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a  b  s  t  r  a  c  t

Cooperative  warning  systems  have  a great  potential  to  prevent  traffic  accidents.  However,  because  of
their predictive  nature,  they  might  also  go  along  with  an  increased  frequency  of  incorrect  alarms  that
could  limit their  effectiveness.  To  better  understand  the consequences  associated  with  incorrect  alarms,
a driving  simulator  study  with  N  = 80 drivers  was  conducted  to investigate  how  situational  context  and
warning  urgency  jointly  influence  drivers’  compliance  with  an unreliable  advisory  warning  system  (AWS).
The participants  encountered  several  critical  urban  driving  situations  and  were  either  assisted  by  a  100%
reliable  AWS,  a 60%  reliable  AWS  that  generated  false  alarms  (without  obvious  reason)  or  a  60%  reliable
AWS  that  generated  unnecessary  alarms  (with  plausible  reason).  A baseline  drive  without  any assistance
was  also  introduced  to  the  study.  The  warnings  were  presented  either  only  visually  or  visual-auditory.
In  line  with  previous  research,  drivers’  compliance  and  effectiveness  of  the  AWS  was  reduced  by  false
alarms  but  not  by unnecessary  alarms.  However,  this  so-called  cry wolf  effect  (Breznitz,  1984) was  only
found  in  the  visual-auditory  condition,  whereas  there  was  no effect  of warning  reliability  in the  condition
with  visual  AWS.  Furthermore,  false  but not  unnecessary  alarms  caused  the participants  to  rate  the  AWS
less favourably  during  a follow-up  interview.  In  spite  of these  negative  effects  of  false  alarms,  a reduction

in  the  frequency  of  safety-critical  events  (SCEs)  and  an  earlier  braking  onset  were  evident  in all  assisted
drives  compared  with  that  of non-assisted  driving,  even  when  the  AWS  was  unreliable.  The  results  may
thus  lower  concerns  about  the  negative  consequences  of warning  drivers  unnecessarily  about  upcoming
traffic  conflicts  if the  reasons  of  these  alarms  are  comprehensible.  From  a perspective  of  designing  AWS,
we recommend  to use less  urgent  warnings  to  prevent  the  cry  wolf  effect.

©  2016  Elsevier  Ltd.  All  rights  reserved.
. Introduction

.1. Background and scope of the study

In Germany, most accidents with personal injury are reported
n urban areas with most of them happening in complex driv-
ng situations, such as intersections (Federal Statistical Office,
013). Consequently, assisting drivers in these situations has a
reat potential to improve traffic safety. However, driver assis-
ance that is merely based on on-board perception of the vehicle

nvironment, such as a camera or radar, may  not be capable of
ufficiently analysing the driving environment in these conflict sit-
ations to provide comprehensive driver support (Seeliger et al.,

∗ Corresponding author.
E-mail addresses: naujoks@wivw.de, naujoks@psychologie.uni-wuerzburg.de

F. Naujoks).

ttp://dx.doi.org/10.1016/j.aap.2016.09.009
001-4575/© 2016 Elsevier Ltd. All rights reserved.
2014). Specifically, the recognition and tracking of vulnerable road
users and that of partly or even fully occluded road users is nec-
essary to assist the driver efficiently (Edquist et al., 2012; Hamdar
et al., 2016; Marciano and Yeshurun, 2015; Naujoks et al., 2015a,b;
Rogé et al., 2012).

Driver assistance based on cooperative perception (e.g., car-
to-car or car-to-infrastructure communication) has received
considerable interest because it may  provide a solution to these
technical limitations by fusing vehicle localised environmental per-
ception with information provided by other road users or the
infrastructure (e.g., sensors mounted to traffic lights at intersec-
tions). Several national (e.g., simTD and Ko-FAS) and European
research projects (e.g., INTERSAFE and DRIVE C2X) have thus
dealt with the technological advancement of cooperative percep-
tion. Similar technological developments, like research on so-called

connected vehicles, take place on an international level. For example,
the US Department of Transportation currently runs a Connected

dx.doi.org/10.1016/j.aap.2016.09.009
http://www.sciencedirect.com/science/journal/00014575
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http://crossmark.crossref.org/dialog/?doi=10.1016/j.aap.2016.09.009&domain=pdf
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ehicle Deployment Program on three deployment sites (USDOT,
015).

A promising application of cooperative perception is to inform
rivers about impending conflict situations, even if the conflicting
oad user is occluded from the host vehicle’s point of view (i.e., advi-
ory warnings, see Seeliger et al., 2014; Naujoks et al., 2015a,b; Maag
t al., 2015). The potential of these predictive warning systems
o enhance driving safety has been shown repeatedly in differ-
nt contexts, such as congestion tail warnings (Totzke et al., 2012;

erneke et al., 2013; Winkler et al., 2016), obstacle warnings (Mahr
t al., 2010) and intersection collision warnings (Lenné et al., 2008;
aujoks and Neukum, 2014a; Zarife, 2014).

So far, these studies have dealt with perfectly reliable warn-
ng systems. However, assisting the driver by means of cooperative
erception technology requires the modelling and prediction of
he traffic situation based on fused sensor data. Due to the proba-
ilistic nature of this cooperative perception approach, cooperative
arning systems will not be perfectly reliable, which might in turn

ecrease the warnings’ usefulness. In a literature review, Wickens
nd Dixon (2007) concluded that warning systems that are less
han 70% reliable (with a confidence limit of roughly 14%), were
ot beneficial for human operators.

Reliability of warning systems can influence driver behaviour in
everal ways. Previous research has repeatedly revealed that false
larms reduce compliance with warning systems, for example by
ncreasing reaction times, a phenomenon that has been labelled the
ry wolf effect (Breznitz, 1984; Getty et al., 1995; Sorkin, 1988). The
ry wolf effect has been named after the fable by Aesop about the
The boy who cried wolf”; however, in human factors psychology, it
s not a young shepherd boy that has warned of a wolf worrying the
heep too often but an automated warning system that has issued
oo many false alarms (Roulston and Smith, 2004). The reason for a
ecreased compliance caused by false alarms may  be a diminished
ontingency between the presentation of a stimulus, i.e., the driver
arning, and the need for a reaction (Kiesel and Miller, 2007). The

ry wolf effect is well-known from other applied research settings,
uch as aviation (Pritchett, 2001), medicine (Kestin et al., 1988;
eredith and Edworthy, 1995) or process management (Kragt and

onten, 1983; Lee and Moray, 1992). In the worst case, users ignore
r even switch off warning systems because the rate of false alarms

s too high. In contrast to false alarms, missed alarms represent situ-
tions in which a traffic conflict that the driver should attend to does
ot trigger a warning signal. Missed alarms can lead to increased
eaction times to critical situations as well as an increased crash risk
ompared with non-assisted driving (Mahr et al., 2010; Yamada and
uchar, 2006).

The present paper revisits the issue of how false alarms influence
ooperative warning effectiveness. By means of cooperative per-
eption, drivers are assisted by an advisory warning system (AWS)
n situations in which the conflicting road users are occluded when
he driver approaches (e.g., by parked cars on the side of the road);
his situation can only be resolved by cooperative warning systems.
owever, precisely in these situations, the reliability of the warn-

ng system might largely influence drivers’ compliance because
rivers cannot directly verify the correctness of the alarm. Within
his context, two research questions are investigated that have not
een comprehensively dealt with by prior research, namely, the
resence of situational indicators from which the driver can infer
he reason why a false alarm has occurred and the impact of the
arning urgency.

.2. False alarms effects on warning effectiveness
To date, most studies dealing with the cry wolf effect in the con-
ext of driver warning systems have focused on situations in which
alse alarms are presented without any reason (e.g., Bliss and Acton,
 Prevention 97 (2016) 162–175 163

2003; Cummings et al., 2007; Yamada and Kuchar, 2006). These
types of alarms may  be most likely due to technical failures of the
warning system. Alternatively, it is also possible that an alarm is
issued because the warning system detected a potential conflict
situation; however, as the situation develops further, the conflict
resolves such that there is no imminent accident risk from the
driver’s point of view. These types of unnecessary alarms, thus, rep-
resent failures of the situational analysis and prediction involved
in the generation of the warning (Weidl and Breuel, 2012; Weidl
et al., 2013). For example, a pedestrian that is standing on the side
of the road and is about to cross into the road may trigger an alarm,
but the pedestrian may  finally not enter the road as the host vehicle
approaches. Consequently, the driver may  not have to react to the
warning at all.

According to Lees and Lee (2007), unnecessary alarms differ
from “truly” false alarms because they provide the opportunity to
understand the process of the warning system (cf. Lee and See,
2004). Understanding the process involved in the generation of
the warning may  increase trust in the warning system (Lee and
See, 2004) and may  consequently prevent diminished compliance
despite unnecessary alarms (Lees and Lee, 2007). The distinction
between false alarms and unnecessary alarms is illustrated in
Table 1.

One may  assume that the cry wolf effect would not occur in
situations with unnecessary alarms because the driver is able to
understand the situational determinants of unnecessary alarms (cf.
Dzindolet et al., 2003). For example, in a study by Cotté et al. (2001),
alarms of a collision warning system warned drivers of obstacles
during a simulated drive. Thereby, false alarms occurred either
without any obvious reason or unnecessary alarms occurred in sit-
uations in which objects on the side of the road could have caused
the alarms. False and unnecessary alarms both decreased compli-
ance with the warning system. These results contradict the results
of Lees and Lee (2007) who reported that only false alarms, not
unnecessary alarms, had a detrimental effect on drivers’ compli-
ance. These mixed empirical results beg the question whether false
and unnecessary alarms cause different consequences on drivers’
compliance and subjective evaluation of the warning system, which
will be revisited in this study. In addition, we explore the impact
of warning urgency on false and unnecessary alarms because we
hypothesize that more urgent but false alarms are more detrimen-
tal for drivers’ compliance.

1.3. Urgency and false alarm effects

From the driver’s point of view, using more than one modality
in the alarm design delivers a higher level of subjective urgency
(Politis et al., 2013). Accordingly, imminent collision warnings in
automobiles are usually presented in more than one modality
to decrease reaction times and to enhance alarm effectiveness
(ISO 15623:2013). Multimodal presentation of warning signals can
speed up the cognitive processes involved in the selection and
execution of an appropriate response, such as braking or steer-
ing. The advantageous effect of presenting more than one stimulus
at once that requires a reaction, so-called redundancy gain, has
been demonstrated repeatedly in cognitive psychology research
(cf., Miller, 1982; Raab, 1962). Another goal of multimodal warn-
ing systems is to draw the driver’s attention to a visual display
on which relevant information is presented if the driver’s gaze is
not oriented towards that direction (Campbell et al., 2007). Con-
sequently, the advantage of a multimodal warning system in the
context of imminent collision warnings has been demonstrated in

various studies (e.g., Ho et al., 2007; Kramer et al., 2007).

Nevertheless, warning urgency may  be an important design
aspect of cooperative warning systems. The previously mentioned
studies mainly focussed on imminent collision warnings (Lenné and
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Table 1
Illustration of the distinction between false alarms, unnecessary alarms and correct alarms (according to Lees and Lee, 2007).

False alarm: No pedestrian present Unnecessary alarm: Pedestrian is present but does not cross Correct Alarm: Crossing pedestrian
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sured by Time-to-arrival (TTA, see Method Section 2.6 and Fig. 2)
at braking onset and the maximum brake pedal position. Warning
effectiveness was  investigated via the frequency of situations with
a minimum TTA of below one second, as these situations can be
Fig. 1. Static drivin

riggs, 2009) that were usually presented just within the driver’s
eaction time but not earlier (ISO 15623:2013, cf. Maag et al., 2015),
ith the goal to induce an immediate driver reaction. The coop-

rative perception approach enables the presentation of advisory
arnings (Lenné and Triggs, 2009) at an earlier stage of the conflict

ituation (Seeliger et al., 2014; Weidl et al., 2013) with the aim to
irect the driver’s attention and render him/her ready to respond
Naujoks et al., 2015a,b). However, these alarms do not require an
mmediate reaction. It is thus questionable whether using urgent
larms, as in case of imminent crash warnings, is useful in this case,
specially as false alarms may  be more annoying when presented
ith high urgency.

It has been shown that the cry wolf effect is diminished by using
raded warning systems instead of binary warning systems (Gupta
t al., 2002; Lee et al., 2004). In a wider context, this alarm design
as been labelled as a likelihood alarm system (Sorkin et al., 1988;
orkin, 1988). According to this approach, the urgency of the warn-
ng signal corresponds to its confidence level, for example by using

arning tones of different loudness or different warning symbols
Finger and Bisantz, 2002), making it easier to distinguish between
larms that are likely to require a response and those that are
nlikely to require a response (Woods, 1995; Montgomery and
orkin, 1996; Montgomery, 1999). This may  help to maintain the
river’s readiness to respond even if the warning system is not
erfectly reliable. The cry wolf effect may  thus be prevented if the
arning is not presented as urgent as in a case of imminent collision
arnings. Accordingly, Hoffmann and Gayko (2012) have argued

hat urgent driver warnings, as opposed to more informative warn-
ngs, are less “pardonable” from a driver’s perspective. Thus, the
mpact of false alarms on drivers’ compliance will be investigated in
his study with two different versions of AWS  that vary in urgency.

.4. Research question and hypothesis

The focal point of this study was the investigation of the
nterplay between the urgency of advisory warnings based on coop-

rative perception and the impact of different levels of warning
eliability. We  expected that the effectiveness of the warning sys-
em would be impaired in case of “truly” false alarms that were
resented without any obvious reason but not as much in a case of
lator of the WIVW.

unnecessary alarms that were presented in the presence of poten-
tial conflict situations that the driver did not have to react to.
For this, we compared a 100% reliable AWS, a 60% reliable AWS
that generated false alarms and a 60% reliable AWS  that generated
unnecessary alarms. In addition, we investigated whether present-
ing advisory warnings only in the visual modality or, in a more
imminent visual-auditory way, would change the way  that drivers
responded to the warning system’s unreliability. The latter ques-
tion has only been dealt within the context of missed alarms (i.e., no
warning presentation although a collision is imminent; Shah et al.,
2015) and not in the context of false and unnecessary alarms.  To
assess whether drivers would still benefit from the AWS  even if it
is not perfectly reliable, a non-assisted baseline group was  also part
of the study.

During the study, the participants encountered four different
traffic scenarios (see the method section) that resulted in critical
situations if the drivers did not react by braking. To assess drivers’
compliance with the AWS, we  followed Meyer (2004, p. 199) who
defined compliance with a warning as “. . .the response when an
operator acts according to a warning signal and takes some evasive
action. . .”.  Consequently, compliance with the warnings was mea-
Fig. 2. Calculation of the TTA at braking onset. The value was calculated as soon as
the  participant initiates the braking.
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lassified as near misses (Hayward, 1972). In addition, participants’
ubjective evaluation of the warning system’s usefulness,  ease of
se, trust and acceptance were compared between the experimental
roups.

. Method

.1. Setting

Participants completed a simulator drive during which they
ncountered various traffic conflicts while being assisted by dif-
erent variants of a cooperative AWS  or while driving without any
ssistance. The study was performed in a static driving simulator
t the Wuerzburg Institute for Traffic Sciences (WIVW, Fig. 1). The
riving simulator provided a 300◦ horizontal field of view via five

mage channels. Two LCD displays were used to show the rear-view
nd the left outside mirror. The vehicle mock-up included a force
eedback steering wheel.

.2. Human-machine interface (HMI) and driving situations

The design of the AWS  was based on prior research. During
he approach to the traffic conflicts, the advisory warnings were
resented two seconds before the drivers had to initiate hard
raking, assuming a constant deceleration of −8 m/s2 (Naujoks
nd Neukum, 2014a). Warning timing was based on prior stud-
es that showed this timing was feasible from an analytical (Weidl
t al., 2013), practical (Seeliger et al., 2014) and human factors
erspective (Naujoks and Neukum, 2014a). Warnings were pre-
ented visually on a simulated Head-Up Display (HUD). In the
isual-auditory conditions, warnings were accompanied by a non-
btrusive tone (500 Hz sinus; for a similar procedure, see Naujoks
t al., 2015a,b). The visual element pictured the traffic situation and
he direction from which the conflicting road user was  approaching.
he usefulness of this spatial warning approach has also been eval-
ated in an earlier study (Naujoks and Neukum, 2014b) and was

n line with a growing body of literature that investigated spatial
river warnings (e.g., Zarife, 2014; Weller et al., 2013).

Four different driving situations were used (see Table 2) and
hey were taken from prior studies that had already investigated
se cases of cooperative warning systems (Naujoks et al., 2015a;
aujoks and Neukum, 2014a). While driving on the designated

oute, the drivers had to react to a turning vehicle taking the drivers’
ight of way (situation “turning vehicle”), to a crossing cyclist taking
he drivers’ right of way (situation “crossing cyclist”), to a crossing
ehicle taking the drivers’ right of way (situation “crossing vehi-
le”) and to a pedestrian entering the road between parked cars
situation “crossing pedestrian”). All situations were timed so that
articipants would collide with the conflicting road user if their
ravel speed was not reduced. During the approach to all situa-
ions, the drivers’ sight of the conflicting road users was occluded so
hat anticipatory driving reactions were hardly possible (cf. Naujoks
t al., 2015a,b). The visual HUD element of the HMI  is also presented
n Table 2 next to the corresponding traffic situation.

.3. Experimental design and trial composition

A mixed 3 × 2 × 4 between-within-subjects design was used
ith the between-subjects factors warning reliability (three levels)

nd warning urgency (two levels) and the within-subject factor driv-
ng situation (four levels). The AWS  was either perfectly reliable, in
he sense that advisory warnings were only given in situations that

equired a reaction by the driver or the frequency of correct warn-
ngs was reduced to 60%. Missed alarms were not part of the study
esign (i.e., all critical situations were detected correctly, even in
he conditions with reduced reliability). We  expected the reliability
 Prevention 97 (2016) 162–175 165

level to meet boundary conditions in which the frequency of incor-
rect alarms would influence compliance, but would not render the
AWS  unusable. Wickens and Dixon (2007) concluded that 70% reli-
ability (with a 95% confidence limit of about 14%) are needed for
warning systems to be beneficial for human operators, regardless
of whether the reliability is reduced by false or missed alarms.

For the AWS  with reduced reliability, the drivers experienced
system failures either in situations without any obvious reason (fac-
tor level: 60% reliable with false alarms) or with another road user
being present that could have caused the warning (factor level: 60%
reliable with unnecessary alarms). Advisory warnings were either
presented only visually or visual-auditory. In addition to these
experimental groups, a control condition was  introduced in which
participants completed the simulator drive without any assistance
(Baseline drive). Regarding the within-subject factor driving situa-
tion, all drivers completed the four driving situations.

The simulator drive included each of the four critical situation
three times; thus, each participant encountered a total number of
twelve conflict situations. For the AWS  conditions with reduced
reliability, the drivers additionally experienced eight system fail-
ures during the drive, resulting in a reliability of 60% (i.e., 12 correct
alarms, 8 incorrect alarms). In the condition with false alarms, sys-
tem failures consisted of the AWS  warning without any obvious
reason. In the condition with unnecessary alarms, another road
user was present that could have caused the warning, such as a
pedestrian standing on the side of the road or a cyclist waiting at
an intersection (see Table 1). Drivers in the condition with reliable
AWS  and those in the Baseline condition also completed eight sim-
ilar road segments (without warnings) to keep the length of the
test drive comparable between the drivers. To reduce the possibil-
ity of anticipating the traffic conflicts, we  added twelve non-critical
situations that did not trigger any warning and resembled the test
situations on a superficial level (e.g., same road geometry and same
buildings on the side of the road) into the simulator run.

Learning effects may  influence compliance with warning sys-
tems in several ways. First, drivers might behave differently when
they are not familiar with a warning system (Aust et al., 2013).
Therefore, the drivers completed the four critical driving situations
once with the help of a perfectly reliable AWS  during a sepa-
rate training drive. Second, learning effects may  influence how
drivers adapt their behaviour to incorrect warnings. For exam-
ple, compliance with the AWS  may  be reduced especially after
the first incorrect warning. However, subsequently presented cor-
rect warnings may  counteract negative effects on compliance. It
is also possible that the time passed between an incorrect alarm
and a subsequent correct alarm may  have an effect on compliance.
Therefore, the order of the test situations (12 critical situations, 8
false/unnecessary warnings and 12 non-critical situations) in the
main part of the study was randomised with the constraint that
the last situation was always a critical one. In this way, learning
effects were assumed to affect the drivers’ reactions to the correct
warnings equally.

2.4. Sample

A total of N = 81 drivers (43 female) were recruited for participa-
tion in the study. One participant could not finish the study because
of simulator sickness, resulting in a sample of N = 80. The drivers
were assigned randomly to the experimental conditions with a
cell size of n = 10 drivers, while n = 20 drivers were assigned to the
baseline group (see Table 3).

The participants were selected from the WIVW test driver

panel and had received extensive simulator training prior to the
start of the study. During this training procedure, all participants
completed two  consecutive training sessions, each lasting approx-
imately 2 h, in which they were trained to handle the simulated
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Table 2
Overview of driving situations and corresponding visual warning elements presented in the HUD. The host vehicle is depicted in red and the conflicting road user is depicted
in  blue.

Situation and description Overview HUD

Turning vehicle: An oncoming vehicle takes the driver’s right of way  at an intersection. The driver
is  going straight and the conflicting vehicle is turning in. The sight of the turning vehicle is
occluded by oncoming traffic.

Crossing cyclist: A cyclist coming from the left is taking the driver’s right of way. The driver is
going straight. The sight of the crossing cyclist is occluded by parked cars on the side of the road.

Crossing vehicle: A vehicle coming from the left is taking the driver’s right of way. The driver is
going straight. The sight of the crossing vehicle is occluded by parked cars on the side of the road.
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Crossing pedestrian: A pedestrian is entering the road between parked cars and c
sight of the pedestrian is occluded by parked cars on the side of the road.

ehicle correctly. A description of the training can be found in
offmann et al. (2003) or Naujoks et al. (2015a,b). The mean age
f the drivers was 38 years (SD = 15, MIN  = 20, MAX  = 71, lower
uartile = 25, upper quartile = 53) with a mean driving experience
f 19 years (SD = 14, MIN  = 2, MAX  = 50, lower quartile = 6, upper
uartile = 30). On average, they had a mileage of 14,200 km in
he preceding year (SD = 12200, MIN  = 300, MAX  = 70,000; lower
uartile = 6300, upper quartile = 20,000). While the sample was
uite heterogeneous with regard to these sample characteristics,
pecial groups of drivers such as novice drivers or drivers with
ery low mileage were only single cases. Using one and a half
f the quartile range to search for outliers (Tukey, 1977), three
utliers on the mileage variable were identified (one case with
0,000 km in the baseline, one case with 50,000 km in the visual
ondition with 60% false alarms and one case with 70,000 km
n the visual-auditory condition with 60% unnecessary alarms).
he experimental groups did not differ significantly in any of the
ample characteristics (age: F(6,73) = 0.31, p = 0.931; driving expe-
ience: F(6,73) = 0.28, p = 0.946; mileage: F(6,73) = 1.08, p = 0.380;
etween-subjects ANOVAs comparing the experimental groups
ere conducted).

.5. Procedure and instructions
Upon arrival at the test site, the drivers were familiarised with
he AWS  prior to the main part of the study. The drivers in the exper-
mental conditions were informed that they would be assisted by

able 3
etween-subjects factors and cell size per condition.

Urgency Reliability of AWS

100% 60% with false
alarms (FA)

60% with unnecessary
alarms (UA)

Visual-auditory 10 10 10
Visual 10 10 10
Baseline (no AWS) 20
 it. The

a new type of driver assistance system, but they were not given
any precise information about the AWS  (such as interpretation of
the HMI, information about the reliability or about the possibility
of false alarms). Afterwards, a training drive was completed that
contained the four critical situations. The drivers in the experimen-
tal conditions were assisted by a perfectly reliable warning system
in this drive. Advisory warnings were presented either visually or
visual-auditory, depending on the experimental condition. Drivers
in the control condition were not assisted by the AWS  in this part of
the study (i.e., they completed the four critical situations without
any assistance).

After system familiarisation, the main part of the study was
conducted. The drivers were instructed to complete the simulator
course in a timely manner and to follow traffic rules. No instruc-
tion about the reliability of the AWS  was given to the drivers.
Completing the drive took the participants approximately 45 min,
regardless of the experimental condition. The situations were com-
pleted in randomised order. After the test drive, drivers completed
a follow-up questionnaire. The participants received financial com-
pensation of 50 euros.

2.6. Dependent measures

Compliance with the AWS  was measured by the Time-to-arrival
(TTA) at braking onset and the maximum brake pedal position. TTA
at braking onset represents the time that remains to avoid the col-
lision given that the host vehicle continues on its path without any
velocity change. Greater values, thus, signify that the drivers initi-
ated the braking process with a larger time budget and complied
more strongly with the AWS. It is calculated by dividing the host
vehicle’s distance to the conflict point with the conflicting road user

(e.g., vehicle crossing the intersection), by the current velocity of
the host vehicle at the moment of braking onset. To describe the
drivers’ reactions more fully, the maximum brake pedal position
was also taken into account, as it may  have been possible that the
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Table  4
Rating items contained in the follow-up questionnaire.

Dimension Item number Item

Ease of use
(Venkatesh et al., 2003)

1 Reading the warnings was  strenuous.
2  The warnings were annoying.
3 The warnings were disturbing.
4 The warnings were unnecessary.
5 The warnings distracted me from driving.
6  The warnings were understandable.

Usefulness
(Venkatesh et al., 2003)

7 Because of the warnings I could recognize traffic conflicts earlier.
8  The warnings were helpful.
9 Driving was safer because of the warning system.
10  The warning system will reduce traffic accidents.

Trust in automation
(Jian et al., 2000)

11 Because of the warning I endangered other road users.
12  The warning system was reliable.

Intention to use
(Venkatesh et al., 2003)

13 

Fig. 3. Calculation of the minimal TTA. The value was only calculated when the
respective conflicting road user is in the path of the host vehicle.

d
r

c
a
t
t
m
H

a
s
u
t
s
t
i
m
“
c

T
b
c
t
e
b
c

rivers compensated a later braking onset with a stronger brake
eaction.

Warning effectiveness was measured by the frequency of safety
ritical events (SCEs) during the test situations. Here, it was
ssessed by whether a minimum TTA of less than one second to
he conflicting road user was registered during the event, as this
hreshold has been used to define critical driving events or near
isses (Hayward, 1972) in prior research (Hayward, 1972; van der
orst, 1990; Naujoks and Totzke, 2014).1

A follow-up questionnaire contained several rating items that
imed to assess the driver’s subjective evaluation of the warning
ystem (see Table 4). Ease of use,  usefulness, trust and intention to
se (see, e.g., Davis, 1989; Gold et al., 2015; Venkatesh et al., 2003)
he warning system were measured by several items that were
pecifically constructed for use in the study. The drivers were asked
o indicate how much they would agree to the statements shown
n Table 4 on a five-point scale ranging from “not at all” to “very

uch”. They were also given the opportunity to state that they
don’t know” whether they agreed to the statement in an extra
ategory.
1 An alternative measurement would have consisted of comparing the mean
TAmin-values between the experimental conditions without converting it into a
inary measure. This approach was, however, not feasible, as it leads to outliers espe-
ially during assisted driving. Specifically, in the case that the driver reacts rapidly to
he warning and reduces the velocity considerably before the conflicting road user is
ntering her/his path (see Fig. 3), very large TTAmin-values are produced that cannot
e meaningfully used to compare average TTAmin-values between the experimental
onditions.
I would use the warning system during every day driving.

3. Results

3.1. Missing values

In one of the situations, one participant braked too early in
the approach so that the test situation could not be produced
(situation: “crossing pedestrian”, experimental condition: visual-
auditory with false alarms). In the follow-up interview, one driver
stated that he/she did not know whether “The warning system will
reduce traffic accidents”.

3.2. Compliance

We were primarily interested in how false and unnecessary
alarms would influence the participants’ reactions to correct alarms
during the study. Thus, we  compared compliance to the twelve
correct alarms between the experimental groups. The compliance
measures collected in the study, i.e., TTA at braking onset and max-
imum brake pedal position, were subject to a full-factorial mixed
3 × 2 × 4 between-within ANOVA with the between-subjects fac-
tors warning reliability (100% vs. 60% with false alarms vs. 60%
with unnecessary alarms) and warning urgency (visual vs. visual-
auditory) and the within-subject factor driving situation. The values
were additionally compared with the control group that completed
the situations without any warning using planned contrasts.

In a first step, the frequency of trials in which the drivers actu-
ally responded to the situations by braking was  analysed because a
decreased frequency of brake reactions could be interpreted as low-
ered compliance with the AWS. Table 5 shows that most drivers
reacted by braking in the assisted drives, with only minor varia-
tions between the reliability and urgency conditions. In most cases,
the drivers braked in all the three repetitions of the respective
scenarios, as shown in the last column of the table. For the fur-
ther analyses, the values of TTA at braking onset and maximum
brake pedal position were averaged per situation and per partici-
pant (i.e., the values from the repeated exposure to the situations
were averaged for each participant) to keep the cell size for the
mixed between-within ANOVAs on a comparable level and to pre-
vent drop-out due to incomplete data. Only one driver had to be
excluded from the analysis because he/she did not show a brake
reaction in all three repetitions of the scenario “turning vehicle”
(experimental condition: visual-auditory, 100% reliable).

The braking onset is depicted in Fig. 4. Regarding the influ-
ence of false and unnecessary alarms, there was  both a marginally

significant main effect of warning reliability and a marginally signif-
icant interaction between warning reliability and warning urgency
(see Table 6). Separate ANOVAs for each urgency condition showed
that false alarms led to a later braking onset in the visual-auditory
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Table 5
Frequency of valid trials in which drivers reacted by braking; FA = false alarms, UA = unnecessary alarms.

Situation Warning urgency Warningreliability N Trials Trials with
brake reaction

% Number of brake
reactions/driver

0 1 2 3

Turning vehicle

Baseline – 20 60 47 78 0 4 5 11
visual-auditory 100% 10 30 27 90 1 0 0 9
visual-auditory 60% with FA 10 30 29 97 0 0 1 9
visual-auditory 60% with UA 10 30 29 97 0 0 1 9
visual  100% 10 30 30 100 0 0 0 10
visual  60% with FA 10 30 29 97 0 0 1 9
visual  60% with UA 10 30 30 100 0 0 0 10

Crossing vehicle

Baseline – 20 60 53 88 0 2 3 15
visual-auditory 100% 10 30 28 93 0 1 0 9
visual-auditory 60% with FA 10 30 29 97 0 0 1 9
visual-auditory 60% with UA 10 30 28 93 0 0 2 8
visual  100% 10 30 30 100 0 0 0 10
visual  60% with FA 10 30 29 97 0 0 1 9
visual  60% with UA 10 30 30 100 0 0 0 10

Crossing pedestrian

Baseline – 20 60 60 100 0 0 0 20
visual-auditory 100% 10 30 29 97 0 0 1 9
visual-auditory 60% with FA 10 30 29 97 0 0 1 9
visual-auditory 60% with UA 10 30 29 97 0 0 1 9
visual  100% 10 30 30 100 0 0 0 10
visual  60% with FA 10 30 30 100 0 0 0 10
visual  60% with UA 10 30 30 100 0 0 0 10

Crossing cyclist

Baseline – 20 60 58 97 0 0 2 18
visual-auditory 100% 10 30 30 100 0 0 0 10
visual-auditory 60% with FA 10 30 30 100 0 0 0 10
visual-auditory 60% with UA 10 30 30 100 0 0 0 10
visual  100% 10 

visual  60% with FA 10 

visual  60% with UA 10 
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situation “crossing pedestrian” (M = 47.41%, SE = 2.85; situation
“turning vehicle”: M = 38.01%, SE = 2.54; situation “crossing vehi-
ig. 4. TTA at braking onset, mean and 95%-confidence limits are depicted; FA = false
larms, UA = unnecessary alarms.

ondition (Fig. 4, effect warning reliability: F(2,26) = 4.21, p = 0.026,
2 = 0.24, difference to average braking onset: M = −0.13 s, SE = 0.06,
 = 0.022), while unnecessary alarms even led to a faster braking
nset (difference to average braking onset: M = 0.14 s, SE = 0.06,

 = 0.017). There was no influence of warning reliability when the
dvisory warnings were presented only visually (F(2,27) = 0.63,

able 6
TA at braking onset, ANOVA results.

Effect F df1 df2 p �2

Warning urgency 5.23 1 53 0.026 0.09
Warning reliability 3.03 2 53 0.057 0.10
Warning reliability * Warning urgency 3.03 2 53 0.057 0.10
Situation 28.77 3 51 <0.001 0.63
Situation * Warning reliability 0.98 6 104 0.443 0.05
Situation * Warning urgency 1.03 3 51 0.389 0.06
Situation * Warning reliability * Warning urgency 1.11 6 104 0.363 0.06
30 30 100 0 0 0 10
30 30 100 0 0 0 10
30 30 100 0 0 0 10

p = 0.543, �2 = 0.04). It was  also evident that the participants began
the braking process at a larger distance to the conflict point when
the advisory warnings were presented visual-auditory (M = 1.96 s,
SE = 0.03) than when they were presented only visually (M = 1.85 s,
SE = 0.03, main effect warning urgency); however, Fig. 4 shows there
was no such difference between the reliability levels with false
alarms. The effects were independent of the driving situation, as
there was no main effect or interaction effect with the factor situ-
ation. As can be observed from Fig. 4 and Table 7, drivers started
the braking process earlier when they were assisted by the AWS,
independent of the reliability and urgency of the warnings.

The average maximum brake pedal positions are depicted in
Fig. 5. Higher maximum brake pedal positions were observed
with visual warnings (M = 46.42%, SE = 3.13) than with visual-
auditory warnings (M = 32.60%, SE = 3.19, main effect warning
urgency, see Table 8). The maximum brake force applied by
the drivers varied between the situations (main effect situa-
tion), with the strongest brake reactions being observed in the
cle”: M = 35.76%, SE = 2.23; situation “crossing cyclist”: M = 36.86%,
SE = 2.24). There was  no main effect of warning reliability on the

Table 7
TTA at braking onset, planned comparisons to non-assisted driving; FA = false alarms,
UA  = unnecessary alarms. Larger values indicate a sooner braking onset.

Warning urgency Warning reliability Mean difference to
baseline [s]

SE p

Visual-auditory
100% 1.06 0.14 <0.001
60% with FA 0.93 0.13 <0.001
60% with UA 1.21 0.13 <0.001

Visual
100%  1.00 0.13 <0.001
60% with FA 0.93 0.13 <0.001
60% with UA 0.94 0.13 <0.001
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Fig. 5. Maximum brake pedal position, mean and 95%-confidence limits are
depicted; FA = false alarms, UA = unnecessary alarms.

Table 8
Maximum brake pedal position, ANOVA results.

Effect F df1 df2 p �2

Warning urgency 9.58 1 53 0.003 0.15
Warning reliability 0.09 2 53 0.912 0.00
Warning reliability * Warning

urgency
1.91 2 53 0.159 0.07

Situation 15.15 3 51 <0.001 0.47
Situation * Warning reliability 2.25 6 104 0.044 0.12
Situation * Warning urgency 0.28 3 51 0.841 0.02
Situation * Warning

reliability * Warning urgency
1.44 6 104 0.205 0.08

Table 9
Maximum brake pedal position, separate ANOVAs with the between-subjects-factor
of  warning reliability.

Effect Situation F df1 df2 p �2

Warning reliability Turning vehicle 0.32 2 56 0.726 0.01
Crossing vehicle 0.03 2 57 0.974 0.00
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Table 11
Distribution of safety-critical events (SCEs).

Warning urgency Warning reliability Nvalidtrials NSCE %critical

Visual-
auditory

100% 120 14 12
60% with FA 119 23 19
60% with UA 120 1 1

Visual 100% 120 7 6
60% with FA 120 11 9
60% with UA 120 19 16

ation did not influence the occurrence of SCEs and there was  also no
statistically significant three-way interaction with reliability and
urgency of the AWS.
Crossing pedestrian 0.60 2 57 0.555 0.02
Crossing cyclist 0.56 2 57 0.577 0.02

aximum brake force, but there was a significant interaction
etween warning reliability and driving situation (see Table 8). Sep-
rate ANOVAs for each driving situation (see Table 9) with the
ndependent variable warning reliability did not reveal any signifi-
ant effect.

In Table 10, the results of planned comparisons with the baseline
rives are shown. The participants applied the brake less forcefully
hen assisted by the visual-auditory AWS  than during non-assisted

riving, regardless of the warning reliability. In the condition with
isual AWS, such a reduction of the maximum brake force was

ound only in the condition with a 60% reliable AWS  with unneces-
ary alarms (see Fig. 5 and Table 10).

able 10
aximum brake pedal position, planned comparisons to non-assisted driving;

A  = false alarms, UA = unnecessary alarms. Smaller values indicate a reduction of
he maximum brake pedal position.

Warning urgency Warning reliability Mean difference to
baseline [%]

SE p

Visual-auditory
100% −26.35 6.33 <0.001
60% with FA −23.59 6.10 <0.001
60% with UA −16.44 6.10 0.010

Visual
100% −5.86 7.54 0.441
60% with FA −4.19 7.54 0.581
60% with UA −14.89 7.54 0.054
Baseline – 240 186 78

Finally, we also assessed whether the heterogeneity of the sam-
ple affected the drivers’ braking onset and maximum brake pedal
position. The ANOVAs were conducted with and without outliers
identified in section 2.4. The results of the inferential statistics (i.e.,
significance level of the factors and interactions) revealed similar
data pattern when these outliers were excluded from the analysis.

3.3. Effectiveness

The impact of warning urgency and warning reliability on the
AWS’s effectiveness were evaluated using a logistic regression
approach. Specifically, a full-factorial logistic regression with the
predictors warning reliability, warning urgency and driving situation
(same factor levels as in the ANOVA) on the frequency of SCEs was
conducted (dependent variable: TTAmin less or greater than one
second). Each driver contributed three TTAmin-values per situation
to the analysis. One trial in which the test situation could not be
produced was the only one missing from this analysis (see Section
3.1).

First, the frequency of SCEs in the assisted drives were com-
pared (see Table 11 and Table 12). The effect of warning urgency
was not significant. Warning reliability significantly influenced the
occurrence of SCEs (main effect warning reliability); however, this
influence also depended on warning urgency (interaction warn-
ing reliability * warning urgency). Separate logistic regressions per
urgency condition showed that false alarms increased the occur-
rence of SCEs compared with that of the perfectly reliable condition
when the warnings were presented visual-auditory (model fit:
Wald X2 = 51.43, df = 11, p < 0.001, contrast: 100% vs. 60% with false
alarms: p = 0.016, OR = 4.38). In contrast, unnecessary warnings
even tended to reduce the frequency of SCEs compared with that
of the perfectly reliable condition (contrast: 100% vs. 60% with
unnecessary alarms: p = 0.119, OR = 0.17). For visually presented
warnings, warning reliability did not significantly modulate the
number of SCEs (Wald X2 = 16.41, df = 11, p = 0.127). The driving situ-
Table 12
Logistic regression; dependent variable: TTAmin < 1 s vs. ≥ 1 s; method: enter; ref-
erence categories: visual-auditory (factor: warning urgency), 100% reliable (factor:
warning reliability) model fit: �2 = 67.86, df = 23, p <0.001.

Predictor B Wald df p

Warning urgency −1.76 2.43 1 0.119
Warning reliability – 12.36 2 0.002

60%  with FA vs. 100% 1.48 5.83 1 0.016
60%  with UA vs. 100% −1.76 2.43 1 0.119

Warning reliability*Warning urgency – 8.89 2 0.012
Situation – 1.55 3 0.671
Situation * Warning reliability – 3.75 6 0.710
Situation * Warning urgency – 2.34 3 0.525
Warning urgency * Situation * Warning

reliability
– 0.25 6 1.000
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Table 13
Separate logistic regressions for each urgency level; dependent variable: TTAmin < 1 s vs. ≥ 1 s; method: enter; reference category: Baseline; model fit: visual-auditory:
�2 = 321.13, df = 3, p <0.001, visual: �2 = 304.13, df = 3, p <0.001.

Warning urgency Predictor B Wald df p OR

Visual-auditory

Warning reliability – 174.95 3 <0.001 –
100%  vs. Baseline −3.26 101.52 1 <0.001 0.038
60%  with FA vs. Baseline −2.67 91.34 1 <0.001 0.070
60%  with UA vs. Baseline −6.02 35.06 1 <0.001 0.002

Warning reliability – 208.67 3 <0.001 –
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Visual
100%  vs. Baseline −4.02 

60%  with FA vs. Baseline −3.53 

60%  with UA vs. Baseline −2.91

In addition to comparing the assisted drives against each other,
hey were compared with the baseline drives by two separate logis-
ic regressions for each urgency condition. The results are shown in
able 13. The analysis revealed that the AWS  strongly decreased the
ccurrence of SCEs during the drive, regardless of warning urgency
nd warning reliability (see also Table 11).

.4. Subjective evaluation

The drivers’ subjective evaluation of the AWS  was  assessed
uring the follow-up interview by using various rating scales.
he impact of the warning system’s reliability and urgency of
he warning output on subjective assessments were analysed via
ull-factorial 3 × 2 between-subjects ANOVAs with the dependent
ariables warning reliability and warning urgency (same factor lev-
ls as previously). One missing rating could not be included in the
nalysis (see Section 3.1). All rating items were subject to a separate
NOVA.

Warning urgency had no significant effect on any of these rat-
ngs and there was also no interaction between warning urgency
nd warning reliability (see Tables A1 and A2 in the Appendix A).
arning reliability influenced the drivers’ assessment of the AWS
n several rating items, as can be observed in Fig. 6 and Table 14. To
revent inflation of the type I error, the alpha level was  adjusted
ccording to Bonferroni (i.e., p < 0.004 was required). Planned com-
arisons to the condition with perfectly reliable AWS  are provided

ig. 6. Questionnaire results collapsed across the urgency conditions, mean and
5%-confidence limits are depicted; FA = false alarms, UA = unnecessary alarms; a
ve-point scale ranging from “not at all” to “very much” was used.
91.95 1 <0.001 0.018
100.52 1 <0.001 0.029
97.81 1 <0.001 0.055

in Table 15. In the following, we discuss rating items in which a
significant effect of warning reliability became apparent in detail.
However, because of the high correlation between the rating items
(see Table A3 in the Appendix A) and because of the high number
of simultaneous tests, the results should be treated with caution.

Participants rated the AWS  to be less reliable compared with the
perfectly reliable AWS  both in the condition with false and unnec-
essary alarms (item: “The warning system was reliable”). In the
condition with false alarms, but not in the condition with unneces-
sary alarms, ease of use (items: “The warnings were unnecessary”
and “The warnings were understandable)̈, usefulness (items: T̈he
warnings were helpful” and “Driving was safer with the warning
system”) and trust (item: “Because of the warning I endangered
other road users”) decreased in some, but not all of the rating items
(see Table 14 and Table 15). The participants’ intention to use (item
“I would use the warning system during every day driving”) was
not affected by warning reliability.

4. Discussion

Using a driving simulator, it was  investigated whether false
alarms (i.e., without any plausible reason) impact drivers’ compli-
ance with a cooperative AWS  differently than unnecessary alarms
(i.e., with plausible reason because of other traffic participants).
During the drive, the participants completed various urban driving
situations during which they had to react to traffic conflicts with
other road users, such as a cyclist taking the drivers’ right of way
or a pedestrian entering the road between parked cars. We com-
pared drivers’ compliance and effectiveness of a perfectly reliable
AWS  with that of two 60% reliable warning systems with either
false or unnecessary additional alarms and a baseline condition
without any assistance. Furthermore, warning urgency was taken
into account by comparing a visual-auditory AWS  with a purely
visual one. The participants reacted faster to the visual-auditory
AWS  than to the visual one, but they also braked more strongly
in the visual warning condition. The impact of warning reliability
was dependent on warning urgency. In the visual-auditory con-
dition, compliance with the AWS  and warning effectiveness were
decreased by false alarms but increased by unnecessary alarms.
In contrast, there was no such effect of warning reliability in the
condition with visual AWS  on both compliance and effectiveness.
Compared with that of the baseline drives, an earlier braking onset
and a decreased frequency of SCEs was observed even when the
AWS  issued false alarms. Independent of warning urgency, false
alarms decreased drivers’ subjective assessments of the warning
system (i.e., usefulness,  ease of use and trust).

The finding that visual-auditory warnings prompted a sooner
braking onset compared with that of purely visual warnings is in
line with prior research on driver warnings (e.g., Ho et al., 2007;

Kramer et al., 2007) and can be explained by redundancy gain
(Miller, 1982; Raab, 1962) caused by the additional presentation
of the auditory warning component. The warnings used in this
study consisted of a visual output that informed the driver of a
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Table  14
Follow-up questionnaire, ANOVA results, only effects of “warning reliability” are shown, the complete ANOVA results can be found in the appendix. * = p < 0.004 (significant
result  after Bonferroni adjustment).

Dimension Item F df1 df2 p �2

Ease of Use

Reading the warnings was strenuous 2.07 2 54 0.137 0.07
The  warnings were annoying 1.25 2 54 0.295 0.04
The  warnings were disturbing 2.35 2 54 0.105 0.08
The  warnings were unnecessary 6.49 2 54 0.003 0.19*
The  warnings distracted me  from driving 1.56 2 54 0.219 0.06
The  warnings were understandable 6.93 2 54 0.002 0.20*

Usefulness

Because of the warnings I could recognize traffic conflicts earlier 2.63 2 54 0.081 0.09
The  warnings were helpful 9.08 2 54 <.001 0.25*
Driving was  safer because of the warning system 6.28 2 54 0.004 0.19*
The  warning system will reduce traffic accidents 2.41 2 53 0.099 0.08

Because of the warning I endangered other road users 3.64 2 54 0.033 0.12
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Trust The  warning system was reliable 

Intention to use I would use the warning system during every day driv

onflict location. This spatial warning was accompanied by an audi-
ory stimulus that did not convey any additional information, a
o-called accessory stimulus (cf. Kiesel and Miller, 2007). It has been
roposed that these accessory stimuli increase the perceived inten-
ity of concurrent stimuli (Stein et al., 1996), speed up cognitive
rocesses involved in response selection (Posner et al., 1976) and

nfluence motor output (Miller et al., 1999). These findings from
ognitive psychology are in line with the result from the current
tudy that drivers responded more rapidly in the visual-auditory
ondition. Thus, the goal of designing an AWS  with a more-urgent
nd a less-urgent warning was accomplished, as warning urgency
s associated with faster reactions (Politis et al., 2013). There was
o significant main effect of warning urgency on the frequency
f SCEs, which can be explained by the stronger brake reaction

n the visual warning condition. Thus, it appears that the partic-
pants compensated the later braking onset by braking harder, so
hat warning effectiveness was ultimately not decreased when the
arnings were only presented visually. Such compensatory brak-

ng behaviour has also been reported by Naujoks et al. (2015b) in
he context of partially automated driving.

In the condition with visual-auditory AWS, false alarms caused
 delayed response to the AWS  that resulted in a higher frequency
f SCEs compared with that of the perfectly reliable AWS  condi-
ion. Taken together, these results noted the occurrence of the cry
olf effect (Breznitz, 1984) in the visual-auditory condition. It has
een suggested that the reason for a decreased compliance may
e the diminished contingency between the presentation of driver
arnings and the need for action (Kiesel and Miller, 2007). Unnec-

ssary warnings sped up the drivers’ response to the AWS  and, in
endency, the effectiveness of the warning system was increased
ompared with that of the perfectly reliable AWS. These results

re in line with the assumption that the drivers’ compliance is only
mpaired by “truly” false alarms that are presented without an obvi-
us reason (Cotté et al., 2001; Lees and Lee, 2007). The differential

mpact of false and unnecessary alarms on drivers’ compliance has

able 15
lanned contrasts with the 100% reliability condition. Items are only included in the tabl
esult  after Bonferroni adjustment).

Item Planned contrasts

100% vs. 60% with FA

mean difference 

The warnings were unnecessary 1.05 

The  warnings were understandable −0.85 

The  warnings were helpful −1.05 

Driving was  safer because of the warning system −1.00 

The  warning system was reliable −2.10 
18.40 2 54 <.001 0.41*

0.29 2 54 0.749 0.01

theoretically been explained by assuming that these warnings put
the driver in a position to better understand the process involved in
the generation of a warning (Lees and Lee, 2007; Lee and See, 2004).
Following this explanation, drivers in the condition with unneces-
sary warnings might have concluded that the AWS  detected other
road users that were likely, but not certain to cross the host vehi-
cle’s path. By observing the test situations, they might thus have
formed a mental model of how warnings are generated by the
AWS. Drivers in the conditions with false alarms were not pro-
vided with this possibility as false alarms were always presented
without any plausible reason. With regard to the generalisability
of these findings, it is thus important to note that the differential
effects of false and unnecessary alarms in this study are at least
partly attributable to the situational context that made it either
possible or impossible to understand the process involved in the
generation of warnings. Other possibilities to manipulate this trust
dimension, like informing drivers about the process of the AWS  (e.g.,
by a technical description of the AWS), were not part of the study.

The most important finding from this study, which has not been
reported before, is that warning reliability did not influence compli-
ance with the AWS  when warnings were presented only visually.
There was also no significant effect of warning reliability on the
effectiveness of the warning system in the visual AWS  condition.
These findings raise the question of why  false and unnecessary
alarms did not cause the same consequences on compliance as in
the visual-auditory condition. Following the explanatory frame-
work presented by Lees and Lee (2007), a cry wolf effect should
have also been present in the visual AWS  condition with false
alarms. It could be speculated that the participants did not inter-
pret false warnings to be unjustified when they were presented less
urgently, which may  have prevented the diminished contingency

between the presentation of a warning and the need for action.
Consequently, the findings support the idea that the less urgent
warnings are the more “pardonable” from a driver’s perspective
(Hoffmann and Gayko, 2012). Furthermore, the result may  be due

e if a significant effect of warning reliability was observed. * = p < 0.004 (significant

 100% vs. 60% with UA

p mean difference p

0.001* 0.30 0.332
<0.001* −0.40 0.085
<0.001* −0.45 0.077
0.001* −0.35 0.220
<0.001* −1.40 <0.001
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o the mode of presentation. In this study, a simulated HUD was
sed to present warnings, which facilitated the interpretation of
he warnings without the need to take one’s eyes off the road. It
ould be possible that the absence of a cry wolf effect in the visual
WS condition was partly due to the low costs of paying atten-

ion to the warnings when they were false (Wickens and McCarley,
007). For example, it may  have been possible that the cry wolf effect
ould have been observable if the visual warnings required drivers

o take their eyes off the road or if they would have been harder to
nterpret. This theoretical question clearly needs further research
rom more-controlled research environments so that it can be fully
nswered.

Regarding the comparisons made to the baseline drives, it is
mportant to note that, in spite of the reduced compliance with
nd effectiveness of the AWS  by false alarms, there was still a large
ifference compared with the manual drives. Namely, even when
he reliability of the AWS  was as low as 60%, drivers were still effec-
ively assisted. From a practical perspective, this result reduces the
oncern that an increased rate of false alarms, due to the predic-
ive nature of cooperative warning systems, will eliminate their
otentially positive effects on driving safety. In contrast, the subjec-
ive data obtained in the study showed a decrease in the perceived
ase of use,  usefulness and trust of the AWS, although the reliabil-
ty of the AWS  did not influence the participants’ agreement with
he statement, “I would use the warning system during every day
riving”.

From a methodological perspective, one important finding of
he study is that the interaction effect between warning reliability
nd urgency was not reflected in the participants’ subjective assess-
ents of the AWS. While behavioural effects of false alarms were

vident only in the visual-auditory condition, we found that false
larms negatively affected the participants’ evaluation of the AWS’s
sefulness, ease of use and trust, regardless of warning urgency. One
ossible explanation for this finding may  be that the participants
lled out the questionnaires after completion of the whole test
rive. Interviewing the drivers directly after each of the driving
ituations might have led to a greater accordance of behavioural
nd subjective measures (e.g., Naujoks and Neukum, 2014a). How-
ver, from the findings of this study, it seems questionable to rely
olely on either subjective or behavioural measures when evalu-
ting driver warning systems. Note that these results should be
reated with caution as the survey contained many rating items.
part from correlations between those items, the high number
f statistical tests raises the problem of type I error inflation. In
his regard, the survey methodology should be improved in future
tudies.

Finally, it has to be emphasized that the results obtained in this
imulator study cannot be easily translated to real-world driving for
everal reasons. For example, the frequency of false, unnecessary

nd correct warnings of real-world cooperative warning systems
re not known. It might well be that warnings, either correct or
nnecessary/false, would be experienced with a much lower fre-
uency than the warnings investigated in this study (e.g., one per

able A1
escriptive statistics of follow-up interview for each reliability condition, agreement scal

Item Reliability 

Reading the warnings was  strenuous
100% 

60% with FA 

60% with UA 

The  warnings were annoying
100% 

60% with FA 

60% with UA 

The  warnings were disturbing
100% 

60% with FA 
 Prevention 97 (2016) 162–175

drive or one per week). The ratio of correct and false/unnecessary
alarms could also be drastically different than the one investigated,
which might prevent the cry wolf effect in the first place. Long-term
experience with unreliable cooperative warning systems, which
cannot be observed in a single-visit simulator drive, might also
change the way that drivers respond to false/unnecessary warn-
ings. It is well possible that the impact of false and unnecessary
alarms on attitudes and behaviour magnifies over time and might
be particularly large in discretionary warning systems that can be
turned off. In the first few drives, drivers might choose to turn off
a system prone to false alarms, but might continue to use a sys-
tem with unnecessary alarms. This could dramatically affect the
differential benefit of warning systems that are prone to false or
unnecessary alarms in the long term. Lastly, it should be noted
that although the sample was quite heterogeneous with regard to
age, driving experience and mileage, special groups of drivers like
novice drivers or elderly were not part of the study. It is possible
that these drivers will respond differently to false and unnecessary
warnings so that the findings of the current study cannot be easily
generalised to them.

5. Conclusions

This study investigated conditions that lead to impaired com-
pliance with and effectiveness of a cooperative advisory warning
system (AWS). The following conclusions can be drawn from the
study:

1. False alarms (alarms without any obvious reason), but not
unnecessary alarms (alarms with another road user present that
could have caused the warning), led to decreased compliance with
and effectiveness of the AWS  depending on warning urgency.
Warning reliability only influenced compliance in cases in which
the advisory warnings were presented in a more-urgent visual-
auditory way  but not when presented in a less-urgent visual way.

2. Subjective evaluations of the AWS  (e.g., ease of use,  useful-
ness, trust) were negatively influenced by false alarms but not by
unnecessary alarms, independent of warning urgency.

3. Compared with a baseline drive without any assistance, the
drivers benefited from the AWS, even among cases with false
alarms, as they still responded much earlier to critical driving situ-
ations.
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Appendix A.

See Tables A1–A3.

e ranging from 1 to 5.

Mean SE Nvalid

1.60 0.18 20
2.00 0.27 20
1.40 0.17 20

1.40 0.15 20
1.85 0.32 20
1.40 0.20 20

1.30 0.15 20
1.95 0.32 20
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Table  A1 (Continued)

Item Reliability Mean SE Nvalid

60% with UA 1.45 0.14 20

The  warnings were unnecessary
100% 1.30 0.15 20
60% with FA 2.35 0.29 20
60% with UA 1.60 0.18 20

The  warnings distracted me  from driving
100% 1.50 0.14 20
60% with FA 1.75 0.25 20
60% with UA 1.30 0.13 20

The  warnings were understandable
100% 4.55 0.11 20
60% with FA 3.70 0.19 20
60% with UA 4.15 0.17 20

Because of the warnings I could recognize
traffic conflicts earlier

100% 4.80 0.12 20
60% with FA 4.25 0.27 20
60% with UA 4.65 0.11 20

The  warnings were helpful
100% 4.80 0.09 20
60% with FA 3.75 0.25 20
60% with UA 4.35 0.15 20

Driving was  safer because of the warning
system

100% 4.60 0.11 20
60% with FA 3.60 0.28 20
60% with UA 4.25 0.18 20

The  warning system will reduce traffic
accidents

100% 4.40 0.15 20
60% with FA 3.74 0.28 19
60% with UA 4.15 0.17 20

Because of the warning I endangered other
road users

100% 1.45 0.15 20
60% with FA 2.35 0.32 20
60% with UA 1.85 0.20 20

The  warning system was reliable
100% 4.75 0.10 20
60% with FA 2.65 0.26 20
60% with UA 3.35 0.32 20

I  would use the warning system during every
day driving

100% 4.30 0.19 20
60% with FA 3.85 0.33 20
60% with UA 3.90 0.30 20

Table A2
ANOVA results of the questionnaire.

Dimension Item Effect F df1 df2 p �2

Ease of Use Reading the warnings was strenuous Warning urgency 0 1 54 1 0
Warning reliability 2.07 2 54 0.137 0.07
Interaction 1.55 2 54 0.222 0.05

The  warnings were annoying Warning urgency 0.14 1 54 0.711 0
Warning reliability 1.25 2 54 0.295 0.04
Interaction 1.71 2 54 0.19 0.06

The  warnings were disturbing Warning urgency 0.00 1 54 1 0
Warning reliability 2.35 2 54 0.105 0.08
Interaction 0.46 2 54 0.636 0.02

The  warnings were unnecessary Warning urgency 0.46 1 54 0.5 0.01
Warning reliability 6.49 2 54 0.003 0.19
Interaction 2.46 2 54 0.095 0.08

The  warnings distracted me  from driving Warning urgency 1.26 1 54 0.267 0.02
Warning reliability 1.56 2 54 0.219 0.06
Interaction 0.8 2 54 0.457 0.03

The  warnings were understandable Warning urgency 0.13 1 54 0.722 0
Warning reliability 6.93 2 54 0.002 0.2
Interaction 1.37 2 54 0.262 0.05

Usefulness Because of the warnings I could recognize traffic conflicts earlier Warning urgency 2.71 1 54 0.105 0.05
Warning reliability 2.63 2 54 0.081 0.09
Interaction 2.14 2 54 0.127 0.07

The  warnings were helpful Warning urgency 0 1 54 1 0
Warning reliability 9.08 2 54 <0.001 0.25
Interaction 2.05 2 54 0.139 0.07

Driving  was safer because of the warning system Warning urgency 0.51 1 54 0.479 0.01
Warning reliability 6.28 2 54 0.004 0.19
Interaction 0.39 2 54 0.682 0.01

The  warning system will reduce traffic accidents Warning urgency 0.3 1 53 0.584 0.01
Warning reliability 2.41 2 53 0.099 0.08
Interaction 0.58 2 53 0.565 0.02
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Table A2 (Continued)

Dimension Item Effect F df1 df2 p �2

Trust Because of the warning I endangered other road users Warning urgency 0.73 1 54 0.396 0.01
Warning reliability 3.64 2 54 0.033 0.12
Interaction 0.42 2 54 0.661 0.02

The  warning system was  reliable Warning urgency 0.12 1 54 0.73 0
Warning reliability 18.4 2 54 <0.001 0.41
Interaction 0.64 2 54 0.529 0.02

Intention to use I would use the warning system during every day driving Warning urgency 0.76 1 54 0.388 0.02
Warning reliability 0.29 2 54 0.749 0.01
Interaction 0.49 2 54 0.614 0.02

Table A3
Correlation matrix of the questionnaire items. Pearson correlations are used. * = p < 0.05. Items are numbered according to Table 4.

Item 2 3 4 5 6 7 8 9 10 11 12 13

1 r 0.484* 0.497* 0.300* .589* −0.273* −0.330* −0.335* −0.360* −0.171 0.267* −0.193 −0.323*
p  <0.001 <0.001 0.020 <0.001 0.035 0.010 0.009 0.005 0.196 0.039 0.140 0.012

2  r 1 0.896* 0.726* 0.655* −0.274* −0.734* −0.635* −0.582* −0.508* 0.502* −0.235 −0.679*
p  <0.001 <0.001 <0.001 0.034 <0.001 <0.001 <0.001 <0.001 <0.001 0.071 <0.001

3  r 1 0.783* 0.615* −0.376* −0.782* −0.692* −0.649* −0.538* 0.622* −0.327* −0.603*
p  <0.001 <0.001 0.003 <0.001 <0.001 <0.001 <0.001 <0.001 0.011 <0.001

4  r 1 0.451* −0.387* −0.689* −0.680* −0.676* −0.630* 0.506* −0.431* −0.548*
p  <0.001 0.002 <0.001 <0.001 <0.001 <0.001 <0.001 0.001 <0.001

5  r 1 −0.425* −0.416* −0.453* −0.529* −0.385* 0.337* −0.271* −0.331*
p  0.001 0.001 <0.001 <0.001 0.003 0.009 0.037 0.010

6  r 1 0.373* 0.472* 0.613* 0.441* −0.433* 0.666* 0.312*
p  0.003 <0.001 <0.001 <0.001 0.001 <0.001 0.015

7  r 1 0.822* 0.691* 0.562* −0.543* 0.310* 0.655*
p  <0.001 <0.001 <0.001 <0.001 0.016 <0.001

8  r 1 .752* 0.535* −0.575* 0.513* 0.570*
p  <0.001 <0.001 <0.001 <0.001 <0.001

9  r 1 0.813* −0.607* 0.636* 0.623*
p  <0.001 <0.001 <0.001 <0.001

10  r 1 −0.358* 0.541* 0.590*
p  0.005 <0.001 <0.001

11  r 1 −0.378* −0.416*

R

A

B

B

C

C

C

D

D

E

F

F

G

G

G

p  

12  r 

p  
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