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Summary

This work is part of a French-German PREDIT/DEUFRAKO project conducted between 2006 and 2009, entitled
“Transport noise, influences of the temporal structure on annoyance, cognitive performances and sleep.” The
present study focuses on the sound quality of six high-speed train pass-bys recorded at several distances from
the track. A traditional psychophysical approach was used to carry out perceptual experiments, which involved
twenty participants in listening tests, based on a paired comparison method. For each pair, dissimilarity was
assessed on an eleven-point scale, combined to a preference judgment and a written explanation. Data were ana-
lyzed using an INDividual multidimensional SCALing (INDSCAL) for perceptual characterization, a statistical
analysis for preferences and a linguistic analysis for explanations. Fluctuation strength and roughness appeared
to be related to the first discriminating axis, whereas the second one appeared to be linked to the pass-by duration,
the spectrum and the perceived level. Besides, when analyzing the preference scale, the spectrum and duration
properties did not appear to be relevant. This is presumably due to changes in strategy (intra and inter subjects),
concerning the temporal envelope and the spectrum, leading to a cancellation of their influence on the preference

scale.

PACS no. 43.50.Lj

1. Introduction

When talking about quality of life, noise (and more specif-
ically transport noise) appears as a huge concern of Euro-
pean households [1]. Among all noise sources, railway is
considered as less annoying than aircraft and road traffic
(see for example [2, 3, 4]), with a limited impact on air
pollution. Therefore, as part of the efforts towards sustain-
able development, politicians propose to develop this type
of transport for passengers as well as for goods, in an at-
tempt to also control noise annoyance. Railway traffic is
consequently bound to increase in the next years as well as
the number of people affected. Among the different types
of trains, high-speed trains (French TGV) have to be stud-
ied because (1) in the near future their number is supposed
to increase more than the others, (2) new TGV tracks will
be created to expand the covered network and, (3) high-
speed trains seem to be more annoying than conventional
trains [5].

A lot of works have been dedicated to the reduction
of train-related noise, such as aerodynamic noise (e.g.:
[6, 7, 8]), track-wheel interaction noise (e.g.: [9, 10, 11]),
rolling noise (e.g.: [12, 8]), mechanical noise sources (e.g.:
[13]), and all these technical improvements are systemat-
ically evaluated at an international standard [14] location
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(7.5m from the railway track). However, a recent study
has shown that for a given noise level, the distance from
the track and the rise speed of the temporal evolution of
the sound level had a significant impact on sound percep-
tion [15]. For all these reasons, SNCF (Société Nationale
des Chemins de fer Francais / the French National Railway
Company) and DB (Deutsche Bahn / the German National
Railway Company) decided to have a look at sound fea-
tures, focusing on the temporal effects (more than on spec-
tral ones) of distance, in a large PREDIT/DEUFRAKO
project entitled “Transport noise, influences of the tempo-
ral structure on annoyance, cognitive performances and
sleep.” The results presented in this study are part of this
project and deal with single high-speed train pass-bys with
an approach based on sound quality. Blauert and Jekosch
[16, 17] define sound quality as “the result of an assess-
ment of the perceived auditory nature of a sound with
respect to its desired nature.” [17] The perceived nature
depends on the perceived quality features of the sounds.
These features are the recognizable characteristics that can
be observed or detected and denominated by listeners. The
desired nature of a sound corresponds to the “totality of
features as projected by individual expectations.” [17] This
sound-quality approach has already been used for road
traffic and railway studies e.g.: [18, 19, 20, 21], as well as
for aircraft flyovers [22]. In Barbot et al.’s paper [22] the
authors developed a protocol where the perceived nature
of aircraft sounds was studied through a dissimilarity test
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Figure 1. Spectrogram (left) and temporal shape (right) of pass-bys recorded at 7.50 m (top), S0 m (center) and 100 m (bottom) from
the track after equalization in relation to the Lcq3ss level. The background level differences are linked to the Lcq 385 equalization.
Spectrogram and temporal shapes were generated with LEA® software (Genesis S.A.).

and the desired nature was studied through a preference
test. The features of the sounds were then denominated
with the help of verbal descriptions. A similar method has
been used in the present study.

The aim of this research is to provide answers to the fol-
lowing questions: (1) what is the impact of distance on the
sound quality of high-speed train pass-bys? (2) What is the
impact of distance on preference judgments? Therefore,
sounds of passing trains were recorded at three different
distances from the track (7.5 m, 50 m and 100 m). In order
to compare the impact of distance variations to a global
sound level variation, it was decided to artificially decor-
relate the global level and the other acoustic features of
the sounds. The three distance recordings were therefore
equalized in perceived loudness, and — in order to conceal
the purpose of the study — an additional level variation of
2 dB was introduced in the subjective tests. The tests were
carried out using a traditional psychophysical approach,
similarly to Barbot ef al.’s protocol [22]. Participants were
involved in listening tests, based on a paired comparison
method. They were asked for dissimilarities and prefer-
ence judgments and had to justify their preference choices.
The factors extracted from the data analysis were percep-
tually and objectively characterized using the verbaliza-
tions and acoustic indicators (fluctuation strength, rough-
ness, duration of the pass-by, rise speed, sound level and
spectrum indicators). The role of each factor in the prefer-
ence scale is discussed.
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2. Operating method

2.1. Stimuli

2.1.1. Recordings

A campaign has been conducted to record French passen-
ger high-speed trains (TGV), with the help of the project
partner SNCEF. This was first initiated between September
and October 2006 and completed in June 2007 in Chagny
(France). Recording level calibration was made with a
B&K4188 microphone, while ambisonic B-format record-
ings (at a 44.1 kHz sampling frequency) were simultane-
ously made with a Soundfield ST250 microphone. A bin-
aural conversion was then performed for the needs of the
experiment [23, 24]. Stimuli were successively recorded
at 7.5 m (control distance for regulations [14]), 50 m and
100 m from the track at a height of 1.60 m. Recordings
were done perpendicularly to the track. During the record-
ing sessions, the weather conditions were kept as similar as
possible (temperature was between 15 °C and 20 °C with
no wind). For each measurement distance one signal was
selected. Figure 1 shows the spectrograms and the tempo-
ral shape of the selected signals after equalization in re-
lation to the Laeq 3ss level. The high-frequency noise (be-
tween 15kHz and 20 kHz) that can be observed on spec-
trograms is due to the presence of insects. The pulsed noise
that can be observed around 5 kHz is due to the presence
of birds. These natural elements remain discreet during
the whole playback and are completely masked during the
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train pass-bys. They have no impact on the acoustic mea-
surements.

The recording distance of 100 m was selected because
of the specifically hilly topography of the recording en-
vironment. In a flat landscape, the (dis)appearance of the
train is less abrupt than in a hilly environment. The influ-
ence of the landscape’s topography on the time evolution
of the sound pressure level was also described by Lee et al.
[25] In the present work, the 100 m recording was made
in a hilly landscape. Thus, a hill was partially physically
shielding the arrival of the train and the temporal shape
shows a two-stage slope, as it can be clearly observed in
the bottom right panel of Figure 1 (see also right panel
of Figure 6). The shielding effect was then only perceived
from a long distance from the tracks. This recording was
purposely selected to enable the study of the influence of
the temporal rise speed on sound quality assessment.

Each stimulus lasted around 38 seconds and contained
only one single temporally centered pass-by. The French
Railway Company (SNCF) provided valuable information
concerning the pass-bys to ensure that every recorded train
was similar and comparable in speed and size (2 power-
heads +10 cars; 160 kph).

2.1.2. Stimulus levels

In order to decorrelate the global sound level from the
other acoustic features, the three stimuli were first equal-
ized to equal perceived loudness. Previous studies (e.g.:
[26, 27, 22]) have led to various results when looking
for the best way to equalize time-varying signals (Ns,
Nmean + N5, Lamax.1s)- More complex loudness models for
time-varying sounds have also been developed (Chalupper
and Fastl [28], Glasberg and Moore [29]), but as shown
by Rennies et al. [30] no model seems to be able to pro-
vide accurate predictions of the overall perceived loud-
ness for non- stationary complex sounds. Moreover, due
to time and budget limitations (this study being part of a
larger PREDIT/DEUFRAKO project), it was not possible
to do an individual adaptive loudness matching for each
subject. Therefore even if this was not the best way to
equalize, the perceived loudness of the sounds was equal-
ized on the basis of listening tests with four “expert” re-
searchers of the laboratory. Six different types of equal-
ization (Lacq38s> LaMax,100ms> LAs» LN, LNMax.100ms and
Lys) were evaluated through listening tests. The Laeq,
Lanand Lamax, 100ms levels respectively correspond to the
mean equivalent level, to the level exceeded n% of the
time and to the maximum level in dB(A). The Ly, Lns
and Lnmax, 100ms levels respectively correspond to the equal
loudness level, to the percentile loudness level exceeded
5% of the time and to the maximum loudness level in
phons. Finally, all the experts selected the equalization in
relation to the sound equivalent level Laeq3ss. This choice
is homogeneous with European dB(A) standards and is in
line with Fastl’s and Ugolotti’s results [31]. It is worth not-
ing that the equalization level leads to considerable dif-
ferences in background level (Lago), up to 10dB(A) (see
Table I).
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In order to be able to compare the influence of the level
with other perceptual effects, three new stimuli were cre-
ated, including a level variation. A 2dB step was chosen
to ensure that the level change was audible and that it did
not affect the temporal and spectral variations. Moreover,
and as it has already been shown, the sound level is widely
linked to judgments [5, 15]; it was therefore decided to
consider only two different sound levels in order to reduce
the number of stimuli in the final corpus. The final corpus
thus included 6 sounds (3 distances * 2 levels).

2.1.3. Acoustic and psychoacoustic properties of the
stimuli

The values of the various indicators were calculated to
subsequently correlate them to subjects’ responses. These
values correspond to the average of the calculations ob-
tained from left and right channels [32].

Numerous levels indicators were included in the analy-
SiS: LAeq’ LAS: LAMax,lOOmS9 LNv LNS and LNMax,lOOms- The
loudness level calculation is based on the loudness value
calculation on the basis of the ISO532B standard [33, 34].

SCGmax and SCGygean are the maximum and mean
Spectral Centers of Gravity [26]. The fluctuation strength
corresponds to the sound modulations below 20 Hz, while
roughness is related to 20 Hz—300 Hz sound modulations.
Sharpness is related to the timbre and to the spectral enve-
lope shape, to the frequency distribution of the energy, as
well as to loudness. Definitions for fluctuation strength,
roughness and sharpness can be found in Zwicker and
Fastl [26].

Two indicators were also included in order to tempo-
rally characterize train pass-bys: (1) the pass-by dura-
tion Ty AMax, 100ms—10, Which corresponds to the time dur-
ing which the level of the signal is 10 dB below the maxi-
mum level Lawmax 100ms- The level range was chosen since,
in the aircraft industry, an event corresponds to the time
during which the level ranges from the maximum level mi-
nus 10dB [35]; (2) the rise speed of the arrival Vgjse (in
dB(A)/s) of the train (also used by De Coensel [15] and
Barbot ef al. [22] to respectively describe train and aircraft
pass-bys). Vrise Was calculated between the L amax.100ms
maximum level of the signal and the Lamax, 100ms Minus
10 dB threshold for the considered section (corresponding
to the approach of the train) [22].

Values were calculated with the help of LEA® software
(Genesis S.A.) except Vgise and Tiamax, 100ms—10 Which
were calculated using an own programme developed with
MATLAB.

2.2. Participants

Twenty subjects (7 females, 13 males) were involved in
the experiments. The mean age was 20 years old (mini-
mum age: 18; maximum age: 23). All the subjects were
students, naive listeners who were paid for their services.
None of them reported hearing difficulties.
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Table 1. Acoustic and psychoacoustic properties of the six stimuli. * denotes an increase of 2 dB.

Recording 7.5m 50m 100 m 7.5 m* 50 m* 100 m*
Fluctuation strength (complete stimulus) [vacils] 2.3 0 0.3 2.4 0.1 0.4
Fluctuation strength (central part only 17 s-22 s) [vacils] 1.9 0.1 0.6 1.9 0.1 0.7
Roughness (complete stimulus) [aspers] 34 1 1.1 34 1 1.1
Roughness (central part only 17 s-22 s) [aspers] 1.1 0.5 0.5 1.1 0.5 0.5
Rising slope of the approach AL [dB(A)/s] 15 3.7 2.9 15 3.7 29
Passby duration 71 Amax.100ms—10 [S] 7 6.5 8.1 7 6.5 8.1
Lacq3ss [dB(A)] 60 59.8 58.9 62 61.8 60.9
Lys [dB(A)] 67.3 68.3 67 69.7 70.3 69
Lamax.100ms [AB(A)] 79.8 75.9 76 81.8 77.9 78
Ly [phons] 78.2 76.9 75.7 80 78.9 71.7
Lys [phons] 82.7 81.9 79.7 83.1 82.9 81.5
LNMax.100ms [phons] 87 83 82 88.7 84.7 84
Background noise level (Lagp) [dB(A)] 25.9 34.2 36.2 27.9 36.2 38.2
SCGpjean (complete stimulus) [Hz] 419 325 163 419 325 163
SCGpjean (central part only 17 s—22s) [Hz] 937 967 673 937 967 673
SCGmax (complete stimulus) [Hz] 1274 1096 794 1274 1096 794
SCGax (central part only 17 s-22s) [Hz] 1196 1088 776 1196 1088 776
Sharpness (complete stimulus) [acum] 1.5 1.5 14 1.5 1.5 1.4
Sharpness (central part only 17 s—22s) [acum] 1.4 1.5 1.4 14 14 1.4

2.3. Setup

The listening tests took place in a semi-anechoic room.
Signals were presented in a binaural format through AKG
K 501© high fidelity headphones at a Laeq3ss = 59.5 &
0.6dB(A) or Lcq3ss = 61.5+0.6dB(A) level via a MAT-
LAB interface, running on a DELL LATITUDE D820
laptop with a M-Audio QUATTRO soundcard. The head-
phones calibration was made using the in-situ calibration
level recordings and an artificial head Neumann KU 100.
Pre-listening sessions suggested that no additional filtering
was required to equalize the headphone transfer function.

2.4. Test procedure

The experiment was based on the traditional method of
paired comparisons. This method has already been used in
several previous studies on transportation noise: car sound
quality [36, 37], road traffic [18] and aircraft sounds [22].
This experiment included 15 pairs of sounds (the compar-
ison of a stimulus with itself was excluded), and lasted be-
tween 45 and 60 minutes. A graphical user interface was
developed using MATLAB for both listening and answer-
ing purposes (see Figure 2). Once the test started, the sub-
ject was autonomous. Nevertheless, the experimenter was
available during the whole test if any help was needed.
Pairs could be listened to as many times as desired. Each
pair of stimuli was randomly presented to avoid any order
effect. For each pair the subject successively (1) estimated
the dissimilarity between the two stimuli on a O to 10 cat-
egorical scale (verbally fixed at the end from ‘identical’
to ‘totally different’), (2) indicated his or her preference
on a ‘forced’ scale (subjects had to indicate one preferred
stimulus) and finally (3) verbally justified his or her pref-
erence choice. The verbal justification was not guided by
the experimenter but left as open as possible (using a sim-
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Lecture Son 1 Lecture Son 2

Figure 2. Graphical user interface conducted by the participants
during the test. The English translation of the terms used in the
interface are (from top to bottom): Name; Play sound 1; Play
sound 2; Dissimilarity score (O=Identical; 10= Totally different);
Which sound do you prefer ?; Sound 1 — Sound 2; Why?

ple “‘Why?” question). Subjects justified their preference
choices with the help of a positive or negative apprecia-
tion, or, in some cases, judged both signals to be equally
annoying or preferred. It was expressly mentioned before
the experiment that the verbal justification was related to
the preference choice. It can nevertheless be considered
that the features used to justify the preference choices were
also involved in the dissimilarity assessment.
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Considering that the dissimilarity assessment can be dif-
ficult for untrained people, the subject was first familiar-
ized with the ratings using two very dissimilar signals.
These signals were extracted from the corpus of sounds
to help subjects build their own scale. The selected stim-
uli were recordings at 7.5 m+2dB and at 100m and
were always the same for each subject. Perceptual pretests
showed that these recordings were the most dissimilar.

Prior to the test, instructions detailing the procedure (in
French language) were given to subjects for them to know
what was expected of them. Below is the English transla-
tion:

During this test, you will be asked to compare audio
recordings of train pass-bys on the basis of paired com-
parisons. For each pair of sounds, you will have to indi-
cate from your point of view:

1. how similar or different the signals are on a 0 to 10
scale. 0 corresponding to identical sounds, 10 corre-
sponding to totally different sounds;

2. which sound you prefer;

3. ajustification of your preference choice in the dedicated
input box.

At the beginning of the test, two very dissimilar sounds will
be presented. It will enable you to have in mind the dissim-
ilarity that could exist between two very different sounds.

2.5. Evaluations

2.5.1. Dissimilarity data

An INDSCAL multidimensional analysis [38] was con-
ducted. The goal of this method is the construction of a
perceptual Euclidean space in which all stimuli are dis-
tributed. It is based on an iterative process: objects are
placed in a multidimensional space which is adjusted with
the dissimilarity data. The distance between two points
then represents the degree of similarity between these two
points. The multifactor method INDSCAL was chosen be-
cause axes of the perceptual space are fixed. This fea-
ture makes interpretation easier. The difficulty with this
method, compared to more conventional methods such as
MDS (Multi-Dimensional Scaling), is that the coordinates
of the objects are normalized. Another specificity of this
method is that axes are not necessarily orthogonal.

The dfk distance between the j and k stimuli for the i
subject is calculated with the help of the w;, weighting of
the i subject on the ¢ dimension and of the x;; component
(respectively x ;) of the k stimulus (respectively j) on the
t dimension, r being the number of dimensions:

d{k = Zwit(xjt_xkl)2~ €Y)
t=1

The INDSCAL analysis provides a spatial representation
of factors that drive the perception, the weight of the sub-
jects on these factors and the related explained variance.
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2.5.2. Preferences

Preference scale: The Thurstone-Mosteller method [39]
was used to classify sounds and to establish the subjects’
preference scale. This method assumes that there is a con-
tinuous subjective scale representing the measured sensa-
tion. The use of this type of scale implies a transitive rela-
tionship between the stimuli.

Consistency: For each subject, the “consistency” of the
answers was estimated [40]. Consistency implies a transi-
tive relationship between sounds (if A is preferred to B and
B to C, then A is preferred to C). A circular error appears
when this relationship is not confirmed. The ¢ number of
circular errors made by each subject can be calculated as
[41]:

12 2 @

_ Ns(Ns—D@Ns—1) 1 %Si.
k=1
Ny is the number of stimuli and .S is the number of votes
attributed by the subject for the k sound (i.e. the number
of times the subject has preferred the k£ sound). The con-
sistency coefficient is then [40]

c
=1-—_. 3
¢ D (3)
D = (N3 — Ns)/24if Nsisodd, D = (N3 —4Ny)/24
if Ng is even. Thus, the lower the number of circular er-
rors (i.e. the more ¢ is close to 1), the greater the subject’s
consistency.

Concordance: Kendall’s W concordance coefficient [42,
43] enables to estimate the agreement between subjects,

123 B2 3N 1)
W = - j=1"7J ( ;9 ). 4)
nsNg(Ns—1) N5 -1

ny is the number of subjects and R; is the sum of the ranks
assigned to the j stimuli [44]. The greater the W value, the
greater the concordance. The calculation of Spearman’s r
coefficient on the basis of W makes its interpretation eas-
ier. Its calculation is based on the rankings of all possible
pairs of subjects [45],

_ nW —1 . )

rs
ng— 1

The number of Ng stimuli is taken into account during
the analysis of r;, with the help of Spearman’s table [42].
This table links critical values of r to a given P-value as a
function of Ng.

2.5.3. Verbalizations

Subjects were asked to verbally justify their preference
choice through the open-ended question: “Why?” (see part
II.D). The user interface of the experiment provided a ded-
icated input box for the answers in a free text form (see
Figure 2). The linguistic analysis was specifically focused
on the analysis of the descriptive adjectives [46]. This en-
abled to determine which properties of the sounds were
perceived by the subjects and influenced their choices.
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Table II. Pearson’s correlations between INDSCAL axes and acoustic and psychoacoustic properties of the stimuli. The value is fol-
lowed by ** if the probability testing the statistical significance is below 0.01 and * if it is below 0.05.

I3 1 0,875 0,75 0,625 0,5 0,375 0,25 0,125 0
c 0 1 2 3 4 5 6 7 8
p 0,02 0,05 0,12 0,21 0,40 0,51 0,77 0,92 1
Number of subjects 7 1 1 4 2 0 5 0 0
3. Results
1
3.1. Dissimilarities ~ 100”‘1:'
The analysis of perceptual space and of stimuli properties § 100m+2dB
makes it possible to determine which features had an influ- 3
ence on subjects’ ratings. Kruskal and Wish [47] provided 2 §-1 om 1
an empirical law stating that for a 6 stimuli corpus, the gg Trome2dh D76
analysis should not exceed two dimensions. Consequently, 8 ' somhads
in accordance with their guideline, the analysis was lim- =
ited to two dimensions. Figure 3 shows the distribution -
of the stimuli in the INDSCAL dissimilarity space. The Dimension X
sum of explained variances shows that considering two- (62% of explained variance)

dimensions leads to an 11% improvement of the explained
variance (62% for the X-axis and 14% for the Y-axis) com-
pared to a one dimension analysis (65% for the single X-
axis).

The dissociation between the 7.5 m and the 50 m pass-
bys is parallel to the X-axis (which explains 62% of the
variance) and the dissociation between the 50 m and the
100 m pass-bys is parallel to the Y-axis (which explains
14% of the variance): the perception of the distance varia-
tion needs two dimensions to be explained. Considering
the properties of each stimulus (see Table I), the 7.5m
pass-bys can be distinguished from the 50 m ones through
many aspects: fluctuation strength, roughness, rise speed
VRise» maximum level or spectral parameters. Pearson’s
correlations between INDSCAL axes and acoustic and
psychoacoustic properties of the stimuli are presented in
Table II.

Considering the complete stimulus or only the central
part of the pass-by had usually no impact on the signifi-
cance of correlations between INDSCAL axis and quan-
tities. The only exception was sharpness. But considering
that sharpness only varied between 1.4 and 1.5 acum (for
the complete sound or only its central part — see Table I),
this feature can be considered as constant for all 6 stim-
uli and correlations related to this feature should be ig-
nored. Thus, in the following, only correlations related to
the whole stimuli will be quoted.

The X-axis seems to be linked to the fluctuation strength
(r = =0.99; p < 0.001), the maximum loudness level
LNMax,100ms (r = —0.86; p = 0.03) and the roughness
(r = —0.99; p = 0.003). Moreover temporal indicators
such as the rise speed Vrise (r = —0.97; p = 0.002) ap-
pears to be also significantly correlated to the X-axis dis-
tribution. Nevertheless, having a look at Figure 4 (which
shows the distribution of fluctuation strength and rough-
ness values for every sound stimulus along the X-axis)
shows that the stimuli are not regularly distributed along
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Figure 3. Distribution of the stimuli in the INDSCAL dissimilar-
ity space. The percentage of explained variance for each axis is
indicated between brackets.

B Fluctuation strength @ Roughness
Fluctuation strength e} Roughness
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INDSCAL X-axis distribution

Figure 4. Distribution of fluctuation strength and roughness val-
ues for every sound stimulus along the X-axis.

the regression: two groups can be identified. This implies
that with this limited number of stimuli (which is due to
the limitation of the test duration), it is not possible to con-
clude that the X-axis corresponds to a continuous percep-
tual dimension.

The discrimination between the 50 m and 100 m signals
was connected to the Y-axis (see Figure 3) (14% of the ex-
plained variance). Table II shows the correlations between
this axis and spectral aspects such as the maximum spec-
tral center of gravity SCGyx (r = —0.89; p = 0.019),
the mean one SCGypjean (r = —0.89; p = 0.019) as well
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Table III. Relationship between consistency coefficients &, asso-
ciated number of circular errors ¢, limit value p for Ny = 6 and
number of subjects.

0.05
0.89

0.02 0.01 0.05
0.94 1 1

p 05 02 0.1
037 066 0.83

Fs critical

Table IV. Critical values of r; with a p probability to be exceeded
in absolute terms (for Ny = 6) [40].

Positive Negative
Temporal structure
Duration
short (court) 26  lengthy (long) 8
fast (rapide) 10 slow (lent) 1
brief (bref) 2
Fluctuations
continuous (continu) 8  staccato (saccadé) 13
regular (régulier) 7  irregular (irrégulier) 3
fluid (fluide) 3 disordered (brouillon) 2
unchanging (constant) 2 changing (variable) 1
monotous (monotone) 1
linear (linéaire) 1
reccuring (périodique) 1
repetitive (répétitif) 1
Suddenness
progressive (progressif) 2 abrupt (brusque) 1
sudden (soudain) 1
brutal (brutal) 1
62 33
95 occurrences
Intensity
soft (doux) 11 loud (fort) 25
subtle (discret) 9  noisy (bruyant) 6
piercing (strident) 4
quiet (calme) 5  intense (intense) 2
high (élevé) 2
light (1éger) 2 sonorous (sonore) 1
27 40
67 occurrences
Spectrum
low-pitched (grave) 10 high-pitched (aigu) 8
harmonious (harmonieux) 2
strident (strident) 4
muffled (sourd) 2
metallic (métallique) 1
12 15
27 occurrences
Spatiality
far away (loin) 5  close (proche) 2
away (lointain) 4
distant (éloigné) 3
12 2
14 occurrences

as the duration Ty amax.100ms—10 (# = 0.85; p = 0.03) and
the percentile loudness level Lys (r=-0.94; p=0.005). But
all these quantities are linked: the spectrum and temporal
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Figure 5. Thurstone preference scale for all subjects (left) and
more consistently judging subjects (right).

shape are inextricably changing with the measuring dis-
tance. Thus the Y-axis was linked to both temporal and
spectral aspects. Moreover Figure 3 shows that the short
segments (100 m; 100m +2dB) and (50 m; 50m +2 dB)
are parallel to the Y-axis, showing that this axis is also
linked to the loudness variation.

3.2. Preferences

Consistency: Subjects’ consistency and the number of cir-
cular errors have been calculated as described in paragraph
2.5.2 (see Table III). Depending on the number of c er-
rors (and therefore on &) and on the number of N stimuli,
Kendall and Babington Smith [40] propose limit values to
assess the coherence of subjects’ answers. For example,
for Ny = 6, Table III shows the relationship between the
number of circular errors and the corresponding probabil-
ity.

Table IIT shows that only 8 subjects made O or 1 circu-
lar error (which corresponds to p < 0.05). This low con-
sistency may result from changes in the evaluation policy
during the test (the subject focuses successively on various
properties of the sound) or from a randomness of the an-
swers (e.g., the stimuli were similar or the test was tiring).

Concordance: Kendall’s concordance coefficient [40] en-
ables to estimate the degree of agreement between sub-
jects. The values of R; and r; have been calculated (see
paragraph 2.5.2). Referring to Spearman’s table for Ny =
6 [40], Table IV shows the relationship between probabil-
ity and r; critical values.

In our case, r; was 0.47 for the whole corpus and 0.64
when excluding the 5 most inconsistent subjects: in the
best case, there is slightly more than a 20% risk of being
wrong when saying that subjects are concordant. There-
fore the subjects did not choose similar evaluation policies
and there was no consensus.

Preference scale: Figure 5 presents the results of the
preference task (see paragraph II.LE.2) of the whole cor-
pus (left) and the more consistently judging subjects
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Table V. Pearson correlations between preference scores and the perceptual dimensions from the INDSCAL analysis (X-, Y-axis) as
well as acoustic and psychoacoustic stimuli properties. The value is followed by ** if the probability testing the statistical significance

is below 0.01 and * if it is below 0.05.

X Y
Fluctuation strength (complete stimulus) -0,99%* -0,45
Fluctuation strength (central part only 17s-22s) -0,99%#* -0,29
Roughness (complete stimulus) -0,99%* -0,51
Roughness (central part only 17s-22s) -0,98%* -0,53
Rising slope of the approach AL -0,97%%* -0,58
Passby duration T} amax. 100ms—10 0,02 0,85%
L pcq 385 -0,21 -0,64
Las 0,14 -0,52
LAmax,IUOms '0586* '0a58
Ly -0,53 -0,79
Lys -0,43 -0,94%*
LNmaX,IUOms -0,86* -0,7
Background noise level (LA90) 0,91* 0,59
SCGpean (complete stimulus) -0,65 -0,89*
SCGpean (central part only 17s-22s) -0,24 -0,91*
SCGmax (complete stimulus) -0,65 -0,89*
SCGax (central part only 17s-22s) -0,55 -0,91%*
Sharpness (complete stimulus) -0,36 -0,92%*
Sharpness (central part only 17s-22s) 0,39 0,02

Table VI. Classification of descriptive adjectives related to the temporal structure, spectrum, intensity and spatiality. Positive and
negative categories have been included in the table depending on how the adjectives were used by the subjects when stating their
preference choice. Adjectives are inscribed in English and in their original language (French). The number of occurrences for each

word is indicated.

Temporal structure 17

Fluctuations 11 Duration 6 Intensity 11 Spectrum 3
staccato 4 short 3 loud 4 low-pitched 2
irregular 2 fast 2 subtle 3 strident 1
regular 1 lengthy 1 quiet 2

disordered 1 noisy 1

unchanging 1 soft 1

fluid 1

reccuring 1

(right). Scale values calculated with the Thurstone-Mos-
teller method [39] are also shown. As suggested by the
dissimilarity spaces, 7.5 m signals are discriminated from
50m and 100 m signals and designated as being the least
preferred.

As shown in Table V, preferences are correlated to fluc-
tuation strength, as well as roughness and the rise speed
Vrise for temporal aspects. Preferences are also correlated
to the INDSCAL X-axis which is best related to the fluctu-
ation strength (see paragraph III.A). Two groups appear to
be related to the fluctuation strength values, discriminat-
ing 7.5 m signals from 50 m and 100 m ones. As far as the
intensity aspects are concerned, preferences are best cor-
related to the maximum levels (L amax, 100ms> LNMax,100ms)-
Preferences are not correlated to the spectral indicators.

3.3. Linguistic analysis

Table VI summarizes the descriptive adjectives used to jus-
tify preference choices. English translations of the adjec-

Document downloaded by @DAEL, 2026-11-05 01:49:48 - personal use only

tives are also shown. Considering the fact that the partic-
ipants’ mother tongue is French, the original French ad-
jectives are given in brackets. The reported number of oc-
currences corresponds to the absolute number of times an
adjective was mentioned by all the subjects (i.e., the same
adjective can be used several times by the same subject
to describe several pairs of stimuli). Positive and negative
categories were included in the table depending on how the
adjectives were used by subjects when stating their prefer-
ence choice: if the adjective was used to justify the selec-
tion of one stimulus, it was assigned to the positive cate-
gory, otherwise it was assigned to the negative category.

Answers were most related to temporal structure (95
occurrences), followed by adjectives related to the inten-
sity (67 occurrences). The timbre-related adjectives were
represented by 27 occurrences. A “spatiality” category
was also included: the adjectives “away”/“lointain”, “dis-
tant”/““éloigné” and the adverb “far away”/“loin” respec-
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Table VII. Classification of descriptive adjectives used while comparing the 7.5 m and 50 m stimuli or comparing stimuli 7.5 m+2 dB
and 50 m+2 dB. These two pairs are only parallel to the INDSCAL X-axis (see Figure 3). The number of occurrences for each word or

category is indicated.

Temporal structure 9

Fluctuations 3 Duration 6 Intensity 11 Spectrum 3
fluid 1 fast 2 loud 3 high-pitched 2
continuous 1 lengthy 2 soft 3 harmonious 1

unchanging 1 brief 1 quiet 2

short 1 subtle 1

intense 1

noisy 1

tively appeared 3, 4 and 5 times. This feature was taken
into account during the sound evaluation but was always
associated with other adjectives related to the level, spec-
trum, temporal slope and duration of the pass-by.

Many adjectives were related to the temporal fluctu-
ation aspect of the pass-by (e.g., “regular’/“régulier”,
“fluid”/“fluide’), but the suddenness of the arrival was also
perceived (e.g., “abrupt”/“brusque”, “sudden”/*soudain’)
or the length of the pass-by. As far as spectral properties
are concerned, verbalizations mostly focused on the "low-
pitched"/ “grave” versus “high-pitched”/ “aigu” aspect of
pass-bys, with a general preference for low frequencies.

3.4. Relationship between verbal responses and dis-
similarity ratings

INDSCAL X axis: As shown in Table VII, the analysis
of verbalizations dealing with the comparison for pairs
7.5m/50m and 7.5 m+2 dB/50 m+2 dB, which are paral-
lel to the INDSCAL X-axis, highlights that this first di-
mension can be characterized by the perceived fluctuations
(11 occurrences) and the perceived loudness (11 occur-
rences) of the sound. As far as the perceived fluctuations
are concerned, this is in accordance with Table II which
shows significant correlations between the X-axis distri-
bution with the fluctuation strength and roughness. This is
not the case for the perceived loudness. This may be due to
the following reasons: 1) for naive subjects, the intensity
notion can be described by more than only the psychoa-
coustics loudness [22] and 2) the equalization with respect
to the Laeq3ss results in differences in peak levels within
the corpus. Consequently when subjects try to argue about
their choices, the intensity notions can be related just as
much to the mean level as to the peak level, the emer-
gence from the background noise or its level. This can be
observed in Table II with significant correlation between
the X-axis distribution and maximum equal loudness lev-
els Lnmax, 100ms OF the background noise level Lagg, which
is presumably linked to the emergence.

INDSCAL Y axis: As shown in Table VIII, the analy-
sis of verbalizations dealing with the comparison for pairs
50m/100 m and 50 m+2 dB/100 m+2 dB, which are paral-
lel to the INDSCAL Y-axis, indicates that this dimension
can be characterized by the perceived loudness (11 oc-
currences) and the perceived duration (6 occurrences) of
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the sound. As far as the perceived duration is concerned,
this is in line with Table II which shows significant cor-
relations between the Y-axis distribution with the duration
TrAMax.100ms—10- Concerning the perceived loudness, this
result is further evidence supporting the hypothesis that
the intensity notion can be described by more than only
the psychoacoustics loudness. In this line of argument,
one may for example ask whether the descriptive adjective
“soft” is specifically linked to the intensity or if it could be
related to the spectrum. It is interesting to notice that the
adjectives related to the spectrum are less quoted than the
temporal ones although both aspects are connected with
the distance variation: even if the spectral indicators are
correlated with the Y-axis distribution (see Table II), sub-
jects focused more on the temporal aspect.

It can be noticed that the preferences are not corre-
lated to the Y-axis as well as the duration of the pass-
by TiaMax 100ms—10: it seems that the perception of the
duration has no impact on the preferences, which is in
contradiction with the preference verbalizations. Focus-
ing on subjects’ explanation for the 50 m/100 m and the
50m+2dB/100 m+2 dB pairs, there is no consensus or
groups with given strategies: signals’ properties are close
and lead subjects to successively focus on different aspects
of the sound. Overall, subjects do not appear homogeneous
in their choices: only 9 subjects kept the same preference
for both pairs and this cannot be related to their consis-
tency score. Moreover these subjects do not usually indi-
cate a similar strategy for these two pairs. No subject ar-
gues consistently about the spectrum. It is worth noticing
that three consistent subjects always cite length as a dis-
criminatory parameter: two subjects preferring the shorter
sounds and one the longer ones. While differences be-
tween 50 m and 100 m pass-bys have been detected as well
as the 2dB level gain (see Figure 3), the differences be-
tween 50 m and 100 m signals appear of less importance
for preference judgments (see Figure 5). Besides the im-
pact of the 2 dB gain has a systematic effect on the prefer-
ence judgments (all stimuli with a 2 dB increased level are
less preferred than the original ones). The second tempo-
ral dimension that was involved in the dissimilarity analy-
sis does not clearly appear in the preference choices. It can
be explained by the fact that changes of strategy (intra and
inter subjects) associated to the hypothesis of transitivity
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Table VIII. Classification of descriptive adjectives used while comparing the 50 m and 100 m stimuli or comparing stimuli 50 m+2 dB
and 100 m+2 dB. These two pairs are only parallel to the INDSCAL Y-axis (see Figure 3). The number of occurrences for each word
or category is indicated. ALL: Preference scores for the whole corpus, CON: Preference scores for consistent subjects only.

ALL CON
INDSCAL X-axis 0,85* 0,94%*
INDSCAL Y-axis 0,62 0,55
Fluctuation strength (complete stimulus) -0,89% -0,96**
Fluctuation strength (central part only 17s-22s) -0,84* -0,94 %%
Roughness (complete stimulus) -0,87% -0,95%%*
Roughness (central part only 17s-22s) -0,87%* -0,95%%*
Rising slope of the approach AL -0,87%* -0,95%*
Passby duration T} amax. 100ms—10 0,18 0,14
L pcq 385 -0,66 -0,47
Las -0,35 -0,12
LAmax,lOOms 0,98** '0’95**
Ly -0,86 -0,74
Lys -0,71 -0,66
LNmax,lOOms '0,97** '0’95**
Background noise level (LA90) 0,73 0,85
SCGuean (complete stimulus) -0,68 -0,70
SCGpean (central part only 17s-22s) -0,36 -0,34
SCGpax (complete stimulus) -0,68 -0,70
SCGwax (central part only 17s-22s) -0,60 -0,62
Sharpness (complete stimulus) -0,43 -0,42
Sharpness (central part only 17s-22s) 0,59 0,44

for the Thurstone-Mosteller method lead to a cancellation
of their influence on the preference scale.

Rise speed: For the 100 m signals, verbalizations enabled
to determine which rise speed corresponded to subjects’
perception. It would be logical to observe a decrease of
the rise speed with distance. But, as explained in para-
graph 2.1.1, for the 100 m recordings a two-stage slope
could be observed on the temporal shape on the pass-by
during the approach. Figure 6 shows the temporal shape
of the pass-by recorded at 50 m (upper part of the figure)
and 100 m (lower part of the figure) from the track. For
the 100 m recording the first part of the rise (correspond-
ing to slope A on Figure 6) is more abrupt than the rise for
the 50 m recording while the second part of the rise (corre-

sponding to slope B on Figure 6) is softer than for the 50 m

recording. A systematical analysis of verbal explanations

comparing the 50 m and 100 m stimuli showed that slope

B, which is the softest one, was the one perceived by the

two subjects who specifically focused on this aspect. For

example:

e Pair 50m/100m +2 dB: “its arrival [is] not too brutal
(...): (the 100m +2 dB sound is) progressive with only
one single perceived noise peak” / “son arrivée [n’est]
pas trop brutale (...): [le son a 100 m+2dB est] pro-
gressif, avec un seul pic de bruit percu”.

e Pair 50m/100m +2dB: “the approach [of the 100 m
+2dB sound] is less abrupt” / “I’approche [du son a
100 m 42 dB] est moins brusque”.

This confirms that the choice of the 10 dB threshold used

to calculate the rise speed Vgise Seems to be relevant with

the feeling of suddenness verbally reported.
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Figure 6. Temporal shape of the pass-by recorded at S0m (up-
per part of the figure) and 100 m (lower part of the figure) from
the track after equalization in relation to the Lacq3gs level. For
the 100 m pass-by the two possibly heard slopes A and B being
superimposed.

4. Discussion

4.1. Impact of the distance on spectral features

From an objective point of view Lee et al. [25] have shown
that acting on the measuring distance (45m, 100 m and
140 m) (which was paired with topography variations in
their experiment) for high-speed train sounds has an im-
pact on high-frequencies (the closer from the railway, the
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more important the high-frequencies) but this effect is not
strong enough to impact the measures of sharpness. This
is in accordance with the measured values found for the
sharpness which varies in the present experiment only
from 1.4 to 1.5 acum. Nevertheless the spectral center of
gravity (SCGumean, SCGmax) values seems more sensitive
to the distance variations (cf. Table I). From a perceptual
point of view the present study shows that the spectrum
has no impact on the preference scale for distances be-
tween 7.5m and 100 m. Even if preference is not exactly
annoyance, it can be noticed that some previous works
have found the same tendency for train pass-bys in the
same range of distance. De Coensel et al. [15] who stud-
ied the effect of the distance (from 25 m to 200 m) of an-
noyance for high-speed trains did not present any spectral
indicator as having an impact on the annoyance (although
several temporal or level indicators were found as having
a significant impact). From his side Vos [5] only found a
small effect of high-frequencies for high-speed and MA-
GLEV trains (recorded from 25m to 100 m), describing
the “shrilly sound character of a few passages [...] as a
cause of the annoyance”.

4.2. Impact of the distance on temporal features

4.2.1. Fluctuations

In the present work fluctuations have been identified as
being perceived negatively. This has been shown by the
linguistic analysis or the correlation between preference
scores and the fluctuation strength values. This is in accor-
dance with the conclusions of Namba ef al. [48] writing
that (for train sounds) “large amplitude fluctuations are
felt as annoying”. Vos [5] also found that for high-level
train sounds (from AS E L = 85 dB for a 45 seconds sound,
i.e. Laeq around 70 dB(A)) the “heavily pounding” sound
was related to annoyance. Concerning other type of trans-
portation sources, the negative impact of fluctuations have
already been reported for aircraft sounds (cf. Barbot et al.
[22] and Schiitte et al. [49]). The difference between trains
and aircrafts are then that fluctuations are mostly noticed
during the approach for aircrafts and during the central
part of the pass-by for the trains. Similarly Ohshima and
Yamada [50] found that the “impulsiveness” of helicopter
sound during the approach was correlated to the annoy-
ance. From an objective point of view this is confirmed by
the values found for the fluctuation strength and the rough-
ness (cf. Table I). Lee et al. [25] also found an impact of
the measuring distance of high-speed trains (45 m, 100 m
and 140 m) (which was paired with topography variations)
on fluctuation strength and roughness.

4.2.2. Duration of the pass-by

The impact of the length of the pass-by on the preference
has been found to be unclear: the second dimension of the
INDSCAL analysis seems to be explained by the duration
whereas this duration is not correlated to the preference
scale. This seems related to the fact that the use of in- situ
recordings implies relations between several attributes of
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the sounds. Consequently as it has been described in para-
graph III1.D changes of strategy associated to the hypothe-
sis of transitivity for the Thurstone-Mosteller method lead
to a cancellation of the influence of the duration of the
pass-by on the preference scale.

With other psychoacoustic and statistical methods Oh-
shima and Yamada [50] and Barbot et al. [22] respectively
found a correlation between the duration and the annoy-
ance or the preference for helicopter and aircraft sounds.
The test set up by Ohshima and Yamada [50] was based
on magnitude estimation of the annoyance without refer-
ence stimulus. For every stimulus “the maximum sound
pressure level was kept almost the same and the impulsive-
ness of sound waveforms was held constant” [50]. Results
show a correlation between the duration and the average
annoyance. On their side Barbot et al. [22] designed pair
comparisons tests using systematically the same reference
stimulus. Stimuli were equalized towards their maximum
level in dB(A). Again a correlation was then found be-
tween the preference scale and the duration. The difference
of the present work and these two studies raises the impact
of equalization on the results. This difference seems due to
the fact that for a maximum level equalization, the longer,
the bigger the equivalent level although for an equivalent
level equalization, the longer, the smaller the maximum
level. This shows the impact of the equalization choice on
the relation between the duration and the preference or the
annoyance.

The question of the quality of the indicator used to
describe the pass-by duration (Tyamax.100ms—10) could be
raised. Ohshima and Yamada [50] considered two meth-
ods: the time during which the level ranges 10 dB above
the background noise or the time during which the level
ranges from the maximum level minus 20 dB. For aircraft
sounds Barbot [22] considered the time during which the
level ranges from the maximum level minus 10 dB. This
last indicator was chosen for this research as it is also used
for the EPNL calculation and was then previously vali-
dated. It suggests that indicators supposed to characterize
specific perceptive dimensions such as duration of a pass-
by depend on the type of source (train, aircraft, helicopter,
etc.).

4.2.3. Rise speed

The suddenness of the approach (described in the present
paper by the rise speed Vrise) Was found to be negatively
correlated to the preference scores (cf. Table V). This re-
sult appears to be in line with previous work dedicated to
various sources. Indeed Vos [5] reported a negative impact
of the “startle” effect for train sounds while De Coensel
et al. [15] found a correlation between the rise speed and
the annoyance. Similarly Morel et al. [21] found that the
suddenness of the approach of cars and heavy-trucks has
a negative impact on the annoyance. Concerning aircrafts
Barbot er al. [22] also found a negative impact of the rise
speed.
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4.3. Issues for future research

According to Figure 3 and to the linguistic analysis the
level variations for 7.5 m signals were not well perceived.
This could be explained by the fact that the relation-
ship between instantaneous and overall loudness for non-
stationary sounds is complex and still not perfectly known
[51] [52]. In parallel it has been raised in paragraph 3.4
that the psychoacoustic loudness can be inappropriate to
describe the intensity notion. For naive subjects this no-
tion can include peak level, mean level, emergence level
from the background noise, etc. It appears then necessary
for future work to keep in mind that although the loudness
is a useful and robust objective indicator, its relation with
perception can be complex.

In the present work tests were based on a forced choice
between stimulus A and stimulus B, but as Parizet [53]
has shown, this can lead to a low consistency of the results
when stimuli are too similar or too difficult to compare.
In those cases, subjects give a random answer because of
the design of the test. The consistency can be improved
when a third “neutral” answer alternative is included. In
the present work the linguistic analysis showed that most
answers were justified with the help of appropriate argu-
ments and only 22 answers on a total of 300 (i.e. around
7.5%) were explicitly due to the fact that subjects were
forced to make a choice. It can therefore be concluded
that answers cannot be considered as random but result-
ing from multiple changes in the evaluation policy. As it
has been shown along the results section, for this type of
high-speed trains, temporal features appear to be of ma-
jor importance in the evaluation of the sound quality. But
in this study, the perceptual aspects (temporal and spec-
tral as well as suddenness and length) were linked by the
structure of stimuli (in-situ recordings). These correlations
between perceptual dimensions did not make it possible
to clearly understand the effects of temporal structure. To
better study the relationship between physical changes and
perceptual effects, future studies may consider synthesized
signals. The decorrelation of these aspects could help to
clearly answer these perceptual questions. For example, a
work involving time-compressed or time-stretched record-
ings was recently carried out on helicopter sounds to study
the relationship between annoyance and duration without
acting on other features usually correlated with the speed
of the pass-by, such as the impulsiveness for example [50].
This study showed a high correlation between annoyance
and duration. In a similar vein, it would be interesting to
independently assess the influence of the duration, the sud-
denness, the spectrum or the temporal shape on the sound
preference.

5. Summary and conclusion

In the present study the sound quality of six high-speed
train pass-bys recorded at several distances from the track
was studied using a traditional psychophysical approach
based on a paired comparison method. It has shown that:
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1. The perceived fluctuations of high-speed trains corre-
spond to the first factor which differentiates pass-bys,
recorded at different distances after Laeq 335 equaliza-
tion;

2. For 7.5 m signals (i.e., the most fluctuating pass-bys),
the 2 dB level difference is not clearly perceived;

3. The 2 dB level difference has a greater impact on pref-
erence than other features linked to the temporal shape
(rise speed, duration) or the spectrum;

4. When comparing the 50m and 100m signals (after
L pcq 385 €qualization), there seems to be no clear dis-
crimination strategy. Several aspects are then involved:
there are several groups of subjects with given strate-
gies which can change during the test. These changes
can be similar or vary for every subject. This multi-
plicity of strategies then leads to a lack of consensus
in preferences.
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