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Should Drivers Be Operating Within an Automation-
Free Bandwidth? Evaluating Haptic Steering Support
Systems With Different Levels of Authority
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Objective: The aim of this study was to compare con-
tinuous versus bandwidth haptic steering guidance in terms
of lane-keeping behavior, aftereffects, and satisfaction.

Background: An important human factors question
is whether operators should be supported continuously
or only when tolerance limits are exceeded. We aimed to
clarify this issue for haptic steering guidance by investigating
costs and benefits of both approaches in a driving simulator.

Methods: Thirty-two participants drove five trials,
each with a different level of haptic support: no guidance
(Manual); guidance outside a 0.5-m bandwidth (Bandl);
a hysteresis version of Bandl, which guided back to the
lane center once triggered (Band2); continuous guidance
(Cont); and Cont with double feedback gain (ContS).
Participants performed a reaction time task while driving.
Toward the end of each trial, the guidance was unexpect-
edly disabled to investigate aftereffects.

Results: All four guidance systems prevented large
lateral errors (>0.7 m). Cont and especially ContS yielded
smaller lateral errors and higher time to line crossing than
Manual, Band|, and Band2. Cont and ContS yielded short-
lasting aftereffects, whereas Band| and Band2 did not.
Cont yielded higher self-reported satisfaction and faster
reaction times than Band|.

Conclusions: Continuous and bandwidth guidance
both prevent large driver errors. Continuous guidance
yields improved performance and satisfaction over band-
width guidance at the cost of aftereffects and variability
in driver torque (indicating human—automation conflicts).

Application: The presented results are useful for
designers of haptic guidance systems and support critical
thinking about the costs and benefits of automation sup-
port systems.

Keywords: haptic feedback, shared control driving simula-
tor, secondary task, human—automation interaction
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INTRODUCTION

Lane keeping is an essential driving task,
and measures of lane-keeping performance are
important indicators of driver vigilance and
impairment (Brookhuis & De Waard, 1993). An
investigation of the crash records of the Fatal-
ity Analysis Reporting System (FARS) showed
that lane departure warning/prevention systems
could potentially prevent/mitigate 31% of fatal
single-vehicle crashes (Jermakian, 2011). The
present study focuses on haptic feedback on the
steering wheel as a means to assist drivers to
stay in their lane.

Fenton (1966) was probably the first to intro-
duce haptic feedback as a means to assist car
drivers. A protruding “finger” at the head of the
control stick informed the driver about the head-
way of a car in front (see also Fenton & Mon-
tano, 1968). Development of haptic feedback
systems have been relatively stagnant until the
1990s, but in the past 20 years, the human fac-
tors field has seen a surge of research in this area
(e.g., Jamson, Hibberd, & Merat, 2013; Janssen
& Nilsson, 1992; Mars, Saleh, Chevrel, Cla-
veau, & Lafay, 2011; Nirsch & Eck, 1994; Steele
& Gillespie, 2001).

There are two fundamentally different
approaches to providing haptic feedback to car
drivers. The first is to provide continuous guid-
ance (Abbink, Mulder, & Boer, 2012; Flemisch
et al., 2008; Griffiths & Gillespie, 2005), also
called haptic shared control, and the second is to
provide binary feedback when the driver exceeds
a tolerance limit (e.g., Mohebbi, Gray, Tan, &
Lafayette, 2009; Scott & Gray, 2008; Stanley,
2006).

With continuous haptic guidance, the driver
and the system simultaneously share control over
the steering task (Goodrich, Schutte, Flemisch,
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& Williams, 2006). Studies have shown that
haptic shared control improves lane-keeping
performance (Forsyth & MacLean, 2006;
Griffiths & Gillespie, 2005; Mulder, Abbink, &
Boer, 2008) and decreases workload (Flemisch
et al., 2008; Kienle, Dambo6ck, Bubb, & Ben-
gler, 2012) compared to manual control. These
effects are generally stronger for systems pro-
viding higher feedback torques (Dambock,
WeiBgerber, Kienle, & Bengler, 2013; Flemisch
et al., 2008; Mars, Deroo, & Hoc, 2014). Abbink
et al. (2012) argued that continuous haptic guid-
ance adheres to the principles of human-centered
automation, namely, that the operator is always in
control, receives continuous feedback about the
automation functionality, and continuously inter-
acts with the automation. Thus, haptic shared con-
trol can be seen as a human—automation interface
that allows continuous interaction and commu-
nication and facilitates awareness of the func-
tional limitations of the system compared to
supervisory control of automation.

However, there may be downsides to continu-
ous haptic guidance. Several studies (Flemisch
et al., 2008; Mulder, Abbink, & Boer, 2012)
reported large driver-induced steering torques,
indicating conflicts between human and machine.
Indeed, some research participants have com-
plained that they were “fighting” the system,
which refers to the fact that the haptic shared con-
trol guided the driver in a direction that was con-
trary to his or her intentions (Abbink et al., 2012;
de Winter & Dodou, 2011). Moreover, research in
motor learning has shown that providing a human
with force feedback results in so-called afteref-
fects when the force field is withdrawn (Shad-
mehr & Brashers-Krug, 1997). Shadmehr and
Brashers-Krug (1997) defined an aftereffect as
“the trajectory that results when a subject is
expecting a force field but the robot is producing
a null field” (p. 411). Similarly, in the present
study, we define an aftereffect as the steering
behavior that occurs after haptic feedback torque
is suddenly disengaged. In a literature review, de
Winter and Dodou (2011) argued that continuous
haptic guidance may impair learning of the rela-
tionship between steering wheel input and car
heading output, which in turn could yield afteref-
fects during subsequent manual driving. De Win-
ter and Dodou further argued that continuous

guidance may yield similar adverse human per-
formance consequences to those that occur when
automation fails (cf. Lee & See, 2004; Onnasch,
Wickens, Li, & Manzey, 2013; Stanton, Young, &
McCaulder, 1997).

Continuous haptic steering guidance usually
provides feedback torques with respect to a tar-
get path (often the middle of the lane). However,
as early as 1938, Gibson and Crooks introduced
the concept of “the field of safe travel,” which
represents a constraint in which the car can
move without danger. According to Godthelp,
Milgram, and Blaauw (1984), drivers do not
strive to minimize the lateral error with respect
to the lane center but, rather, perform corrective
steering movements when they exceed certain
safety limits. More generally, various human
factors researchers have emphasized that opera-
tors should not be expected to behave like an
optimizer but should be seen as a satisficer
instead (Hancock & Scallen, 1999; Reason,
1987). This suggests that an approach that sup-
ports the driver only when really needed might
be a suitable alternative to continuous guidance.

Bandwidth haptic feedback systems may con-
stitute such an alternative, by providing vibrations
or a feedback torque whenever a predefined
threshold (e.g., a lane boundary) is exceeded. De
Groot, de Winter, Garcia, Mulder, and Wieringa
(2011) provided drivers with seat vibrations when
driving more than 0.5 m from the lane center. This
system resulted in a higher percentage of driving
time within the 1-m-wide tolerance zone com-
pared to manual driving. They also showed that
drivers who had received this bandwidth feedback
performed better than the no-feedback group in a
delayed retention trial without haptic feedback.
One advantage of bandwidth feedback is that the
human is not “disturbed” when performing accept-
ably but receives assistance only when it is needed
(Gordon & Gottlieb, 1967; Swinnen, 1996; Wil-
liams & Briggs, 1962).

Bandwidth feedback systems have limitations
too. A well-known issue with any binary feedback
is the establishing of correct threshold values.
Early warnings may result in false alarms, which
in turn can result in the “cry-wolf phenomenon,”
whereas late warnings may give the driver too lit-
tle time to react to impending hazards (Breznitz,
1984; Parasuraman & Riley, 1997).
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Based on this cost-benefit analysis of contin-
uous versus bandwidth feedback, we investi-
gated the idea of altering existing haptic guid-
ance to guide only when outside a relevant band-
width, a potentially interesting innovation that
may prevent overreliance on haptic guidance.

The aim of this study was to quantify the ben-
efits and limitations of continuous versus band-
width guidance in a driving simulator experi-
ment. We hypothesized that continuous haptic
guidance results in an improved lane-keeping
performance and a reduced mental workload
compared to manual steering and bandwidth
guidance and that drivers will show aftereffects
when the system disengages. These benefits and
limitations were expected to increase with stron-
ger guidance. Bandwidth feedback was also
expected to improve lane-keeping performance
with respect to manual control, without undesir-
able aftereffects when the feedback shuts down.

This study evaluated two versions of a previ-
ously developed continuous guidance system
(Mulder et al., 2012) as well as two types of the
novel bandwidth guidance. Regarding the con-
tinuous guidance systems, we investigated a low-
gain version, which provided gentle assistive
torques, and a high-gain version, which provided
more directive assistive torques. The first band-
width system provided guidance when the pre-
dicted lateral error of the car exceeded 0.5 m with
respect to the lane center. The second engaged
exactly like the first system but disengaged once
the lateral error had been reduced to 0.1 m.
Hence, the second bandwidth may improve
driver comfort compared to the first by prevent-
ing rapid on-off alternations of the feedback.

METHOD
Participants

Thirty-two participants (6 women and 26
men) between 23 and 38 years old (M = 25.8,
SD = 3.3), licensed to drive for at least 1 year
(M=6.9,SD =3.9), and with normal or corrected-
to-normal vision volunteered to take part in the
experiment.

Apparatus

The experiment was conducted in a fixed-
base simulator, equipped with an active steering

wheel and LCD-based dashboard instruments.
The steering wheel was actuated by a Moog-
FCS S-motor at 2500 Hz, controlled by a
control-loading computer. The vehicle had a
software-based automatic gearbox. The driving
scene was projected on the wall in front and to
the side of the driver by four projectors, result-
ing in a 180° horizontal and 40° vertical field
of view.

Steering wheel angle, measured driver torque,
torque applied by the steering motor, lateral
position with respect to the lane center (nega-
tive = left; positive = right), speed, and coordi-
nates of the car were recorded at a frequency of
100 Hz. For the secondary task, a computer
mouse was attached upside down to the right
side of the steering wheel (see Figure 1). Times
of pressing and releasing the mouse buttons
were recorded. Vehicle dynamics were identical
to those used in earlier studies with this simula-
tor (de Winter, Mulder, Van Paassen, Abbink, &
Wieringa, 2008; Mulder et al., 2008, 2012). In
all driving conditions, the steering wheel pro-
vided a mild centering torque, being a mono-
tonic function of the steering wheel angle.

Applied Steering Wheel Feedback
Torque

Guiding torques were superimposed on the
steering wheel (7i,;4,,ce) through a two-level
control algorithm. First, an algorithm predicted
the lateral error (e, ., sz in Meters) and head-
Ing eITor (€44, 4ing fuure 10 degrees) of the car with
respect to the lane center 1.0 s (look-ahead time)
into the future by assuming a constant steering
wheel angle. Second, the haptic algorithm used
elateral,future and eheading,future to calculate T, guidance®

Two types of continuous guidance systems and
two types of bandwidth guidance systems were
evaluated. For continuous guidance, Tguidance (NM)
was calculated according to Equation 1.

Tguidam'e = (e[ateral,furure : D + eheading, Sfuture ! P) ' Kf ° (1)

For the normal continuous guidance (Cont),
the feedback gains were D = 0.08, P = 0.9, and
K, = 2.0, identical to Mulder et al. (2012). For
the strong continuous feedback (ContS), we
used the same D and P, but Kf= 4.0.
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Figure 1. Close up of the steering wheel with the
mouse attached.

For the normal bandwidth guidance (Band1),
the system was designed to guide only when the
predicted ;... e €Xceeded 0.5 m. 7, . Was

calculated according to Equation 2, using D =
0.08 and K= 2.0.

, 0 for
ontroller statel —
controller,state (ela/em/ D) . Kf for

| €agerar 1< 0.5 (2)
| €aierar 12 0.5

The second bandwidth guidance system
(Band2) had two states of operation. In State 1,
the Band2 controller was the same as Bandl
(Equation 2). When ey, . turned greater
than 0.5 m, the system would switch to State 2.
In State 2, the controller would exert torque until
€laeraLuure WS Within 0.1 m of the lane center
(Equation 3). Consequently, Band2 would ini-
tially operate as Bandl, but once activated, the
controller continued to guide the driver back
toward the middle of the lane, deactivating only
when within a predicted error of 0.1 m.

, 0 for
oller state2 —
controller stat ( Chteral " D)-K P fO}"

| €grerar 1< 0.1 3
| €aterar | 2 0-1( )

Figure 2. Photo of the driving simulator. The
superimposed squares indicate the positions where
visual stimuli could appear.

Experiment Design

A within-subjects, repeated-measures design
was used. All participants drove one trial in
each of the following five conditions: Manual,
Bandl, Band2, Cont, and ContS. Conditions
were counterbalanced across participants.

The participants drove on a single-lane road
3.6 m wide and 12,232 m long. The speed was
controlled automatically at 100 km/h, and there-
fore participants did not use the brake and gas
pedals. No other vehicles shared the road. The
trajectory was identical for each trial and con-
sisted of straights and three types of curves with
an inner radius of 1,500 m, 750 m, and 500 m.
Each trial lasted 440 s. A movie of the driving
scene is available in the online supplementary
materials.

While driving, the participants had to per-
form a secondary peripheral detection task for
determining visual/mental load. A red square
would appear at random intervals between 4 and
8 s at one of 20 fixed locations (see Figure 2).
The order of the locations was random. The
stimuli would disappear when the participant
clicked one of the mouse buttons or 3.0 s after
the stimulus had appeared.

In order to investigate short-term aftereffects
of driving with haptic guidance, the system shut
down 1,503 m before to the end of the trajectory
(41 m prior to a right curve with inner radius =
750 m and length = 500 m). Henceforth we refer
to the curve after the shutdown as the shutdown
curve. The actuator exerted no feedback torque
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for the remainder of the trial, which implied that
the steering system was identical to the Manual
condition. For reference purposes, a comparison
curve was defined that had the same characteris-
tics as the shutdown curve. The comparison
curve started 1,500 m after the start of each trial.

Procedure and Instructions

The participants read and signed a written
consent form, explaining the purpose and pro-
cedure of the experiment. The participants were
informed that a “haptic support system will sup-
port you [the driver]| in the lateral control task
[staying inside the lane] by providing a torque on
the steering wheel.” The form further informed
the participants that the haptic support was “not
100% reliable” and that it was “possible that it
shuts down during the trial.” Even though the
shutdown moment occurred at the same point
along the route in each trial, we expected that
participants would not be able to anticipate the
shutdown moment. The route featured no visual
landmarks that allowed people to memorize their
location in the virtual environment.

The form also stated that the participant’s pri-
mary goal was “to drive the car within the lane
boundaries as you normally would,” explained
the secondary peripheral detection task, and
informed them that they could withdraw from
the experiment at any time.

Next, the participant filled out a question-
naire regarding their demographics and driving
experience before being asked to take place in
the driver’s seat. The experimenter then repeated
the driving tasks (primary task: lane keeping;
secondary task: detection of red squares). For
the secondary task, the participants had to react
to the red stimuli as quickly as possible by click-
ing on either of the mouse buttons. Participants
had to hold at least one finger of the right hand
on one of the mouse buttons at all times and
were free to place the left hand at any location
on the steering wheel. Before the first trial, the
participants practiced the secondary task in a
stationary vehicle for 2 min.

After each trial, the participants left the simu-
lator for a 5-min break and filled out the NASA
Task Load Index (NASA-TLX; Hart & Stave-
land, 1988) for assessing workload and the
Vanderlaan questionnaire (Van Der Laan, Heino,

& De Waard, 1997) for assessing usefulness and
satisfaction of the assistance system. Before
entering the simulator again, the participants
were asked to indicate whether they suffered
from simulator sickness on a scale from 1 to 6
(1 = no sign of symptoms, 2 = arising symptoms,
3 = slight nausea, 4 = nauseous, 5 = very nau-
seous, 6 = vomiting). In case of a response of 4
or higher, the experiment would be stopped. The
experiment took approximately 1 hr per partici-
pant to complete. The study was approved by the
Human Research Ethics Committee of the Delft
University of Technology.

Dependent Measures

First, the data were analyzed separately for
the different sections (i.e., straights and curve
types). As there were only small relative differ-
ences between conditions for the various road
sections, we decided to combine curved and
straight road segments in our analyses.

The following measures were calculated for
each condition per participant for the trajectory
up to the shutdown moment (i.e., across a
10,729-m long segment).

e Mean and maximum of absolute lateral position
(meters). These measures describe the lane-keeping
accuracy.

e Standard deviation of lateral position (meters).
This is a commonly used measure to describe the
driver’s lateral swerving behavior with respect to
the mean lane center error.

e Minimum absolute time to line crossing (sec-
onds). This metric was approximated using the
first and second derivative of the lateral position
(i.e., lateral velocity and acceleration; Van Win-
sum, Brookhuis, & de Waard, 2000). The mini-
mum absolute of the time to line crossing was the
single lowest value over the evaluated trajectory
and shows the closest the driver had been to leav-
ing the lane.

e Mean absolute driver torque (newton meters).
This measure describes the torques measured on
the steering wheel. A high torque occurs when the
driver resists the torques applied by the feedback
motor. A low torque occurs when the driver gives
way to the applied torques.

e Mean absolute steering wheel velocity (degrees
per second). This is a measure of control activity; a
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higher value indicates that the driver applied more
rapid steering wheel movements.

e Mean reaction time (s) of the peripheral detection
task. The reaction time was the time measured
from the appearance stimulus until the participant
pressed a mouse button. A stimulus was recorded
as missed when the participant failed to press a
mouse button within 3.0 s from its appearance.
The number of stimuli slightly varied across the
individual trials, because participants had differ-
ent mean reaction times and because the stimuli
appeared randomly between 4 and 8 s after click-
ing the mouse button. To discard any lead-in
effects, we ignored the first four stimuli for every
participant and calculated the mean reaction time
across stimuli up to the shutdown curve.

e Overall NASA-TLX score was determined with
a software tool developed by Sharek (2011). The
tool determined the weighted NASA-TLX score as
a percentage using the six separate workload scales
(Mental Demand, Physical Demand, Temporal
Demand, Performance, Effort, and Frustration).

e Satisfaction and usefulness scores of the Vander-
laan questionnaire. The usefulness and satis-
faction scores, ranging from +2 to —2, were
determined by taking the average score across five
items (Item 1, useful-useless; Item 3, bad—good;
Item 5, effective—superfluous; Item 7, assisting—
worthless; Item 9, raising alertness—sleep-induc-
ing) and four items (Item 2, pleasant—unpleasant;
Item 4, nice—annoying; Item 6, irritating—like-
able; Item 8, undesirable—desirable), respectively.
Appropriate sign reversals were conducted for
Items 3, 6, and 8.

We performed the following descriptive anal-
yses to gain insight into the distribution of lat-
eral position and individual differences in lane
keeping performance.

¢ Distribution of lateral position for all participants
combined. The distribution was calculated per
condition across all data points until the shutdown
curve, between —1.0 and 1.0 m from the lane cen-
ter with bins of 0.01 m.

e The time-locked standard deviation of lateral posi-
tion in the shutdown curve. The standard deviation
was calculated across all participants per time point.

In order to investigate the aftereffects, we
compared the measures of mean and maximum

absolute lateral position, minimum absolute
time to line crossing, and mean absolute steer-
ing wheel velocity between the shutdown and
comparison curves. For the shutdown curve,
the selected interval started at the shutdown
moment (i.e., 41 m before the curve) and ended
389 m later (i.e., 348 m into the curve). For the
comparison curve, the same 389 m interval was
selected, starting 41 m before the curve.

Statistical Analyses

For each dependent measure, we obtained
a matrix of numbers (i.e., 32 participants x 5
conditions). The numbers in this matrix were
transformed to ranks (Conover & Iman, 1981)
to cope with potentially non-normal distribu-
tions and unequal variances. The 32 x 5 matrix
of rank-transformed numbers was submitted to
analysis of variance (ANOVA) with the five
conditions as within-subjects factor. Simulation
studies have shown that this procedure com-
pares favorably to the Friedman test when not
testing for interaction (Conover, 1997; Iman,
Hora, & Conover, 1984). Ninety-five percent
confidence intervals were calculated of the
ranked means to investigate statistical signifi-
cance among pairs of conditions. A Tukey’s
honestly significant difference criterion was
used. A CSV file containing the matrices of the
dependent measures and a computer script of
the statistical analyses are available in the online
supplementary materials.

RESULTS

The distribution of the lateral position over
the trajectory before the shutdown moment of
all participants for the five conditions is shown
in Figure 3. It can be seen that the ContS con-
dition has the narrowest distribution, followed
by the Cont condition. Band1l shows a sudden
drop in the distribution around 0.5 m and —0.5
m. It can be seen that all four feedback systems
(Bandl, Band2, Cont, and ContS) prevented
large absolute lane center errors (>0.7 m).

Table 1 shows the means and standard devia-
tions of the dependent measures across partici-
pants, including the p value of the ANOVA and
pairwise comparisons among the conditions.
ContS yielded better lane-keeping performance
(i.e., lower mean and maximum absolute lateral
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Figure 3. Distribution of the lateral position (m) over the trajectory before the shutdown
moment of all participants per condition (i.e., Manual, Band1, Band2, Cont, ContS). Bins
are 0.01 m. The area under each of the five curves equals 1.

error, lower standard deviation of lateral position,
higher time to line crossing) than Cont. The Cont
condition in turn yielded a better performance
than Bandl and Band2. The Bandl and Band2
systems in turn showed a better performance than
the Manual condition.

Cont and ContS yielded higher torques but
lower steering wheel speeds than Bandl and
Band2, indicating smoother steering behavior. It
is interesting to observe that ContS yielded
approximately the same level of mean absolute
driver torque as Cont but with much higher stan-
dard deviations (see also Figure 4). In other
words, there were large individual differences in
the use of the ContS system: Some drivers
resisted the feedback torques, whereas others
almost released the steering wheel.

Band]1 yielded a slower reaction time on the
peripheral detection task than Cont and ContS,
whereas all other combinations of conditions
were not significantly different. The number of
missed stimuli was low: Only 0.32, 0.16, 0.22,
0.16, and 0.11% of the stimuli were missed for
the Manual, Bandl, Band2, Cont, and ContS
conditions, respectively.

Table 1 further shows that the participants
found Cont more satisfactory than Bandl. The
usefulness scale showed that all feedback systems
were considered more useful than manual control.

Figure 5 shows the time-locked standard
deviation of lateral position for the trajectory
between 16 s before and 19 s after the shutdown
moment. It can be seen that the time-locked
standard deviation of lateral position before the
shutdown curve was fairly similar for all condi-
tions. In the shutdown curve, the continuous
conditions show a large peak at the beginning of
the curve, indicating there were large individual
differences in lateral position.

The dependent measures regarding aftereffects
are shown in Table 2. Overall, Cont and ContS
yielded better lane-keeping performance (i.e., in
terms of lower mean maximum absolute lateral
position, higher time to line crossing, and lower
steering velocities) in the comparison curve as
compared to Manual, Band1, and Band2 condi-
tions. However, the opposite trend can be seen in
the shutdown curve. Cont and particularly ContS
yielded worse lane-keeping performance than the
other three conditions. The maximum absolute lat-
eral position in the comparison and shutdown
curves is illustrated in Figure 6. Cont and ContS
yielded significantly lower maximum lateral posi-
tion than Manual and Bandl conditions in the
comparison curve, but in the shutdown curve,
ContS actually yielded a significantly higher max-
imum lateral position than Manual, Band1, and
Band?2 conditions.
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Figure 4. Mean absolute driver torque (Nm) for the 10,729-m long trajectory before
the shutdown moment. Circles represent the individual participants. Horizontal lines
indicate the means across the participants.
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the time points in the shutdown curve. The failure moment occurs around 386 s (indicated by the
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In a supplementary analysis, we found that the =~ the corresponding Spearman correlation co

effi-

mean absolute driver torque was not strongly cor-  cients were .55 (p = .001) for Manual, .01 (p =
related with the NASA-TLX score. Specifically, ~ .972) for Band1, .10 (p = .584) for Band2, —.17
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Figure 6. Maximum absolute lateral position (m) in the comparison (left) and shutdown
curve (right). Circles represent the individual participants in the comparison curve;
crosses represent the individual participants in the shutdown curve. Horizontal lines

indicate the means across the participants.

(p = .363) for Cont, and .25 (p = .176) for ContS
(N = 32 for each correlation coefficient). In other
words, the objective physical workload was not
clearly correlated with the self-reported workload.

The performance after the shutdown moment
could be predicted from the way the participants
held the steering wheel. Specifically, the Spear-
man correlation coefficients between the mean
absolute driver torque in the straight before the
shutdown curve (traveled distance from 10,570 to
10,729 m) and the maximum lateral position up to
3 s after the shutdown moment (traveled distance
from 10,729 m to 10,812 m) were —.27 (p = .141)
for Manual, .23 (p =.201) for Band1, .29 (p=.114)
for Band2, .58 (p = .001) for Cont, and .54 (p =
.002) for ContS. In this analysis, we defined maxi-
mum lateral position based on the maximum abso-
lute lateral position and by subsequently assigning
the correct sign with respect to the lane center
(negative = left; positive = right). These positive
correlations indicate that participants who resisted
the continuous feedback torque prior to the failure
moment tended to stray more to the right (i.e.,
toward the inside of the curve) in the 3 s after the
shutdown moment.

We checked whether there were any session
order effects, such as performance improvements
due to learning. To this end, the 32 x 5 matrix of

rank-transformed numbers was again submitted to
ANOVA but now with the session order as within-
subjects factor. From the 18 dependent measures
shown in Tables 1 and 2, the mean absolute steer-
ing wheel velocity (p = .002; Session 1, M =
4.387° per second; Session 5, M = 3.398° per sec-
ond), the mean NASA-TLX score (p =.017; Ses-
sion 1, M'=34.36%; Session 5, M =27.60%), and
the mean absolute steering wheel velocity in the
comparison curve (p =.006; Session 1, M=3.901°
per second; Session 5, M = 2.655° per second)
were the ones that showed statistically significant
session order effects. Applying a rank transforma-
tion correction to account for these session order
effects hardly influenced our results. Specifically,
the number of statistically significant pairs in
Tables 1 and 2 increased from 90 out of 180 to 93
out of 180. The computer script of the session
order analyses is provided in the online supple-
mentary materials.

On the simulator sickness scale from 1 to 6,
143 out of 160 responses were 1, and 17 of 160
responses were 2. None of the respondents indi-
cated a score of 3 or higher.

DISCUSSION

We investigated the effects of continuous
guidance and bandwidth guidance on driver
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performance, workload, and satisfaction. We
tested the systems during nominal driving con-
ditions but also when the support system was
unexpectedly deactivated.

Benefits and Limitations During
Normal Operation

We found benefits for continuous guidance
that correspond to previous findings in the
literature (Flemisch et al., 2008; Mulder et al.,
2012). Specifically, drivers supported by contin-
uous guidance had more accurate lane-keeping
performance (in terms of lateral position and
time to line crossing) than when steering manu-
ally or when supported by bandwidth feedback.
We also found that bandwidth guidance was
equally effective as continuous guidance in
reducing the maximum absolute lateral position.
Our results indicate that more (i.e., more fre-
quently occurring or stronger) guidance implies
improved lane-keeping performance, consistent
with the idea that humans integrate visual and
haptic information (Ernst & Banks, 2002).

Self-reported workload decreased monotoni-
cally with increasing levels of guidance (Table
1; see Dambock et al., 2013, and Flemisch et al.,
2008, for similar findings). However, the periph-
eral detection task did not reveal clear effects.
This discrepancy may have occurred because
the peripheral detection task is sensitive to visual
and mental load, whereas self-reports, such as
the NASA-TLX, are also sensitive to other
dimensions of workload, including physical
demands. If drivers released the steering wheel
during the strongest haptic guidance (ContS),
they would still achieve a better performance
(i.e., mean absolute lateral position = 0.158 m)
than the average driver in the Manual condition
(mean absolute lateral position = 0.230 m). This
phenomenon may have contributed to the driv-
ers’ impression of low workload.

Aftereffects

The continuous guidance (especially the
strong variant, ContS) yielded aftereffects
when the system was unexpectedly deactivated,
whereas neither bandwidth system yielded iden-
tifiable aftereffects. When driving with a band-
width feedback system, the driver essentially
remains a manual controller for most of the time

and receives a corrective steering torque only
when the boundaries of acceptable driving per-
formance are exceeded. Using this approach, the
driver cannot become dependent on continuous
corrective support.

The aftereffects were most pronounced for
lateral position and less evident for time to line
crossing. In fact, the mean minimum absolute
time to line crossing after the shutdown moment
was 3.7 s for the ContS system (Table 2), which
was still greater than the 2.5 s for the Manual,
Bandl, and Band2 systems during the 6.5 min
before the shutdown (Table 1). This result sug-
gests that the dangers caused by aftereffects are
less severe than the dangers caused by not using
continuous feedback. Furthermore, the afteref-
fects for the continuous systems turned out to be
short-lived (Figure 5), indicating that drivers
quickly adapted to the system failure (cf. Abbink
etal., 2012).

For the bandwidth systems, the majority of
drivers did not (and could not) notice that the sys-
tem disengaged, because their lane center error
was above the threshold value of 0.5 m for only a
small fraction of the driving time (2.8% for
Bandl). Contrastingly, participants usually ver-
bally reported after the trial that they realized that
the continuous guidance had been shut down.
These comments are consistent with Mulder et al.
(2012), who stated that continuous feedback
results in awareness of the system’s functionality.

Future research could investigate ways to
remediate negative effects after system failure.
For example, it is possible to let drivers com-
plete a “readiness test” (cf. Levitan, Golem-
biewski, & Bloomfield, 1998) or to provide a
warning (cf. Gold, Dambock, Lorenz, & Ben-
gler, 2013) before they are expected to resume
manual control. Furthermore, our research sug-
gests that adaptive automation approaches might
be feasible, as we showed that it is possible to
predict which drivers will be susceptible to
aftereffects based on how firmly they hold the
steering wheel prior to the shutdown moment.

In our experiment, the system failure resulted
in a complete absence of the feedback torques
on the steering wheel. Other types of system
failures can be envisioned as well, such as nui-
sance feedback torques, attenuated feedback
torques, or feedback torques that guide the driver
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along a lane that is prohibited for driving (cf.
Nilsson, Strand, Falcone, & Vinter, 2013, for a
study into the driver’s response for different
types of adaptive cruise control failures). The
advantage of bandwidth feedback is that some
lane-detection sensor noise will not have an
adverse consequence on driving performance.
However, with bandwidth feedback, the driver
will probably recognize the failing sensor later
in time, as compared to continuous feedback.
Not only the type of failure but also the failure
rate will have an impact on performance as well
as on the level of trust and (dis)use of automa-
tion (e.g., De Vries, Midden, & Bouwhuis, 2003;
Parasuraman & Riley, 1997).

System Acceptance

System acceptance is probably an impor-
tant factor in introducing haptic driver support
systems in the real world. Some participants
spontaneously reported after the experiment
that the binary behaviour of the Bandl system
was annoying and difficult to interpret. Suzuki
and Jansson (2003) found similar response of
participants who drove with a system that pro-
vided torque pulses on the steering wheel when
a lateral error was exceeded. The hysteresis
filter of the Band2 design is a good example of
how a bandwidth algorithm can be modified to
accomplish better satisfaction among drivers.

We found large individual differences in how
participants responded to the continuous haptic
systems: Some drivers resisted the steering feed-
back torques, whereas others gave way to them.
Some participants reported that the ContS sys-
tem imposed too much force on the steering
wheel, leaving little room for the human to con-
tribute to the lane-keeping task. This observa-
tion corresponds to previous research that shows
the feedback gain to be an important design
parameter, influencing driving behavior and
acceptance (Abbink et al., 2012; Mars et al.,
2014; Mulder et al., 2012).

Limitations and Implications for Future
Work and Real-World Driving

Each participant drove 7 min 20 s per feed-
back condition, amounting to a total driving
time of 37 min. Larssen (2012) showed that

drivers who owned an adaptive cruise control
system for a longer period of time were more
aware of the system’s functional limitations.
Regarding haptic shared control, research into
such long-term effects is still lacking (Abbink
et al., 2012; de Winter & Dodou, 2011).

In our experiment, the driving task was rela-
tively uncomplicated, featuring a single-lane
road with smooth curves and no traffic. For
more complex driving environments, disagree-
ments between haptic guidance and human
intention may occur more often. For example,
human—automation conflicts may arise in situa-
tions where drivers want to “hug” the inside of a
curve while being guided to the lane center
(Mulder et al., 2012). To solve conflicts for con-
tinuous guidance, its design must be based on a
more intelligent driver model than the simple
look-ahead controller employed in this study
and should ideally allow for individual driving
styles (cf. Mars et al., 2011). Bandwidth feed-
back inherently circumvents this issue by allow-
ing different driving styles within the predefined
tolerance zone.

In summary, continuous and bandwidth haptic
guidance prevented large lane center errors
equally well. However, we found benefits and
limitations to each of the evaluated system
designs. Compared to bandwidth guidance, con-
tinuous guidance resulted in more accurate lane-
keeping performance, higher ratings of satisfac-
tion, and lower reaction times to peripheral stim-
uli. On the downside, the continuous systems
resulted in aftereffects and variability of steering
torques, indicating reliance and conflicts between
driver and support. The aftereffects and conflicts
were less prominent for Cont than for ContS,
indicating the importance of the feedback-gain
parameter. The bandwidth systems did not result
in detectible conflicts or aftereffects.

We investigated the topic of whether human
operators should be supported continuously or
should be seen as satisficers who need support
only when acceptable tolerance limits are
exceeded. The trade-offs between bandwidth
versus continuous guidance may well generalize
to other modalities, such as visual and auditory
feedback, and to nonlocomotion tasks, such as
teleoperation tasks. Our results are qualitatively
similar to those of Schmidt and Wulf (1997),
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who showed that continuous visual feedback
provided during discrete motor tasks improves
performance but degrades short-term learning.

Authors of future research should investigate
the best tolerance bandwidth and the best ways
to trigger guidance and remove it again. We
encourage further exploration of intelligent or
adaptive guidance algorithms, with the goal of
realizing human—automation interaction that
maximizes performance and satisfaction but
also mitigates aftereffects and conflicts.
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KEY POINTS

e This driving simulator experiment showed that
providing drivers with continuous haptic guidance
or bandwidth haptic guidance prevented large lane
center errors (>0.7 m), with each type of guidance
showing specific additional benefits and limitations.

e Continuous haptic guidance resulted in more accu-
rate lane-keeping performance compared to band-
width guidance and manual driving but evoked
aftereffects during subsequent manual driving.

e Large individual differences in exerted steering
wheel torque were found between drivers sup-
ported by the continuous guidance.

e Bandwidth guidance did not result in aftereffects
or conflicts.

SUPPLEMENTARY MATERIAL

The online data supplements are available at
http://hfs.sagepub.com/supplemental.
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