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ABSTRACT 

In order to investigate how the electric brake booster sound is evaluated, we 

conducted subjective evaluation experiments and confirmed the correlation 

between the subjective impression and the physical measures. We used the time-

varying sounds that occur when stepping on the brakes of automobiles. The 

magnitude of the sound had a big influence on the impression of the brake sound. 

However, when there was no big difference in the magnitude of the sound, it was 

found that factors other than loudness were affected. 
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1. INTRODUCTION 

In recent years, quietness in the vehicle compartment has been greatly improved. 

Various sounds generated in the passenger compartment are required not only to have a 

low sound pressure level but also to have a sound quality that the occupant does not feel 

uncomfortable with. 

Electric brake booster sounds generated when stepping on a brake of a car is also 

required to be "unpleasant" in a quiet vehicle compartment. Electric brake booster is 

located close to the driver (Fig.1), and consideration to sound is necessary. It is useful if 

it is possible to estimate the subjective evaluation for the operation sound at the design 

phase. 
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Figure 1.- Position of electric brake booster 

 

We have conducted auditory tests
1
 of time-varying sounds such as one-shot 

vehicle door locking sounds
2
. Therefore, in order to clarify how people evaluate the 

electric brake booster sound which is longer than one-shot sounds, we conducted a 

subjective evaluation experiment and physical analysis on the sound. 

 

As preparation for the experiment and analysis described in this paper, we 

conducted small subjective evaluation experiments and physical analyzes on a small 

number of sounds. The evaluation word frequently used in the evaluation of brake 

booster sound is "unpleasant". For that reason, we investigated the physical quantity that 

affects the "unpleasant" brake booster sound. As a result, "gravity center frequencies" 

and "pitch change" came up as physical quantities that may be related to evaluation. The 

experiments and analyzes described in this paper were carried out based on this 

information. 

 

2.  EVALUATION SOUNDS 

10 kinds of brake booster sounds of different models and mechanisms were 

recorded in the laboratory. The brake booster sound was generated by a person stepping 

on the brake in the cabin while the car was stopped. The microphones were placed in 

the driver's ear position. 

For experiments and analysis, we used 20 sounds, including recorded sounds and 

these edited sounds. 

 

1. Recorded Electric brake booster sounds of different models and mechanisms 

: A, B, C, D, E, F, G, H, I, J (10sounds) 

2. Sounds edited non-steady-state sounds loudness (5sounds) 

: A_N-max , B_N-max ... Edited loudness to almost the same value as D 

C_N-min, D_N-min, E_N-min ... Edited loudness to almost the same value as A 

3. Sounds edited features of brake booster sounds (5sounds) 

:A_Pitch_Down, A_Pitch_Up, C_Pitch_Reduce ... Edited pitch change 

I_ball+10dB, I_ball-10dB  ... Edited sound of ball screw 

 

3.  SUBJECTIVE EVALUATION EXPERIMENT 

 Subjective evaluation experiment by SD method using 20 evaluation sounds was 

carried out in semi-anechoic chamber. 10 kinds of evaluation words were selected based 

on the characteristics of brake booster sound acquired from questionnaire results of 6 

brake developers. The list of evaluation words is shown in Table1. There were 12 

engine compartment vehicle compartment



participants (4 brake developers and 8 experts in sound and vibration). The 20 kinds of 

brake booster sounds were played in random order by using headphones, and were 

evaluated in seven stages on 10 kinds of adjective pairs. Experiments were conducted 3 

times per participant. The sound was played repeatedly for 35 seconds which is the 

evaluation time of one sound so that the participant can listen many times. 

Prior to the experiment, participants listened to the brake booster sound, 

practiced evaluation using 10 kinds of evaluation sounds and 10 evaluation words. The 

participants received explanation that "the evaluation sound is the sound when stepping 

on the brake before starting the engine". Because the time-varying brake booster sound 

could be difficult to evaluate, participants orally explained the meaning of the 

evaluation word. Especially "with high-pitched sound – without high-pitched sound" 

and "High - Low" was explained using evaluation sound. 

The profile which is the result of the SD method is shown in Fig.2. 

 

Table 1.- Evaluation words 

 
 

 

 
Figure 2.- Result of the SD method 

 

 

4.  PHYSICAL ANALYSYS 

 We confirmed the physical characteristics by physical analysis of the sound. 

Representatively, the color map of the A-weighted sound pressure levels is shown in 

Fig.3.  
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Figure 3.- Color map of the A-weighted sound pressure levels 

 

5.  CORRELATION BETWEEN SUBJECTIVE EVALUATION 

 AND PHYSICAL QUANTITY 

 We calculated the correlation coefficient between subjective evaluation and 

various physical analysis results. Representatively, the correlation coefficient between 

the A-weighted sound pressure level and the subjective evaluation is shown in Fig.4. 

 

 
 

Figure 4.- Correlation coefficient between the A-weighted sound pressure level and the 

subjective evaluation 

 

 When the overall sound pressure level was low, the sound was evaluated as 

"unpleasant". In addition, when the sound pressure level from 1 k to 10 kHz is low, the 

sound was judged to be "high-grade". 

Subsequently, the correlation coefficient between the Non-steady-state Sounds 

loudness and the subjective evaluation is shown in Fig.5. 
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Figure 5.- Correlation coefficient between the Non-steady-state Sounds loudness and 

the subjective evaluation 

 

 It was evaluated that "sound with small loudness is not pleasant" in all 

frequencies. 

Since the magnitude of the sound has a high correlation with the loudness, it is 

considered that the subjective evaluation is strongly influenced. However, due to the 

large influence of loudness, there is a possibility that other evaluation criteria became 

difficult to confirm. 

We compared the evaluation results of the larger and smaller loudness sound,   

and tried to extract the evaluation criteria other than the magnitude of sound (Fig.6) 
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Figure 6.- Comparison of evaluation results of sound with larger and smaller loudness sound 
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Loudness -0.937 -0.806 -0.954 -0.686 -0.689 -0.632 -0.616 -0.691 -0.232 0.172

Percentile Loudness(5%) -0.858 -0.697 -0.918 -0.654 -0.706 -0.658 -0.598 -0.494 -0.349 -0.026
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1250Hz -0.667 -0.711 -0.613 -0.821 -0.326 -0.313 -0.478 -0.384 -0.502 -0.286

1600Hz -0.729 -0.753 -0.674 -0.818 -0.374 -0.265 -0.444 -0.534 -0.408 -0.159
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10000Hz -0.706 -0.625 -0.664 -0.481 -0.674 -0.365 -0.237 -0.738 -0.071 0.276
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Gravity Center Frequency
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POA[0～1kHz] 0.746 0.637 0.650 0.526 0.615 -0.071 -0.066 0.507 0.036 0.034

POA[0～2kHz] 0.523 0.255 0.431 0.128 0.697 -0.202 -0.403 0.731 -0.341 -0.330

POA[1k～10kHz] -0.669 -0.670 -0.647 -0.873 0.075 0.193 -0.202 -0.105 -0.760 -0.773

POA[2k～10kHz] -0.305 0.008 -0.488 -0.207 -0.181 0.640 0.680 -0.835 -0.094 -0.120
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The correlation between "gravity center frequencies" and "unpleasant" of sound 

with smaller loudness was rather high. 

 

[For all sounds] 

The sound with smaller loudness was a positive evaluation such as "pleasant", "soft" 

and "secure" 

 

[For sounds with similar loudness] 

A comprehensive evaluation word such as "pleasant" was evaluated positively as the 

"gravity center frequencies" was lower. 

 

6.  MULTIVARIATE ANALYSIS (FACTOR ANALYSIS) 

In order to confirm the evaluation criteria other than the magnitude of sound, we 

conducted a factor analysis (main factor method, Varimax rotation) on the auditory test 

results. The result of factor analysis is shown in Fig.7. There were three factors with an 

eigenvalue of 1.0 or more. Based on the meaning of the evaluation words and the 

correlation with the physical quantity, each factor can be explained as follows. 

 

Factor 1: Comprehensive evaluation including "unpleasant" 

Factor 2: time-varying of sound 

Factor 3: Frequency balance of sound, impression of sound 

 

Since "comprehensive evaluation" of factor 1 also has a load amount of factor 2, 

it can be said that the "time-varying" also contributes to "comprehensive evaluation". 

Based on this result, we confirmed the difference in evaluation by editing and 

braking mechanism. The main results are shown below. 

 

6.1 Comparison of "Soft" Sound  

Subjective evaluation scores of "A", "B" and "F" evaluated as "soft" were 

compared(Fig.8). "Soft" shows almost the same value for the three models, but there are 

differences in other evaluation words such as "unpleasant" "secure". According to the 

results of the factor analysis, the evaluation word with a large factor loading of factor 1, 

the factor loading of Factor 2 was also large. Therefore, we confirmed the physical 

quantity considered to be related to Factor 2. "with pitch change – without pitch 

change" constituting factor 2 was compared with "time variation of peak frequency" and 

its "change width". Although it is a small sample number, it seems that the "pitch 

change" may affect the comprehensive evaluation. 

 

6.2 Edited Sound of "A" (Edit "Pitch Change") 

The evaluation result of pitch change editing sound of "A" is shown in Fig.9. 

Although pitch change is small, it is perceived from participants. Moreover, it seems 

that there is a correlation also with "unpleasant". 

 

6.3 Edited Sound of "C" (Edit "pitch change") 

The evaluation result of the sound with the "pitch change" flattened is shown in 

Fig.10. Although the "pitch change" is recognized, there is no change in "unpleasant" or 

"loud". As a difference from "A", "C" is a sound with larger loudness. 

 

 

 



 

 
Figure 7.- Result of factor analysis 

 

 

 
 

Figure 8.- Comparison of "soft" sound 
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Figure 9.- Comparison of edited sounds of  "A" 

 

 

 
 

Figure 10.- Comparison of edited sounds of  "C" 

 

p
le

as
an

t

se
cu

re

so
ft

h
ig

h
-g

ra
d

e

w
it

h
o

u
t 

sh
o

ck

sm
o

o
th

w
it

h
o

u
t 

m
ag

n
it

u
d

e
 

o
f 

so
u

n
d

 c
h

an
ge

w
it

h
o

u
t 

p
it

ch
 c

h
an

ge

w
it

h
o

u
t 

h
ig

h
-p

it
ch

e
d

 s
o

u
n

d

lo
w

-2
-1

0
1

2

u
n

p
le

as
an

t

in
se

cu
re

lo
u

d

ch
e

ap

w
it

h
 s

h
o

ck

ro
u

gh

w
it

h
 m

ag
n

it
u

d
e

 
o

f 
so

u
n

d
 c

h
an

ge

w
it

h
 p

it
ch

 c
h

an
ge

w
it

h
 

h
ig

h
-p

it
ch

e
d

 s
o

u
n

d

h
ig

h

A

A_Pitch_

Down

A_Pitch_

Up

0

200

400

600

800

1000

1200

1400

0.3s 0.35s 0.4s 0.45s 0.5s 0.55s 0.6s 0.65s 0.7s 0.75s 0.8s 0.85s 0.9s

ピ
ー
ク
周
波
数
（
H
z
）

1

1_Pitch_下降

1_Pitch_上昇

-2

-1

0

1

2

0 200 400 600 800 1000

気
に
な
ら
な
い

物理値 - [ピ]変化幅 （Hz）

①

①P↓

①P↑

R = -0.99

-2

-1

0

1

2

0 200 400 600 800 1000

高
さ
の
変
化
が
な
い

物理値 - [ピ]変化幅 （Hz）

①

①P↓

①P↑

R = -1

Result of the SD method

Time Variation of Peak Frequency

P
e

ak
 F

re
q

u
e

n
cy

 (H
z)

u
n

p
le

as
an

t
w

it
h

o
u

t p
it

ch
 c

h
an

ge

A
A_Pitch_Down
A_Pitch_Up

change width of peak frequency (Hz)

change width of peak frequency (Hz)

A

A_Pitch
_Down

A_Pitch
_Up

A

A_Pitch
_Down

A_Pitch
_Up

ple
asa

nt

se
cu

re

so
ft hig
h-g

rad
e

wit
ho

ut 
sh

oc
k

sm
oo

th

wit
ho

ut 
ma

gn
itu

de
 

of 
so

un
d c

ha
ng

e

wit
ho

ut 
pit

ch
 ch

an
ge

wit
ho

ut 
hig

h-p
itc

he
d s

ou
nd

low

-2
-1

0
1

2

un
ple

asa
nt

ins
ec

ure lou
d

ch
ea

p

wit
h s

ho
ck

rou
gh

wit
h m

agn
itu

de
 

of 
so

un
d c

ha
ng

e

wit
h p

itc
h c

ha
ng

e

wit
h 

hig
h-p

itc
he

d s
ou

nd hig
h

A

B

F

p
le

as
an

t

se
cu

re

so
ft

h
ig

h
-g

ra
d

e

w
it

h
o

u
t 

sh
o

ck

sm
o

o
th

w
it

h
o

u
t 

m
ag

n
it

u
d

e
 

o
f 

so
u

n
d

 c
h

an
ge

w
it

h
o

u
t 

p
it

ch
 c

h
an

ge

w
it

h
o

u
t 

h
ig

h
-p

it
ch

e
d

 s
o

u
n

d

lo
w

-2
-1

0
1

2

u
n

p
le

as
an

t

in
se

cu
re

lo
u

d

ch
e

ap

w
it

h
 s

h
o

ck

ro
u

gh

w
it

h
 m

ag
n

it
u

d
e

 
o

f 
so

u
n

d
 c

h
an

ge

w
it

h
 p

it
ch

 c
h

an
ge

w
it

h
 

h
ig

h
-p

it
ch

e
d

 s
o

u
n

d

h
ig

h

C

C_Pitch_

Reduce

ple
as

an
t

se
cu

re

so
ft

hig
h-

gra
de

wi
th

ou
t s

ho
ck

sm
oo

th

wi
th

ou
t m

ag
nit

ud
e 

of
 so

un
d c

ha
ng

e

wi
th

ou
t p

itc
h c

ha
ng

e

wi
th

ou
t 

hig
h-

pit
ch

ed
 so

un
d

low

-2
-1

0
1

2

un
ple

as
an

t

ins
ec

ur
e

lou
d

ch
ea

p

wi
th

 sh
oc

k

ro
ug

h

wi
th

 m
ag

nit
ud

e 
of

 so
un

d c
ha

ng
e

wi
th

 pi
tch

 ch
an

ge

wi
th

 
hig

h-
pit

ch
ed

 so
un

d

hig
h

A

B

F

-2

-1

0

1

2

0 200 400 600 800 1000

高
さ
の
変
化
が
な
い

物理値 - [ピ]変化幅 （Hz）

③

③P-

R = -1

-2

-1

0

1

2

0 1 2 3 4 5

静
か
な

物理値 - ラウドネス （sone）

①

②

③

④

⑤

e-Golf

③P-

R = -0.97R = -0.97R = -0.97

0

200

400

600

800

1000

1200

1400

0.3s 0.35s 0.4s 0.45s 0.5s 0.55s 0.6s 0.65s 0.7s 0.75s 0.8s 0.85s 0.9s

ピ
ー
ク
周
波
数
（
H
z
）

3

3_Pitch_減

Result of the SD method

Time Variation of Peak Frequency

C

C_Pitch_Reduce

-2

-1

0

1

2

0 200 400 600 800 1000

高
さ
の
変
化
が
な
い

物理値 - [ピ]変化幅 （Hz）

③

③P-

R = -1

-2

-1

0

1

2

0 200 400 600 800 1000

高
さ
の
変
化
が
な
い

物理値 - [ピ]変化幅 （Hz）

③

③P-

R = -1

C

C_Pitch
_Reduce

w
it

h
o

u
t p

it
ch

 c
h

an
ge

so
ft

A

B

C

D

E

F

C_Pitch

_Reduce

change width of peak frequency (Hz)

Loudness (sone)



6.4 Editing the Loudness 

The evaluation result of the sounds that edited loudness is shown in Fig.11. As 

the magnitude of the sound (loudness) changes, the evaluation of factor 1 also changes 

greatly. Factor 2 and factor 3 also change with the magnitude of the sound, but it is not 

a change as much as factor 1. It turns out that Factor 1 strongly influences "magnitude 

of sound". 

 

[Unedited sounds]                [Unedited sounds & Edited sounds] 

 
 

Figure 11.- Evaluation change by editing loudness 

 

 

6.5 Relationship between physical quantity and "unpleasant" 

Based on the results so far, the relationship between "loudness", "change width 

of peak frequency" and "gravity center frequencies" is shown in Fig.12. Even at the 

same loudness, there was a difference in "unpleasant". Also, as a result that Factor 2 has 

an influence on Factor 1, it can be confirmed that the "change width of peak frequency" 

is correlated with "unpleasant". The correlation with "gravity center frequencies" 

obtained in preliminary experiments was also high. 

 

 
Figure 12.- Correlation between "unpleasant" and physical quantity 

 

 

[Multivariate analysis Summary] 

"Magnitude of sound (loudness)" had a big influence on the comprehensive 

evaluation (factor 1) including "unpleasant". Also, even with the same loudness, there 

was a difference in "unpleasant", and "time-varying of sound" was mentioned as an 

influencing factor. 
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7.  CONCLUSIONS 

 We confirmed factors affecting the evaluation of brake booster sound by 

auditory test and factor analysis using various sounds. 

The magnitude of the sound had a big influence on the impression of the brake 

booster sound. If there is no big difference in the magnitude of the sound(loudness), 

elements other than loudness were affected. "pitch change" and "gravity center 

frequencies "are examples. 

 

 Previously we evaluated the brake booster sound only with the sound pressure 

level, but it turned out that other physical quantities also affected the evaluation. As a 

result of predicting the subjective evaluation score by the multiple regression equation 

using the physical quantity revealed this time, the accuracy was 80% or more
3
. With 

this technology, it became possible to quantitatively and accurately estimate the 

subjective evaluation of the electric brake booster sound targeted this time at the design 

phase. 

It is necessary to verify physical quantities other than loudness in the future. We also 

plan to apply technology to other automotive parts. 
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