
Development of sound-quality indexes in a car cabin owing to the
acoustic characteristics of absorption materials

Sang-Kwon Lee ⇑, Gun-Hee Lee, Jiseon Back
Acoustics and Vibration Signal Processing Laboratory, Department of Mechanical Engineering, Inha University, 100 Inha Ro, Nam-Gu, Incheon 22212, Republic of Korea

a r t i c l e i n f o

Article history:
Received 6 July 2018
Received in revised form 25 August 2018
Accepted 7 September 2018

Keywords:
Absorption material
Sound quality
Prediction interior sound
Convolution
Sound quality index

a b s t r a c t

This study presents a method to predict the quality of sound in a car cabin when the acoustic character-
istics of absorption materials in a car are changed. We proposed a signal processing model based on an
acoustic ray tracing method to predict the variation of interior car cabin sounds corresponding to changes
in the acoustic absorption material attached to the sidewall of the engine room of a virtual car. The inte-
rior sounds corresponding to seven different acoustic materials were simulated using this model and
were recorded inside of a virtual car. The predicted interior sound was compared with the recorded inte-
rior sound. The recorded interior sounds were used to develop a sound quality index estimating the vari-
ation of sound quality owing to the change in acoustic materials. The sound quality index was developed
in terms of sound metrics correlated with subjective evaluation of the recorded interior sounds. The
sound metrics were investigated based on psychoacoustic parameters and the acoustic properties of
the absorption materials. Finally, the proposed method was validated with real car by experiments.
The proposed method can be used for the prediction of the variation of sound quality of interior sound
owing to changes in the acoustic materials at the early car-design stage and thus aid in the selection
of the optimal acoustic material in view of car weight reduction.

� 2018 Elsevier Ltd. All rights reserved.

1. Introduction

There are various sounds inside the cabin of a car such as road
sounds, wind sounds, and engine sounds [1]. Much research has
been conducted on these noises and these studies have effectively
reduced noise levels. Recently, research on the sound quality of
automobiles has consisted of the development of various indexes
for objective evaluation of sound quality in a car and the improve-
ment of sound quality using these indexes [1]. Typical sound-
quality indexes include a booming index, a rumbling index, a tire
sound index, a gear whine sound index, and others [2,3]. In recent
years, studies have been performed on the optimization of acoustic
absorption materials to improve the sound quality of a car based
on ray method [4]. However, there is still a shortage of research
on the evaluation of the quality of the interior sound owing to
the characteristics of acoustic absorption materials. The purpose
of this study was to develop a sound-quality index of absorption
material (SQIAM) to objectively evaluate the influence of acoustic
absorption materials on the quality of the interior sound. To
develop the SQIAM, a model predicting the variation of interior

sound owing to the change of the sound absorbing material was
required. In previous research, to predict the interior sound quality
of a car with respect to acoustic absorption material, the finite ele-
ment method [5] and the boundary element method [6] have been
studied. These methods are useful for low-frequency sounds. For
middle frequencies, the statistical energy analysis method [7] has
been used. At high frequencies, the acoustic ray tracing method
provides the highest accuracy [13]. The application of acoustic
absorption material is effective to change and reduce the sound
pressure of the engine room or inside a car cabin at high frequen-
cies. Therefore, to develop a model to predict the interior sound
quality of a car corresponding to the acoustic absorption material,
the acoustic ray tracing method [7,8] was used in this study. This
prediction model was developed based on the signal processing
technique [9] and was used to simulate interior sounds corre-
sponding to different absorption materials attached to the sidewall
of the engine room of a virtual car. The interior sounds were
recorded inside of a virtual car. The recorded sounds were used
to develop the SQIAM. The SQIAM was developed based on the
subjective evaluation of the recorded sounds and their sound met-
rics. A sound metric should be correlated to the subjective evalua-
tion of the recorded interior sound. The sound metrics,
psychoacoustic parameters, and acoustic properties of the

https://doi.org/10.1016/j.apacoust.2018.09.004
0003-682X/� 2018 Elsevier Ltd. All rights reserved.

⇑ Corresponding author.
E-mail address: sangkwon@inha.ac.kr (S.-K. Lee).

Applied Acoustics 143 (2019) 125–140

Contents lists available at ScienceDirect

Applied Acoustics

journal homepage: www.elsevier .com/locate /apacoust

http://crossmark.crossref.org/dialog/?doi=10.1016/j.apacoust.2018.09.004&domain=pdf
https://doi.org/10.1016/j.apacoust.2018.09.004
mailto:sangkwon@inha.ac.kr
https://doi.org/10.1016/j.apacoust.2018.09.004
http://www.sciencedirect.com/science/journal/0003682X
http://www.elsevier.com/locate/apacoust


absorption materials were considered for the production of the
SQIAM to achieve maximum sound pleasantness and powerful-
ness. In this study, four sound-quality indexes were developed.
These indexes were developed based on the sound metrics and
the acoustic properties of the absorption materials. The sound met-
rics and the acoustic properties correlated with subjective rating
were used for the development of these indexes. In Section 5, the
development process is presented. For the validation of these
indexes in a real car, an experiment was conducted with a sports
utility vehicle. These indexes can be useful for the determination
of the optimal materials in view of sound quality together with
consideration of the reduction of weight and cost of a vehicle in
the early design stages.

2. Prediction of interior sound based on signal processing

This section presents the signal processing model to predict the
sound inside the cabin of a car emitted by an engine in the engine
room of the car depending on the absorption characteristics of the
materials attached to the sidewall of the engine room.

Fig. 1 shows the production concept of the model based on the
signal processing technique. In this model, the engine was
regarded as an acoustic source q1(t), and the generated sound is
propagated to the sidewall of the engine room. The sound hitting
the sidewall is reflected and transmitted into the cabin of the
car. The pressure p2(t) of the sound hitting the sidewall of the dash
panel of the car can be predicted by convolving the impulse
response function (IRF) of the engine room into the volume veloc-
ity of the acoustic source. The acoustic source was assumed a
monopole source. The dash panel was divided into N number of
sections acting as receiving points. The sound pressure p2(t) can
be expressed mathematically as follows:

p2i ¼ q1 � IRF1i ð1Þ
where q1 is the volume source of the engine, and i is the i-th air-
borne transfer path between the engine source and the dash panel
as shown in Fig. 2.

The IRF between the acoustic source and the i-th part of the
sidewall of the dash panel in the engine room, IRF1i, was numeri-
cally calculated by the ray tracing method [8,9]. The IRF1i changed
depending on the characteristics of the absorption material
attached to the sidewall of the engine room. The pressure p3(t) of
the sound transmitted into the cabin of the car can be obtained
by the theory of insertion loss. Assuming that the wave hitting
the dash panel in the engine room is a plane wave, the insertion
loss of the dash panel is given by

IL xð Þ ¼ 20log P2ðxÞ=P3ðxÞð Þ ð2Þ

where P2 (x) and P3 (x) are the spectrums of sound pressure p2(t)
and p3(t), respectively. Because the impedance of the engine room
and the car cabin can be expressed by multiplying the air density
q by the speed of sound c0, the ratio of sound pressure is given by

P2 xð Þ
P3 xð Þ
����

���� ¼ 10IL xð Þ=20 ð3Þ

In general, the insertion loss is measured in the specific acoustic
room and has no phase information. Therefore, It have to assume
that the phase between P2(x) and P3(x) is a linear delay and the
sound pressure P3(x) can be estimated in terms of the magnitude
and phase of P2(x). Therefore, the estimated sound spectrum of
P3(x) is given by

P̂3ðxÞ ¼ P3ðxÞj jej\p3ðxÞ ¼ P2ðxÞj j
10IL=20 ej\P3ðxÞ ð4Þ

where \ P3 (x) is the linear delay of the phase of P2 (x). The
sound pressure p3(t) at the sidewall of the dash panel inside the
car cabin was estimated by taking an inverse Fourier transform
given by

p̂3ðtÞ ¼ ifftðP̂3ðxÞÞ ð5Þ
The transmitted sound travels inside the cabin and propagates

to the ear position of the passenger. The sound hitting the sidewall
of the cabin is reflected and absorbed by the acoustic materials of
the sidewall. The pressure p4(t) of the sound hitting the ear of a
passenger can be predicted by convolving the impulse response
of the cabin into the volume velocity of the acoustic source gener-
ated by the vibration of the dash panel. The IRFs between the earFig. 1. Prediction model for interior sound based on signal processing.

Fig. 2. Part of the dash panel on the airborne transfer path from engine to inside
cabin: (a) transfer path of airborne sound, and (b) divided part of virtual car.
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