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Abstract
Binaural sound recordings in various positions mgh-speed train have been used as stimuli

in listening tests. In a first experiment, soundsavsubmitted to subjects at their real levels.
Loudness revealed to be the most important paramet®uld be very well described by A-
weighted levels. In a second experiment, loudnésstimuli were equalised; strong inter-
individual differences appeared, which are dueiffergnt appreciations of the low-frequency
content of sounds. Usual physical or psycho-accaistparameters failed to correctly
described that perceptual parameter; a simple pesnbased on the specific loudness

calculations was developed and could correctly rilesc¢he results.

Introduction

As compared to noise outside train or inside céms,perception of noise in trains has not
been studied intensively. Hardy [1] focused onf#w that, as noise in train is not stationary,
its character is very time-variable (but this iscathe case for car noise). For stationary
samples, he reported that the use of "Room Critéfwhich has been defined by Blazier [2]
for the evaluation of HVAC noise) can represent soparception, while A-weighted SPL
can not. Letourneaux and Guerrand [3] have mod#diethund sequence recorded in a high-

speed train in order to reduce its level eithes@he particular frequency peaks, either in
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broader frequency bands; their listening tests gdothat the latter modifications gave the
best perceptual results, especially when the baveds in the low frequency range. They
could not model their results by the help of A-weeyl level, but the variations of this level

within their stimuli were rather small (less thardB(A)). Patsouras et al. [4], focusing on

speech intelligibility in trains, checked that anewmll level increase of three types of
simulated train noise (pink noise filtered in artt@ increase the level of different frequency
bands) gave the same reduction of sound qualitgyalsiated by listeners.

Because acoustical environment can vary a lot imas, recent studies use more open
procedures, like questionnaires to passengers (§&alkhan [6]). Such studies reveal the

importance of noise in overall comfort evaluatidthén reported that 67% of passengers
relate that they are annoyed by noise during fbeimey) and also the fact that claims about
noise are not always related to running noise ef tilain (mobile telephone ringing and

children crying are also annoying !).

The goal of this study is to evaluate perceptuahpnent factors on sound perception for
noises recorded in a high-speed train. For saksiroplicity, it was decided to focus on

stationary noises; but the influence of factors kpeed train, the nature of the track (i.e. a
track specially designed for high-speed trainsroolaer track) and positions in the train was

also taken into account.

Stimuli

Stimuli have been recorded by a dummy head (Brug@&R located at different seats in a
two-decks train.
Other parameters were also varied :

- Train speed (160, 220 or 300 km/h);
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- type of track (a classical one or a new one, sfigtailt for high speed trains).

Different samples (duration : 10 seconds) werecsatein the whole set of recordings, in
order to vary those parameters. The set of soumglea is presented in table A.

[ Table A to beinserted around here]

A short fading (10 ms linear fade) was appliechatheginning and at the end of each sample

in order to avoid disturbing noise.

First experiment

In the first test, sounds have been submitted sierers, through headphones (Sennheiser
HDG600), at their real levels, in a quiet and isadatistening room.The calibration was
realised by placing the headphones on the samedfydammy head and checking that the

loudness values of sounds were the same as thtsaexbon the recording sounds.

Procedure

We used a classical pair comparison method on ev&d preference scale. After hearing
each pair, the listener had to indicate the masdgant sound on a scale consisting of 5 levels
("B is much more pleasant than A", "B is more p&gdghan A", "A and B are equivalent”,

etc...). He could listen to the pair as often as hatw/to.

The overall test was run by a Matlab program onCacemputer which established pairs,
presented them through the sound card, presentedntheering scale on the screen, and

stored the listener’s answer as an integer betw2eat +2.
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Pairs have been made up by the technique of the $&&s [7], which allows to further off as
much as possible two successive presentationscbhfsaind. Beforehand, the 8 samples were
randomly arranged, which assured that pairs weesemted in a different order for each
listener.

The whole set lead to a total number of 28 paitss fwo used as a training at the beginning

of the test.

First of all, the purpose of the study and the taslachieve were presented to the listener.
Then the set of samples was presented so as to tmakstener used to the context of the

test.

The duration of the test was between 15 to 30 rasjwccording to the number of repetitions

of the pairs needed by the listener.

Listeners

48 people participated to the test; most of themevatudents. The average age of the panel
was 25 (range from 18 to 55) and the proportionsen and women were equivalenheir
hearing ability was not measured, but none of theported any hearing impairmeriach

listener received a gift for his participation.

Results

Analysis of answers

The averaged merit scores are computed by
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H, =R, (1)

i#£n

where P, is the preference within pair (i,n) :

N
P == Pa @)
k=1

P¥ being the answer of the k listener for the {i,rdipand N the number of listeners.

(Hy) scores are presented in figure 1. The amplitddesults is large (from —10 to +10, for a
possible maximal variation from —14 a +14), whickans that inter-individual differences are
small.

[ Figure 1 to beinserted around here]

Preference model

The sound level undoubtedly controls these resbksause the variations of the levels
between samples are very important (up to 14 dB@Apure 2 presents the relation between
averaged preference scores and overall A-weigletesl bf each sound; the correlation is very
good (R=-0,98).

[ Figure 2 to beinserted around here]
In this case, the use of more accurate indicaBwZicker’s loudness) is not necessary.
This result is clearly different from those obtaingy Hardy [1] and Letourneaux et al. [3],
who found that A-weighted sound level did not leach good description of the subjective
assessment. In the case of the study from Letourneiaal., level differences between stimuli

was quite small (3 dB(A)) as compared to differenceour stimuli (12 dB(A)), which can
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explain why A-weighted level was not a good degoripThe reason is not so clear in Hardy's
study (amplitude of 10 dB(A) between stimuli). lede the weak link between A-weighted
level and subjective assessment in this study islyndue to one stimulus (sound 1) whose
level is low but which is evaluated as annoyindibteners. The timbre of that sound may be

particular, which could explain its bad evaluation.

Here, A-weighted sound level can even correctlycdes the preference probabilitie3;) of
the possible pairs, as it can be seen in figure 3.
[ Figure 3 to beinserted around here]
This figure emphasises the saturation appearing stiong differences of level . when the
difference is greater than a dozen of decibels]dhdest sound is considered as “much less

pleasant” by all the listeners.

The relation between level differences and the ayerpreference within each pair can be

represented by the following expression :
A,
R = A.Arctan(—’j 3)
B

wheredy is the difference of the sound level in dB(A), AdaB being constants (the Excel

solver finds A=-1,76 and B=6,06, which gives theveurepresented in figure 3).

Link with physical parameters

Lastly, the predominant physical parameter is tt@ntspeed. Figure 4 represents the
averaged scores of preference, ordered in an asgeway. Different symbols are used for
the different train speeds, (300 km/h : crosse§; i28/h : blackdiamonds 160 km/h : open
diamond$ so that the influence of this parameter cleapiyear.

[ Figure 4 to beinserted around here]
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Conclusion

The results of this first experiment are what theould be expected : inter-individual
variability is very low, loudness is the first ordearameter for preference and is related to

train speed.

Second experiment

The purpose of the second experiment was to gbduthan the first order sound parameter

identified in the previous experiment.

Procedure

Previous stimuli have been equalized in loudnesasdo suppress the influence of this
parameter. This equalization consisted in modifyitng overall level of sounds (by
multiplying numerical data) in order to adjushe-averagedoudness to a value close to 10
sones (computed according to ISO 532 B, implemeimdde MtsSound Quality software).
Actually, this target value was the average of inef sequences loudness. After this
equalization, the computedne-averagedoudness of stimuli varied between 9,8 and 10,2

sones.

Test procedure was the same as the one which leadused for the previous experiment. The

only difference is that each listener carried oa tistening tests :

- for the first one, sounds were presented to hinoutin earphones as in the first
experiment ;

- for the second one, a complementary sub-woofereAliansing 1632 A) was used. The
goal of this test was to evaluate the importancevay-low frequencies perception

through the body, because ordinary sound repramuctif dummy head recordings
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(through earphones) get rid of such a body peroepth special device was developed,
with a two-ways cross-over filtering at 63 Hz, sattfrequencies below this limit were
emitted by the subwoofer and frequencies aboveg @asphones. The relative gains of the
different amplifiers were carefully adjusted sothe frequency response of the whole
device, when measured at the ear of the listenas, the same as the frequency response
obtained in the first test, when the whole freqyerange was emitted by earphones. In
another study, dealing with truck interior noisehas been shown that the use of the

subwoofer can increase the realism of sound rejgtamnu[8].

Half of the panel began with the first test (on&ghones), and the other half with the second

one (earphones and subwoofer).

Listeners

Listeners are those of the previous test with vevy exceptions. In this case, the jury was
made up of 47 people (from 18 to 55 years old atrerage age being 25 and the proportions

of and women being the same).

Results

Analysis of answers

First of all, it was found that averaged resules aery close for each of the procedures (with
or without the use of the subwoofer), so that tegre mixed together (figure 5). This
conclusion is different from the one obtained ia ttase of truck noise, which may be due to
the fact that loudness was more important for tnugise (about 25 sones instead of 10 sones
for the train noises).

[ Figure5to beinserted around here]
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We have thus decided to gather the overall reguwlisch makes a set of 94 answers).

Then it can be noticed that the amplitude of avedlagerit scores is much less important than

in the first experiment (from —2,5 to 4,5, wherélas scores varied between —10 and +10 in

the first experiment). Generally speaking, thisuetthn can be due to three causes :

- more cautious listeners’ answers (who wouldn’t thee whole scale for their answers),
indicating reduced differences between noises ;

- unsteady estimations of each listener, which cad te circular errors (A is preferred to
B, and B to C but C is preferred to A). Such ciacwrrors indicate a difficult test (which
can be the case if differences between noiseszat)s

- alarge inter-individual variability (preferenca® alifferent !).

It seems that these three reasons have to be itakeaccount in that experiment. First of all,
theroot mean squaredalue of answers is lower than the one which heghlobtained in the
first experiment (1,13 against 1,45), indicatinghare limited use of the scale. Secondly, the
rates of circular errors are higher. These rateg lh@en computed in the following way : if
Pi;, Pk and Py indicate the answers of a listener for the {i{}k} and {i,k} pairs, a circular

error is detected if

B, > AandP,; > AandR, <-A
or 3)
B, <-AandP, <-AandP;> A

A being a fixed level (here A = 0, which means taaterror is not counted if the listener
evaluates two of the three noises as equivalergnThe circular error rate of the listener is

computed by :

1
nT 3 Oiik 4
X A > (4)

1<i,j kst
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where gj« is equal to 0 or 1 according to equation (8)indicating the listener antthe
number of presented sounds [9]. The rate of circeieors, averaged over all listeners is 2.7%
for the first experiment and 12.7% in the second, amdicating that this second one is more
difficult.

Finally, a clustering of the panel (using the K-me&echnique) reveals that this panel can be
separated in more homogeneous groups. The K-meammnique[10] leads to different
solutions, according to the number of groups chdsgrthe user; here, the three groups

solution was selected, because it gave two advestagh regard to more important numbers

- numbers of listeners are similar in the three gsoipspectively 35, 24 and 35);
- for 36 out of 47 listeners, both sets of answeligh(ar without the subwoofer) have been
classified in the same group, which indicates adgsibility of the perceptive criteria

used for the assessment.

The results of these 3 groups are representedjumefi6. In each group, the amplitude of
preference score is greater than the amplituderadatavhen averaging preference scores over
the whole jury, indicating more homogeneous results

[ Figure 6 to beinserted around here]

This figure shows that :

- tendencies of groups 1 and 3 are similar, withmaeloamplitude in group 1 (9.4 in group 1
and 13.6 in group 3);

- group 2 reveals various inversions with regardroug 3. For instance, sounds 2 and 7 are
the preferred ones by listeners from group 2,thay are the least appreciated ones by

listeners from group 3.

10
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Moreover, it is to be noted that the averaged oédteircular errors, when computed on the
third group alone, is significantly lower than tfa@ées computed for the two other groups :
[ Table B to beinserted around here]

As a great number of circular errors leads to aefeamplitude of preference scores, it can be
estimated that listeners from group 1 express ampiteferences than those from group 3, but
in a less accurate way.
In summary, the classification phase allows thassmpn of the jury in three groups :
- Groups 1 and 3 (for a total of 70 answers) showilaintendencies, which have been

reduced in group 1 because of more important @tesgcular errors ;

- Group 2 (24 answers) is composed of listeners apiosed preferences.

It was not possible to explain the compositionhef group from any individual criterion; the
only known variable criterion of the panel was #ex of the listener, which is not related to

any group.

Preference model

Several classical sound parameters have been cethpytMts Sound Quality software :
- Linear, or weighted (A-B-C) level;

- Sharpness, fluctuation strength and roughness ;

- Tonality ;

- Spectral center of gravity;

- Intelligibility.

It was tried to use these parameters in linearogarithmic models of experimental merit

scores.None of these parameters gave a reliable modgbrigference on its own. The best

11
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models are obtained with sharpness : in that cageglation coefficients between estimated
and real preference scores are — 0.64, 0.74 an@9-fOr the three groups. This gives an
indication about the reason why listeners from graunave expressed opposite preferences to
other listeners : they seem to appreciate ratheseswith a high frequency contgmvhile

other listeners prefer low-frequency ones.

Also, a multivariate linear regression modelling dt give useful results, with the exception
of group 2, whose preference scores can be repegsby a linear combination of sharpness
and tonality (R = 0.86, figure 7)The relation is :

merit score = -31.1 + 68.9* Tonality +36.2* Sharpness 5)
where Sharpness is computed using Zwicker's proeefil, page 242] and expressed in
acum, while Tonality is computed following Terhasdhodel [12] and expressed in tu.

[ Figure 7 to beinserted around here]

So the use of classical sound parameters did adt e good representations of the results

from the three listeners groups.

As spectral balance seems to be an important séeatdre, we tried to express it from
specific loudness functions of the stimuli. Forttparpose, the loudness model from Moore

and Glasberg [13] was used. This model differs fe&macker's one on the following points :

the assumed transfer function of outer and middie e

the calculation of excitation patterns;

the critical bandwidth, especially for the frequiesdoelow 500 Hz;

the computation of specific loudness from the extiwn patterns.
The software made available by Moore and Glasbeag used. Its input is the average

spectrum of noise expressed in third-octave babdsnveen 40 Hz and 16 kHz); in this

12
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experiment, the spectrum averaged over the two feargach frequency band was first
computed, because the stimuli were dichotic onks. dutput is the overall loudness and the
specific loudness curve associated to the spectrum.
These specific loudness curves are shown in fi§utear differences between noises can be
seen. For some of them (2, 5, 6, 7), specific lesdns maximum in the first critical bands,
while others present important specific loudnessigher bands (1,4, 8 for example).

[ Figure 8 to beinserted around here]
The proposed criterion is therefore the ratio afdieess in the bands 0..2 Bark and 13..18
Bark (when expressed in Hz, these bands corresjpodth 200 Hz and 200@ 4500 Hz). In

order to express this criterion in Phones, thekah is defined as "loudness balance" :

LB =10.log,( Sho ) (5)

3.18
As overall loudness of sounds are nearly equBlrepresents the relative contributions of

very low and sharp bands of noise to loudness.

Linear regression betweéB and preference scores computed in each groupagaxedation
coefficients presented in table C; these coeffisiaxpress significant relations between LB
and preference scores. Also, the opposition ofepeeice between group 2 on one hand and
groups 1 and 3 in the other hand can be seen e @GbThis inter-individual variability, as
regard to the low-frequency content of sounds, dlaehdy been shown in the case of road
noise in cars [14].

[ Table C to beinserted around here]
Figure 9 shows the relation between preferenceescamd estimated scores from each model
usingLB.

[ Figure 9 to beinserted around here]

13
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And figure 10 presents the relation between lousixedance differences of two sounds and
the preferences within the pairs for the three gsoaf listeners. Correlation coefficient are
respectively 0.65, -0.85 and 0.75, indicating tbatiness balance can correctly represent the
preference.
[ Figure 10 to beinserted around here]

Of course, this work on its own does not allow s& such models in technical requirements.
More work would be needed to check the validitytlois model when used in different
situations (new type of trains, different speeds] ather listeners). This only shows that

sound features that were important for perceptiereveorrectly identified.

Link with physical parameters

Figure 11 presents LB values obtained for the eggimuli, ordered in an ascending way.
Stimuli recorded in the low room are indicated loyagen diamond, while those recorded in
the upper room are indicated by a black diamond.

[ Figure 10 to beinserted around here]
Sounds 7, 2 and 6, representing the maximal valtidse criterion, are also those having the
strongest energy in low frequency, which can bkelihto an aerodynamic noise being more
intense in the high room than in the low room (ive thigh room, aerodynamic noise

transmitted through the roof is an important soumcie very low frequency region).

Conclusion

The conclusions of this study are the following®ne
- the first influencing factor of interior noise peption in a high-speed train is loudness,

which can be correctly described by the overall éghted level of the signal. The

14
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influence of loudness is quite the same for evistgher, and loudness is mainly due to
the speed of the train;

- when the influence of loudness is eliminated, patioa is different among listeners. Most
of them (70%) prefer the noise to be in the lovgérency range while some other listeners
prove opposite preference;

- this second-order sound feature can not be deschipexisting sound parameters; even
sharpness fails to be a good descriptor;

- the examination of specific loudness curves canesgmt this perception and this can be
formalised by an indicator expressing the balaretevéen the contribution to loudness of
the lowest critical bands and those between 1318r8ark;

- this indicator shows clear differences betweenupper and lower rooms of the train,

which may be due to different contributions of mog®urce in the two rooms.
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Tables
Sound Speed Track Room (Low / Position in the
(km/h) | (Conventional / High) room (1 — 2 — 3)
High Speed)
1 300 HS H 1
2 160 C H 1
3 220 HS L 2
4 300 HS L 2
5 160 C L 2
6 220 C H 3
7 160 HS H 3
8 220 C L 3
Table A: stimuli
Group 1 Group 2 Group 3
14,9 15,1 8,7

Table B: average rates of circular errors for the thneeigs of listeners (%)

Group 1 Group 2 Group 3
- 0.68 0.85 -0.78

Table C: correlation coefficients between each groupsiteand loudness balance criterion

17
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Figurelegends

Figure 1: Averaged scores of preference (test 1)
Figure 2: preference scores and overall levels (test 1)
Figure 3: differences of A-weighted levels and averagdepesce within pairs
Figure 4: averaged scores of preference by increasing ofdais one (test 1)
Figure 5: averaged preference scores of experiment 2
Figure 6: averaged score of each group
Figure 7: preference scores from group 2 and estimategsdomm a linear combination of
sharpness and tonality
Figure 8: specific loudness of the stimuli (test 2)
Figure 9: preference scores and loudness balance for the gnoeips of listeners from test 2
(left : Group 1, middle : Group 2, right : Group 3)
Figure 10: difference of criterion and preference withinrpdor the three groups of listeners
from test 2(left : Group 1, middle : Group 2, right : Group 3)

Figure 11: LB values of stimuli
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