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ABSTRACT

Electric vehicles (or hybrid ones) are very silantlow speeds (below 30 km/h) and can be dangei@us
pedestrian, especially vulnerable ones as visialbaired people. The European founded project eVRRIENS
at developing a prototype vehicle including an andtic pedestrian detection device and an arrayeéleers
focusing a warning sound in the direction of thdgstrian. The warning sound should be optimizeditoorder
to be easily detectable while not too loud. Rede&aonducted in order to investigate the inflleen some
timbre parameters on the detectability and annayamevarning sounds.

Different warning sounds were synthesized according fractional factorial design. Factors wereated to
three basic timbre parameters. Two laboratory emparts took place. The first one focused on debédia
The task of the listener was to detect an approgcbar (20 km/h) as soon as possible. The secoperiexent
was devoted to the unpleasantness of warning so&titsuli were presented to listeners who had @ate
their unpleasantness on a continuous scale.

The tests have shown that some warning sounds alie an electric vehicle as detectable as a diesefar a
much lower sound level. However, most warning ssualso tend to increase the unpleasantness ofathe ¢
sound. Nevertheless, some signals seem to pro\gdedcompromise between the two objectives.
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INTRODUCTION

Electric and hybrid vehicles are very quiet at Ilspeeds (typically below 30 km/h). The level of thase
emitted by such vehicles is 5 to 7 dB(A) lower thile one of conventional Diesel cars. This is usepeficial
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 pedestiiam may not hear an approaching car. Vulnerabtiple as
visually-impaired ones have a very strong concdrouti such cars and manufacturers use additionatimgr
sounds in order to prevent this risk. Though sdveralies have already been conducted in that {ield. (1),
(2)), the easiest way to solve this safety issue igse loud warning sounds, which cancels theen@duction
advantage of electric cars. Regulations, eitheraaly decided (NHTSA) or under preparation (in Eejpgo
this way. As an example, the regulation currentgpared in Europe states that "the (warning) sdewel may
not exceed the sound level of a similar internahlsostion engine vehicle". It should be possibleise more
efficient warning sounds.
The eVADER project brings together partners froniversities, research centers, car manufacturersaand
supplier. Last but not least, the European Blindod{EBU) is a partner, so that end users are septed in the
consortium. The goal of this project is to devedoprototype vehicle combining a high safety forgmdan and
a low noise annoyance for city residents. Severdinical solutions are developed:

e An automatic pedestrian detection device;

» Aset of loudspeakers focusing the sound in thection of the detected pedestrian;

 Awarning sound designed so that it can be detantad urban environment at a low level.
This paper will describe studies focusing on thisdt objective. It will present two listening teskperiments:
one aimed at evaluating the influence of some tinf@rameters on the detectability, and one aimadsassing
the annoyance of warning sounds. The two experisneate conducted by various partners of the proyatich
allowed to use large subjects samples.



DETECTABILITY

The first part of the study was related to the cletaility of warning sounds. The main question vilas
following: “given the background traffic noise of arban environment, is it possible to make a weyriound
easily detectable in spite of a low level?” It wdexided to limit the study to multi-tone sounds,aimiddle
frequency range (300 - 1500 Hz). The lowest frequemas chosen in view of the technical limitatiohtioe
loudspeakers to be used in the prototype; for b hagliation efficiency at low frequencies, verygarspeakers
would have been necessary. The high frequency Vua# set because people suffering from presbysxbasie
high hearing thresholds at higher frequencies.

PROCEDURE

In this experiment, three timbre factors were itigeded: the number of tones, the frequency vanaéind the
temporal variation. Each factor could have threelke as an example, the number of tones could Be089. 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 barid in (3).

Therefore, 9 stimuli were synthesized; they all ttemlsame A-weighted level. Then they were modifiredrder
to represent a moving source, passing in front détaner at the speed of 20 km/h. Finally, eachdifiex
stimulus was added to the recording of an elegthicle recorded at 20 km/h by a dummy head locelese to
the road. This way, it was possible to simulateditgation of a pedestrian facing the road, waitmgross this
road and paying attention to any approaching ¢guré 1).
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Figure 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 adjustedthat they increase the level of the electricicletonly
slightly (less than 2 dB(A) , see figure 2). Thedkof the diesel car was more than 5 dB(A) higher.
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Figure 2. Peak level (A-weighted SPL) of each stimwsed in experiment 1

During the experiment, the listener was hearingekbround 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 fromléfteor from
the right of the listener. The task of the listem&xs to detect the approaching car as soon ashpossid its
direction. He gave his answer by pressing a key ocdmputer keyboard. Two keys were used: the <EBrkey



in the case of a "right" answer, and the <Spacex*dvdhe "left" answer. The response time (froma sarting of
the stimulus) was measured and stored by the camput

Each sound was presented 8 times (4 times from @iaettion) so that a listener was presented 88uti(in a
random order) in total. 110 subjects participatedhe experiment; among them, 33 were visually-ingoa
people.

RESULTS

The averaged response time was converted to désfamm the listener at detection. These distanceskown

in figure 3. The red area in figure 3 represengs‘tisk area”.If the pedestrian starts crossing the road white th
car is closer than 5 meters away, he may be hibhdyar, given the averaged reaction time neededtebgriver

to start breaking (e.g (4)). The electric vehidalétected in this area, which confirms that EV loamlangerous
for pedestrian (e.g. (5)).
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Figure 3.Averaged distance from the listener at detectidre fed area represents the "risk area"

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 - timbréufes are the
only reason for such differences. Further analgsiswed that some controlled features were favorédble
detection:
* Alow number of tones: the overall sound level Wapt constant, so that the difference between each
tone level and its detection threshold was greatem the number of tones was low.
* Amplitude modulation: fluctuations in amplitude pethe listener to detect the signal in the
background of traffic noise.

UNPLEASANTNESS

The second part of the study was related to théemspntness of the warning sounds. The listenerasked to
evaluate their unpleasantness, imagining to starke street, facing the road, listening to thes gassing by at
20 km/h.

PROCEDURE

The experiment was devoted to the evaluation outh@easantness of 20 warning sounds: 11 stimuié e
same as in experiment 1, and 9 stimuli were adépdesenting an EV at 20 km/h with a warning sound
characterized by different levels of the three congmts of the sound determined as favorable cleisits for
detection in the previous experiment. The expertmegs conducted in two conditions: some listeneesew
presented the stimuli without any background naisé for some other ones, a low-level traffic nqise dBA)
was added to each stimulus. In both cases, thedfthe listener was to evaluate the unpleasantogsise
sound. He gave his answer by moving a cursor oconéirzious scale, labeled from "not at all unpletisam
"extremely unpleasant". The position of the cumas stored as a number between 0 (for "not atallaasant”)

to 1000 ("extremely unpleasant"). Each sound wasented twice, the order of presentation beingauhy
selected. 145 subjects participated to this lagedment, which was conducted in four laboratories.



RESULTS

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

C= \/z_Ji)i(an _Xn2)2

n=1

wherex,; andx,, represent the two evaluations of soundndividual coefficients range between 50 and 450
(mean value: 179, standard deviation: 65). Forufests, this coefficient is higher than 250, whiepresents a
full category of the scale: such subjects can bwsidered as inconsistent. Such a high number anisistent
subjects means that the task was difficult. Soais wecided to select most reliable subjects fahéuranalysis.
The maximum value for C was fixed to 150, whiclowaid selecting 56 people. 26 of them did the erpenmt
with the background traffic noise and 30 withous thoise.

An analysis of variance was done (repeated meagsbaekground noise condition as an inter-individiaakor
and stimuli as intra-individual ones). The stimuéis the only influential factor [ F(19, 988) = 48(50.0001 ].
The unpleasantness of each sound was averageth@s/subpanel; results are shown in figure 4. Hoenegus
groups of sounds are represented by thick horizdings (these groups have been determined usihgffats
technique).

As it can be seen on figure 4, most warning sigeaitsngly increase the unpleasantness of the sdthis.can
be due to the fact that people felt very unfamiigth such warning sounds. Three of them can baidered as
equally unpleasant as the diesel car. The partitplaf these sounds is that no temporal fluctuatieas applied
to their amplitude. Amplitude fluctuation increasepleasantness; the first experiment had shownittladso
increased the detectability of sounds.

In summary, figure 5 gives an overview of the ressabmbining the detectability and annoyance exrpents.
Only the same 11 sounds used in both experimestprasented. This figure shows that, for warnimgais,
unpleasantness increases with the efficiency ostlund. This is in line with some previously pubdid results
about warning sounds. The relation between effayeand unpleasantness has already been provedher o
kinds of warning sounds (e.g. (6), (7) and (8)).

But, if results are considered more precisely, sdifferences between sounds can be noted. For dzasip
and s15 are equally unpleasant, but sl is eastgtéxt. On the other hand, s1 and s7 have sipsidormances
as regard to detection, but s1 is much less urgiedisan s7.

As a result of this set of experiments, s1 (3 nundbéones, no temporal and no frequency fluctugteeems to
be a good candidate as warning sound.
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Figure 4. Unpleasantness of each sound
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Figure 5. Comparison of results from detection anpleasantness experiments

CONCLUSIONS

This paper presented two experiments aiming atatialg the influence of basic timbre parametera wharning
signal on its detectability and annoyance. It hasnbshown that some warning sounds can make atrielec
vehicle as detectable as a diesel car, for a nmwehlrisound level. Nevertheless, people reporteskteignals to
increase the unpleasantness of the car soundhitpisthesized that this was due to the unnaturalpésuch
signals and to their novelty. Further studies dynvhich subjects could get used to such soundsdvbal
useful. Nevertheless, some signals seem to pragted compromise between the two objectives.

Finally, it should be recalled that the goal ofshestudies was not to define a warning signal foypécal
application, but to investigate the influence afitire parameters. This way, it is expected that@@rufacturers
will have some guidelines when defining their owignal, which should also fulfill some brand image
requirements.
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