined’. In the previous studies, ‘Powerful” was
one of the most mentioned variables in explaining the affective dimensions in the engine acceleration
sound [4,49]. In this study, the acoustic parameters measured at the 2000 to 3500 RPM in the 3rd
gear WOT sound showed a significant correlation with ‘Powerful’. Therefore, in designing the engine
sound of an automobile such as sports car or muscle car that expects ‘Powerful’, the design that
considers sound parameters in the corresponding RPM interval will be needed. As a result of the
spectrum analysis for both types of automobiles with the same loudness, it was found that the pattern
of dB-frequency is different (See Figure 4). Therefore, when evaluating the acceleration sound of an
automobile, it may be necessary to consider the various types of acoustic parameters and analyze them.

The results of the regression analysis show that different models were derived for each affective
dimension. First, in the case of ‘Refined’, the optimal model considering the value of R? is consist of
SPL3s500-5000, Sharpnesszggo-s000, Fluctuationyogo-so00, and SPL-Aszs00-5000- It can be confirmed that the
affective dimensions such as satisfaction and comfort for the engine acceleration sound are similar to
which previous researches have predicted through the psychoacoustic parameter [32]. In addition, the
value of the standardized beta of sharpness in the entire RPM range was larger than other parameters.
Kwon et al. [50] found that the psychoacoustic parameters describing the sporty sound are loudness
and sharpness. They validated that sharpness had a negative effect on sound quality, and this study,
too, confirmed it by obtaining the same results. In order to compare the high value of perceived
refined and a low one, spectrum analysis was performed (See Figure 5). It was established that the
distribution of order is different. The sample with high perceived refined is clear in the main order
and the value of SPL in the other areas is small. On the other hand, samples with low perceived
refined had high SPL values in the entire RPM area and had many numbers of main orders. Therefore,
it is necessary to consider additional variables related to the order of the engine sound as well as
psychoacoustic parameters.

In the case of ‘Powerful’, a regression model was constructed with three parameters related to
SPL. Since the SPL in 2000 to 5000 and 2000 to 3500 RPM is included in the regression model, it is
essential to design the source in the direction of lowering the overall SPL and improving SPL-A at low
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rpm. In order to compare the high value of perceived power and a low one, spectrum analysis was
performed (See Figure 6). It can be seen that the band of the frequency at which the highest SPL is
distributed is different. When the value of sound that perceived to be powerful was high, the power of
the order seemed to be more obvious and it formed in high frequency as well.
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Figure 4. Results of spectrum analysis of engine acceleration sound for the same loudness.
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Figure 5. Cont.
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Figure 5. Results of spectrum analysis for samples with the highest (upper side) and lowest (lower
side) score of perceived refined.
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Figure 6. Results of spectrum analysis for samples with the highest (upper side) and lowest (lower
side) score of perceived power.
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6. Conclusions

The purpose of this study was to develop a model for predicting the affective response by acoustic
parameters considering RPM on the engine acceleration sounds. In this study, 12 affective adjectives
were selected through literature review, and representative affective dimensions of 3rd gear WOT
sound was derived through factor analysis. In addition, acoustic parameters were selected to establish
the models that predict the affective dimensions in engine acceleration sound. A total of 42 participants
were recruited to the jury test. As a result of the analysis, it was confirmed that the acoustic parameters
describing the affective dimensions appear differently based on the RPM. Especially, in the case of
‘Powerful’, SPL in two sections of RPM is found to be included in the regression equation. In addition,
it was confirmed that the coefficient of determination of the regression equation for ‘Powerful’ is
higher than that of ‘Refined’. Finally, through this study, equations for predicting the two kinds of
representative affective dimensions of the engine acceleration were derived.

This study is essential to understand that the relationship between affective dimensions and
acoustic parameters based on RPM can be different for each affective dimension. As a result of
comparing the values of the coefficient of determination, it was confirmed that the range of the acoustic
parameter and the range of RPM affecting each affective dimension are different. Therefore, in the
future, there is a need to extend the research to the sound sources of various acceleration condition as
well as the 3rd gear WOT performed in this study.

However, this study did not perform to examine all the vehicle segments present in the current
automotive market, which makes it somewhat unreasonable to extend them to general results.
Consequently, it will be possible to study designing and comparing prediction models for the entire
vehicle segment by conducting additional research on SUV (sports utility vehicle) in the future.
Through the present study, it was confirmed that the value of acoustic parameters at initial RPM
is important in studies for the affective response of engine acceleration sound. In that respect, this
report can be used as fundamental research to understand the acoustic factors that are necessary for
designers when developing engine sound in an automobile. The results of this study are expected to
provide a guideline to the design of automobile engine sounds that will understand the differences in
perceptions of customers by vehicle segment and reflect actual customers’ needs.
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