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A Study on the Sound Quality of Passenger Cars
JW. Kim, ].D. Choi, ] K. Heo, ES. Byun

ABSTRACT

This paper presents the psychoacoustic analyses on the vehicle interior noise generated when
accelerating. Following the objective quantification for vehicle noises of different classes, the
subjective decision process by the jury test is adopted to interrelate these results based on two
different approaches. In particular, the paired comparison method is employed in assessing
the sound quality in terms of the quietness, the powerfulness, and the pleasantness of the
human auditory sensation.  Special attention is paid to the physical interpretation of
psychoacoutic parameters and their interrelation to the subjective assessment scores. In order
to ensure the integrity of statistics of the survey, various tests are performed. The results
show that the consistency of the "quiet" sensation is far higher than that of the "powerful" and
the "pleasant" sensations. Also, it is found that the most significant parameter determining
these feelings turns out to be the inherent loudness of the noise instead of the conventional
indicators such as the weighted sound pressure level. It may be concluded that the
psychoacoustic analysis offers more realistic evaluation for vehicle noise and assists the

improvement of NVH more efficiently.

KEY WORDS : Sound Quality, NVH, Psychoacoustics, Objective Parameters, Paired Comparison
Method, Subjective Assessment, Multiple Reggression

.M Z 2 Agren #EY 3T ¥ QK
Psychoacoustic Parameter )& #9432 7h43t=

S AR 98 2 g o BYE ATAR AT 1960ddFE Al
238 ~2o9n Ag A F¥3 ( Psychoacoutics )oll g Qb

22 FUs: o= Egs FzuAo] oo 1990duel oj2 AT 2§ SARH da
t}. €857 AFEAT. old dE Faxe IA
FAGE o2 2 MM Qe g x TN AT ARl W@ FHLY Al
AWAA F8 BHAEAY, H2Q o °12HT Husains e  F@EH  EAAA
dgel £uAES a7 RE Y&stu Ay (Amoyercd A AW ARE AT G 3
42 T=y] 98 A A= AANE AxAo A Multiple Factor Regression ) 245 T3 &
| Zl-r—( Annoyance Score )& E%’I}‘G}‘ﬁt}.”

Saito”, Hatano”, 12]2 Hashimoto®= 2tz A&

ﬂ)‘_l’
of¥
B
djo

o Fg83F L2 AAE SD 7I¥M( Semantic

*HOAEA 24U FATE " JUAER 7ISAIEIY

-04 -



Differential Technique )3} 891 ¥4 7]%¥( Factor
Analysis )& o] &3] #H3 <Ax}( Pleasant ), T
Q12 Power ), #% <A} Booming )& A el
2 A3ty Azl o s, TZ( Modulation )
o & AP ArLE FE HHE T T Q=2
o] s/ E AA7)(Roughness) LdL +H3IcH

EdFe E¥& AR, FHAF S
g 37 288y nEs F3td HP Ay <
ZH Psychoacoustic Parameters )¢} A3 &4

F3HQ &% ddy FH5 BN AR H5 B
AE ARon, EX, 78 WHE EA <8 B9
o] aAFEd g HAJAY HIEE A #
v, shAtez, F B Axel AHF 9
AE AP RAzE Fohlo] HF g 7
o ok oA FAHE HLELELE FFHL
A 31 AFH7 2 FAHAMNLY ARZE
g 4 A "ok A7 W8S 19 1 3 28
Az JYPHAS 2AF FY 255 FHEA H
S5 E4E AR AF AMIHHA gL
DataZ zt3Egde QoA Fashd A7z
+ "Quietness”, “"Powerfulness”, “Pleasantness”
AAEel wa FB Bk APE NS
Ao B4 Az fo & Hrdn
Azete} A #A =ln F8 Pop AR
ABFAE ZABIY F2 AAF HEIUL
olF o] &3] AFREDE FAHIHU.

=

oX
of o M

o Mu

—_

B

2o X ¥% do o) ¥ op M offr M 1x

o i 3

i)

2. XsA dU SE BN

21 X2 AU 28 3

AA 37-& BAEI7 $13le] Binaural Sound
o] 4§ doetE FNAY  delg 3
ZAdlz2 A  Head AcousticAl  Artificial Head
Measurement System& XA A AF
Engine Tacho Signal® FAle]l Dual Channel
DAT Recorderd] 7]&23&lgt. F8) Alge I3
8 A7A A FYP M HAHJAL dHolg
FHA % B3 BE #HADC HAE AHES
T3 on FA YYE old 7xI}ATt. &
Aol A 1009 AF 428 dHolelrt FHHIA
o %L Engine 7|ZEE F1 o £57F 3}
Aot

F3 AP AT €7 FF AP FL 29,

% WE7] AFe 3dd 4 mAAD X
Engined] 34 4%%& 1,500 rpme) A 5,500rpm7}

~
0AT SO Lab 4.32 Paired
RECORDER Sound Sounds
Manipulation

Artiticial Head
Measurement Sysliem l

Objective Evaluation

GBA. Loudness. Roughness.
Sharpness. Tonality. CAP,
imputsiveness. UBA. SNP,
Fluctuation Strength .. .

Quietness
Pleasantness
Powefulness

Subjective
results

Correlation
Linear

Regression consisience

agreement score

O 10 S 24 FA
CAR TYPE Engine T/M
A sedan 1.5L /T
B sedan 1.5L A/T
C sedan 1.5L A/T
D sedan 2.0L A/T
E sedan 2.0L A/T
F coupe 2.2L A/T
G coupe 2.5L M7
H sedan 3.0L A/T
| wagon 3.0L A/T
J sedan 3.0L AT

E1:SF B AY A2

2 F7t& A9+ Sweeping Test24 A A5t
g2 o £IY  dHolHE O/A leveldt
3000-4000rpm-77te] 1/3rd spectrum& XA}
.

o o

22 Az olxt EA

-95..



3000 - 4000 rp:

3
f
i

38 20 AEAEES O/Azidnt 1/3rd
Spectrum

F3 Y A8 Datax Head AcousticsA} SQ Lab
System( Version 4.32 )& o]&3lo = g} st et
HMS Systemol] ] Digital dej2 4¢¥ Datas
Engine Tacho Signalg 71528 o2 54 33t
¥z AUt FYS 723 wnEHe 9
8] 3,000~4,000 rpm FZrS A3t Zwicker9]
Psychoacoustics o] &V A% A 1z HAo]
A A = At o714 44 A=
(Psychoacoustic Parameters)E3} o]2 R EjTA €
S8 Aol e He] d aope FEEo 3}
Ao AT A Ax 2Ael %A AW 28
Datatx Engine RPM Sweeping Test Z3jojo=z
Raw Data®] ¥A13t3 5o tig 1#eo] a3}
. 5A ¥4 Ay Hd @ FHigtel & ¥}
€ 943t Jeigt. mtebad Dataol B
Zfgez  EANE AAEH o ARE
Level(dBA)E 71222 11Y3 o) wm SAg
o] 7} Loudness(sone)x= Level(dBA)3} v}sl] 3l

-906 -

Tonality

=H

-3
(Psychoacoustic Parameters) H{AtZ D}

CRP

8NP

2le(dBA)ol mE

neo30
sDe1a 32 .
i RP
T
ac
l‘"
1o - UL ]
"n
-
7s
) - n
Lovei(uda)
n
Reoe o
s0m1.00
» .
beadCl]
«l S
- ~
"
o - - - -
w
“ “ ”
Lovai(eliay
n= 0383
s0e0072
[ ”
N g ac
-
..
-
[N
- e
- - n
LAy

1 88 AAX AN 2o

3

- -
- - -
-
- e
e T
M R0 584
- Ae0iT1 . e
p
I .- w om
- ‘g -
$
- - -
e . e
s Y.
=
. - -
ol -
-
. ——
T e T e T
Leraatay . _ Loattena)
- o
-
- :
-

2elx

t



AL Yetliyt  oleje] & AAEL
Level(dBA)#} TEAYE RoAFEch = A 72
olztoll 2A A Pleasantness &-& Iwt) 74d<l

Annoyance & Lkl S&ATEA
CRP(Composite Rate of Preference)?,
UBA(Unbiased Annoyance), SNP(Sensory
Pleasantness) & A4t AR E1H4 o] =413 A

t}. CRPIUBAE Level(dBA)o] we} Z7lste A
&2 HAFD, SNP= whuld 3oz uvelgx|gt
I gdAge] Fge B ik

23 2 2%t Wy} B

%

gl } 8 %7k N¥e AAsaT &
$H FBYE 9l AEG Aol &8

dlolets =37 YshA] 3000-4000rpmF7He A
3l & 457 Pairol o3 gd] ¥ w( Paired
Comparison (4o 2 AE Test & AASFER
Bk Age F 56goz 1 AY 7FAHL ®2 9
Z2d. F# H7l Al¥2 Head AcousticsAte}
Playback System# Meyer SoundA} Loudspeaker
Systemo] A X5 o] & Studio Classe] A
A AAHAT 1074A] Sample 4&g02 o] Fo]
4570 Pairg o2 FE3A &AM F HIF,
dd=2 g o] A Digital Audio Tape
of %&3to HrztdA FHA7e PYPL 93}
A B7hbE oed 2 259 37k H3
W3t Aol oigstdo

1. A % (Quietness)
2. ¥ 2l & (Powerfulness)
3. A g(Pleasantness)

of 714 A3 A Pleasantness ) A R7H
Annoyance )o] Ho2 ZHF¥ £ vl 9 ALA
T2 gt A Agez 7 Hiixey Md3zx
8 A( Preference Matrix )& #H3 3 o] ZAAH
otz 42 Sampled] i Hrixle] d3xe j ¥
A 4( Column )] ‘1" 4& HA4FgozZ N Lo A
. yrde] & &g ol EX( Annoyance )&
2& dd dde 0 FE 3 Az Jerdo
4] vlu( Paired Comparison ) 29 ZAe &
gl M 1Y AR S Do) dBA(

OLLt oial !
Mg o 8 |
=1 47 |
o124 20~29 22
30~39 33
NVH A2 H& X} 31
2328 K 74
A{BIlC|D|/E|[F|G|H[I]J
AlE|1]ojojo]jo|l1]o0]|]o0]0]
B|lo|ejol1]lo]ol1lo]|]o0o]o
cl1]|1r]jejt|{1]ofl1]1]1]o0
o|l1]oilojelriol1]o]o]o
E|{t|1]0]ole|lo|l1]o|o0]0
Flt 1117 1l€el1{1]1]o!
Glo|ojojo|o|ofle|lolo]|oO
Hlt|1to0] 1| 1]{ofl1|€E]1]0]
{110/ 1|1]o|1]ol€elo
TR ERE:

1 ith row > jth column,
0 : ith row < jth, column
E . ith row = jth column

®3: M5 HA

Consistence )ojt}. € Patterno} 434S AF
7] 98 Kendalle) d#  A4( Kendall's
Coefficient Consistence, K }& A Abst g} 9

g=122 (R— R)* -

B( K — 4
o 7] A,
R = Row Sum
R = Row Sum 9 3¢
k = Sample

AP A K o B2 iz
oh.

F¥= 295 &% 2

_97-



Y Quietness

% Pleasantnes

Number of Juries
3
T

0

Zt A€ Sampled] thF Hr7izr H3=g 4 F
BHAAAT Heted FAAN RS2 e
of HEEYF FoG 289 ¥EE P59 2
AN DB AT YNEE ZAEY] Ashel
Atest & FYaAh E FALS o] Sample
geel 3717100 AR k> T) ohg AE A
239 ( Kendall )

2 _ 8 1,k _ 1

o 71A,

k(k—1)(k—2)
(k—8)° -

A7 & BXo 95% F9 FF( ¥ BXY 5%
Fo & )02 AAEE HFY FF, 48 As
K £ 08 ooz #Hysimz B dAFdre
K > 0.85 ojA4¢l #¥ug sty

K | 8= | 258 | 358

>= 0.85 29 12 12

E 4 LB A K = 0.8 2 "Hotxps

a2 A% B4 o) ¥ HIx FH4( Preference
Score )o] HHE 1¥6 o YU

9T [—m—osscker | Quietness //'
8 R "A
4 - 05Ksl
7 -
s -
05 r
841
‘,’3 L
2 4
1k
0 1 1 1 L 1 1 i 1 1 L
A B C D E F G H 1 J
SAMPLES
s Powerfulness
sk
7k
6 =
L5 |
3 -
2 -
s b
0 1 1 L 1 1 1 i 1 1 1
A B C D E F G H 1 J
SAMPLES
o Pleasantness
8r ]
7 -
A
6 ~4 /A
sk A .»
® ' \
§4 i A/ :
L -
Tk —
ObF 4oy a1
A B C D E F G H I J
SAMPLES
a2 6 YBASK)| 2 FIEIH Ao}
24 F2z olx} b REA
(1) HaeIXISZIel AEA
2
(E5) M 7NEJAAETY FAZAFRIE BB

dBA9} Loudness?} 0.89, Roughness®} Loudness
7 0742 tha AwAol ZA Yoy e
e AAE 4ue) FBALE oFF e @
2 naZozA oE AWUAXNEL Az =IA
9l €A (SOUND QUALITY)d Ed849YE HY
231 9. 2892¢ UBAE Loudnessst & 2
FALR=095)F RAF Jon, SNPE 29
A4 7)(Roughness)s} =7 BAR=081)0] Y&
Rez Yeiytt.

@ =3I} ARG MBAF

- 98-



B2 JI=22 X} W2H 22Tt FEE LI T}
dBA N S T R F UBA | SNP CRP SQT SPW SPT
dBA 1
N 0.89 1
S 0.17 | 0.09 1
T 0.02 | 0.00 | 0.06 1
R 0.53 | 0.74 | 0.08 | 0.17 1 ‘
F 0.34 | 053 | 0.02 | 0.00 | 0.51 1
UBA 0.88,0.95| 0.16 | 0.00 | 0.76 : 0.57 1
SNP 0.31 0.49 | 0.10 i 0.42 1 0.81} 0.21 0.54 1
CRP 0.84:0.72 0.16 [ 0.00 | 0.43 0.23 { 0.75 0.32 1
SQT |0.87:10.98 0.13 | 000 |0.79 052 | 0.95 | 054 | 0.70| 1
SPW [ 0.76 0.84 0.05 007 057 | 062]0.76 023 |0.47[085
SPT | 0.74,0.91 0.07 | 0.04 |0.86 041|084 071 067|090 | 064 1
dBA A-Weighted level UBA : Unbiased Annoyance{au)
N Loudness(sone) SNP : Sensory Pleasantness
S Sharpness(acum) CRP : Composite Rate of Preference
T Tonal ity SQT © Subjective Quietness
R Roughness(asper ) SPW : Subjective Powerfulness
F Fluctuation Strength(vacil) SPT : Subjective Pleasantness
E5: F HDUIKIS2L| AHAHS (RY)
FAH7E IJELY FBAHES H4HEH “HHY = 7E8LE g2 F7)(Loudness)’t dBARTH
(SPT)" & “HSFEQT) & AIAFR)ZF 09524 o AL BAFD a2z FaH7 A EH
SQTe w3 HlelHdg BoFEr. vhde)l SPT A#AIAETY Ao 98 43w SQT
9} SPWL oA+ -0922 wihlg Aoz el A 2337‘5‘711]-’}‘—(1{2)7} N(@©.98) > UBA(095 >
Wt SPTe} SPWel A#AFE 082 Ahaoz  dBA(087) > R(0.79) £02 Vet ol4i5e

ot “YUE =7
5959 gderE v
Az Y6 o AFE
39 SPWst

Al

e %
o Fu
SPT2]

37} B APD"

4 & & % 5+ (Preference  Score)E-o|

#5 2 FE A7 F3E 7104 Quietne-
ss, Powerfulness , Pleasantness X% tisir| 7}
T =& duAe Al ales “go =7
(Loudness)”’ 2 YElytth dBA & RE F @7
A5} A@AF7E AAY Loudnessitl 397
7t A JEezA 49 v 22 5

L
77%"\:

-9

SPWU SPTRT & Aur48 vehher o

Sgdid e =277 HIR S A SQTY 7|Fe =
438 v g Axz sd"d SPW AdAE &

91+ N(0.84) > UBA = dBA(0.76) > F(0.62) «olH
SQTet wlms) wlsgt g4oly Roughnesso} 743
HET Fo d#Adol Frietdch wrdHe] SPTe
ABAS £9 N(@O9ID) > R0.86) > UBA(0.84)
> dBA(0.74) > SNP(0.71)& JEbgth. SQTol| ul3)
2l Z7|(Loudness)?] &A= zolzm 29
713 7)(Roughness) 9+ SNPe] A #Al4=71o] AR =
H, ol FoHoz Hrig " 53 =47 39
A 7](Loudness)®¥ oliigl &2 # A 7](Roughness)
o] gl Atte AL HAFT Q) o) 2
72 HE Loudness(sone) 7} 23] 728212
UBA, CRP, SNPE RO © AH#s F3H

9 -



BF &t7] A8l 71EWAE
ArEd T 99.7%0]3 9
NEoz FUYMESFY HE F

2 ol E6 o A3t GF 3
3 FUHNAAEY HAHIE HF
}59] Normalized score® 7]E 0.
47 292 FAsIYt  SQTE Loudnessg!

sz 98% 7R AT, UL, SPWE dBASF
g o} &3] 95%, SPTE dBASIRE ©] &3] 93%71A]
A% £ Y 37 Tdo] wEY Ut oA

FHE 37 2dn A4 Fagst 2nE a7
o) vl EAEHt
Est.SQT Est.SPW Est.SPT
A 2.315 -5.652 4.685
B -0.079 0.078 -0.047
o] 0.0 0.604 -1.765
X, Loudness Level Level
(Sone) (dBA) (dBA)
X Fluctuation Roughness
strength(vacil) (asper)
R 0.988 0.936 0.965
va:ue 22.65 -4.359 4.486
P(t) 0.000 0.003 0.003
F* 322.7 24.912 47.436
P(F*) 0.000 0.001 0.000
Est.Model = A+B(X;)+C(Xz)
Xi : Psychoacoustic measur
AB,C : Regression coefficient
R : Correlation of Coefficient
t-value : t test
F* . F test
P : Significance Leve!
H 6 : FaFIICIXISo| hst CIEEHEN

(1) “A =T (Quietness)”, “ ¥ 3&(Powerful ness)”,
"3} & g (Pleasantness)’ M &Eo g FEGsH 2

°
‘.

"
g o8 -
.
.
-’ o8 - . -
<] .
g 04
2 .
E o2 -
E -
w oo
oo 02 04 oe [ 10
Normalized Quietness Score
1ol
-
os
;. oe - *
H L

0z

G °°

00 02 oe os o8 10
Normalized Powarfulness Score

os -

04

oo}

oo 02 o« os os 10

Normalized Pleasantness Score

a2 7 MR of FagoL Ao eia

T AL digk dAl(Consistence)ol 71
aA Jehgoe g "F&5 e dig Adse] 3
ZA 71F) 71 F YA e R FUHUYG

() &9 Z7)(Loudness)7t FHHAJA(ZEHY”,
“AAL”, “AHE)EH A E FEAFI ve
gozA "HAY T2 EIHYE ®B¥}e A
#9889 2HCRP, UBA, SNP)EHET A3 A%
#8442 o FHgsidn FAHAASG

(G Fu¥7 48 “HHF'H AP v H
A%e Byeoen, ‘A& “YUAS"S M2 W
v %S vebld. 28y A48 P
£7e i EHHA 242 Hrt HAUT

(@) FuHAz "3 M P (Pleasantness)’ 2 9
A 7](Loudness)o} 2ol &9 7 A7} (Roughness)s}
T Ee ADANE HAFo2Z o HFL.LE

- 100 -



o]l E}Hoz A{3e Aoz FAHUHA

(5) 7+&A] AFANLEN s FHFHoz )
+ Quietness, Powerfulness, Pleasantne-

ssE& ABYAEE ol &3 FF st

20 28

HO

1. Zwicker, E., and Fastle, H., Psychoacoustics -

Facts and Models, Springer-Verlag, Berlin,
Heidelberg, 1990.

2. ISO 532B. Acoustics - Method for Calculating
Loudness Level, 1975.

3. Musthaq Hussain, Josef Golles, Amo
Ronacher, and Herbert Schiffbanker, "Staistical
Evaluation of Amnoyance Index For Engine
Noise Recordings", SAE paper 911080.

4. Haruki Saito, and Takeo Hashimoto, "Sound
Quality Evaluation of Vehicle Interior Noise
-Objective Evaluation of Comfortableness and
Powerfulness", JSAE paper 9303762

5. Shigeko Hatano, and Takeo Hashimoto

"Estimation on Booming Factor of Running Car
Interior Noise - Estimation by Artificial Sound
and the Location of Car Interior Noise ", JSAE
paper 9435441

6. Takeo Hashimoto, "Modification of Roughness
Level for Higher Correlation with
Unpleasantness - Weighted Roughness Level due
to Modulation Frequencies", JSAE paper 9735132.
7. "Vehicle noise quality - towards improving
the correlation of objective measurments with
subjective rating" C389/468 IMechE 1992.

8. ISO 5128-1980. Acoustics - Measurement of
Noise inside Motor Vehicles ( 1980-08-01 )

9. Binaural Sound Measurement - A New Start
for Hearing- adapted Classification of Noise,

BAS manual, Appendix A

10. Ferguson, G. A, and Takane, Y., Stastistical
Analysis _in _Psychology and Education, Sixth
Edition, McGraw-Hill, New York, New York,
1989.

- 101 -



