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Abstract:    An online experiment to acquire the interior noise of a China Railways High-speed (CRH) train showed that it was 
mainly composed of middle-low frequency components and could not be described properly by linear or A-weighted sound 
pressure level (SPL). Thus, the appropriate way to evaluate the high-speed train interior noise is to use sound quality parameters, 
and the most important is loudness. To overcome the disadvantages of the existing loudness algorithms, a novel signal-adaptive 
Moore loudness algorithm (AMLA) based on the equivalent rectangular bandwidth (ERB) spectrum was introduced. The valida-
tion reveals that AMLA can obtain higher accuracy and efficiency, and the simulated dark red noise conforms best to the 
high-speed train interior noise by loudness and auditory assessment. The main loudness component of the interior noise is below 
27.6 ERB rate (erbr), and the sound quality of the interior noise is relatively stable between 300–350 km/h. The specific loudness 
components among 12–15 erbr stay invariable throughout the acceleration or deceleration process while components among 
20–27 erbr are evidently speed related. The unusual random noise is effectively identified, which indicates that AMLA is an 
appropriate method for sound quality assessment of the high-speed train under both steady and transient conditions. 
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1  Introduction 
 

By early 2015, the Chinese high-speed railway 
had exceeded 16 000 km in route length, and this 
accounts for more than 60% of the worldwide total 
length (Sone, 2015; Tan et al., 2016). The noise and 
vibration problems of high-speed trains have been 
receiving more and more attention (Jin, 2014). On the 
one hand, the pass-by noise is mainly composed of the 
wheel-rail noise and aerodynamic noise (Mellet et al., 
2006; Deng et al., 2014; Noh et al., 2014), and has a 
big impact on the life quality of the residents living 

along the railway (Gu, 2006). On the other, since many 
high-speed trains in China start at dawn and arrive at 
dusk, the interior noise throughout the long journey 
will greatly influence the riding comfort of the pas-
senger, and has become one of the biggest complaints 
about the high-speed train. Therefore, it is important to 
find a proper way to evaluate the interior noise in 
agreement with the subjective feelings of the passen-
gers, particularly for development of the next genera-
tion high-speed train (Soeta and Shimokura, 2013).  

The traditional way to evaluate a sound is to use 
A-weighted sound pressure level (SPL), with linear 
SPL reduced based on the 40 phon equal-loudness 
curve. Although A-weighted SPL is supposed to ac-
cord with the subjective feelings of human ears, the 
evaluation will be inappropriate when the noise is 
mainly composed of middle-low frequency compo-
nents, or the overall value of linear SPL exceeds 
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60 dB (Hellman and Zwicker, 1987). Thus, most 
research work has been focused on the psychoacous-
tic parameters of sound quality, and loudness is the 
most important parameter to evaluate the intensity of 
a sound. This has become the definitive model for 
calculating other parameters such as sharpness and 
roughness (Cook and Ali, 2012). 

The primary loudness model was introduced by 
Fletcher and Munson (1933). Then the Stevens (1956) 
and Zwicker (1956) models were proposed and de-
veloped, leading to the standard ISO 532:1975 (ISO, 
1975). Zhang et al. (2012) used the Zwicker loudness 
combined with noise rating (NR) and room criterion 
(RC) parameters to evaluate the noise in the tourist 
cabin of a China Railways High-speed (CRH) train. 
Park et al. (2015) researched the unsteady sudden 
variation of the interior noise when a Korea Train Ex-
press (KTX) passed another train running in the op-
posite direction or passed through a tunnel, based on 
the Zwicker loudness and wavelet transform. How-
ever, the frequency band of the Stevens or Zwicker 
model was divided based on the 1/3 octave principle, 
which may lead to inaccurate assessment. To over-
come this deficiency, Moore et al. (1997) proposed a 
new loudness model which achieved a certain pro-
gress. First, equivalent rectangular bandwidth (ERB) 
was introduced to divide the audible frequency range 
into 372 nonlinear bands, which was more detailed 
than the original critical bandwidth named Bark. Then 
the cochlea excitation was calculated by analytic 
equations, which could extend to continuous signal 
processing. The Moore loudness model has been 
widely adopted and became the American national 
standard ANSI S3.4-2005 (ANSI, 2005). 

However, the accuracy, efficiency, and application  
 

 
 
 
 
 
 
 
 
 
 
 
 
 

range of the traditional spectrum processing methods 
in the Moore loudness model are varied along with 
different input signals, which may affect the sound 
quality evaluation directly. In this paper, an adaptive 
Moore loudness algorithm (AMLA) is proposed, and 
the evaluation accuracy is validated by simulated 
signals. Then AMLA is applied to distinguish the 
different auditory feelings between the interior noise 
of a CRH train and four kinds of simulated colored 
noises. Finally, the sound qualities inside the CRH 
carriage under steady and transient conditions are 
analyzed by AMLA. The main procedure is shown in 
Fig. 1. 

 
 

2  Development of AMLA 

2.1  Computation procedure of Moore loudness 

According to standard ANSI S3.4-2005, the 
computation procedure of the Moore loudness shown 
in Fig. 1 can be divided into four steps as follows: 

1. The human ear is mainly composed of the 
outer ear, middle ear, and cochlea. When people hear 
a sound, the sound energy is magnified when trans-
mitted from the outer ear to the middle ear, and at-
tenuated from the middle ear to the cochlea. To 
demonstrate the specific acoustical effect of the hu-
man ear, the transfer function is determined by cubic 
spline interpolation. As shown in Fig. 2, the ampli-
fying effect of the outer ear mainly works in bands 
above 1 kHz, and the amplitude fluctuation in a free 
field is much larger than that in a diffuse field. The 
attenuation value of the middle ear is rather large in 
the low frequency band, and varies in fluctuations as 
the frequency exceeds 1 kHz. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 Fig. 1  Sound quality evaluation procedure of the high-speed train interior noise 

CPB means constant percentage bandwidth, and FFT means fast Fourier transformation  
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2. After the transmission through the outer ear 
and middle ear, the sound reaches the cochlea and 
generates the input excitation. Unlike the critical 
bandwidth proposed by Zwicker, Moore adopts ERB 
to describe the nonlinear characteristics of the human 
auditory system (Mao et al., 2013). Accordingly, 
signal center ERB is expressed as  

 
ERBo=24.673×(0.004368fo+1),           (1) 
 

where fo is defined as the signal center frequency. 
The input excitation level of the transmitted 

signal called ERBL is calculated by summing up the 
power spectrum in an ERB. The related equations are 
as follows: 
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where Pa is the effective sound pressure of the signal, 
P0 denotes the reference sound pressure 2×10−5 Pa, 
Wa is the weighting function with ga=|fa−fo|/fo, 
pa=4fa/ERBo, and fa represents the frequency of the 
signal in the corresponding ERBo range.  

3. The output excitation of the cochlea Ec is 
calculated in this step. Moore considers that the 
loudness model should be divided into 372 cochlear 
filters from 1.8 ERB rate (erbr) to 38.9 erbr with an 
interval of 0.1 erbr. With the erbr of each cochlear 
filter (erbrc) known, the corresponding center fre-
quency is defined as the cochlea center frequency fc: 
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Consequently, fc represents the human hearing 
range between 50–15 000 Hz. With fc known, the 
corresponding cochlea bandwidth ERBc can be ob-
tained by Eq. (1). 

The weighting function Wb that determines the 
shape of the cochlea filter is basically the same as that 
in Eq. (3), but with different values for each parameter: 
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where fb is the signal frequency in the corresponding 
ERBc range. ERBLb represents the corresponding 
ERBL calculated in step 2. 

Ec is defined as the sum of the sound energy in 
one ERBc: 
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where E0 is the output excitation value of a 1 kHz 
sinusoid with a SPL of 0 dB, and Pb is the signal 
sound pressure in the corresponding ERBc range. 

4. After acquiring the output excitations of all 
the cochlea filters, the specific loudness N′c with the 
unit of sone/erbr can be calculated as 
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According to the ANSI standard, C=0.046 871. Ethrq is 
the absolute threshold connected to fc. G represents 
the low-level gain of the cochlea amplifier with G= 
Ethrq(500 Hz)/Ethrq(fc), and α is a coefficient related to 
G. As shown in Fig. 3, the three parameters are vari-
able when fc<500 Hz but remain invariant when 
fc≥500 Hz, with Ethrq=2.3067, G=1, and α=0.2.  

Finally, the overall loudness with the unit of sone 
is obtained by summing up the specific loudness from 
all the cochlea filters. 
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where multiplying by 2 means binaural presentation 
and dividing by 10 represents 0.1 erbr intervals. 

 
 
 
 
 
 
 
 
 
 
 
 

 
 

2.2  Disadvantages of the existing algorithms 

As for the frequency-domain signals with the 
amplitude already known, the Moore loudness can be 
calculated directly by the procedure mentioned 
above. However, the sounds in practical engineering 
are complex time-domain signals with various un-
known components. Thus, the crucial factor of the 
computational accuracy is the input spectrum of the 
time-domain signal. 

2.2.1  Constant percentage bandwidth spectrum 

According to the discrete transform algorithm 
given in the ANSI standard, first the 1/3 octave bands 
spectrum of the signal is obtained by temporal filter-
ing. Then the input spectrum is computed based on 
the width of each frequency band, namely nk. When 
the bandwidth is less than 30 Hz, the components are 
spaced at 1 Hz intervals, with the amplitudes set equal 
to the SPL of the corresponding 1/3 octave band 

(SPLk). When the bandwidth exceeds 30 Hz, the 
components are spaced at 10 Hz intervals, with the 
amplitudes set 10 dB higher than the SPL of the cor-
responding band. The acquired spectrum is named the 
constant percentage bandwidth (CPB) spectrum in 
this paper, and the equations are expressed as  
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As shown in Fig. 4a, the CPB spectrum of a test 

signal has similar characteristics to the FFT spectrum 
of the colored noise, which represents the same SPL 
value in the same 1/3 octave band. As a result, the 
amplitude peaks of the original signal are blurred or 
even distorted. The more complex the signal is, the 
greater the calculation error may become. Thus, the 
Moore loudness algorithm based on CPB spectrum 
may be inaccurate while processing practical engi-
neering signals. 

2.2.2  FFT spectrum 

The FFT spectrum of the test signal can express 
the peak amplitude objectively as shown in Fig. 4b. 
However, with fixed frequency resolution, high cal-
culation efficiency and accuracy are hard to achieve at 
the same time according to Heisenberg’s uncertainty 
principle (Ding and Pei, 2013). Generally speaking, 
the higher the frequency resolution of the FFT spec-
trum is, the more accurate the computation of Moore 
loudness can be. However, the subsequent calculation 
efficiency may drop dramatically at the same time. 
Many scholars have studied the Moore loudness al-
gorithm based on the FFT spectrum (Jiao et al., 2012). 
Glasberg and Moore (2002) proposed a more efficient 
algorithm by synthesizing the spectrum through mul-
tiple parallel FFT computations, so that the spectrum 
can obtain higher resolution in the low frequency 
band and lower resolution in the high frequency band. 
However, the FFT spectrum leakage will vary with 
different window widths, which may result in non- 
conservation of the total energy, and eventually this 
restricts the applicability of the algorithm. 

2.3  AMLA based on ERB spectrum 

A time-domain signal can be transformed into 
various spectra in the frequency domain. Since the CPB 
spectrum cannot represent the peak characteristics 
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precisely and the FFT spectrum is restrained by the 
uncertainty principle, a novel spectrum with better 
frequency distribution is needed for the routine pro-
cedure of Moore loudness calculation.  

As stated in Section 2.1, the input ERBL and 
output Ec of the cochlea are both the sum of the sound 
energy in the corresponding ERB range. If the input 
spectrum of the sound is directly transformed into the 
ERB form, the whole procedure of Moore loudness 
calculation can be considerably simplified. In addi-
tion, the nonlinear characteristics of the sound in 
accord with the human auditory system can be re-
tained to the maximum extent. 

To achieve this, first the power spectral density 
(PSD) spectrum of the acoustic signal is processed 
with an interval of 1 Hz. 
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where Sm is the original signal, i is the imaginary 
number, fj is the signal frequency, fs is the sampling 
frequency, and M is the signal length with M=fs×T. 
As the frequency interval Δf equals 1 Hz, the value of 
the time span T is 1 s.  

Then the SPL of each frequency component is 
calculated by summing the energy of the PSD spec-
trum in the corresponding ERB range. 
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where the subscript b is the same with that in Eq. (5).  
Considering the energy conservation of time se-

ries, the frequency value is calculated as 
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We define the obtained spectrum as the ERB 
spectrum. Once the original sound is generated, the 
computation procedure of the ERB spectrum can be 
highly standardized. In other words, the ERB spec-

trum is exclusive and signal adaptive. The novel al-
gorithm based on the ERB spectrum is named the 
adaptive Moore loudness algorithm. 

As shown in Fig. 4c, the ERB spectrum distri-
bution is relatively dense at the amplitude peaks of the 
FFT spectrum and sparse at the valleys. When fs 
equals 65 536 Hz, the number of spectrum lines are 
1867, 4097, and 372 for the case of CPB, FFT (with 
an internal of 8 Hz), and ERB, respectively. As the 
subsequent calculation efficiency is inversely corre-
lated with the number of spectrum lines, it can be 
inferred that AMLA is the most time-saving method 
for complex sound signals with long time spans. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

2.4  Validation of evaluation accuracy 

To verify the precision of Moore loudness results 
acquired by different spectrum algorithms, three 
kinds of simulated noises were studied in this study, 
and the relative errors were calculated with the ref-
erence values given in the ANSI standard. Signal 1 
was a 3 kHz pure tone with an SPL of 80 dB. Signal 2 
was a complex tone containing components at 1, 1.6, 
and 2.4 kHz with an SPL of 60 dB for each compo-
nent. Signal 3 was a broadband pink noise with a 
frequency range from 50 to 15 000 Hz and a spectrum 
level at 1 kHz of 0 dB SPL. All the noise signals were 
simulated with a sampling frequency of 65 536 Hz 
and time span of 1 s. The corresponding curves in 
time and frequency domain are shown in Fig. 5.  

The overall loudness results are shown in Ta-
ble 1. The relative errors of the algorithm based on 
CPB spectrum are 5.27%, 13.18%, and 2.09% for the 
case of the pure tone, complex tone, and pink noise, 

Fig. 4  CPB (a), FFT (b), and ERB (c) spectrum presenta-
tions of the time-domain signal 

0 200 400 600 800 1000
50
60
70

80
90

 

 

S
P

L
 (

d
B

) (b)

0 200 400 600 800 1000
50
60
70
80

90
(a)

 

 

S
P

L 
(d

B
)

0 200 400 600 800 1000
50
60
70
80
90

(c)

 

S
P

L
 (

d
B

)

Frequency (Hz)



Luo et al. / J Zhejiang Univ-Sci A (Appl Phys & Eng)   2017 18(9):690-703 695

respectively. Since the frequency spectra of CPB and 
the colored noise are quite similar, it can be inferred 
that with a high accuracy standard, the CPB  
spectrum-based algorithm is only suitable for colored 
noise, which will result in some limitations in appli-
cation. As for the FFT spectrum based algorithm, the 
relative errors are all below 1.18% with the frequency 
resolution of 1 Hz, which indicates that the calcula-
tion precision is greatly improved. However, the 
calculation efficiency distinctly declines. As shown in 
Fig. 6, signal 4 is an interior noise sample of a 
high-speed train. When the frequency resolution 
drops with larger intervals, the loudness result varies 
from 32.6 sone to 37.6 sone, and the computing time 
decreases exponentially from 28.1 s to 0.8 s. To bal-
ance calculation precision and efficiency, a reasona-
ble frequency resolution needs to be determined for 
each individual signal, which will lead to poor adap-
tiveness of the FFT spectrum-based algorithm.  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

By contrast, AMLA not only has the fastest 
computing speed (with 372 lines), but the relative 
errors are also the lowest (below 0.52%). Further-
more, for a certain time series the ERB spectrum is 
exclusive. The simulation results confirm that AMLA 
has higher precision and efficiency, and can be ap-
plied to various noise signal processing. Thus, AMLA 
is chosen to calculate the loudness of the high-speed 
train interior noise. 
 
 
3  Noise assessment by various acoustic 
parameters 

3.1  On-line experiment 

The on-line experiment was conducted on a 
CRH train to get interior noise signals. In accordance 
with the Chinese national standard GB/T 12816:2006 
(SAC, 2006), seven measuring points were set  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 

Table 1  Overall loudness results of different simulated signals 

Signal Reference 
CPB  

spectrum 
Relative 
error (%) 

FFT  
spectrum 

Relative 
error (%) 

AMLA 
Relative 
error (%) 

Pure tone 27.50 28.95   5.27 27.62 0.44 27.62 0.44 

Complex tone 12.75 14.43 13.18 12.90 1.18 12.77 0.16 

Pink noise   3.83   3.91   2.09   3.86 0.78   3.85 0.52 

Fig. 5  Time and frequency curves of different simulated 
signals 
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Fig. 6  Frequency resolution influence on the precision (a) 
and (b), and efficiency of the loudness calculation of an 
interior noise sample (c) 
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inside the carriage. The spatial locations of different 
measuring points are shown in Fig. 7. The test 
equipment included a B&K 3050A-type front-end 
with 24 channels and several B&K 4190-type  
microphones. The on-line tests were conducted 
twice. In the first experiment, the interior acoustic 
environment was poor because the floor was bare, 
the seats were covered, and the glass doors between 
two carriages were open. The running speeds were 
between 250 km/h and 350 km/h. The interior 
acoustic environment was ameliorated for the sec-
ond experiment. Carpet was laid on the floor, the seat 
covers were removed, and the glass doors remained 
closed. In addition, the test speeds were mostly 
between 350 km/h and 385 km/h. During data ac-
quisition, the train was running on concrete track in 
an open field. 

3.2  Acoustic characteristics discussion 

Noise signals measured during the first and 
second on-line experiments are abbreviated as A se-
ries and B series, respectively. Since the acoustic 
environment at the central carriage is relatively stable 
during the whole experiment process, the measuring 
point P3 is chosen to analyze the spectrum character-
istics of the interior noise. Fig. 8 illustrates the SPL  
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

spectra between 20 Hz and 4 kHz at different running 
speeds. The interior noise signals all share a similar 
attenuation trend as the frequency rises. They are 
mainly composed of middle-low frequency compo-
nents. For the case of the B series signal acquired at 
350 km/h (B350-P3 for short), the amplitude peak at 
40 Hz is about 84 dB, and reduces to about 10 dB at 
4 kHz. As for the A series signal acquired at the same 
running speed (A350-P3), the SPL amplitude above 
600 Hz is evidently larger than that of B350-P3, and 
the spectrum peaks are much more dense.  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 8  Spectrum characteristics of the interior noise at 
different running speeds 
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In comparison with the equal-loudness contour 
(GB/T 4963:2007) (SAC, 2007), the whole SPL 
spectra are basically between the 30 phon and 
40 phon equal-loudness curves, except for that of 
A350 between 1 kHz and 2 kHz, where the spectrum 
peaks nearly reach the 50 phon equal-loudness curve. 
Since the subtle difference in spectrum distribution of 
the interior noise may result in great auditory varia-
tions perceived by passengers, and the SPL spectrum 
can hardly represent the nonlinear characteristics of 
the interior noise, loudness calculated by AMLA 
should be applied to evaluate the interior sound qual-
ity of the high-speed train.  

3.3  Noise distinguishing 

In order to verify the availability of the interior 
sound quality evaluation by AMLA, four colored 
noises, namely white, pink, brown, and dark red noise 
(Zhou et al., 2012) with the same A-weighted SPL 
value of B350-P3 were adopted for our noise distin-
guishing research. By listening to the sound playback, 
the corresponding auditory feelings of the colored 
noises range from “noisy” to “low and deep”. 

The specific loudness was calculated by AMLA, 
and the corresponding curves are shown in Fig. 9, 
while the overall loudness results are listed in Table 2. 
The specific loudness of the interior noise signal 
B350-P3 drops as erbr increases. The highest peak is 
located around 2.8 erbr, whose corresponding fre-
quency band is 64–97 Hz, while the highest peak of 
the objective linear SPL is located around 40 Hz as 
shown in Fig. 8. As for the deviation, on the one hand, 
the sound attenuation of the outer ear in the low fre-
quency band is relatively large as shown in Fig. 2, 
which reduces the peak value at around 40 Hz. On the 
other, owing to the non-linear auditory characteristics 
of human ears, the ERB may overlap in frequencies, 
which means one frequency component may partici-
pate in multiple cochlea excitation calculations at 
different erbr. As a result, the highest subjective peak 
of specific loudness may shift from the objective peak 
of the linear spectrum.  

In general, the specific loudness of the white 
noise and pink noise is mainly concentrated on the 
high erbr levels. As for the brown noise and dark red 
noise, the main specific loudness components gradu-
ally shift from high erbr levels to low erbr levels. 
Among all the colored signals, the specific loudness 

curve of the dark red noise is the most similar to that 
of B350-P3, as well as the overall loudness value 
listed in Table 2. Through sound playback assess-
ment, it has been verified that the auditory feelings of 
B350-P3 and the simulated dark red noise are quite 
close to each other. The results confirm that AMLA 
can effectively substitute for the human ear in evalu-
ating the interior sound quality of the high-speed 
train. 

 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 

4  Interior sound quality evaluation by AMLA 
 
In order to evaluate the sound quality inside the 

carriage comprehensively, loudness variations at dif-
ferent running speeds and spatial locations were an-
alyzed in detail using AMLA. For practical running 
states, time-domain signals should be long enough to 
avoid the influence of random factors, such as track 
irregularity (Ning et al., 2016), the switch between 
straight and curve paths (Matsumoto et al., 2005), and 
passing through tunnels or by bridges (Zhang et al., 
2016). During the on-line experiment, all the steady 
conditions had lasted for 60 s, except for that at 
385 km/h, which only lasted for 28 s. The final spe-
cific loudness curve and overall loudness value were 
linear-averaged through multiple computations. 

Table 2  Overall loudness results with the same A- 
weighted SPL value 

Item SPL (dBA) Loudness (sone)

B350-P3 65.7 21.2 

White noise 65.7 25.4 

Pink noise 65.7 29.2 

Brown noise 65.7 28.8 

Dark red noise 65.7 24.4 
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Fig. 9  Specific loudness curves of different noises
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4.1  Sound quality analysis at different running 
speeds 

As stated in Section 3.2, noise signals at the 
central carriage P3 are chosen to analyze loudness 
variations at different speeds. The time-erbr color 
map of the specific loudness is shown in Fig. 10, with 
the speed information given on the top right corner. 
For the case of signal A250, the outstanding specific 
loudness peaks locate at 12.3 erbr and 14.3 erbr, 
corresponding to 586–679 Hz and 783–898 Hz of the 
signal spectrum, respectively. As the speed rises to 
300 km/h (A300 for short), the main components are 
below 8.7 erbr, which indicates that the interior noise 
below 387 Hz has clearly increased and may be easily 
noticed by passengers. As for the signal A350, the 
specific loudness in high erbr levels shows a signifi-
cant growth, especially the peaks at 19.3 erbr and 
25.9 erbr. Consequently, the middle-high frequency 
components around 1504–1702 Hz and 3301–3704 Hz 
account for a relatively high percentage of the overall 
loudness and may cause a resounding feeling for 
passengers.  

As for the noise signal B350, the carriage space 
is more enclosed since the glass doors at both ends of  
 

 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

the carriage are closed, and the air borne sound 
transfer paths from the adjacent carriages are cut off. 
In addition, with the seat covers removed, the middle- 
high frequency noise is clearly reduced because of the 
high absorption coefficient of the seat materials. The 
similar sound-absorption effect happens with carpet 
laid on the carriage floor. As a result, the specific 
loudness of B350 is mainly composed of low erbr 
components, and this differs greatly from that of 
A350. The result reveals that measures like using 
sound-absorbing materials and enhancing air tight-
ness of the carriage are both effective in sound quality 
improvement. As the train speed reaches 385 km/h 
(B385), the specific loudness in high erbr levels 
changes little, while components under 8.7 erbr pre-
sent an obvious increase. In particular, the amplitude 
peak at 4.9 erbr has exceeded 0.8 sone/erbr. 

The average specific loudness curves at different 
speeds are shown in Fig. 11. All the specific loudness 
components above 27.6 erbr decrease sharply, which 
indicates that the main frequency band of the interior 
noise affecting sound quality assessment is approxi-
mately below 4 kHz. In contrast with A250, the spe-
cific loudness of A300 is greater under 10.1 erbr,  
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

A250 A300 A350 

B350 B385

Fig. 10  Time-erbr color maps of the specific loudness at different running speeds 
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while A350 shows a higher amplitude between 
10.8–27.6 erbr. However, the specific loudness of 
B350 decreases in the middle-high erbr level due to 
the modified acoustic environment, while that of 
B385 increases rapidly under 8.7 erbr.  

The overall results at P3 under different running 
speeds are shown in Fig. 12. The overall loudness 
values of A series are 23.2, 29.4, and 31.6 sone for the 
case of A250, A300, and A350, respectively, and the 
value of B350 is 21 sone, which is 2.2 sone lower in 
comparison with A250. This interesting phenomenon 
reveals that the sound quality of B350 is even better 
than that of A250 by loudness evaluation.  

However, with linear SPL evaluation, the overall 
values of B350 and A300 are quite close. When using 
A-weighted SPL evaluation, the overall value of 
B350 is between A250 and A300. The indication is 
that the evaluation of loudness conforms best to the 
subjective assessment of the researchers. In addition, 
the overall loudness grows slowly between 300 km/h 
and 350 km/h, which indicates that the interior sound 
quality is relatively stable in this speed range.  
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

However, below 300 km/h or above 350 km/h the 
noise variation may be easily perceived. 

4.2  Sound quality analysis at different spatial 
locations 

Noise signals of B350 are chosen to analyze the 
sound quality characteristics at different measuring 
points. Firstly, the wheel-rail contact force around the 
bogie area, where P1 and P2 locate, is excited by the 
random rail roughness. On the one hand, the contact 
force stimulates the vibration of wheels and rails, 
which leads to the major radiated noise distribution at 
both ends of the carriage. On the other, it is trans-
mitted into the secondary suspension force through 
the bogie suspension system, and the vibration of 
carriage body at both ends is excited (Zheng et al., 
2016). As a result, the interior noise at P1 or P2 is 
much louder than that of P3 as shown in Fig. 13. Be-
sides, P2 is close to the pantograph system of the 
adjacent coach, so the specific loudness at 12.0 erbr is 
much higher than that of P1. As for the measuring 
points P4–P7 at the central carriage, the specific 
loudness curves all share the similar tendency to de-
crease as erbr rises. Although the different noise 
sources have various spectrum characteristics, the 
loudness has changed little in erbr distribution after 
the sound attenuation and absorption of the car-body 
and interior materials. 

All the average specific loudness curves at dif-
ferent locations are shown in Fig. 14. It is noticeable 
that the specific loudness of P2 is the highest 
throughout the whole erbr range, and the max am-
plitude can reach up to 0.8 sone/erbr. The overall 
value comparison at different locations is shown in 
Fig. 15. The overall loudness of P2 is 27.9 sone, 
which is 0.9 sone and 6.9 sone higher than that of P1 
and P3, respectively. Among the three locations (P1, 
P2, and P3), the sound quality at P3 is the best. The 
overall loudness ranking of the measuring points 
surrounding the central carriage is P5>P6>P7>P4>P3, 
which agrees with the subjective assessment of the 
researchers, and cannot be properly identified by 
either linear SPL or A-weighted SPL. 

4.3  Sound quality variation under transient  
conditions 

As stated above, the loudness calculated by 
AMLA is an effective way of evaluating the interior  
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Fig. 11  Average specific loudness comparison at different 
running speeds 
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Fig. 13  Time-erbr color maps of the specific loudness at different spatial locations 
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sound quality of the high-speed train under steady 
conditions. But in practice, passengers can easily 
perceive the noise variation when the train accelerates 
or decelerates. Therefore, a long time series under 
transient conditions namely A-P3 is chosen to study 
the sudden sound quality variation of the high-speed 
train.  

During data acquisition, the signal A-P3 lasted 
for approximately 340 s and recorded four processes 
of the train running states, which were 0–40 s as the 
adjustment process, 40–190 s as the rapid acceleration 
process, 190–240 s as the gradual deceleration pro-
cess, and 240–340 s as the gradual acceleration pro-
cess. By listening to the sound playback, researchers 
noticed a sudden noise growth during 80–100 s (T1 
period for short), and a slow noise attenuation during 
200–240 s (T2 period for short). In addition, several 
unusual random noises like impact sounds, such as 
the one around 300 s (T3), were also perceived. In 
order to evaluate the interior noise variation, AMLA 
was adopted together with the linear and A-weighted 
SPLs. Each 1 s time-domain sample was considered 
as a stationary signal, and the overall value was cal-
culated with a time increment of 0.5 s.  

The overall value variation in time-domain is 
shown in Fig. 16. The fluctuation of the linear SPL is 
so intense that the increasing trend during the T1 pe-
riod cannot be recognized, and the corresponding 
peaks representing the random noises also cannot be 
found. As for the A-weighted SPL curve, the overall 
value increase during the T1 period is well computed 
with a narrow fluctuation range throughout the whole 
recording process. However, the trends during the T2 
period and the stabilized overall value after 240 s are 
evidently inconsistent with the actual running states. 
By contrast, the trend of the overall loudness curve is 
well matched with the different running states of the 
high-speed train, and the appearance of loudness 
peaks, such as the one at T3, is also in accord with the 
auditory assessment of the researchers. The result 
confirms that Moore loudness is the most appropriate 
parameter for evaluating the sudden sound quality 
variation inside the carriage. 

To obtain a further understanding of the sudden 
variation of the Moore loudness, the corresponding 
time-erbr color map is shown in Fig. 17. The specific 
loudness components among 12–15 erbr are relatively 
stable. They may be caused by some cooling device of 

the traction system underneath the carriage, which 
would launch and work continuously once the run-
ning speed reaches the critical value. That is why the 
overall loudness increases in an evident manner dur-
ing the T1 period in Fig. 16. As for the specific loud-
ness above 20 erbr, the major components shift 
gradually from 20 erbr to 27 erbr along with the ac-
celeration process, and vary in the opposite way when 
decelerating. In addition, an amplitude reduction 
throughout the whole erbr range appears during the T2 
period and leads to the overall loudness decreasing 
accordingly. Furthermore, as stated in Section 4.1, 
since the major specific loudness components below 
8.7 erbr present an obvious rise after 240 s, it is in-
ferred that the high-speed train is running close to 
385 km/h. As for the random noise at T3, it is a broad- 
erbr-range component, which may be caused by the 
instantaneous impact between the wheel and rail be-
cause of the track irregularity. 

 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 17  Time-erbr color map of the specific loudness un-
der transient conditions 

Fig. 16  Overall value variation as a function of time under 
transient conditions 
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To sum up, AMLA is also appropriate for the 
sound quality evaluation under transient running 
conditions. With the distribution color map of the 
specific loudness, an unusual noise precaution and 
low noise improvement can be focused on the fre-
quency band corresponding to the certain erbr. 
 
 
5  Conclusions 

 
This paper proposes a signal-adaptive Moore 

loudness algorithm namely AMLA, and applies it to 
evaluate the interior sound quality of a CRH train. 
The innovative points and conclusions are summa-
rized as follows: 

1. The core idea of AMLA is the signal-adaptive 
ERB spectrum, which retains the nonlinear auditory 
characteristics of human ears. Compared with the 
existing algorithms based on CPB or FFT spectrum, 
AMLA can obtain higher accuracy and efficiency. 

2. The interior noise of the high-speed train is 
mainly composed of middle-low frequency compo-
nents, which has similar auditory feeling with the 
dark red noise. AMLA can effectively distinguish the 
interior noise from the colored noises with the same 
A-weighted SPL value. 

3. The interior sound quality under different 
steady conditions is analyzed in depth comprehen-
sively by AMLA, for the first time in the area of 
high-speed train research. Results show that the main 
loudness component of the interior noise is below 
27.6 erbr, and the sound quality is relatively stable 
when the train runs at 300–350 km/h. 

4. The specific loudness components among 
12–15 erbr remain invariable throughout the acceler-
ation or deceleration process, while components 
among 20–27 erbr are speed-related. The overall 
loudness curve and specific loudness color map can 
effectively identify the unusual random noises under 
transient conditions. This should be helpful for the 
next generation high-speed train design to provide 
low noise and high comfort. 
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中文概要 
 

题 目：基于自适应 Moore 响度算法研究高速列车车内声

品质 

目 的：高速列车的车内噪声以中低频为主，传统的线性

和 A 计权声压级都无法客观描述人耳的听觉感

受。本文旨在探索 Moore 响度应用于车内声品质

分析的可行性。 

创新点：1. 提出了一种自适应 Moore 响度算法（AMLA），

该算法可有效提升计算的精度和效率；2. 采用

AMLA 分析了高速列车车内噪声在不同工况下

的声品质特征。 

方 法：1. 基于信号的等矩形带宽（ERB）谱，提出 AMLA

方法的理论；2. 参照 ANSI 标准中的仿真信号，

评价 AMLA 的计算精度和效率；3. 采用 AMLA

辨别有色噪声信号与车内噪声样本，验证声品质

分析的有效性；4. 结合在线搭载试验，运用

AMLA 分析稳态工况（不同行车速度和空间位置

等）和瞬态工况（加速和减速等）下的车内声品

质特征。 

结 论：1. 相比传统方法，AMLA 方法的计算精度和效率

相对较高，且适用范围更广；2. 高速列车的车内

噪声与深红噪声信号具有相似的特征响度分布；

3. 稳态工况下，车内噪声的响度成分集中在

27.6 erbr 以内，在 300~350 km/h 的速度区间内车

内声品质较稳定，空间分布特征为“端部大、中

间小”；4. 瞬态工况下，车内噪声在 20~27 erbr

内的响度成分与列车速度密切相关，而在 12~ 

15 erbr 内的成分相对稳定。 

关键词：高速列车；声品质评价；等矩形带宽谱；自适应

Moore 响度算法；车内异响 

 
 
 


