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Negative Behavioral
Adaptation to Lane-Keeping
Assistance Systems

© COMSTOCK

Abstract—In addition to the improve-
ment of driving comforl, modern
advanced driver assistance systems
also aim to substantially increase
traffic safety. Meanwhile, initial opti-
mism with respect to potential safety
gains has given way to a more critical
view. There is, for example, a danger
that continued use is associated with
drivers systematically adapting their
behavior to the new systems in a nega-
tive manner. According to theoretical
considerations, excessive trust in such
systems may lead to the development
of a tendency for the driver to delegate
safety-relevant aspects of the driv-
ing task to the system, which, in cases
where system limits are reached, can
result in the driver and other road us-
ers being endangered.

The present study examined this
phenomenon in the context of lateral
control assistance. In a field experi-
ment, it was specifically investigated
whether drivers who had become
familiar with a heading control sys-
tem developed excessive (rust in the
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system and misjudged its limits. This question was
addressed in a driving trial in which, unbeknown to
the driver, the heading control system was repeat-
edly deactivated and the driver’s behavior and lane
control were observed. Analysis of subjective and ob-
jective data clearly demonstrated that drivers did not
develop excessive trust in the system and accordingly
regulated lateral control to a sufficient degree even
after prolonged exposure to the system. Negative
behavioral adaptatlion to the heading control system
was Lhus not observed.

Keywords—advanced driver assistance system,
lane departure warning, heading control, behavioral
adaption, trust, lane keeping assistance.

1. Introduction
daptation to new conditions is one of the outstanding
features of human intelligence. On a daily basis, we
are confronted with problems which involve the se-
lection and modification of acquired behaviors. In
dealing with these problems, we continually search for so-
lutions which are as simple and satisfying as possible. This
adaptivity is also to be found among drivers in road traffic;
a context in which it can have both positive and negative
consequences.

The Organisation for Economic Co-operation and De-
velopment (OECD, 1990) defines behavioral adaptations
within the total “driver-vehicle-environment” system as
follows: “Behavioral adaptations are those behaviors which
may occur following the introduction of changes in the
road-vehicle-user system and which were not intended by
the initiators of the change; behavioral adaptations occur
as road users respond to changes in the road transport sys-
tem such that their personal needs are achieved as a result
they create a continuum of effects ranging from a positive
increase in safety to a decrease in safety.” (p. 23).

Behavioral adaptation has been investigated in nu-
merous studies on advanced driver assistance systems.
Sagherg et al. (1997), for instance, showed that drivers
of vehicles with ABS (anti-lock braking system) chose
smaller time lags between their vehicle and vehicles driv-
ing ahead as compared with drivers without ABS. Gains
in safety due to improved braking performance were thus
clearly lost through the selection of a smaller distance and
apotentially earlier destination arrival. While the detailed
accident analyses performed by Vaa et al. (2007) revealed
that ABS generally reduces the number and severity of ac-
cidents, an examination of specific accident types showed
partial increases for some types in comparison to vehicles
without ABS. Such negative behavioral adaptations must
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be taken into account in the development of advanced
driver assistance systems; there is otherwise a danger
that, despite a theoretical gain in safety, assistance sys-
tems are actually of little or no use or even reduce traffic
safety on a different level.

While ABS only intervenes in driving dynamics in criti-
cal situations, assistance systems in the domain of lateral
control are now available which offer support on a far more
frequent or even permanent basis. Lane departure warn-
ing systems (referred to in the following as LDW systems)
alert the driver when the vehicle departs from the lane in
which it has been moving. Upon approaching a boundary
marking without prior manoeuvre indication, the driver’s
attention is attracted via either an audio warning or warn-
ing vibrations in the seat or steering wheel according to the
specific system design.

Within a different approach in the field of lateral con-
trol systems, concrete instructions for action are provided
rather than warning signals. Instead of generating direc-
tion-unspecific signals, the system applies steering torque
to the steering wheel in order to lead the vehicle back to
the centre of the lane. These “heading control systems”
(referred to in the following as HC systems) are currently
found in Lexus, Honda, and Volkswagen models. With re-
spect to the form of support provided by such systems, a
distinction is made between late intervention (i.e., shortly
before lane markings are crossed) and continual guidance
towards the centre of the lane.

Since the interventions of HC systems are consider-
ably more perceivable and frequent than is the case with
ABS, the probability that negative behavioral adaptation
occurs may be even larger. For the analysis of this effect,
the phenomenon of behavioral adaptation is first explained
in detail before the positive effects of lateral control assis-
tance and potential negative behavioral adaptations are
discussed and the results of a study are presented.

2. Theory

2.1 Models of Behavioral Adaptation

Over the past 25 years, psychological theories have attempt-
ed to describe, explain, and predict driver behavior and, in
particular, the phenomenon of behavioral adaptation (cf.
Vaa, 2001). One of the most well-known theories is the risk
homeostasis theory developed by Wilde (1982). This theory
postulates that drivers constantly accept a certain degree
of (accident) risk and strive to reach an individually opti-
mal level of risk for the attainment of their goals. While
driving, drivers compare the maximum level of accepted
risk and the currently perceived level of risk and behavior
adjustments are made in the case of discrepancies between
the two. If the perceived level of risk exceeds the level of
risk acceptance, then drivers attempt to reduce the per-
ceived risk. If, for example, it begins to rain while a driver
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is on the road, perceived risk may
be reduced by driving more slowly.
Ifthe level of risk is perceived to de-
crease, then the driver is prepared
to modify his/her behavior in line
with optimal goal attainment and
in favour of greater objective risk.

Following Wilde’s theory, fur-
ther risk theories were developed
which adopt different interpretations of risk assessment
and perception and which also emphasize aspects of driv-
er motivation (Fuller, 1984; Summala, 1988). In contrast,
other theories not only focus on motivation but addition-
ally include the driving task and aspects of performance,
that is, drivers’ skills and their self-evaluations (Summala,
1997; Fuller and Santos, 2002). The influence of personal-
ity attributes (Rudin-Brown and Noy, 2002; Brown, 2000)
has also been discussed.

Despite extensive discussion, no model is currently
available which is able to clearly predict behavioral ad-
aptation. In addition to being partially too complex, ex-
isting models often possess a purely descriptive structure
(Carsten, 2002; Rothengatter, 2002). However, all of these
models feature one component which, while often taken
for granted, has only been considered in more depth in
Evans’ human behavior feedback model (Evans, 1985): the
perception and perceptibility of traffic-safety measures
or, as the case may be, the effectiveness of driver assist-
ance systems. According to Wilde’s risk homeostasis theo-
ry (Wilde, 1982), introducing an assistance system causes
drivers to experience a change in subjective risk and to
subsequently adapt their behavior. The exact method used
for subjective risk assessment remains unclear. It would,
however, seem obvious that the perceived performance
capacity of the system strongly influences the degree to
which the system changes subjective risk levels and the
extent to which the driver subsequently adapts his/her
behavior. In contrast to Wilde (1982), Evans (1985) places
particular emphasis on system feedback for the develop-
ment of behavioral adaptations, proposing that clearly
perceivable feedback is associated with a greater prob-
ability of adaptation.

Research from the area of automation expands upon
these theoretical considerations. Studies by Muir (1994)
and Muir and Moray (1996), for instance, showed that
users’ trust in the respective system primarily influ-
enced the manner in which they monitored, intervened,
and overrode an automated system. There are clear par-
allels between these findings and behavioral adaptation
and the connection between system trust and driver be-
havior would seem obvious.

The development of trust in a system depends on vari-
ous factors. Stanton and Young (2000), however, focus on
the predictability and reliability of system behavior as a

foundation for trust. If users have the feeling that they have
understood the way in which the system operates and can
anticipate individual system interventions, then they are
able to rely more heavily on the system. If the system repeat-
edly shows the same behavior, then system trust increases
further. It is on this basis that drivers begin to change their
behavior and to delegate certain aspects of the driving task
to the system.

However, this behavior does not always correspond with
the objectively existing conditions. There is a danger that
the user overestimates the capacity of the system and inter-
venes too late or not at all at the very point where the system
reaches its limits (Parasuraman and Riley, 1997; Parasura-
man, 2000). This problem can be applied to the use of later-
al control assistance; the driver is in danger of paying less
attention to driving due to excessive trust in the system. It
is in those very situations where system limits are reached
that a delayed driver reaction or a complete lack of reaction
can represent a danger; such cases are a typical example
of negative behavioral adaptation. The question thus arises
as to how realistic drivers’ “system trust” is in the case of
lateral control assistance. Does the reliability and predict-
ability of system behavior lead to excessive system trust,
or are system users able to realistically assess the system’s
performance capacity?

2.2 Previous Studies on Lateral Control Assistance

In the following section, studies on lateral control as-
sistance are reviewed. In addition to studies which have
demonstrated the positive benefits of these systems, inves-
tigations on negative behavioral adaptation are addressed.
Findings pertaining to LDW systems are presented first
followed by studies on HC systems.

2.2.1 Objective Benefits and Subjective

Assessments of Lateral Control Assistance

Evidence of objective benefits of lateral control assistance
for car drivers has been provided by a number of simula-
tion studies and field experiments.

Rimini-Déring et al. (2005), Kozak et al. (2006) and
Navarro et al. (2007) investigated LDW systems in a driv-
ing simulator. In addition to a reduced number of lane de-
parture events, they also found a lower standard deviation
for the lateral position of the vehicle. The study conducted
by Navarro et al. (2007) additionally employed haptic,

IEEE INTELLIGENT TRANSPORTATION SYSTEMS MAGAZINE 23 SUMMER 2010



direction-specific warning signals (similar to a heading
control system) which proved to be superior to signals
that were haptic and direction-unspecific as well as those
which were acoustically delivered.

Portouli et al. (2006) examined LDW systems in a field
experiment and also found a lower standard deviation for
the lateral position as well as fewer lane departure events.

In two large-scale field studies performed by LeBlanc
et al. (2006) and Alkim et al. (2007), the benefits of LDW
systems were observed over a longer period of time and in
naturalistic traffic settings. In the study by LeBlanc et al.
(2006), 78 drivers each drove with vehicles equipped with
an LDW system and a curve speed warning system for a
period of three weeks. Participants’ lateral control was con-
siderably better when the system was active as compared
to driving without assistance. Simultaneously, indicator
use upon changing lanes strongly increased. Alkim et al.
(2007) reported similar findings.

Similar studies employing HC systems have so far been
rare. In a simulator experiment, Steele and Gillespie (2001)
found improved lane keeping and reduced visual workload
when using a HC system. Blaschke et al. (2009) conducted a
field experiment in which drivers received varying support
from a HC system during performance of a distraction task.
It was shown that increasing support led to a reduction of
the maximum lateral deviation of the vehicle from the mid-
dle of the lane.

A series of studies have provided estimates regarding
the reduction in accidents and accident severity which
would result from the introduction of lateral control assist-
ance systems (Abele et al. 2005; McKeever, 1998; De Ridder
et al. 2003). However, these studies ignore aspects of
negative behavioral adaptation and instead refer exclusive-
ly to the theoretical benefits of such systems with respect to
various types of accident. Their results are therefore to be
interpreted with caution.

These studies were often accompanied by an assess-
ment of participants’ subjective judgments. Overall, the
objective benefits with respect to improved lane keeping
were also subjectively perceived by drivers using LDW and
HC systems. Partial acceptance problems occurred in the
case of LDW systems in connection with the emission of
too many false warnings. For a detailed description see

LeBlanc et al. (2006).

2.2.2 Negative Behavioral Adaptation

to Lateral Control Assistance

To date, there is only a limited amount of empirical work
providing information on negative hehavioral adaptation
in the context of lateral control assistance. A frequently
cited study is that conducted by Rudin-Brown and Noy
(2002). Based on experiments in a driving simulator and
on a closed test track, the authors showed that partici-
pants’ trust in an auditory LDW system still did not seem
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to decrease when a prolonged period of driving under dis-
traction with an efficient error-free system was followed
by confrontation with a system variant which regularly
failed to warn the driver in critical situations. Although
this generally did not have a negative impact on driving
performance within the investigation, the authors con-
cluded that assistance systems of this kind harbour the
danger of encouraging “blind trust” and thus represent a
potential risk for traffic safety.

A field study by Portouli et al. (2006) also failed to pro-
vide any evidence of negative behavioral adaptation in
prolonged use of a LDW system. Participants drove along
a preselected section of the motorway on several days. One
group drove a test vehicle with an active LDW system and
a second group a vehicle without lane keeping assistance.
Group comparisons revealed no differences with respect
to the selected speed of travelling or distance from the
vehicles ahead. Furthermore, no gr'oup differences were
found in the number of performed lane changes. Overall,
the study thus provided no indications of negative behav-
ioral adaptation.

Further mention is to be given to the study conducted by
LeBlanc et al. (2006). The authors examined whether an
LDW system caused drivers to engage in more secondary
activities while driving. They analyzed video recordings
of participants who had been provided with a test vehicle
equipped with a LDW system for a period of several weeks.
A comparison of episodes in which the LDW system was
activated and deactivated revealed no frequency differenc-
es with respect to previously defined behavior categories
(e.g., conversing, eating, drinking, using mobile tele-
phone). This finding is in line with the above-mentioned
studies, suggesting that no negative behavioral adaptation
occurred. Even the additional activation of a curve speed
warning system did not cause greater distraction of partici-
pants from the driving task through increased engagement
in secondary activities.

Popken et al. (2008) employed a driving simulator to
investigate the extent to which different variants of assis-
tance impacted both performance in a distraction task and
the gaze aversions necessary for task performance. Results
clearly showed that neither a LDW system with vibrotac-
tile warning signals nor an active lane-keeping HC system
caused participants to engage in more frequent or longer
gaze aversion.

The literature review presented above clearly shows that
the issue of negative hehavioral adaptation in the area of lat-
eral control assistance has seldom been subject to experi-
mental investigation. Only a small number of studies of this
kind are to be found and these have primarily focused on
LDW systems. Investigations on negative behavioral adapta-
tion to lateral control assistance systems with active steer-
ing control (HC systems) are limited to those conducted by
Popken et al. (2008) in a driving simulator.
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3. Research Question

Since research work on HC systems has so far relied ex-
clusively on experiments in driving simulators, the pres-
ent experiment was designed to provide data on test drives
in a real traffic environment. It was investigated whether
users develop excessive trust in a HC system and overesti-
mate the limits of the system following prolonged system
interaction. In line with the above-described theories (see
Section 2), this should lead to misuse on the part of the user
and, in turn, to neglect of lateral control.

In this context, situations of particular interest include
those in which the assistance system suddenly fails and
can no longer assist the driver in matters of lateral control.
In cases where the driver has neglected lateral control of
the vehicle and has delegated a disproportionately large
share of the driving task to the assistance system, critical
driving situations can occur during such system periods. If
the driver is additionally distracted from driving events by
a secondary activity during system unavailability, then the
risk may increase even more.

Even in modern versions, the video sensor technology
which is employed in LDW and HC systems (see Section
4.2.1) is so far not able to guarantee permanent system
availability. Accordingly, the system employed in the
present study also showed brief sporadic periods of system
unavailability (referred to in the following as “temporary
system unavailability”) during regular driving (see Section
4.2.2). Furthermore and unbeknownst to the participants,
the investigator was able to induce longer periods of sys-
tem unavailability during which no lateral control support
was provided! (referred to in the following as “prolonged
system unavailability”).

These episodes of system unavailability allow the in-
vestigation of negative behavioral adaptation in a number
of different ways. First, the user’s driving behavior dur-
ing temporary system unavailability caused by the video
sensor technology can be retrospectively analyzed and
examined with regard to negative behavioral adaptation.
In this context, however, a problem arises in connection
with the fact that such episodes cannot be triggered by
the investigator; there is thus no possibility for experi-
mental variation. In the present study, it was possible to
specifically disable system support for the employed test
vehicle, so that experimental variation was nonetheless
possible. This leads to two main research questions for
the current study:

I) What driving behavior do system users show dur-

ing episodes of temporary system unavailability
whilst distracted by secondary tasks?

'Epsiodes of this kind during normal use are highly unlikely and served
the sole purpose of allowing an examination of misuse on the part of the

user during the experiment.
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IT) What effects do periods of prolonged system un-
availability have on the quality of lateral control
when system users are distracted?

The varying durations of the two types of system unavail-
ahility represent different degrees of criticality. While epi-
sodes of temporary system unavailability constitute a normal
part of regular journeys and offer relatively little opportunity
for critical consequences of negative behavioral adaptation
due to their limited duration, periods of prolonged system
unavailability expand the timeframe in which critical con-
sequences may occur and are thus more likely to give rise
to the phenomenon under investigation. However, the risk
associated with both types of system unavailability is that
users with excessive trust in the system will tend to misuse
the assistance system (see Section 2) and to find themselves
in unfavorable driving situations due to the neglect of lateral
control. If there was negative behavioral adaptation, these
situations should result in a decrease of lateral control and
the maximum lateral deviance during the test drives would
be expected to grow significantly in that case.

4. Methods

4.1 Participants

Presently, heading control is primarily available in mid-
dle-class, upper-middle-class, and luxury-class vehicles
(e.g. Lexus LS, Honda Accord). To ensure that the attri-
butes of the selected sample corresponded to those of a
typical customer of such vehicles, only those participants
who owned a vehicle in these classes were recruited. Fur-
thermore, participants were required to have driven more
than 10,000 kilometers in the last 12 months and to be
above the age of 30 years. These additional criteria were
employed with the aim of generating a random sample of
experienced drivers. Based on these criteria, 30 partici-
pants (5 female) were selected.

4.2 Test Vehicle

The test vehicle used in the experiment was an Audi
A3 Sportback with an automatic gearbox. The car was
equipped with low-profile sport tyres (225/40R16).
While participants steered the vehicle, the investiga-
tor operated the measurement computer from the rear
of the car and monitored the situation for safety issues

(see Figure 1).

4.2.1 Video Sensor Technology

For lane detection, a video camera (CMOS) which was fit-
ted with automatic exposure control and an aperture angle
of 31° was mounted behind the interior rear-view mir-
ror. Lane features were extracted and registered using an
image processing procedure based on dark-light transitions
of the lane surface; these features were subsequently used
to determine the position of the vehicle. The camera had a
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markings, could still be measured
during these periods.

The driver was informed via yel-
low LED lights in the instrument
panel (“temporary system unavaila-
bility”) as soon as the system hecame
inactive. Otherwise, green LED lights
were illuminated indicating system
availability as long as the system was
activated. This system interface is
identical to that currently found in
the Volkswagen Passat CC (Rohlfs et
al. 2008) and was mounted in the test
vehicle used here solely for investiga-
tive purposes. In the present study,
the investigator was also able to sup-
press the steering torque generated
by the system (“prolonged system
/  unavailability”) so that no supportive

CTe TS s R TS

R e

(c)- Vehicle's video sensor technology; (d) Driver's cockpit.

maximum detection range of 60 meters. For the purpose of
aretrospective classification of situations, a standard scene
camera which targeted the area in front of the vehicle was
also installed in the car.

4.2.2 Heading Control System

If the driver got too close to lane markings the vehi-
cle’s HC system generated corrective steering move-
ments towards the centre of the lane? which could be
clearly noticed by the driver. Corrective actions of the
system depend on different factors such as speed, curve
radius, lane width and steering angle. Steering torque
is generated at a distance of approx. 40 cm to the lane
boundaries. The driver was able to activate and deacti-
vate the system using a button attached to the indica-
tor. The system switched between an active and inactive
mode according to the quality of the lane markings and
other environmental factors, for instance narrow lanes
or small curve radius. Moreover, the system temporar-
ily deactivated itself when the driver steered against its
steering torque and also during episodes, in which the
driving speed was lower than 65 km/h. The system gen-
erated reliable steering torque when in an active mode
and did not intervene in the driving activity when in an
inactive mode. Since inactive episodes are not necessar-
ily related to missing lane markings, video-based vari-
ables, such as lateral deviation and distance to the lane

*The system implemented in the test vehicle thus operated on the basis
of the late-warning system described in Section 1 and did not provide

continual support.

FiG 1 Test vehicle, Audi A3. (a) External view of the vehicle; (b) Investigator’s operating environment;

steering movements occurred despite
an allegedly activated system and
illuminated green LED lights.

4.3 Experimental Design

4.31 Training

At the beginning of each trial, participants were provided
with a brochure and supplemental verbal instructions in
order to familiarize them with the operating principles of
heading control. To ensure a basic level of routine in
handling the test vehicle, participants subsequently took
part in a special training course on a closed test track.
The training included slalom manoeuvres and full brake
application. Finally, participants were introduced to the
telephone system component of the Audi Multimedia Inter-
face (referred to in the following as HMI) for the purpose
of practicing the subsequent experimental secondary task
(see Figure 2).

4.3.2 Procedure

The test phase began immediately after completion of the
training phase on a pre-selected route in normal road traf-
fic. The route comprised 30 percent country roads and 70
percent motorway. Each participant covered a distance of
350 kilometers. The motorway sections of the route, which
were straight for the most part, were comprised of two to three
lanes. The country road sections consisted of narrow, winding

‘episodes (approx. 20 kilometers) as well as of straight, broad

sections (approx. 80 kilometers). On a pre-defined section of
the motorway and country roads, participants were prompted
to commence performance of a secondary task (see Section
4.3.3). This task was intended to distract the driver from the
driving activity and to create a situation which, in the case
of excessive trust in the HC system, should result in neglect

|EEE INTELLIGENT TRANSPORTATION SYSTEMS MAGAZINE ~ 26 SUMMER 2010



of lateral control. The route was de-

signed as a circuit so that the secondary

tasks could always be performed on the |
same road sections. After completion of §
the last test drive, the investigator ex- |
plained the actual objectives of the test |
to the participants. !

4.3.3 Secondary Task

The distraction task involved partici-
pants reading a 25-digit number se-
ries and entering it into the HMI using
a rotate-and-press controller (see Fig-
ure 2). This type of distraction task was selected based on
previous experimental studies (e.g. Blaschke et al. 2009) in
which entering telephone numbers into a similar HMI was
accompanied by a clear deterioration in the performance
of lateral vehicle control. These studies have thus demon-
strated the usefulness of such tasks for driver distraction.

To avoid practice effects, participants were given a new
number series for each task. Number series were selected
in such a way that numerical intervals between the digits
were the same in each task. This ensured that each number
series had the same level of difficulty. Each secondary task
lasted 60 seconds.

Upon performing the first secondary task, all partici-
pants were familiar with the HMI to a comparable degree
as a result of the previously conducted training (see Sec-
tion 4.3.1). Each participant was reminded that traffic
safety was of utmost priority during performance of the
secondary task.

4.3.4 Test Drives Under Distraction in a Motorway Context

On the motorway section of the experimental route, par-
ticipants were confronted with one secondary task during
which the HC system was activated. During task perform-
ance, participants were required to stay in the right-hand
lane (designated as the slow lane on German motorways)
to refrain from overtaking and to predominantly focus
on safely controlling the vehicle despite distraction. The
right-hand lane of the motorway section used for this task
was 3.60 metres wide and lane markings were, at the time
of the experiment, optimally detectable by the HC system.

4.3.5 Test Drives Under Distraction in a Country-Road Context

On a section of the country road which was carefully se-
lected according to various safety criteria (e.g., no potential
collision objects at the side of the road, low traffic density,
no oncoming traffic), participants performed three second-
ary tasks. This country road section of the route was wind-
ing, the participants had to pass through four stretched
curves, of which two headed to the left whilst the others
were right-hand turns. One of the secondary tasks was per-
formed with the heading control system activated, as in the

F1& 2 Secondary task and HMI of the test vehicle. (a) Position of the 25-digit number. (b) Rotate-and-
press controller for operation of the speller function.

motorway context, and a further task with the system deac-
tivated. Prior to a third distraction task, the investigator in-
structed the driver to activate the heading control in order
to perform the final task with system assistance®. During
this task, however, and unbeknownst to the participant, the
investigator suppressed all steering movements generated
by the system. Despite suppression of steering torque, the
green heading control warning light continued to signalize
normal system availability to the driver (see Section 4.2.2).
The country road section was also in a very good condition
with respect to lane markings at the time of the experiment.
The width of the lane was approximately 2.95 metres.

The processed data consists of 29 test drives with active
heading control in the motorway context. Furthermore, the
test drives in the country road context consisted of 29 test
drives with prior deactivation of the system by the partici-
pant, 29 test drives with suppression of the steering torque
by the investigator (“allegedly with hc”) and 29 test drives
with active HC system.

4.3.6 Measurement Variables and Experimental Factors

The computer installed in the test vehicle recorded vari-
ous signals of the experimental car’s Controller Area
Network (CAN-Bus) during the experimental test drives,
including current lateral deviation of the vehicle from
the middle of the lane. This signal allowed subsequent
computation of further variables. The maximum lateral
deviation during a distraction task, for example, provides
information regarding the greatest deviation of the test
vehicle from the middle of the lane. This thus represents
the moment at which lateral control has reached its most
unfavourable point. Furthermore, the distance of the vehi-
cle from lane markings can be calculated based on lateral
deviation and lane width. For the purpose of addressing
the research questions of the present study, analyses
particularly focused on the distance from lane boundary
markings, since the crossing of these boundaries at the
very latest can be considered critical. In such cases, the
driver has left the area intended for his/her vehicle and

The order of the different types of system status had been randomized.
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During the prolonged use of the
system, | developed more and more trust in it.

O Or= O O
| Does Not Does Not Quite Applies
| Apply at All  Quite Apply Applies Absolutely |

FIG 3 Example of item and scale design used in the experiment.

thus runs the risk of running off the road or into oncom-
ing traffic. Another approach would be to define a criti-
cal area near the lane edges. The percentage of time that
participants are driving in this area could theoretically
serve as a measure for the quality of the lateral control.
However, this approach does not account for individual
differences in driving style. Some drivers prefer to stay
on the right-hand area of the lane, whilst other drivers
keep to the middle of the lane. Hence, there will always
be some participants driving through the predefined area
near the lane edges without actually showing a worse lat-
eral control of the vehicle. The comparison of the maxi-
mal lateral deviation during test drives without heading
control system and test drives with an allegedly active
system control for these individual differences.

In addition to this essential measurement variable,
other CAN variables were included into the measurement
data in order to validate the results given by the maximum
lateral deviation during the test runs. The average speed
and the maximum lateral acceleration serve as additional
indicators for a potential negative behavioral adaptation to
the HC system. A faster and more dynamic driving style
results in an increase of these variables and is interpreted
as negative behavioral adaptation.

In addition to these objective measures, subjective
measures were also assessed by means of questionnaires
which were administered following the driving trials.
These comprised questions on various system assessment
dimensions, using a four-point scale for each item (see
Figure 3). With regard to the present research objectives,
one question on perceived system trust (i.e. “During the
prolonged use of the system, I developed more and more
trust in it”) and two questions concerning user acceptance
of the system (i.e. “In my opinion, the system increases

S dfil ;T.-f;i:i‘l?ﬂ{:!:;,.’{

Independent Variables

(System status) Dependent Variables (CAN data)

—Heédfng C(Sntrbl activa-ledr Maxihum ialeral devviation> o
(distance to lane boundary)

Heading Contro! deactivated Average driving speed

Allegedly with Heading Control Maximum lateral acceleration
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roadworthiness”; “How did you perceive the system’s cor-
rective actions”) were most relevant. Furthermore, par-
ticipants were asked after the last test drive on the country
road (“allegedly with hc”), if they had noticed anything
remarkable during the last drive.

Due to the fact that episodes of temporary system un-
availability were system dependent and not triggered by
the investigator (see section 3), no experimental design or
ANOVA-relevant factors could be realized for the test drives
in the motorway context. The systematic variation of the sys-
tem status was performed on the country road and resulted
in the experimental factors illustrated in Table 1.

9. Results

The data of the present study can be divided into two
areas allowing an investigation of negative behavioral
adaptation. These are data from brief episodes in which
heading control was not available (“temporary system
unavailability”, see Section 4.2.2) and data from pro-
longed periods of system unavailability during which, un-
beknown to the participant, the investigator suppressed
all steering movements generated by the heading control
system. Analyses of participants’ subjective evaluations
are based on the questionnaires administered following

the driving trials.

5.1. Subjective Participant Evaluations
An analysis of the item measuring the frust which partici-
pants had developed in the heading control system failed
to reveal a clear picture. While 42 percent* of participants
reported a lack of complete system reliance even after pro-
longed driving, the remaining 58 percent reported positive
system trust. A clear tendency was thus not apparent with-
in the present sample.

Nonetheless, a large majority of the participants (approx.
77 percent) considered the system to represent an increase
in safety and found the steering movements generated by the
system to be useful (approx. 85 percent). This clearly reflects
a high degree of user acceptance. Furthermore, the analysis
showed that only one of the 30 participants noticed the pro-
longed episode of system unavailability during the last test
drive on the country road. Consequently, the experimental
simulation of an unrecognized interruption of the system
activity can be considered successful.

5.2 Temporary System Unavailability

The analysis of periods of temporary system unavailabil-
ity was based on data from a total of 58 test drives under
distraction in a motorway and country-road context. Test
drives were examined with respect to the occurrence

*With the purpose of giving a better overview to the reader, participants’
answers on the four-point scales were classified as either positive or nega-

tive answers.
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and duration of episodes of system unavailability as well
as with respect to the maximum lateral deviation of the
vehicle from the middle of the lane and the distance from
the lane boundary markings. These features allow indi-
vidual test drives under distraction to be classified into the
following categories:
I) Testdrives under distraction without temporary system
unavailability
II) Test drives under distraction with temporary system
unavailability
I1.1) Test drives under distraction with maximum lat-
eral deviation during temporary system unavail-
ahility
I1.2) Test drives under distraction with maximum
lateral deviation outside of temporary system
unavailability

While the only difference between Categories I and
II is the occurrence of temporary system unavailability,
Category IL.1. is distinct with respect to the fact that the
point of maximum lateral deviation of the vehicle from the
middle of the lane occurs in a period of temporary system
unavailability. In these cases, lateral deviation is thus most
unfavourable (i.e.,largest) at a moment in which the assist-
ance system is temporarily not available to the driver. As
outlined in Section 3, these very cases represent the basis
for investigation of the phenomenon of negative behavioral
adaptation in the present study.

Figure 4 provides an overview of those test drives un-
der distraction in which heading control was activated.
Each bar represents a single test drive and the shading
of the bars signifies classification of the test drive to one of
the above-mentioned categories. The diagram illustrates
the maximum lateral deviation registered during each
individual test drive. Distances crossing over from nega-
tive to positive values (zero baseline in diagram) represent
cases in which participants had crossed the lane boundary
markings. Accordingly, negative values reflect distances
from the lane boundary markings to the middle of the
lane and positive values distances by which the driver had
crossed the lane boundary markings.

The majority of test drives were classified as belong-
ing to Category I (light grey bars) and thus did not show
episodes of system unavailability (n = 87). System una-
vailability® was, in contrast, registered at least once dur-
ing 25 test drives (Category II.1., dark grey bars; and I1.2.,
black bars).

A total of 8 test drives were classified as Category II.1.
(black bars). As can be seen from the diagram, across
all test drives, there was only one case in which the lane
boundary markings were crossed (approx. 20 cm). During
that incident the driver was gradually drifting towards the
left side of the road and corrected the course shortly after

5The mean duration of these episodes was 2.5 seconds.
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crossing the markings for the first time. This clearly re-
markahle case belongs to Category II.1., which means that
the situation arose while the heading control system was
not available.

The analysis of temporary system unavailability
thus reveals that temporary unavailability during test
drives under distraction was not necessarily accompa-
nied by critical driving situations. Only 1 of the 25 test
drives in which heading control was unavailable for a
short period of time led to the lane boundary markings
being crossed.

The data on temporary system unavailability does not
include a reference condition which allows an experi-
mental comparison between distraction tasks with and
without activated heading control. It is therefore, for ex-
ample, not possible to determine whether a crossing of the
lane boundary markings may also have occurred if the
HC system had previously been deactivated. Accordingly,
an experimental comparison would allow the question
regarding potential negative behavioral adaptation to be
more precisely addressed and would in turn lead to a high-
er generalisability of the findings. Such a comparison will
be made in the following section on prolonged episodes of
system unavailability.

5.3 Prolonged System Unavailability

For the analysis of negative behavioral adaptation, those
test drives under distraction in which, unbeknownst to the
participant, the investigator triggered selective periods of
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SD

Mean
Distance to lane boundary (metres) 0.401 0.192
Average driving speed (km/h) 79.3 124
Maximum lateral acceleration (g) 0.13 0.05

system unavailability, were compared to test drives under
distraction with deactivated heading control as well as to
test drives under distraction with active heading control (see
Section 4.3.6). Analyses were based upon the distance from
the lane boundary markings at the point of maximum lat-
eral deviation (“distance to lane boundary”), average driving
speed and maximum lateral acceleration (Table 2).

Prior to statistical analyses the authors checked if the
data met the assumptions for parametric tests. In order to
examine potential interactions between the system status
and CAN data, three one-way repeated measures ANOVAs
were conducted. Mauchly tests indicated that the assump-
tion of sphericity can be met for the variable “distance to
lane boundary” (x*(2) = 1.39, p > 0.05), whereas “maxi-
mum lateral acceleration” (y*(2) = 0.65, p > 0.05) and
“average driving speed” (x*(2) = 22.71, p < 0.05) show a
significance value lower than the critical value of 0.05.
Therefore, degrees of freedom were corrected using
Greenhouse-Geisser estimates of sphericity (e = 0.81 and
& = 0.62, respectively).

The results of the ANOVAs show that neither the av-
erage driving speed (F(1.25, 31.17) = 0.7, p > 0.05), nor
the maximum lateral acceleration (F(1.62, 40.41) = 0.62,
p > 0.05) were significantly affected by the system status.
Only the maximum lateral deviation differed significantly
(F(2, 50) = 8.56, p < 0.01). Bonferroni post-hoc tests re-
vealed that the test drives with active heading control (“HC
on”) resulted in a significant larger distance to the lane
boundaries than did test drives without heading control
(“HC off”) and test drives with allegedly active HC. Both
tests show significance values of p < 0.01. However, the
distance to the lane boundaries did not differ significantly
during test drives without heading control (“HC off”) and
test drives with allegedly active HC (p > 0.05).

6. Discussion
The present experiment was designed to determine

whether and to what extent drivers develop excessive
system trust accompanied by system misuse follow-
ing prolonged interaction with a HC system. It was as-
sumed that such negative behavioral adaptation may, in
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Allegedly with HC

HC off
Mean SD Mean SD
0.262 0.225 0.261 0.176
77.6 51 78.2 6.8
0.14 0.02 0.14 0.04

particular under conditions of distraction, lead to poorer
lateral control.

To examine this assumption, 30 participants were in-
vited to take part in test drives in regular road traffic. The
test drives were carried out on a pre-selected test route,
which consisted of motorway sections (245 km) and coun-
try road sections (105 km). The test vehicle employed was
equipped with a HC system which supported the driver in
lateral control of the vehicle by exerting active steering
movements in the case of excessive lane deviation. On cer-
tain sections of the test route, participants were required
to perform secondary tasks, each of which distracted the
driver from the driving task for approximately 60 seconds.
During these distraction tasks, various measures, includ-
ing lateral deviation from the middle of the lane, were reg-
istered by the vehicle CAN bus.

If system users indeed delegate too great a share of the
driving task to the system following a prolonged phase of
becoming familiar with heading control, then this may
lead to critically large deviations from the middle of the
lane during episodes of system unavailability. To test this
hypothesis, brief periods of system unavailability due to the
operating principles of the sensor technology (“zemporary
system unavailability”) as well as more extended episodes
initiated by the investigator (“prolonged system unavail-
ability”) were analyzed with respect to their effect on the
participants’ driving behavior.

Neither temporary nor prolonged system unavailabil-
ity led to critical driving situations in the test drives of the
present study, with one exception. One participant briefly
crossed the lane boundary markings during an episode
of temporary system unavailability. All other participants
correctly kept their vehicle in the respective lane. Even
prolonged periods of system unavailability which, unbe-
knownst to the participants, were triggered by the inves-
tigator did not provide evidence of negative behavioral
adaptation. Neither lateral control nor the average driving
speed or the maximum lateral acceleration was impaired
under these conditions. All variables of interest showed
similar values to those during test drives that were con-
ducted with a deactivated HC system of which participants
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had been informed. Nonetheless, appropriate to the general
focus of HC systems, the lateral control has been improved
during test drives with active heading control. During that
condition, the test vehicle’s position was more centred,
which resulted in a lower maximum lateral deviation. This
fact also demonstrates that the participants “made use” of
the system and accepted its corrective actions. Moreover,
they used the system as it was intended, which means that
they interpreted its steering action as corrective interven-
tions and did not misjudge the system as an “autopilot” for
lateral control.

In interpreting these results, it is decisive that partici-
pants were not informed about the current system status
during episodes of prolonged system unavailability. Dur-
ingthese episodes, the green LED lights (see Section 4.2.2)
continued to be illuminated and signalised to the driver
that the system was active and ready for operation despite
an actual ahsence of HC-system activity. On account of
their previous experience with the system, participants
thus found themselves in a situation in which they ex-
pected the system to intervene with steering movements
if they deviated too far from the middle of the lane. If they
had handed over lateral control of the vehicle to the HC
system during this situation, then lateral-control deficits
would certainly have arisen due to the fact that the sys-
tem was not able to provide any form of support. Since
lateral control in these situations did not differ from that
measured during test drives with knowingly deactivated
systems, it would seem that the users of the HC system
did not develop an excessive and therefore a false sense
of trust in the system and did not neglect the regulation
of lateral control. Furthermore, system activity did not
lead to a more dynamic or aggressive driving behavior,
which could have been interpreted as negative behavioral
adaptation, too. Maximum lateral acceleration and aver-
age driving speed did not show different values during
test drives with active HC compared to test drives without
HC. This fact indicates that the system did not provoke a
change in driving style.

The analysis of temporary system unavailability re-
veals a similar picture. While drivers were informed
about the lack of system activity provided that they
glanced towards the yellow LED lamps (see Section 4.2.2)
which were lit up during these periods, they were also
distracted by the secondary task and were thus forced to
alternate their glances between the HMI display of the
vehicle and the traffic around them. Moreover, periods of
temporary system unavailability had a mean duration of
2.3 seconds, so that the probability of glancing towards
the LED lamps in the very moment of system unavail-
ability can be considered to be very low. With respect to
episodes of temporary system unavailability, it can thus
be assumed that participants were actually also not in-
formed about the lack of system activity. Nonetheless,

these episodes did not necessarily lead to unfavourable
lateral control or critical driving situations, which again
implies an adequate rather than an excessive degree of
trust in the HC system.

In conclusion, the test drive analyses provide no evi-
dence of a tendency for negative behavioral adaptation to
the HC system among the study participants. Even after
prolonged episodes of driving in regular road traffic with
the system, participants did not develop inappropriate,
excessive trust in the system, and they regulated lateral
control of the vehicle in an adequate manner. There were
no cases in which participants got into dangerous driving
situations and the above-described, single-case incident
in which a participant crossed the lane boundary mark-
ings during a test drive under distraction also did not, ac-
cording to reports of the investigator, result in a critical
situation. Instead, the participant was reported to have
duly noticed the deviation of the vehicle and to have made
appropriate position adjustments. Summing up, concerns
of misuse and over-reliance on automation as formulated
by Parasuraman and Riley (1997) cannot be verified on
the basis of the analysed experimental data.

Relating the clear absence of negative behavioral adap-
tation to a complete lack of trust in the HC system would
not seem justified. More than half of the participants re-
ported system reliance in the survey following the driving
trials. This demonstrates that while many of the participants
placed their trust in the HC system, they were able to judge
its strengths and weaknesses correctly and thus did not suc-
cumb to the temptation of delegating too great a share of the
driving task to the assistance system.

These conclusions concur with the findings of Pop-
ken et al. (2008) and expand upon this previous study by
providing field-experimental data from a natural traffic
environment. Based on the results of the study presented
here, there is a necessity for future investigations to ex-
amine long-term effects of interaction with HC systems.
Field studies with longer test drives are therefore re-
quired and may help to provide further insight into nega-
tive behavioral adaptation in the context of lateral control
assistance systems.
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