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Abstract

New laws stipulate that electric vehicles must eadditional sounds to alert pedestrians of the
vehicles’ approach to prevent potential collisiofifiese new sounds will also influence
pedestrians’ impression of the vehicle brand. Ahodblogy has been developed to evaluate
electric vehicle (EV) sounds in a virtual-world @ovmment by assessing; a) detectability and
recognisability to ensure pedestrians’ safety, @neimotional evaluation of the sound quality
to determine its impact on the perception of thaiale brand. This experimental study
examines external validity of the methodology. Feen participants evaluated an EV, emitting
three sounds, in a traffic scenario in a real-ward a virtual-world environment. The traffic
scenario involved a pedestrian ‘standing’ at adesstial road junction while the EV travelled
at 12 mph from behind the pedestrian, arrivinghat junction at one of two pre-set times.
Results show that the presented virtual-world madkagy accurately predicts pedestrians’
evaluation of detectability of EV sounds and powkréss and pleasantness of the vehicle
brand in the corresponding real-world scenarialdb predicts the ranked order of sounds in
the real-world for detection distance and recodmigg. Arguably, for similar methods and
setups, virtual-worlds would effectively predictdaestrians’ evaluation in the real-world.
Interestingly, varying a vehicle’s arrival timesjuike a real-world scenario, is found to affect
pedestrians’ detection rate. Unlike experimenttheireal-world, the presented methodology
for experiments in virtual-world benefits from bgireliable, quick, easy to implement, with
more experimental control and options to easilyimaate any experiment variables.

Keywords: electric vehicle sounds; virtual world; detecti@valuation; recognition; quiet
vehicle.

1. Introduction

Electric Vehicles (EVs) and Hybrid Electric VehisldHEVsS) are quieter at low speeds
compared to Internal Combustion Engine vehicleEWE). The sound pressure level of an EV
is usually between 3 to 20 dB(A) lower than an IC&\tomparable physical specifications
when operating roughly below 13 to 15 mph (Garagd/eHastings, Pollard, Zuschlag, &
Stearns, 2010; JASIC, 2009). At such low speedsgigdns and cyclists are unlikely to hear
Electric Vehicles or Hybrid Electric Vehicles rungiin electric mode ((H)EVS) sufficiently

in advance to be able to avoid a potential coligiGaray-Vega et al., 2010; JASIC, 2009).
Indeed, accident statistics worldwide show thatgséthns and cyclists are at a significantly
higher risk of colliding with (H)EVs compared to E¥s (Hanna, 2009; Morgan, Morris,

Muirhead, Walter, & Martin, 2011). Particularlyatfic scenarios critical to pedestrians’ safety



include those where the EVs are moving straightato® a pedestrian’s path, turning into a
pedestrian’s path, accelerating from stop, idlingeversing; in crossroads, junctions, parking
lots, and residential roads at or below speeds2omph (Garay-Vega et al., 2010; Hanna,
2009).

To resolve this issue, new vehicle safety standaattiwide stipulate that (H)EVS must emit
additional sounds to alert pedestrians, cyclists @her road users of the vehicles’ approach
to ensure pedestrians’ safety (Dalrymple, 2013; M&IJASIC, 2010; QRTV, 2011, 2012).
The prominent legislation in this regard are JapaMILIT guidelines for using sound
generating devices for (H)EVs namely “Approachinghi¢tle Audible Systems” (AVAS)
(MLIT & JASIC, 2010), UNECE’s Global Technical Rdgtion (GTR) for the AVAS for
European (H)EVs (QRTV, 2011, 2012), and the Fedbtator Vehicle Safety Standard
(FMVSS) by the US government (Dalrymple, 2013).EM$’ inherent sound level, however,
increases with speed as the tyre-road interactandbecomes dominant thereby eliminating
the need for an additional sound to aid detectfdhese vehicles at higher speeds (Dalrymple,
2013; Garay-Vega et al., 2010; JASIC, 2009; MLITJASIC, 2010; QRTV, 2012). The
existing variety in (H)EV models and specificatioczaises variation in their inherent sound
level, which in turn varies the speed at which (M)fiecome audible “enough” compared to
ICEVs. Current legislations are therefore less sigeand recommend that additional sounds
should be emitted continuously till the vehicleaats a speed somewhere between 12.5 mph
to 25.5 mph# 20 to 41 kph) and at idle and reverse (Dalrymp0d,3; MLIT & JASIC, 2010;
QRTV, 2011, 2012).

Additionally, the legislations for (H)EV sounds mrphasis on appropriateness of the type of
sound to be used for (H)EVs. They recommend thedelsounds must be recognisable as a
vehicle, so that pedestrians could intuitively a&ste the sounds to a vehicle in operation
(Dalrymple, 2013; MLIT & JASIC, 2010). Particularlthe UNECE and Japan’s guidelines
prohibit using siren, horn, chime, bell and emeoyewehicle sounds; alarm sounds;
intermittent sound; melodious sounds, animal asdahsounds; and sounds that confuse the
identification of a vehicle and/or its operationl{Nl & JASIC, 2010; QRTV, 2011, 2012).
However, an area that remains overlooked by theyahakers is that these sounds should
promote positive impressions of the vehicle bramdesired by the manufacturer. A vehicle’s
sound has always been an important characteristiceinforcing the brand image of the
vehicle. Enhancing a vehicle’s sound quality tduehce and increase customer satisfaction
has been an integral part of the automotive dgwsigoess (Bisping, 1995; Cerrato, 2009; P. A.
Jennings, Dunne, Williams, & Giudice, 2010;$kewicz & Letowski, 1999; Ozcan, 2014).
People hearing the exterior sounds could evallmges¢hicle as a brand, in terms of simply
liking to hear the vehicle pass-by, or as a poatmibnsumer who may want to purchase the
vehicle. Therefore, a rigorous methodology is ndddeevaluate potential EV sounds on the
criteria of both pedestrians’ safety and impressioithe vehicle brand.

Currently, (H)EV exterior sounds are evaluated otdyasses pedestrians’ safety using
detection tests either on-road (Emerson, Kim, Nagteh, Pliskow, & Myers, 2013; Emerson,
Naghshineh, Hapeman, & Wiener, 2011; Goodes, BaM&yer, 2009; Hastings, Pollard,
Garay-Vega, Stearns, & Guthy, 2011) or in a lalmygatAshmead et al., 2012; Barton, Ulrich,
& Lew, 2012; Garay-Vega et al., 2010; JASIC, 20@@rgan et al., 2011; Parizet, Ellermeier,
& Robart, 2014). On-road evaluations involve drgythe “target vehicle” (the vehicle being
evaluated) in real-world scenarios such as parkitgy crossroads and junctions (Emerson et
al., 2011; Goodes et al., 2009) or in securedttasks (Emerson et al., 2013; Hastings et al.,
2011) after reserving the test site to allow ndfitranterference and very low background
sound (Emerson et al., 2013; Goodes et al., 20@8tikfs et al., 2011). The participant,
usually blind (folded), detects the vehicle by eithaising hands or through some push buttons



(Emerson et al., 2013; Goodes et al., 2009; Hastetgal., 2011; JASIC, 2009). Although

conducted in a real-world environment, these evalnos lack appropriate context as here a
person evaluates the vehicle in the absence oSwalicontext and with unrepresentative
ambient soundscape (low level background with remdient sounds such as vehicles,
construction and nature sounds). A correct congexnportant for a listening evaluation to

achieve more ecologically valid experiment (SinBayne, & Jennings, 2014), i.e. to ensure
the methods, materials and settings represent#ievorld settings (Brewer & Crano, 2014).

Some real-world evaluation tests do maintain arr@pate context where the pedestrian
detects the target vehicle’s sounds in presenadadifional traffic and visual context (Emerson

et al., 2011). But then, these compromise on thpeatbility and consistency across
experimental conditions and across participants.

Difficulties in implementation, long experiment dtions and the resulting experimenters’ and
participants’ fatigue has made laboratory evaluntia quicker, more convenient alternative to
on-road evaluations. Laboratory evaluations involvehicle detection in controlled
laboratories, in the absence of any visuals ofitcrabunds, by playing binaurally recorded or
simulated vehicle sounds through headphones okepegAshmead et al., 2012; Barton et al.,
2012; Garay-Vega et al., 2010; JASIC, 2009; Morghaal., 2011; Parizet et al., 2014). This
environment provides better experimental conthalstmore repeatability and consistency. But
it lacks appropriate context due to absence of-lfealambient soundscapes and visual
scenarios. These tests are usually simple in desmighdo not use variation in a vehicle’s
manoeuvre such as a change in the vehicle’s tinggrofal at the pedestrian’s spot (Garay-
Vega et al., 2010; JASIC, 2009; Morgan et al., 2(Rdrizet et al., 2014). Typical laboratory
vehicle detection tests use a “fixed-play” techeigund the target vehicle sound is played as
soon as a new experimental condition begins. Howergying the arrival time makes the
pedestrian-vehicles more realistic. Interestinghg arrival time may affect pedestrians’
detection rate (Singh, Payne, & Jennings, 2014).

A methodology that addresses these issues in eévaJuaV exterior sounds has been proposed
recently (Singh, Payne, & Jennings, 2014; SinglnBaMackrill, & Jennings, 2014b). This is
achieved by evaluating the rate at which pedestridetect EV sounds to ensure pedestrians’
safety, and evaluating the emotional charactesisticthe vehicle sound in the perceptual
dimensions of automotive sound quality to undetheir impact on pedestrians’ impression
of the vehicle brand. Testing this methodology(&irfgayne, & Jennings, 2013, 2014) showed
that if EVs emit unrealistic or unrecognisable sigjrin the presence of a real-world ambient
soundscape, then participants find the detectisk déficult because of the unrecognisability
of the EV sounds which they confuse with variationthe ambient soundscape. An option to
evaluate the ‘detectability’ of sounds on a suliyecscale along with recording the ‘exact’
time when the car is detected could enhance trexti@h task and make the participants feel
more confident about their results (Singh et @12 Singh, Payne, & Jennings, 2014). So,
based on legislative guidelines and these findihgemended methodology now also includes
participants’ evaluations of the ‘recognisabilignd ‘detectability’ of the sounds. Moreover,
the methodology has an option for pedestriansdorcethe detection time more than once to
monitor their self-reported detection errors ifdamhen they confuse a vehicle sound.

The developed methodology evaluates EV sounds mwahrirtual-world environment which
simulates a pedestrian’s viewpoint of realistidficascenarios that are critical to pedestrians’
safety. The virtual-world environments combine thenefits of on-road and laboratory
evaluation methods. They provide an appropriatdextrfor evaluating EV sounds as the
inclusion of ambient soundscapes, visuals, andcleekbunds enables a person to potentially
experience the traffic scenario just like a reaHd:@edestrian. Simultaneously the researcher
can fully control experimental conditions with lasterference of external factors. However,



any experimental methodology is only effectivetsfiesults accurately predict or reasonably
generalise the real world. This is one of the ldebated, yet an unanswered question in the
literature on virtual environments (Chan, PradhBollatsek, Knodler, & Fisher, 2010).
Therefore, this experimental study aims at tesemternal validity of the developed and
amended methodology. The primary objective is temaine if, in a given traffic scenario,
pedestrians evaluate EVs emitting sounds in aali#tworld environment in the same way as
in a real-world environment. Here, the evaluatidrE® sounds constitutes the aspects of
detection rate, detectability, recognisability amgbression of the overall vehicle brand. The
other objective of the study is to determine ifdamly varying the vehicle’s arrival time affects
the pedestrians’ evaluation. Lastly, the study camep aspects such as the duration,
implementation, reliability and control of experinte in a virtual-world with the real-world.

2. Method

A listening evaluation experiment was conductedwo environments, the real-world and
virtual-world, using the same methods, stimuli, padicipants.

2.1. Participants

All recruited participants self-reported as haviaghearing or uncorrected visual impairments.
Additionally, those self-reporting as pregnant,iyniwell, or with any symptoms of feeling
dizzy, nauseated or sick before the evaluationevesicluded from participation for ethical
considerations. The final data was collected fretmparticipants, 10 males and 4 females.
Participants comprised of staff and students atMhigersity of Warwick in the age group of
18 to 55 years, with the modal age of 26-35 yeBesed on a 2x2x3 repeated measures
Analysis of Variance design, sample size met theirmam number of participants required
(n=12) for a minimum statistical power of 0.8 (Coh&988) and type | error probabilitys
0.05, with a medium effect size, f= 0.25 (CoherB&)9 This was calculated using Software
G*Power 3.1.7 (Faul, Erdfelder, Lang, & BuchnerQ2p

2.2. Environments

2.2.1. Real-world

Participants listened to car sounds while standing real world road junction (see Fig. 1)
within a secured residential area at the UniversityWarwick campus. The researcher stood
next to the participant (Fig. 1) in order to coowte the experiment. The target car was an EV
that emitted different sounds of which ‘sound puoesslevel’ (SPL) and character was
controlled using VSound software developed by Bainel Kjeer. For this purpose, the EV was
fitted with speakers on its front exterior posiganbelow the windscreen (Fig. 2). The driver
could select various sound profiles (5 to 12 s widgs) from a laptop containing VSound (Fig.
3). VSound took the speed and throttle inputs fthenEV and produced the output sound as a
continuous emission of the selected sound prafikespeed range of 0 to 20 mph at the desired
sound level (dB(A)) at the external speakers. The frequency modulaind pitch of the
output sound varied linearly with vehicle speedantordance with legislative guidelines
(Dalrymple, 2013; MLIT & JASIC, 2010; QRTV, 2012).



Fig. 1: The experiment in the real-world environment. grant stood at the junction and
evaluated the sounds of the EV approaching fronmidel& researcher standing beside the
participant coordinated the experiment and binauratorded ambient and car sounds.

Fig. 3: The sound delivery set-up inside the car in theweald experiment.



2.2.2. Virtual-world

A virtual-world was created using an Exterior So@ithulator (ESS) software installed in a
soundroom laboratory at the University of Warwiced Fig. 4) (Singh et al., 2013; Singh,
Payne, & Jennings, 2014). ESS, a software tootldped by Briel and Kjeer, simulates a
virtual environment from a pedestrian’s perspectlvsimulated the visuals of a residential
road junction that was similar in layout to the gtion in the real-world environment.
Participant sat on a chair at the centre of eilglarfspeakers arranged in a regular octahedron.
In front of him/her were three adjoining screen®rehthe visuals were projected at resolution
of 1280X1024 pixels per screen. Sounds synthediped ESS were played through the floor
speakers by the standard technique of virtual s@aodce positioning using vector base
amplitude panning (Pulkki, 1997). The visuals aodrngls were calibrated at the participant’s
sitting position to correspond to a pedestrianedfht 1.6 m standing at the residential junction.
Participants therefore experienced vehicles dslf tvere standing at a real-world junction.

Fig. 4: The experiment set-up for virtual-world environmérhe participant, while being exposed to
stimuli, evaluated the EV sounds on ESS evaluatitarface.

2.3. Stimuli

Visual stimuli: The visual scenario represented a pedestrianistaiod the pavement of a
residential road junction (“A” in Fig. 5). An elett car, started from one of two different
starting positions (“S1” and “S2” in Fig. 5) sitedt behind the pedestrian on the adjacent
parallel road and travelled at 12 mph. This melhatdar arrived at the junction 21s or 29.5s
from the beginning of a particular experimental dion thus setting the two arrival time
conditions.

In the virtual-world, ESS software accurately sycised the vehicle speed and arrival times.
In the real-world the drivers were instructed tp and maintain a speed of 12 mph (note a
digital speed dial was used). A GPS data loggardsx the instantaneous speed of the vehicle
during every experimental run. Only those experitaleconditions where the vehicle speed
was 12 £ 1 mph, for at least 90% of that experimlecindition, were used for analysis.

Auditory stimuli: Three sounds, denoted as sound 1, sound 2 and 8pdirom an electric
car manufacturer were used as the three auditowglitons. The SPL of these sounds was



fixed within 57 — 59 dB(A) to comply with the recomended SPL by the AVAS guidelines
and FMVSS guidelines (Dalrymple, 2013; MLIT & JASIZD10). The loudness of the sounds
was between 4.5 — 6.5 sones, sharpness was bebwker0.8 acum, and the roughness was
between 0.0 — 0.1 asper. To comply with the legi@iathese sounds were broadband with at
least 1 signal in the range 160 — 5000 Hz and diccantain siren, horn, chime, bell, alarm,
animal, insect or melodious sounds. The total extsound of the target EV comprised mainly
of the EV'’s tire-road interaction sound and theitlglal sound emitted from its speakers
whose level, modulation frequency and pitch vanth speed.

In the real-world environment participants were @sqd to the ambient soundscape of the
experiment location. The ambient soundscape coep$ wind, occasional birdsong, geese
calling, and distant traffic and construction sosirithe ambient soundscape and sounds of the
approaching EV for every participant were binayralecorded during the real-world
experimental conditions. The recording (Fig. 1) wesle using Briiel & Kjeer Sonoscout NVH
Recorder - Type 3663. Ambient soundscape recordiveye reproduced at the same SPL
(dB(A)eg) in the virtual-world environment, to match withet corresponding participant and
experimental condition during the real-world expent.
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2.4. Measures

2.4.1. Detection

Detection distance:ln line with research involving ‘quiet’ vehicles é&ay-Vega et al., 2010;
Hastings et al., 2011), this study used the ‘detedlistance’ to assess the detectability of the
target EV sounds. The ‘detection distance’ isrtedihere as the distance of the target vehicle
from the pedestrian’s position at the instance ghdestrian indicates detection. The time
difference between the instances of vehicle deteend vehicle’s arrival at the junction (time-



to-vehicle-arrival) was multiplied with the vehitdespeed, 12 mph, to calculate the detection
distance.

In the real-world environment, the participant ves&ed to press a buzzer on an electronic
tablet interface (Fig. 6) as soon as (s)he heardaer the target EV. Following this the
researcher pressed a buzzer as soon as the E¥daatvthe junction. These buzzer sounds
were heard on the binaural recordings for evergarpent and were used to calculate detection
distance.

The virtual-world environment used a touch screaluation interface that was linked to the
ESS software, and synchronized with the experineentition. The interface had a 7-point
semantic scale: “not heard — heard” (Fig. 7) thatgarticipant was asked to slide as soon as
(s)he heard or saw the target EV. The interfacerdsd the time of every instance the scale
was moved. If the participant later thought (s)ae Incorrectly perceived hearing the car or
pressed the buzzer/ moved the scale mistakenhg (8xs instructed to do this again when the
participant thought (s)he started hearing the ENe @etection time was calculated from the
last instance the participant pressed the buzzeveththe “not heard — heard” scale.

Recognisability: The pedestrian’s evaluation of the recognisabdityhe target EV sound as

a vehicle was collected using a 7-point scale ot fiecognisable as vehicle — recognisable as
vehicle”. In the real-world environment a paper sjienaire contained the scale (Fig. 8). In

the virtual-world environment the participant reded the ratings by moving the scale on the
ESS evaluation interface to the appropriate vafhig (7).

Detectability: The pedestrian’s evaluation of the detectabilitythe target EV sound was
collected using a 7-point scale of “not detectabl@letectable”. This was on the paper
guestionnaire in the real-world, and on the ES&ate in the virtual-world environment.

2.4.2. Impressions of the vehicle brand

“Powerfulness” and “pleasantness” are well-esthblis perceptual dimensions of vehicle
sound quality (Bisping, 1995, 1997; Vastfjall, GallbKleiner, & Garling, 2002) that could
help understand a listeners’ impression of thealelorand. Powerfulness and pleasantness of
the EV based on listening to its sound was evatiiaseng 7-point scales of “weak — powerful”
and “unpleasant — pleasant” on the paper questi@irathe real-world, and on the ESS
interface in the virtual-world.

Fig. 6: Buzzer interface used in the real-world environmen
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Fig. 7: ESS-linked evaluation interface for virtual-woddvironment.

Based on your listening to the car’s sound, evaluate the car on the following attributes on a
scale of 1to 7.

Car 1:

Vouwmisble 123455 7 Recmisbles

Not detectable 1 2 3 4 5 6 7 Detectable
Weak 1 2 3 4 5 6 7 Powerful
Unpleasant 1 2 3 4 5 6 7 Pleasant

Fig. 8: Paper questionnaire used in the real-world enviemm

2.5. Experimental Design

A repeated measures design was used with the enwvinat (real-world and virtual-world), the
target car’s arrival time (21s and 29.5s) and #rgdt car’s sound (sound 1, 2, or 3) as
independent variables. Thus, a 2X2X3 repeated messdesign gave 12 different
experimental conditions. Within each environmentalworld and virtual-world) one
experimental condition, namely target car emitsognd 1 and arriving at 29.5s, was repeated
to check external reliability of the experiment.eféfore, each participant was exposed to 14
experimental conditions (7 experimental conditipes environment). The same presentation
order was maintained for each participant during teal-world and the virtual-world
environment but order effects were controlled feing 7X7 balanced Latin square (Goodwin,
2010).

2.6. Procedure

The experiment was performed with one participamt tame. Informed consent was obtained

from the participant. The participant was briefédat the experiment and was instructed to
first detect the EV aurally or visually (whichewegas first) and then rate the target EV sounds
on the semantic scales. Upon completion of the raxjgatal task, participant was thanked for

their participation.



The experiment in the real-world environment was\pleted first, followed by a two month
gap before completing the experiment in the viratld environment. The two month gap
allowed sufficient time for participants to forgbe stimuli. In the real-world environment the
researcher and the driver communicated via Blubtaod confirmed that no other passing
vehicles were visible nearby. The driver then delda sound (1, 2 or 3) from VSound laptop
corresponding to the experimental condition, bedyaving and reached the desired 12 mph
speed. As soon as the front of the car approadigedarresponding starting position (S1 or S2,
Fig. 5) the driver communicated this to the redeawrcThe researcher then immediately
announced to the participant that the experimargatlition had begun. In the virtual-world
environment these experimental conditions were lsymised using ESS.

3. Results

3.1. External reliability

Repeated-measures-ANOVA found no significant déiferes in the detection distance, or
ratings of recognisability, detectability and pofuéress upon repeating an experimental
condition within the real-world and the virtual-visbrenvironment (Table 1). Although there
was no significant difference in pleasantness gatirpon repeating the experimental condition
within the real-world, it significantly differed fahe virtual-world. This was considered as an
experimental anomaly. As only one of ten resultgnificantly differed, overall, both
experiments were considered reliable. The meanafdtee repeated experimental conditions
were used for further analysis.

Standard deviations for the detection distanceseWarge for the repeated experimental
condition. Thus, there was a high variability asrdise participants for detection distances.
However, individual participants themselves wenasistent, thus the study was considered to
have external reliability.

Table 1: Repeated measures ANOVA results for the repeadgerienental condition in each
environment.

Environment Measure Repetition 1 Repetition 2 F D artidl
2

Mean| SD | Mean SD N
Real-world Detection | 49.10| 24.27, 48.51| 23.70| .007 .933 .001

distance (m)
Recognisabilityy 4.14| 1.3 479 142 3545 .082 214
Detectability 400 166/ 443 16p 1.721 .212 A1
Powerfulness 3.000 141 343 140 3545 .082 214
Pleasantness 471 127 493 107 511 487 .038

Virtual- Detection 28.01| 25.78 24.80| 30.30| .191 .669 .014
world distance (m)

Recognisability] 3.71 164 436 198 1.918 .189 .129
Detectability 3.71 1.77) 3.86 1.75 134 .720 .01
Powerfulness 329 138 371 133 1219 .290 .086
Pleasantness 407 121 486 0095 5.026 °.043.279

alpha = 0.05, df = 1, andf, = 13,"p<.05
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3.2. Effect of environment

Table 2 shows the repeated-measures-ANOVA resurleffiect of evaluation environment and

target car’s arrival time. Participants detecteel thrget car at significantly larger distances
(faster detection) and also found the target sosiphsficantly more ‘recognisable as a vehicle’

in the real-world than in the virtual-world. No sificant differences were found between the
real-world and the virtual-world environment in peipants’ detectability ratings of the target

car’'s sound nor the powerfulness and pleasantri¢ke target car.

The significant differences in the detection dis&sand recognisability were further explored.
The difference in the detection distance betweemnrghl-world and virtual-world ranged from
-89.05 m to 72.74 m and was inconsistent throughiogitexperimental conditions, mean
Pearson’s correlation coefficient, r =.14, p>.0tld; 2009). Similarly, the difference in the
recognisability between the real-world and virtualrld ranged from -4 to 5 and was
inconsistent, mean Pearson’s correlation coefficien16, p>.05 (Field, 2009). A comparison
of the ranking of sounds based on detection disashowed that in both environments sound
2 was detected the fastest compared to sound s@amtl 3 (Fig. 9). The ranking of sounds
based on being recognisable as vehicle were sanb®tio environments, sound 1 being most
recognisable followed by sound 3, and sound 2 bisiedeast recognisable (Fig. 10).

3.3. Effect of target car’s arrival time

The participants detected the target car at sgamtly larger distances (faster detection) when
the target car arrived at 21 seconds compared.fos2@onds. However, the target car’s arrival
time had no significant effect on participant’'simgtof the target car sounds’ recognisability,

detectability or powerfulness and pleasantnessléTab

Table 2: Results of repeated measures ANOVA of the indepetneariables.

Independent Measure Level 1 Level 2 F p Partial
i 2

Variables Mean| SD | Mean SD N

Evaluation | Detection | 4 55| 5 46| 3196 3.07 | 11.427| .005 | .468

environment| distance (m)
Recognisability| 4.49| 0.13 3.78 0.17 7.069 020 .352
Detectability 442 | 0.17) 420 0.14 481 .500 .036
Powerfulness 351 014 358 0.14 .185 .674 .014
Pleasantness 470 014 392 0415 3.693 Q77 221

Arrival time Detection
distance (m)

Recognisability| 4.17| 0.1 4.11 0.16 187 .6713 .014
Detectability 4.27| 0.16 4.35 0.16 201 .66[1 .015
Powerfulness 350 015 360 0.14 .556 469 041
Pleasantness 426 014 436 0[5 229 .640 017

alpha = 0.05, df = 1, anddf:= 13, Level 1 = real-world/ 21 s, Level 2 = virkweorld/ 29.5 s,
"p<.05,"p<.01

43.66 | 3.13| 35.69 259 | 7.126 .019 | .354
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4. Discussions

This study begins to answer a fundamental and dedsted question concerning the external
validity of simulators and virtual environmentsf the results from experiments in virtual
world environments accurately predict or generghsdestrians’ evaluation of EVs emitting
sounds in a traffic scenario in the real world?”

It is found that participants evaluated EV soundslst being pedestrians in a virtual-word
environment in a similar way as when they evalu#itedsounds in a real-world environment.
However, in the virtual-world environment they fauit harder to recognise the EV sounds
and took longer to detect them than in the realdvdut, they did detect and recognise these
sounds in a similar order as in the real-world esvnent. The results therefore partly support
the use of virtual world environments as an egeivalto real-world testing conditions for
evaluating EV exterior sounds. The study also lghié EV’s arrival time as a key
methodological aspect that affects pedestrian€diiein rate and makes visual context more
realistic; thus it should be manipulated in futarperiments.



4.1. Testing external validity of virtual-world environments

Pedestrians’ evaluation of the detectability of thrget car’'s sound and the powerfulness and
pleasantness of the target car in a virtual-wonldirenment did not significantly differ to a
comparable scenario in a real-world environments Shggests participants were responding
similarly in the virtual world as in the real world

Recognisability of the EV sounds, however, wasifigantly higher in the real-world than in
the virtual-world environment. This means that teme simulated sounds seem more
recognisable in the real-world than in a virtualrdldoAnother explanation is that by the time
participants made their recognisability ratingsythad seen a real EV emitting these sounds
in the real-world thus increasing their associatibthese sounds to a vehicle. A person without
an automotive background is unlikely to know alltbé numerous automotive sounds in
existence and thus unable to rate a set of soumds @bsolute scale. Therefore, process of
evaluating automotive sound quality on perceptusibates is essentially a process of
providing relative ratings to a set of candidathigie sounds (Otto, Amman, Eaton, & Lake,
1999). Similarly, in this study, a pedestrian pd®s relative scores on the perceptual attributes,
based on the vehicle sounds they have been expogedviously, or during the experiment.
Therefore, though less important than actual soofresnotional evaluations, the ranked order
of sounds being evaluated is valuable informatiomictv the virtual-world experiment
accurately predicted for recognisability of soumdthe real-world. It is worth noting that this
experiment used three very acoustically similamsisu(see section 2.3) developed for a single
EV brand. On the contrary, many previous studie® hesed a very diverse set of sounds such
as engine, melodious, bell, pure tones and natureds (Goodes et al., 2009; Hastings et al.,
2011; Singh, Payne, & Jennings, 2014), or souruis flifferent brands (Barton et al., 2012).
With an extremely diverse set of sounds it is edsiea method to predict their ranked order
or ratings in the real world. However, this studfyedentiates and predicts ranked order and
ratings of very similar sounds, which highlights #@fficiency of the methodology.

Overall, it can be said that experiments conductedhe virtual-world using presented
methodology will produce results that effectivehegict pedestrians’ emotional evaluations of
vehicle exterior sounds in real-world conditionow¢ver, current evaluation tests of EV
sounds (Barton et al., 2012; Emerson et al., 2003]1; Garay-Vega et al., 2010; Goodes et
al., 2009; Hastings et al., 2011; JASIC, 2009; #&dret al., 2014) do not combine detection
tests with assessing a listener’'s emotional regsotosEV exterior sounds. Including emotional
evaluations in EV exterior sound studies will mékem similar to the focus of sound quality
evaluation tests, usually conducted for interiasrgts, in a vehicle’s design process (Bisping,
1995, 1997; Cerrato, 2009; P. A. Jennings et @llp2Miskiewicz & Letowski, 1999; Otto et
al., 1999). In that way, this methodology can besdly integrated within automotive
industries’ vehicle design and development processe

In this study, the EV was detected at a signifigagteater distance by a pedestrian in a real-
world scenario than in a comparable virtual-wontvieonment. This suggests that virtual—
world environments may not be accurate at repregghow fast pedestrians react to and detect
a vehicle in the real world. However, there were potential human-related errors in the real-
world condition that were absent in the virtual-ldorondition and these could have affected
the measured values of detection distances. Fiistlhe real-world condition there was the
potential for “operator’'s manual control error” (¥ens & Hollands, 2000) if the driver of the
EV deviated from driving the vehicle at 12 mph, dodr different drivers were used during
the study. If we take the mean detection distarmseived as 47.38 m (see Table 2), then an
error of 1 mph speed deviation would have causddtection distance error of 3.95 m. In
contrast, in the virtual-world condition the EV wasiven’ by the software at a constant 12



mph, to ensure the car arrived exactly at one of ‘aarival time’ conditions (21s or 29.5s).
Secondly, in the real-world condition there wasgbtential for “human observer measurement
error” (Goto & Mascie-Taylor, 2007) as the drivereded to verbally state when the car crossed
a given line (experiment’s starting position), dhd researcher needed to state when the car
had arrived at a given point by pressing a buzdere, even an error of 1 s in researcher’s or
driver's observation would have caused a detedistance error of 5.4 m each. Whilst in the
virtual-world, ESS software accurately monitore@sh two instances thereby eliminating
measurement discrepancies.

Different methods had to be used for this detectimtance measurement as the ESS data
collection facility is not available for use in theal-world. Both of the discussed errors are by
definition random errors. When the differences he tdetection distances were analysed
individually it was found that they too are randemors as they are inconsistent throughout
the experimental conditions (low correlation) amdlipectional (negative and positive errors).
Thus, the differences in the detection distancedikely to be caused by random errors such
as human-related measurement errors, and/or effagicontrolled external factors such as
weather, lighting, traffic, etc. Also they are nigely to be caused due to a problem in the
presented methodology because then the differemoglsl be systematic across all conditions.

Therefore, the study suggests that people reaterfasmd are more aware of a vehicle
approaching in the real-world than in the virtuadfld. However, these differences might be
due to error in measuring their detection rateerathan people responding differently due to
the different environments. Despite the significdiffierences in participants’ reaction time to
an EV approaching in the real and virtual-worldiemwments, the ranked order of EV sounds
based on their detection distance was same indsstihonments. This suggests that the results
from the virtual-world environment are still genlerable to the real-world, and thus supports
the developed methodology.

4.2. Effect of arrival time on pedestrians’ detecbn rate

Pedestrians took longer to detect the target eapanding at a slower rate when the car arrived
later in time. This supports the relationship betwehe target car’'s arrival time and
pedestrians’ detection rate in a previous studydlsi Payne, & Jennings, 2014). This implies
that the attention level of pedestrians reduced thié passage of time within an experimental
condition. In most conventional listening testg tar sound to be detected is present from the
very beginning of the stimulus, and has a fixedvatrtime at the pedestrian’s spot (Garay-
Vega et al., 2010; JASIC, 2009; Morgan et al., 2(drizet et al., 2014), so after a few trials,
participants begin to expect to hear the car ditaigray. Therefore, participants may pay more
attention towards hearing the car. These conveatitegsts do not represent a real-world
pedestrian-vehicle interaction where a car may @ggr a crossroad/junction at any time.
Thus, conventional listening test methods may pecedeesults different from a real-world
traffic scenario.

On the other hand, this methodology involves rargatiering the target car’s arrival time
throughout the experiment, just as it would be ineal-world scenario especially at un-
signalised crossroads and junctions. Thus, it esgtdrticipants to think, react and pay similar
attention as a pedestrian in the real-world whonsure of the time of a car’s approach and
his/her expectation will not be as evident. Thuthwime the participant’s attention may shift
from focussing on detecting the target car’s sotmdhe perception of other stimuli such as,
visual and ambient sounds. Reduced expectationdeardased attention may have caused the
participants to react slower towards the end ocariqular experimental condition. The same
is also expected in a real-world scenario. Theegfearying the target car’s arrival time is
recommended for future studies.



4.3. Virtual-world versus real-world: a methodologcal comparison

It is usually critiqued that real-world experimenwtsfield studies have much lower reliability
compared to a laboratory study (P. Jennings €@0.7; Singh, Payne, & Jennings, 2014). Yet,
the methodology used in this study has successhdlyieved protocols for conducting
experiments in a virtual-world environment andhia teal-world that have significant external
reliability. However, a large variability was obged in the detection distances across
individual participants for the repeated experimaénbndition (Table 1). The sound used for
this condition was too low that many participantéycheard the tire rolling before the actual
sound from the speaker. The variability in the diégb@ distances could be due to the ambiguity
of the sound used for this particular condition. Blach variability was observed across
individual participant scores for the overall expent (low standard deviation in Table 2).
Experiments in the virtual-world environment wereiaker compared to the real-world
environment, taking only 8 minutes per participgomtcompletion of the seven experimental
conditions. In contrast, in the real-world, the gdation of these seven experimental conditions
took between 30 to 45 minutes per participant, wekolg the time to arrive or leave the
experiment site. This was because of the periodriuptions by the University approved
vehicles passing the experiment location and takert to achieve the car’'s desired manoeuvre
before beginning a new experimental condition. fk@nmore, the virtual-world experiments
for all 14 participants were completed in a one kvel comparison, the real-world
experiments took one month to complete becausenpfementation difficulties. The real-
world experiments were cancelled on two occasiorestd problems with vehicle charging and
tyre puncture, thus causing a ten day delay. M@emne participant’s data was not used due
to heavy winds that interfered with car driving didaural recording. Initially, it was decided
to maintain a low speed condition of 10 mph for exkpents just as in the previous study
(Singh et al., 2013; Singh, Payne, & Jennings, 20But the pilot study showed that in the
real-world drivers found 10 mph difficult to madirt therefore 12 mph were chosen for actual
experiments with a speed tolerance of £ 1 mph (adatmgital speed dial was used).

Overall we can say that methodologically virtuatieonments seem a preferred alternative to
real-world studies as they are quick, easy to implat and provide better experimental control.
Additionally, virtual environments allow easy manligtion of factors such as vehicle’s arrival

time, direction (Singh, Payne, & Jennings, 2014atler, and ambient conditions, which is
difficult to achieve in the real-world and alsodonventional laboratory listening tests.

5. Limitations and Future Work

The current study does not accurately predict ibiance at which pedestrians detect an EV in
the real-world. As discussed, these differencagsults may be due to inaccurate detection
measurement and uncontrolled external factors ptésehe real-world.

Currently, all real-world detection studies havmitations in implementing an accurate
measurement method for vehicle detection, as tlues a trade-off between accuracy, cost,
feasibility, and installation issues. The measumnmeethod for virtual worlds in this study
balances feasibility, accuracy, and cost. Othdrweald detection studies have primarily used
the inaccurate, but economical, methods such &owiekcordings of the experiment with road
markings to estimate the detection distance (Emestal., 2013; Goodes et al., 2009; Hastings
et al., 2011). More accurate methods such as nrorgteehicle’s position with photoelectric
sensors, marking instances of detection using pudtons, and storing the data in a
synchronized data acquisition software, are redsitivcostly and difficult to implement
(Hastings et al., 2011). These methods could iz own errors and problems. The best



method for collecting detection distance in thé-vearld therefore needs further investigation.
Hopefully, future studies in the real-world could bmproved, but currently, virtual world
environments seem more usable for doing such studie

6. Conclusions

This study applies a methodology where people galuate EV exterior sounds as a pedestrian
in a virtual-world traffic scenario. The study confs that the developed virtual world
methodology produces results that accurately premidestrians’ real-world evaluations of
detectability of EV sounds and their real-world nmegsion of the powerfulness and
pleasantness of the vehicle brand. The resultgaiseralise how recognisable pedestrians find
these sounds in the real-world. Arguably, for corapke methods and setups, experiments in
virtual worlds would effectively predict pedestrisevaluation of EV sounds in the real world.
As the methodology randomly alters vehicle’s alriv@e over the experimental conditions,
just like in a real world scenario this helps pap@ants think, respond and pay similar attention
as a real-world pedestrian. Therefore, this virtmatld methodology can help transportation
and traffic safety researchers, manufacturers, thedlegislators of new EV sounds to
understand how pedestrians in the real-world dedadt evaluate a vehicle, emitting new
sounds.
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