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Abstract

Electric or hybrid vehicles are very silent, whiodpresents a major advantage for the reductionoiden
annoyance in urban areas. But this makes them daungyéor pedestrians, especially vulnerable onasgsasily-
impaired people. Current solutions consist in usiuagning sound so that the exterior noise of antetevehicle

is as high as for a conventional one. This may eltihe benefit of electric vehicles for the redontiof sound
annoyance. The eVADER project (funded by the Eumap€ommission) aims at proposing a prototype car
which combines a high safety and a low noise lekepart of the the work program consisted in petaab
studies. The goal of these studies was to evathatenfluence of various timbre parameters on thectability
and the unpleasantness of a warning sound. Reshdis that it is possible to make an electric vehihsily
detected while keeping its sound level much lowantthe one of a conventional car.

Keywords:electric vehicles, noise, warning sounds, safetyse environment.

Résumé

Les véhicules électriques ou hybrides sont tre&nesiéux, ce qui représente un avantage dans & potir la
réduction de la géne sonore en milieu urbain. Masi les rend également dangereux pour les piétess,
personnes vulnérables tels que les non-voyants ptaticulierement concernées. Les solutions aletnelnt
proposées consistent a ajouter a ces véhiculesigiesux d'alerte les rendant aussi sonores queétesules
conventionnels, ce qui annule I'avantage pourifenmement. Le projet eVADER, soutenu par la Consiois
Européenne, veut proposer un prototype permet@ebmbiner une bonne sécurité et un niveau deé riéaliit.
Parmi les travaux réalisés, des études percepiivggermis d'évaluer l'influence de divers paraasetiu timbre
d'un signal d'alerte sur la détectabilité du véleiet le désagrément du bruit. Les résultats monge'il est
possible de parvenir & une bonne détectabilité dilmcule électrique en lui conservant un niveanose tres
nettement inférieur a celui d'une automobile cotivenelle.

Mots-clé:véhicules électriques, bruit, signal d'alarmeuség, environnement sonore.
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1. Introduction

Electric and hybrid vehicles are very quiet at lspeeds (typically below 30 km/h). The level of thase
emitted by such vehicles is 5 to 7 dB(A) lower tlihe one of conventional Diesel cars. This is \sepeficial
to people living in an urban area, because tratsfian noise is a major source of annoyance ie%itOn the
other hand, this represents a hazard for pedestiam may not hear an approaching car. Vulnerabtiple as
visually-impaired ones have a very strong concdrou such cars and manufacturers use additionatimgr
sounds in order to prevent this risk. Though sdvstzdies have already been conducted in that field.
Yamauchi et al., 2011, or Emerson et al., 2012) ehsiest way to solve this safety issue is tdaigi warning
sounds, which cancels the noise reduction advantdgelectric cars. Regulations, either already diedi
(NHTSA) or under preparation (in Europe), go thiaywAs an example, the regulation currently pregane
Europe states that "the (warning) sound level natyexceed the sound level of a similar internal lbostion
engine vehicle". It should be possible to use naffieient warning sounds.

The eVADER project brings together partners froniversities, research centers, car manufacturersaand
supplier. Last but not least, the European Blindodnis a partner, so that end users are represémtéte
consortium. The goal of this project is to devedoprototype vehicle combining a high safety forgmdan and
a low noise annoyance for city residents. Severdirical solutions are developed :

< An automatic pedestrian detection device;

« A set of loudspeakers focusing the sound in thectivn of the detected pedestrian;

< A warning sound designed so that it can be detantad urban environment at a low level.

This paper will describe studies focusing on thisct objective. It will present three listening texperiments :
two of them aimed at evaluating the influence afedimbre parameters on the detectability and asmog of
warning sounds. A third one intended to determihetiver some information about the speed of thea@arbe
evoked by the warning sound, without any trainifithe listener.

These three experiments were simultaneously coedumt various partners of the project, which alldwe use
large subjects samples.

2. Detectability

The first part of the study was related to the cletality of warning sounds. Given the backgrouradfic noise
of an urban environment, is it possible to makeaaning sound easily detectable in spite of a lovell® It was
decided to limit the study to multi-tone sounds,aimiddle frequency range (300 — 1500 Hz). The &iwe
frequency was due to technical limitation of thedspeakers to be used in the prototype (for a tagration
efficiency at low frequencies, very large loudspaalwould have been necessary). And the high fremyukémit
was selected because people suffering from presbgachave high hearing thresholds at higher frecjes.

2.1.Procedure

In this experiment, three timbre factors were itigeded : the number of tones, the frequency vianiaand the
temporal variation. Each factor could have threele: as an example, the number of tones coulRl Beor 9. A
fractional factorial design was used, so that 9 lwoations were used (instead of 27 in a full faetodesign).
More details about the stimuli definition can barfd in Robart et al. (2013).

Therefore, 9 stimuli were synthesized; they all temlsame A-weighted level. Then they were modifiredrder
to represent a moving source, passing in front tétaner at the speed of 20 km/h. Finally, eachlified

stimulus was added to the recording of an elegthicle recorded at 20 km/h by a dummy head loceliesk to
the road. This way, it was possible to simulatedigation of a pedestrian facing the road, waitmgross this
road and paying attention to any approaching ¢guré 1).
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Fig. 1. "Waiting to cross" scenario
The recording of the electric vehicle alone as wasllthe one of a similar diesel car were addedhitoset of

stimuli. The level of warning sounds were adjussedthat they increase the level of the electriciclehvery
slightly (less than 2 dB(A) , see figure 2). Thedlkof the diesel car was higher by more than 549B(

stimulus

-~
@

-
@

-
=

-
&)

-
=]

@
@

sound pressure level | dBiA)

@
@

s

39 Electric Diesal

=
B

Fig. 2. Peak level (A-weighted SPL) of each stirsulged in experiment 1

During the experiment, the listener was hearingekground traffic noise through headphones. Raisenwas
added, as this represents a very difficult situafar blind pedestrian. The level of this noise B&sdB(A). At
randomly selected times, one of the car stimuli a@ded to the noise. This car could arrive fromléffteor from
the right of the listener. The task of the listemgrs to detect the approaching car as soon ashpssid its
direction. He gave his answer by pressing a key admputer keyboard. Two keys were used : the «Eiey
in the case of a "right" answer, and the <Space*dvdhe "left" answer. The response time (frora #tarting of
the stimulus) was measured and stored by the cemput

Each sound was presented 8 times (4 times from @iaettion) so that a listener was presented 88uii(in a
random order).

110 subjects participated to the experiment; ambam, 33 were visually-impaired people.

2.2.Results

The averaged response time was converted to desfamm the listener at detection. These distanceslaown
in figure 3.
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Fig. 3. Averaged distance from the listener atctaia. The red area represents the "risk area"tésep
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In this figure, the "risk area" is representeddd.rlf the pedestrian starts crossing the roadenthi car is closer

than 5 meters away, he may be hit by the car, giklenaveraged reaction time needed by the drivestad

breaking (Kerber, 2011). The electric vehicle isede=d in this area, which confirms that EVs cardéegerous

for pedestrians (Glaeser et al., 2012).

Warning sounds had quite different efficienciespeteding on their timbre. Some warning sounds asglyne

inefficient (s6, s8 and s9). Some other ones mh&eEV as easy to detect as the diesel car (s3 @nd\sd

figure 2 clearly shows that such differences arerelated to the level of these sounds — timbréufea are the

only reason for such differences. Further analgsiswed that some controlled features were favorédble

detection :

« Alow number of tones. The overall sound level wagt constant, so that the difference between tawh
level and its detection threshold was greater whemumber of tones was low.

* Amplitude modulation. Fluctuations in the signalgitude helps the listener to detect it in the lzaokind of
traffic noise.

3. Sound meaning

In a second experiment, the question was raisedhehdt is possible to design the warning soundasdo
provide the pedestrian with some information alibetdistance and the speed of the car. The hypsthes
that a higher pitch and a quicker temporal variatibthe warning sound would evoke a faster car.

3.1.Procedure

To test this hypothesis, a full experimental desigis used. Sounds had three components and a pssawtim
fluctuation of the amplitude, as these characiesisvere determined as favorable for detectiorhe frevious
experiment. Each factor could have three levelotemhas "low", "mid" or "high". As an exemple, ofator
was pitch; the "low" value means 275 Hz, the "nodé 300 Hz and the "high" level was 325 Hz. Sijilathe
speed of amplitude modulation could have three emlirhese sounds were synthesized and added to two
recordings of a passing-by electric vehicle. Or®rging was made at 20 km/h as in the first expeninand the
other one at 30 km/h. This way, 18 stimuli wereated. Two recordings of a diesel car were also,ussdrded
at the same speed.

These sounds were presented to listeners in a tragkd) noise. The level of this noise was loweredamspared
to the first experiment (64 dB(A) instead of 69 AB(so that each approaching car could be eastiyotied. The
task of the listener was to imagine he was goingrtss the road in spite of this approaching car.hidd to
indicated when he thought it was no longer safdaat, given his appreciation of the speed of the ©nce
again, he gave his answer by pressing a key aneg#pense time was stored.

Each sound was repeated four times, giving a nuimb®@0 responses from each listener. 116 peopljpated
to the experiment (77 sighted and 39 visually imgad)i.

3.2.Results

The effect of each factor at each level was contpagethe averaged response time for this levelactied by
the grand mean of all data. These effects are shofigure 4.
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The speed effect is clear and natural : people teshfe sooner when the car is approaching at 3B km
compared to 20 km/h. It should be noted that tldikni/h difference is greater than the velocity thodd as
mentioned in a previous study from Lutfi and Wat§99), who measured a threshold of 8 km/h at 3thkm
But the response time difference between the tveedpis small : 0.4 s. If the response times anearted to
distances from the car, averaged values are 1428 &im/h and 10 m at 30 km/h. This indicates tlstehers
clearly detected speeder cars, but underestimbaéespeed difference.

But results also shown that varying the speed ef tdmporal fluctuation of the additional sound give
information to listeners : the effect of this facie very close to zero, for any of the three lsvéind, very
surprisingly, the effect of the pitch is that thigghtest value gives a later response time. This totally
unexpected.

The main conclusion of this experiment is thateiérms very unlikely to use the warning sound forveging

some information about the speed of the car whaahlie understood without any training. The speatetar
is certainly evaluated from the temporal increasludness as the car is approaching. Any warnimd will

participate to this temporal loudness variationateler its characteristics. However, varying thehpbf this
sound with the speed of the car may indicate aslacting (or decelerating car); this was not eatdd by this
experiment, as the speed was constant for eachlasm

4. Unpleasantness

4.1.Procedure

The third experiment was devoted to the evaluatibthe unpleasantness of all warning sounds usetien
previous parts of the study. 20 sounds were predetat listeners : the 11 stimuli of experiment H dne 9
representing an EV with a warning sound at 20 kim/Bxperiment 2. The experiment was conducted i tw
conditions : some listeners were presented theulitimithout any background noise and for some otiregs, a
low-level traffic noise (57 dBA) was added to eathmulus. In both cases, the task of the listenas 1o
evaluate the unpleasantness of the sound. He ganam$wer by moving a cursor on a continuous statheled
from "not at all unpleasant” to "extremely unpled$aThe position of the cursor was stored as abam
between 0 (for "not at all unpleasant") to 100{temely unpleasant"). Each sound was presentezk e
order of presentation being randomly selected. fidéple participated to this last experiment, whichs
conducted in four laboratories.

4.2.Results

The repeatability of each listener was evaluateddigputing a mean squared difference between thevéilues
he gave for each sound, namely :

1& 2
C= 23 (%a~ %) @
2045
wherex,; andx,, represent the two evaluations of sound

Individual coefficients range between 50 and 45@dmvalue : 179, standard deviation : 65). For#tgexts,
this coefficient is higher than 250, which reprdsemfull category of the scale : such subjectstmnonsidered
as inconsistent. Such a high number of inconsistebfects means that the task was difficult. Sgais decided
to select most reliable subjects for further analyfhe maximum value for C was fixed to 150, whattowed
selecting 56 people. 26 of them did the experimeétit the background traffic noise and 30 withous thoise.

An analysis of variance was realized (repeated umeas background noise condition as an inter-icdiai
factor and stimuli as intra-individual ones). Thdyoinfluent factor was stimuli [ F(19, 988) = 485<0.0001 ].
The unpleasantness of each sound was averagedtligsesubpanel and results are shown in figure 5.
Homogeneous groups of sounds are represented ¢y brizontal lines (this groups have been deteedhin
using Scheffe's technique).
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As it can be seen on figure 5, most warning sigeaitsngly increase the unpleasantness of the sdthris.can
be due to the fact that people felt very unfamiigth such warning sounds. Three of them can baidened as
equally unpleasant as the diesel car. The partitplaf these sounds is that no temporal fluctuatieas applied
to their amplitude. Amplitude fluctuation increaseaapleasantness; the first experiment had shownittladso

increased the detectability of sounds. The relabetween efficiency and unpleasantness had alrbadn

proved for other kinds of warning sounds (Tan aather, 1995, Richir, 2010 or Fagerlénn, 2011).

1000

750

500 +

unpleasantness

250

Fig. 5. Unpleasantness of each sound

5. Conclusion

This paper presented three experiments aiming aluating the influence of basic timbre parametdrsa o
warning signal on its detectability and annoyartdéas been shown that some warning sounds can arake
electric vehicle as detectable as a diesel cara fmuch lower sound level. Nevertheless, peoplerteg these
signals to increase the unpleasantness of theocads |t is hypothesized that this was due to theaturalness
of such signals and to their novelty. Further stediuring which subjects could get used to suchd®would
be useful. Nevertheless, some signals seem tod@@vtorrect compromise between the two objectives.
Finally, it should be recalled that the goal ofdhestudies was not to define a warning signal foypécal
application, but to investigate the influence aflire parameters. This way, it is expected thatrerufacturers
will have some guidelines when defining their owignal, which should also fulfill some brand image
requirements.
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