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The growing number of driver assistance systemeases the demand for warnings that are intuitively
comprehensible. Particularly in hazardous situatienich as a threatening collision, a driver mastes
stand the warning immediately. For this reasorjsioh warnings should convey as much informatien a
needed to interpret the situation properly andrépare preventive actions. The present study iigast
whether informing about the object and the locattban imminent crash by a multimodal warning (vis-
ual and auditory) leads to shorter reaction tintas fawer collisions compared to warning signalscluhi
only inform about the object of the crash (auditimgns) or give no additional information (simptae).
Results reveal that multimodal warnings have theq@l to produce a significant advantage over uni
modal signals as long as their components compleesah other in a way that realistically fits tfiteia-

tion at hand.

INTRODUCTION

As more technology is introduced into road vehicteswy
challenges arise. One of these challenges resaltsthe vari-
ety of messages delivered by driver-assistancemsgstHow
can we ensure that such a message (a) can begdistied
from other messages, (b) delivers the approprigtamation
and (c) leads to the desired effect? We will adstbgse is-
sues for a type of message that is of particulaoitance - the
warning against a potential collision.

Two problems must be solved in the developmeriobf
lision warnings. The first one is technical in matuBased on
data from various sensors, such as radar and Issphjsti-
cated algorithms are needed to automatically rezegthe
hazard of a collision. Research to fulfill this végment is
well under way and will not be discussed here (Kaemen &
Dietmayer, 2003). The second problem is psycholdgitna-
ture and concerns the three issues outlined atfoeellision
warning must not be mistaken for less relevantrinfaion,
must contain all crucial information needed in #iwiation,
and must trigger adequate preventive actions omalbehthe
driver.

Since collision situations are rare events, thenimgeof a
warning can hardly be learnt by experience. Insteggdrma-
tion about such hazards must be intuitively comensible.
Moreover, the driver must respond to the warnindaas$ as
possible. How can this be achieved?

According to Stanton and Edworthy (1999), auditory
formation is particularly well suited for eventstirequire an
immediate response, as long as the signal is can¥isrbal
information does not comply with this criterion bese its
cognitive processing takes too long in time-critisiuations
(Campbell, Richard, Brown, & McCallum, 2007). Hepoen-
verbal acoustic signals seem more appropriate Hsico
warnings, but unfortunately they are not as infdimeaas ver-
bal messages. Simple tones are not easily concaiwedarn-
ings, nor do they inform about tmature of the hazard or its
location.

One way to advise the driver of thature of the hazard is
offered by auditory icons. They are everyday sounusst
people are familiar with and therefore can undedstaasily
and quickly (Barrass & Kramer, 1999; Petocz, Kell&r
Stevens, 2008). Various studies have used themaasing
signals because of their potential to reduce cognieffort
(Belz, Robinson, & Casali, 1999; Graham, 1999) &meir
ability to elicit fast reactions (Sanders & Mc Cacky 1993).
Applied as collision warnings, they may point outat/to ex-
pect, as for instance the ringing of a bicycle bellsignal a
bicycle appearing unexpectedly from behind an oiositin.

Theposition of a hazard, or thdirection it is approaching
from, can be indicated either acoustically or viud@eople
in a car are able to localize sounds quite acclyrateder
static laboratory conditions (Tan & Lerner, 199)d in stud-
ies with a driving context, spatial auditory icolesl to en-
hanced visual target identification (Ho & Spenc@p2, Ho,
Tan, & Spence, 2006). In a more realistic drivirtydy
though, participants were not able to benefit fraoditory
warnings conveying spatial information (Fricke & B#ippis,
2008). No advantage of these warnings in termsedficed
collision frequencies or faster brake reactionsladdie ascer-
tained.

As an alternative for localizable sounds, visuadean
be employed. This may be also advantageous sirver ot
sounds inside a car can interfere with an auditoy- signal
and deteriorate its spatial information. For thésgon, most
guidelines recommend using a multimodal warningnalig
(Campbell, et al., 2007), such as a combinatioacofustic and
visual or haptic cues.

Following this proposal, our study investigates iaud
visual collision warnings. A combination of an aody war-
ning signal which is either specific (auditory i¢oar un-
specific (tone) is combined with a spatial visu&lD-signal to
a multimodal warning. These combinations are coexgbdo
unimodal auditory warnings.

The multimodal warnings do not merely provide redun
dant information — as tested in other studies,efaample by
coupling the sound of a horn with the visual digpdf a car
(Belz, et al., 1999).
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Figure 2: Bike scenario

Instead, the different components of informatiomsts
tuting the multimodal signal are complementary @cteother
(Milekic, 2002). The spatial information provideg the LED
signal amends the information about the collisikject pro-
vided by the auditory icon, both contributing taieher and
more comprehensive representation of the hazard.

Two research questions arise for such complementary

warnings: (a) Is a specific warning which informsoat the
nature of the hazard (auditory icon) more helphart an un-
specific warning (tone)? (b) Is a multimodal sigmddich in-
cludes information about the location of the darsyenore ef-
fective and efficient warning than a unimodal signa

If complementary multimodal warnings were beneficia

they should lead to faster reactions and thus teefpduce the
number of collisions.

METHOD

The study was conducted in a fixed-base drivinguam
tor with artificial driving noise. The simulationas projected
on a screen located 1.5 meters away from the chf a2 me-
ters in height as well as 2.35 meters in length.

Materials

Two different scenarios were used to simulate tergal
collision. In the car scenario, a van driving aheada rural
road suddenly braked to a complete stop (see figurSince
the brake lights were disabled, the participanticed the
braking very late. In the bike scenario, particiigamere driv-

ing alongside a row of parked cars when sudderthycygcle
entered the street (see figure 2).

To be consistent with these scenarios, two diffeaerli-
tory icons were used as specific warnings, i.@eesthing tires
and a bicycle bell. Both auditory icons had beeatetdin pilot
studies. Participants had been able to respontiem trela-
tively fast (< 1100 ms) and could identify themaat average
rate of more than 85% in a free association taskar unspe-
cific warning, a 600Hz tone (see also Graham, 1988 em-
ployed in both scenarios. All acoustic warning signwere
normalized stereo files that were played at 71-B5 SPL
through the car speakers and lasted one seconge(Ste
Brennan, & Parker, 2004).

The visual warning was supposed to direct drivat&n-
tion to the location where the collision object vedmout to ap-
pear. Therefore, it had to be
established unobtrusively in
their visual field. To accom-
plish this, an LED-band was
positioned right under the
windshield on the dashboard.
A similar approach (see figure
3) had been tested success
fully to indicate pedestrians’
positions in night-vision en-
hancement systems (Mahlke Figyre 3: visual LED warning
Roesler, Seifert, Krems, & (Mahlke et al., 2007)
Thuering, 2007).
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The LED-band was 80 cm long and covered the dsver’
visual field of the screen on which the simulatiwas pro-
jected.

Depending on the position of the collision objextseg-
ment of about 5 cm corresponding to the actualiappbsi-
tion of the object (car or bike) was illuminateddrand
flashed. This lasted until the car had completébpged. The
flash-rate was 10 Hz as recommended by Sanders &okc
mick (1993).

Design

Three independent variables are investigated in our
study: the warning type (tone or auditory icon)e thisual
component (without LED, or with LED), and the seqce in
which the scenarios were presented (car-bike @-bé#t). The
visual information was always supplementary to aleitory
warning. There was no visual-only condition.

All independent variables were implemented as betwe
subjects factors. Accordingly, the design of thedgtwas a
2x2x2-factorial design. The dependent variablesewmake-
reaction time and number of collisions.

Procedure

First, participants completed questionnaires canngr
demographic factors and simulator sickness. Aftedaathey
were introduced to the functions of the driving siator and
completed a training drive lasting for about fivénotes. In
the main part of the experiment, everybody drove $eparate
routes, each lasting approximately three to founutds. On
each route, they were confronted with one of tHiésgmn sce-
narios and got warned either by an auditory ongyai (tone
or auditory icon) or by a combination of auditonydavisual
signal (tone + LED or auditory icon + LED). All pgeipants
experienced each of the scenarios only once. Thisico
warning was always presented at least 3 secondsebédie
actual collision would occur if no preventive actizere per-
formed. At the end of the experiment, participantre in-
terviewed to gather information on their subjectingres-
sions of the warnings.

Participants

One hundred sixty persons participated in the exper
ment. All of them were men because former studiad h
shown that female drivers were much more pronéntalls-
tor sickness. Participants were matched for agelwtdnged
from 18-56 (no more detailed age information canpbe
vided due to data security). All of them had a éris license
and more than 85 % used their car every day ananfoe
than 10.000 km per year.

RESULTS
Since the warnings in the auditory icon conditioerevdiffer-

ent in the two scenarios (screeching-tires vs. dicyoell),
both scenarios were evaluated separately.

brakereactiontime in ms

brake reaction timein ms
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Reaction times

The factors were warning type (auditory icon vsielp
visual component (without LED vs. with LED), andesario
sequence (bike first or bike second). Brake readiime was
defined as the interval between the appearing e@fwharning
and braking.

In the bike scenario a main effect was found for the sce-
nario sequencg[2,121] = 22.88, p < .01. When the bike sce-
nario was presented first, brake reaction timesewmuch
longer compared to its presentation as second soer-
other main effect resulted from the factor visuamponent
F[2,121] = 4.80, p < .05. Multimodal warnings led faster
braking reactions than unimodal warnings.

The factor auditory warning type showed no effexiy
could any interaction effects be found. Mean valaies stan-
dard errors of the main effect of the visual comgranare
shown in figure 4.
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Figure 4: Mean values and standard errors of bra&etion times for
the visual component effect in the bike scenario
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Figure 5: Mean values and standard errors of bredetion times for
the auditory warning type and visual componentatfiie the car sce-
nario
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In the car scenario, three significant effects were found.
In accordance with the bike scenario, both scersgtpence
F[1,149] = 38.84p < .01, and visual componeRf1,149] =
19.03, p < .01, produced a main effect. Again, tteas took
longer for warnings in the first scenario and nmtitdal warn-
ings reduced reaction times compared to unimodahiwgs.

In addition, the auditory warning type led to angiigant

main effectF[1,149] = 6.06, p < .05, and the auditory icon

produced faster reactions than the tone warning.

No interaction effects were found. Mean values staah-
dard errors of the auditory warning type and mdgadifect
are shown in figure 5.

Collison frequency

Only drivers in the car scenario caused colliswhgreas
all drivers in the bike scenario succeeded in dwgicany
crashes. Absolute frequencies of collisions indhescenario
are displayed in table 1. g’-test showed a significant main
effect for the auditory warning type (Pearsgn= 4.43; p <
.05) displaying a greater number of collisions tbe tone
compared to the auditory icon.

Table 1: Absolute frequencies of collisions for #elitory warning
types in the car scenario

] collision
warning type _ | total
no collision| collision
auditory icon 58 10 68
tone 50 21 71
total 108 31 139
DISCUSSION

Our results showed different effects for the twdlision
scenarios under investigation.

In the bike scenario, the multimodal warning produced
faster brake reactions, no matter whether the wgrimicluded
a simple tone or an auditory icon. Hence, one miginiclude
that the visual cue helped drivers to orient tlatiention. The
auditory icon, on the other hand, did not leadugHher im-
provements. For this scenario, information aboatgbtential
collision object, as provided by the bicycle belig not lend
additional support. The reason for this lack of edfect re-
mains unclear. It cannot be ruled out that the ia@s not
adequate for this scenario, i.e., that the bicy=é did not
prime the drivers in the way it had been expeddthe other
hand, the results of our pre-studies make thisrpné¢ation
rather unlikely. Another possibility is that thelleion situa-
tion in the bike scenario was easier to handle thanone in
the car scenario. Hence, the visual cue alone raag hAccel-
erated responses so much that the situation wity pasy to
cope with. Such a ceiling effect may have preveriedaudi-
tory icon from increasing drivers’ performance duyther.
This interpretation appears more likely and is sufgul by the
finding that no collisions at all appeared in tlieebscenario.

In thecar scenario, collisions did appear. As the analysis

of collision frequencies revealed, there was atpeseffect of
the auditory warning type (screeching tires), batpositive
influence of the visual component (red LED) coukdl dscer-
tained. Two factors may have contributed to theeabs of
such an effect:

1. Due to individual differences in driving behavidhe
distance between the drivers and the van in frdnt o
them was not a constant. As a consequence, some dri
ers were very close to the other car while othezsew
further away when the warning was given. For thi r
son some people had more difficulties to avoid li-co
sion than others. Obviously, this increases thererr
variance and reduces the chances of an effectatdhre
the required level of significance. The only optitn
avoid this problem would have been to directlyrinst
our participants to drive at a particular speed tnd
keep a predefined distance to cars in front of théfa

did not choose this approach to ensure more natural

driving behavior.

2. In the car scenario, the collision object was itjea
visible and directly in front of the driver. Theoeg, a
positive effect of indicating the position of thazard

may have been much less pronounced than in the bike

scenario where the collision object was still olusight
at the time of warning and then suddenly appeated a
the position that the visual cue had indicated.

With respect to reaction times in tlvar scenario, we
found an effect of the warning type, i.e., the &amiicon had
an advantage over the tone warning. In this pdaticsitua-
tion, information about the nature of the collisiobject was
helpful to accelerate the drivers’ responses. Maeeothere
was an effect of modality. Multimodal warnings ledfaster
reactions than unimodal ones. This supports thangson
that visual cues play an important role in primohgvers for
reacting to an impending collision. At least in e scenario,
the combined effect of information about the natofethe
danger and its location led to the fastest reastion

This finding is further supported by some particitsa
who mentioned that the red LED light reminded thefma
brake light. The combination of screeching-tiresl an red
LED in the car scenario probably matches the sdodbetter
than the combination of a bicycle bell and a redLiB the
bike scenario. It seems that the constellation rofaaditory
icon and a visual cue in the car scenario constatmeaning-
ful pattern which represents the hazardous sitnatiore ap-
propriately.

At first sight, our findings concerning reactiomgs in
the car scenario seem to be contradictory to awlirfigs con-
cerning the collision frequencies where the visusd (as part
of the multimodal warning) did not help to redube humber
of collisions. This contradiction can be eliminateg assum-
ing that the visual cue successfully contributedi¢areasing
reaction times, but that the resulting time saviwgse not big
enough to significantly decrease the number ofsiohis.

Why was the visual cue not efficient enough to dase
collision frequency in the car scenario, and whys waof no
help at all in the bike scenario? An answer to tuestion
may result from the data of the interviews conddicié the
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end of the study. While people had no difficultiesnoticing
the LED light, only 13.8 % of the participants adukll its
position and reported that the light had appeatedifierent
locations in the two scenarios. This gives ris¢h assump-
tion thatexact spatial information transmitted by a multimodal
warning may not be as helpful as expected becaaspl®
might not be able to process it in a hazardousatsitn that
calls for a fast response. This assumption fithéointerpreta-
tion given above: Not the spatial information helpe de-
crease reaction times in the car scenario, butdmstitution
of a consistent pattern that represents the hazarsituation
in a meaningful way. Of course, this interpretatioust be
verified in future studies.

A third effect, we found in our study, concerneeé ge-
guence in which participants were exposed to tleedifferent
collision situations. For both scenario types, $leeond con-
frontation with a collision warning led to fasteesponses.
This indicates a pronounced learning effect. Asnsas par-
ticipants had experienced the first collision scenahey ex-
pected similar events for the continuation of thxpeziment
and were better prepared to react. This finding rhathodo-
logical implications that are particularly importafior future
studies with respect to ecological validity. In Ik situa-
tions collision warnings would be rare events amiveds
would not expect them. Empirical studies shoulettks into
account and restrict the number of warning triasstically. It
might even be most appropriate to confine suchiesui one
warning trial because any data produced in subsedtals
might be heavily biased by learning and expectation

To summarize, let us answer the two research igosst
addressed in this study. Auditory icons which infabout the
nature of a collision hazard can be more helpfahthinspe-
cific warnings, such as a simple tone. Moreover|timodal
warnings which provide visual cues indicating tbedltion of
the collision object can be more helpful than urdadovarn-
ings consisting of mere acoustic information. Péeaste our
claim that both measuresdah be helpful”. If they reallyare
helpful depends on whether they are combined iotopte-
mentary multimodal warnings which realistically aot with
the situation at hand - as in the case of couglimgsound of
screeching tires with the red light of an LED torvabout the
sudden braking of a car in front.
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