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MFD Multi-Function Display
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Complementing Automotive Haptic Shared Control
with Visual Feedback for Obstacle Avoidance

W. Vreugdenhil
supervised by:

S. Barendswaard, S. M. Petermeijer, C. Borst, D. A. Abbink

Abstract—The technological advancements in the automotive industry have enabled the automation of numerous routine driving
tasks. As a result, the art of driving has become a control task with a strong supervisory character, including the common human factor
issues. Haptic Shared Control has been shown to be useful in keeping the driver in-the-loop by providing continuous haptic guidance
on the steering wheel. Nonetheless, it has been reported that haptic support often induces control conflicts caused by the limited
amount of information that can be conveyed through haptic forces. As a consequence, it is often burdensome to develop a correct
mental model of the underlying controller and to establish accurate situation awareness. This study presents the results of the
conceptual development of a novel visual feedback system inspired by the principle of Ecological Interface Design. By displaying the
future trajectory with respect to both the physical limitations of the vehicle and the intentional constraints imposed by the road, the
driver is able to establish a better understanding of the space of possibilities in a certain driving scenario. The new visual feedback is
combined with current haptic feedback solutions, with the goal of guiding the driver through force-feedback, while visualizing the space
of possibilities as defined by the work domain constraints. A human-in-the-loop experiment was conducted to evaluate the effects of the
novel feedback system on driver behavior and acceptance during an obstacle avoidance task. In analogy with previous findings, the
results showed that haptic guidance was beneficial during obstacle avoidance in terms of response time, control activity and effort,
where the addition of EID-inspired visual feedback revealed an improved task execution, together with a significant reduction of control
activity and conflicts.

Index Terms—Haptic Shared Control, Visual Feedback, Ecological Interface Design, multimodal feedback, evasive manoeuvres,
obstacle avoidance, human-automation interaction.

F

1 INTRODUCTION

Rapid developments in the field of of Advanced Driver
Assistance Systems (ADAS) have led to the transfor-

mation of direct physical control tasks into assisted or even
fully automated driving tasks, such as longitudinal and
lateral control. The potential advantages of such systems
are higher safety, comfort and reduction in control effort.
However, in the last decades ample studies have shown
that the challenges that come with the development of
higher levels of automation are more than just technical
[1]. One of the challenges are the human factor issues, such
as overreliance and skill loss that emerge when operating
automated systems that still require human supervision
and intervention [2]. This can be explained by the fact that
increasing the level of automation may be able to stream-
line a routine driving task, however it typically increases
the total system complexity. Therefore, the driver’s overall
comprehension of the system is reduced, undermining the
ability to intervene in case of an unanticipated event. The
ability to cope with unexpected events is one of the most
important reasons why drivers are still required. Successful
automation design must therefore empower the driver to
compensate for the limits of the automation and help the
driver exploit on the capabilities of the automation [3].

Haptic Shared Control (HSC), a cooperative form of au-
tomation aimed at keeping the driver in-the-loop, has been
researched in multiple studies [4]–[7]. The aim of HSC is
to avoid the pitfalls of automation by providing continuous
haptic feedback, giving guidance to the driver in order to
complement skill-based behavior. Consequently, HSC has

proven to yield improvements in vehicle locomotion, such
as reduced human variability for different control tasks [4],
[6]–[9], reduced control activity [10] and improved reaction
times [4]. However, these improvements frequently come at
a cost of increased human torque [11], caused by conflicting
directions of intent between the driver and HSC. Among
other reasons ( [11]–[13] ) these conflicts can be explained
by the limited amount of information complexity that can
be conveyed through haptic forces [14], perceived by the
tactile senses of the human. For example, without a visual
notification, a haptic vibration in the steering wheel could
be interpreted as a lane departure warning, drowsiness
detection or some other warning. By visualizing the under-
lying message, the automation intent can be conveyed in an
intuitive an comprehensive way.

1.1 Problem Statement
To improve automation feedback, several studies have
found promising results of combining feedback modalities
such as visual and auditory together with haptic feedback
[15], [16], showing improved primary task performance and
reduced control activity, visual and cognitive demand. In
such systems the modality of the feedback is highly depen-
dent on the complexity and time scale of the required infor-
mation. For instance, direct perception (i.e. tactile senses) is
highly suited for feedback on a short time scale, supporting
skill-based behavior. Visual feedback however, is often used
for longer time scales where interpretation is more preva-
lent [17], supporting skill- and rule-based behavior [18].
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However, the current applications of visual-haptic feedback
are solely designed to reflect the automation constraints
imposed by the underlying controller, and thereby do not
consider constraints beyond this envelope, [15], [16]. In
other words, the current visual feedback is focused mostly
on informing the operator about the operational domain of
the haptic feedback, but not on the actual performance of
the vehicle with respect to its surroundings. This means
that visual-haptic guidance is generally well-accepted for
routine tasks where the haptic feedback is reliable, yet the
visual feedback becomes obsolete for non-routine tasks in
which the haptics may fail, often imposing control conflicts.
In this case, the visual feedback is not able to inform the
operator about possible solutions beyond the automation
constraints. To increase the robustness of HSC during un-
expected situations and to prevent for control conflicts, a
new approach is required which reflects more than just
automation constraints.

Apart from [15], [16], little research has been done in-
vestigating the potential benefits of applying continuous
visual-haptic feedback to vehicle locomotion and car driving
in particular. Other studies investigated the effect of solely
applying visual feedback for hazard detection [19], [20] and
improving situation awareness during Take Over Requests
(TOR) [21]. However, these applications focus mostly on
providing specific advisory information rather than pro-
viding continuous holistic feedback of the driving task in
order to improve robustness during unexpected scenarios. A
promising design strategy to support operators in complex
work domains where unexpected events may occur, is the
principle of Ecological Interface Design (EID) [22]. The main
goal of EID is to transform a cognitive task into a percep-
tual task by providing meaningful information about the
work domain constraints that humans can directly perceive
and act on accordingly [23]. By allowing the constraints
to be directly perceptible, EID interfaces assist users in
the development of their mental model of the domain.
Driver support system interfaces resulting from this analysis
may not only help drivers form better situation awareness,
but also an improved mental model of the vehicle. It has
been shown that applying EID to the driving domain can
improve calibrated trust and reliance [14], [24], [25]. Other
examples of work domains in which EID has been applied
successfully are process control [22], [26], health care [27],
command and control [28], marine [29] and aviation [30]–
[33]. In the driving domain EID has already successfully
been applied to reflect the operational envelope of Adaptive
Cruise Control (ACC) with respect to other work domain
constraints. However, it has not yet been combined with
haptic feedback systems. In this study, the idea was investi-
gated of combining the existing HSC systems together with
a novel form of EID-inspired visual feedback, based on the
benefits and drawbacks of both HSC and EID.

1.2 Research Objective

The aim of this simulator study was to quantify the benefits
and drawbacks of the combined feedback in relation to
their separate application, with manual driving as a base-
line condition. Driving behavior was assessed for obstacle
avoidance by using a previously developed continuous

haptic feedback system [34] in combination with a novel
EID-inspired visual feedback system, displaying the future
trajectory with respect to the physical limitations of the
vehicle and the intentional constraints imposed by the road.
To investigate the effect of adding visual feedback, it was
hypothesized that combining HSC with EID-inspired visual
feedback, compared with HSC-only, would result in: (1)
improved task execution, (2) reduced control activity, (3)
reduced control effort, (4) reduced conflicts in torque and
(5) improved user acceptance. It was expected that these
effects would be more distinct for non-critical scenarios.
Argumentation for the defined hypotheses will follow in
the next sections.

In particular, the rationale behind these hypotheses is
that haptic feedback is highly suited for unexpected events
on a short time scale, but less desired for non-critical tasks,
where an increase of human torque (conflicts) can be seen
[35]. The opposite holds for visual feedback, which tends
to be most useful for non-critical events by transforming a
complex task into a perceptual task. It is expected that both
forms of feedback will complement each other in an obstacle
avoidance task with different time-criticalities.

2 VISUAL FEEDBACK

2.1 Theoretical Motivation
In general, EID applies a top-down approach with the
complete work domain as a starting point. Within this
work domain, roughly three layers can be distinguished.
The first layer is formed by (1) the physical constraints,
which refer to the laws of physics that influence possible
directions of the driver. Subsequently, (2) the intentional
constraints reflect the rules and laws that govern driver
behavior. Finally, (3) the automation constraints indicate the
operational envelope of the underlying controller, which is
often limited by a predetermined optimal control strategy. It
has been shown that constraint-based interfaces can enhance
situation awareness, which at its turn can be used to decide
whether or not to follow the automation advisory. On the
other hand ”ecological interfaces reveal all feasible control
actions within the work domain constraints, thereby increas-
ing the chance that people will disagree with automation
advice that wants to push them into one specific direction”
[36]. Therefore, the design of an EID-inspired interface is
highly dependent on the balance between the three different
types of work domain constraints.

2.2 Visual Feedback Design
An overview of the EID-inspired visual feedback design
is depicted in Figure 1, where the road, vehicle and per-
formance envelope are shown. A comparable design was
researched previously in the aviation domain [37], visualiz-
ing the flight envelope of an aircraft. At first, the physical
constraints were implemented by showing the physical per-
formance of the dynamic vehicle model. The performance
envelope, indicated in grey consists of multiple curves
that provide an estimation of the future trajectory given a
constant steering wheel input, thereby representing the do-
main for which the vehicle remains stable at a given speed
(i.e. space of possibilities). The outermost curves indicate
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Fig. 1. Overview of visual feedback design, with future trajectory curves
forming the performance envelope (grey). In the simulation only the
curves are visualized, the grey envelope is presented here for clarity.

the predicted trajectory for which the vehicle reaches the
maximum yaw rate at the current speed. The inner lines
show an intermediate yaw rate that can be used for heading
estimation. The radius of the curves is based on the current
velocity v

car

and yaw rate r corresponding to the curve
(Equation 1), meaning that the higher the speed, the greater
the radius of the curves. Here, R

arc

represents the radius of
the desired curve.

R
arc

=
v
car

r
[m] (1)

TABLE 1. Definitions of physical constraints.

Constraint Velocity Yaw Yaw rate
[rad·s�1]

Trend vector variable variable r
yaw

Intermediate yaw limits variable fixed 0.08
Maximum yaw limits variable fixed 0.33

In Figure 1 it can be seen that there are two curves
defining the maximum yaw limit and two curves for the
intermediate yaw limit. This means that for the definition of
the yaw limits, a fixed yaw rate was applied making these
curves only velocity-dependent. The trend vector however,
represents the future trajectory of the vehicle according to
the actual yaw rate which is updated real-time according to
both the velocity and current yaw rate of the vehicle. An
overview of the curve definitions can be found in Table 1,
where the maximum yaw limit corresponds to the maxi-
mum yaw rate of the vehicle model, as was used in previous
studies [10]. The intermediate yaw limit was chosen such
that it would match a common road curve with a radius of
approximately 300 m at a speed of 24 m/s. The curves were
implemented in the simulator by attaching them to the vehi-
cle, accounting for the current heading ✓, where the Center
of Gravity (CoG) of the vehicle was used as the origin of the
curves. Note that the design of the physical constraints is
strictly based on the internal constraints, meaning that they
only provide information about the vehicle status and not
of its surroundings.

TABLE 2. Definitions of constraint look ahead times (determined
empirically).

Constraint Visible t
ahead

[s]
Trend vector yes 3.5

Intermediate yaw limits yes 4.5
Maximum yaw limits yes 4.5

Toggle points no 0.9

Secondly, the implementation of the intentional con-
straints (rules and laws) was done through the detection
of the road boundaries, as indicated by ’road’ in Figure 1.
On each curve, imaginary toggle points were applied, spec-
ified by their own look ahead time t

ahead

, see the last
row in Table 2. In this table it can also be seen how the
length L

arc

of the other curves was defined, assuming that
L
arc

= v
car

· t
ahead

. During the simulation it was constantly
verified whether one of the toggle points was outside either
of the two road boundaries. In case the toggle point was
indeed outside the road boundary, the corresponding curve
would turn from grey to red, of which an example is shown
by the rightmost curve in Figure 1 and Figure 2. This should
give the driver a warning that when choosing this trajectory,
the lane would be departed within the specified toggle look
ahead time. Therefore, the lane boundary detection informs
the driver about their interaction with the intentional con-
straints and thus what the field of safe travel (FoST) is
during a certain driving manoeuvre. It was deliberately cho-
sen to assign the outermost road boundaries as intentional
constraints, and not the road center line. Together with the
fact that the external physical constraints such as obstacles
were not incorporated, it is believed that the driver should
be informed of all available spatial options on the road. With
this information, the responsibility of visual object detection
in case of an unexpected event, lies fully on the side of
the driver. It is believed that this will improve situation
awareness and thus decision making during an obstacle
avoidance.

Fig. 2. Visual feedback design as implemented in the simulator, with
future trajectory curves forming the performance envelope.

Finally, it was chosen not to incorporate any automation
constraints in the visual feedback design, since this study
is the first to use EID-inspired visual feedback. Therefore,
it was chosen to first study the effect of combining haptic
feedback with the visualization of physical and intentional
constraints imposed by the driving domain, to find a re-
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lation between these results and prior research. However,
it should be noted that a disguised form of automation
constraints is present in the visual feedback. This can be
explained by the fact that the trend vector from Figure 1
represents the total output of both the human and controller.
In other words, the current yaw rate is determined by both
the actions of the human and HSC. This means that when
the HSC follows the reference trajectory without human
intervention, the trend vector displays the intentions of the
controller. In the simulation however, people were asked to
control the steering wheel at all times, making this effect
hardly noticeable.

3 METHOD

3.1 Participants
Twenty-six participants (4 women and 22 men) between 24
and 58 years old (M = 28, SD = 6.6), holding a driving
license for at least 1 year (M = 9.0, SD = 6.9) conducted
the experiment. All participants had normal to corrected
eyesight and took part on a voluntary basis without a
financial compensation for their effort. The study was ap-
proved by the Human Research Ethics Committee of the
Delft University of Technology.

3.2 Apparatus
The experiment was conducted using a fixed-base driving
simulator, equipped with an actuated steering wheel, an
adjustable driver seat, an LCD dashboard and three pro-
jectors visualizing the driving scene. During the experiment
the vehicle’s velocity was kept constant, meaning that the
brake and gas pedals were inactive. The steering wheel was
actuated by a Moog-FCS S-motor and controlled through a
control-loading computer at a rate of 2500 Hz. This actuator
was used to provide haptic guidance torques, updated at a
rate of 200 Hz. The total scene projection on the front and
side walls yielded a size 10.1 m x 2.1 m, which corresponds
to a 180� x 40� Field of View (FoV).

The simulation was updated and logged at a rate of 100
Hz, where the visual scene was rendered at 50 Hz. The
driving scene consisted of a two-lane road with straight sec-
tions and intermittent curves. To improve speed perception,
engine sound, side poles and randomly placed trees were
implemented. A single-track heavy sedan of 1.8 m wide was
used to simulate the vehicle, with vehicle dynamics identical
to those used in previous studies [10].

3.3 Applied Haptic Guidance
In previous research it was shown that a control structure
separating the human compatible reference (HCR) from
the haptic shared controller can significantly reduce con-
trol conflicts in terms of human steering wheel torque
[scholtens2018], compared to a shared controller which only
uses feedback based on the road center reference. In Figure 3
an overview is given of the applied FDC controller, showing
the relationship between (1) the HCR, (2) strength of the
Haptic Feedback (SoHF), (3) Level of Haptic Support (LoHS)
and (4) the Level of Haptic Authority (LoHA). In this study
it was chosen to implement the HCR by recording several
manual trails, which were used to create a generic reference

of which the behavior was consistent for each obstacle
configuration for all participants. The HCR consists of four
variables that are required by the HSC, including vehicle
position (X and Y), heading and steering wheel input. All
other control parameters of the HSC were chosen similar
to prior research, [34]. Figure 4 depicts two examples of
the applied haptic guidance torque during the evasive ma-
noeuvres, showing a harmonic profile to perform a double
lane change. These haptic torques are the result of the
implemented HCR, which was pre-programmed to avoid
obstacles. The difference between the two scenarios will be
explained in subsection 3.4.

Fig. 3. Schematic overview of the applied Four-Design-Choice structure,
from [34]. The HCR for this study was derived from manual recordings
and made generic across all participants.
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Fig. 4. Example of applied haptic guidance torques during obstacle
avoidance, cr = critical and nc = non-critical.

3.4 Experiment Design
Four driving conditions were evaluated among the par-
ticipants, including visual feedback, haptic feedback and
a combination of both, with manual control as baseline
condition, see Table 3. Since the participants all experienced
the four conditions, a within-subjects repeated-measures
design was used. In the training session, the conditions were
introduced in a generic order, being: (1) Manual, (2) EID, (3)
HSC and (4) Combi. During the four main trails the driving
conditions were randomized across the participants.

TABLE 3. Overview of applied driving conditions.

Manual EID HSC Combi
Visual Feedback - X - X
Haptic Feedback - - X X

The simulation trajectory was defined by a two-lane
road having a total width and length of 7.2 m and 9.3 km,
respectively. The driving speed was fixed at 24 m/s (⇡ 85
km/h), resulting in a time of 390 s per trail. The outer-
lane boundaries were marked by continuous white lines,
the center line by a dashed white line. The trajectory was
identical for all trails and consisted of 14 straight sections
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of 300 m, each alternated by two left or right curves with
a center radius of 375 m, see Figure 5. No other vehicles
shared the road.

Training

cr

nc

Obs. order 1

cr

nc

Obs. order 2

cr

nc

Fig. 5. Overview of simulation trajectory and applied obstacle configu-
rations. Trajectory consists of 14 straight sections, with 5 critical and 5
non-critical obstacles for condition 1 and 2.
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Fig. 6. Straight road sections with critical and non-critical obstacle con-
ditions. Road width is w

road

= 3.6 m. The origin indicates the moment at
which the obstacle appears on the road. Human Compatible Reference
for the manoeuvre is represented by the green trajectory. Note that the
lateral axis and the obstacle length are not to scale, for clarity.

Figure 6 shows the straight road sections with two
obstacle conditions, including the HCR for the HSC and
Combi condition. The participants had to avoid cubic ob-
stacles having a width (length and height) of w

obs

= 2.0
m that randomly appeared in the middle of the right lane
on one of the straight sections. Previous research on hap-
tically assisted obstacle avoidance showed a tipping point
of steering wheel angle and human torque at a Time To
Collision (TTC) of 2.0 s. For more critical situations the
control effort was reduced (1 < TTC < 2), where the control
effort increased for less critical situations (2 < TTC < 6),
[35]. Consequently, the applied time-criticalities measured
from obstacle appearance to the front face of the obstacle
(Figure 6) were:

1) Critical (cr), with t
crit

= 1.85 s
2) Non-critical (nc), with t

ncrit

= 3.7 s

For all training conditions, the obstacle order was de-
fined by 2 empty sections, followed by 2 non-critical ob-
stacles and subsequently by 2 critical obstacles, gradually
increasing the level of difficulty. During the main trails, 5
critical and 5 non-critical obstacles were distributed over 14
straight sections, resulting in 4 empty sections. Anticipatory
behavior in obstacle avoidance was prevented by applying
two different obstacle orders among the four driving condi-
tions, see Figure 5.

3.5 Procedure and instructions
Prior to the experiment, the participants were asked to
read and sign a consent form, explaining the procedure,
purpose and risks of the experiment. The participants were
informed that they would experience either (1) no feedback,
(2) visual feedback, (3) haptic feedback in the form of a
steering wheel torque or (4) a combination of both. The form
further stated that the car speed was held constant at 85
km/h by a cruise control system and that the participant’s
primary goal was to stay in the middle of the right lane on a
curvy two-lane road, while avoiding objects that randomly
appeared on the road. After the obstacle was avoided, the
participants should turn back to the right lane at their own
pace. Intentionally, the participants were not informed about
the obstacle location on the road nor the evasive direction
to be taken. Lastly, it was stated that they could withdraw
from the experiment at any time, without any negative
consequences.

Before taking place in the simulator the participants
were asked to fill out a questionnaire about their demo-
graphics, driving experience and their affinity with video
games. Subsequently, the participants were invited to be
seated in the simulator and to adjust the driver seat to
their comfort, while maintaining a ten-to-two position on
the steering wheel. Next, a training session of 15 minutes
was held to familiarize the participant to the different forms
of vehicle feedback. During the training the experimenter
repeated the primary driving goals (lane keeping and ob-
stacle avoidance) and briefly explained the principles of the
different forms of feedback. After the training session, the
participants performed the four main trails (7 minutes each).

Each trail was completed by a 5-minute break, where
the participants were asked to leave the simulator to fill
out a NASA Controller Acceptance Rating Scale (NASA-
CARS [38]) for assessing system acceptance and the Van der
Laan (VDL) questionnaire [39] for assessing usefulness and
satisfaction of the feedback system. Before conducting the
next trail, the participants were asked 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 nauseous, 6 = vomiting). In case of a
response of 4 or higher, the experiment would be aborted.
The completion time of the experiment was approximately
1.5 hours per participant.

3.6 Dependent Measures
During the experiment, raw data was logged at a rate of 100
Hz regarding the steering wheel input, vehicle dynamics
and vehicle position. These variables were used to analyze
the effect of complementing HSC by EID-inspired feedback
and thus to answer the main hypotheses. The dependent
measures selected for the obstacle avoidance analysis are
described in the following sections.

3.6.1 Task Execution
Obstacle avoidance execution was assessed by several mea-
sures, related to the driven trajectories during the evasive
manoeuvres. In Figure 7 a schematic overview of these
metrics is given with an exemplary trajectory. The grey
trajectory represents the car width (w

car

= 1.8 m) in time,
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measured in the center of gravity (CoG) of the vehicle. Note
that the origin of the lateral distance (y-axis) lies in the
center of the right lane. To evaluate task execution, four
dependent measures were used:

Fig. 7. Schematic overview of obstacle avoidance trajectory and the
related dependent measures. Grey trajectory represents the car width
in time, measured in the CoG (black dot). Note that the image is not
to scale: the lane width, vehicle size and obstacle size were altered for
clarity.

• Mean lateral obstacle margin, defined as the lateral
distance between the right side of the car and the
left side of the obstacle at the moment when the CoG
of the vehicle passed the front face of the obstacle.

• Standard deviation lateral obstacle margin, describing
the intra-subject variability of the lateral obstacle
margin within the participants.

• Mean lateral road margin, defined as the lateral dis-
tance between the left side of the car and the left
lane boundary at the same moment of passing the
obstacle.

• Mean lateral bias, defined as the distance from the
center of the right lane to the vehicle CoG at the
instance when the obstacle appears (t = 0).

• Mean response time, defined as the time at which the
right side of the car exceeds the minimum lateral
distance required to avoid the obstacle, equal to half
the obstacle width (0.5 x w

obs

= 1.0 m).

3.6.2 Control Activity

The mean Steering wheel Reversal Rate (SRR) was measured
to analyze high frequency control activity related to both
lane keeping and obstacle avoidance on the straight road
sections. The SRR is defined as the number of steering
direction reversals having a magnitude greater than 2� [40].
Since the TTC of the two obstacle conditions was different,
the end time of the control activity analysis was corrected
such that the remaining time after obstacle passage was
equal for both conditions (Table 4), where t

start

is defined
as the moment of obstacle appearance. This was also done
for measuring control effort and conflicts, considering the
dependence of time-interval for these metrics.

TABLE 4. Domain of analysis for control activity, effort and conflicts.

t
start

t
obs

t
end

t
end

� t
obs

cr 0 1.85 6.65 4.8
nc 0 3.7 8.5 4.8

3.6.3 Control Effort
The mean total rotational work W

tot

was calculated to deter-
mine the control effort during the evasive manoeuvre. This
was done by summing the multiplication of the average
human torque with the change in steering wheel input
per time-step. The applied time domain for the analysis is
similar to the domain for the control activity, see Table 4.

W (i) =
|T

hum

(i+ 1) + T
hum

(i)|
2

(2)

�✓
st

(i) = ||✓
st

(i+ 1)|� |✓
st

(i)|| (3)

W
tot

=
n�1X

n=1

W (i) · �✓
st

(i) (4)

3.6.4 Conflicts in Torque
Conflicts were exclusively evaluated for the two conditions
with haptic support, being HSC and Combi. The occurrence
and amount of conflicts were evaluated by determining
whether the human and HSC torque were in opposite di-
rection during the straight sections in which obstacles were
avoided. Conflicts in other situations during the trails were
not in the scope of this study. In case of a conflict, the time-
instance was flagged as 1, where a flag of 0 indicated that the
HSC torque supported the driver intentions. The occurrence
and absolute difference between human and HSC torque
was used to determine the mean conflicting rotational work
W

con

, mean conflict peak torque T
con.p

and the mean percentage
of time in conflict. For the applied time domain of the conflict
analysis, see Table 4.

3.6.5 Subjective Acceptance
Acceptance of the vehicle feedback systems was subjectively
determined by the NASA-CARS questionnaire. Based on the
schematic Cooper-Harper rating scale [41], the participants
were asked to provide an acceptance rating from 1 to 10 for
each driving condition. Additionally, a confidence rating was
given that reflected the ratio of information available to
the driver in the simulation to the information necessary
to obtain a realistic rating, where A = high, B = moderate, C
= low.

Secondly, usefulness and satisfaction was measured after
every driving condition by the VDL questionnaire, consist-
ing of nine questions per condition, with scores ranging
from -2 to +2. The usefulness was calculated by averaging
the scores of question 1, 3, 5, 7 and 9, where the satisfying
rate was obtained by averaging the scores of question 2, 4, 6
and 8.

3.7 Statistical Analyses
For all dependent measures, a matrix of data points was
obtained, consisting of 26 entries x 8 conditions. The eight
conditions were formed by two within-subject factors, of
which the four driving conditions were categorized as
ADAS factor, where time-criticality (critical and non-critical)
was categorized as Time factor. Before submitting the ma-
trices to a statistical test, all measures were checked for
the assumption of normality and sphericity. In case the
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assumption was violated, the values were corrected by the
Greenhouse-Geisser correction. Subsequently, a two-way
repeated measures ANOVA was used to verify the overall
significance of the test conditions between the participants.
To perform pair-wise comparisons, a post hoc test was done
comparing the main effects with a Bonferroni adjustment.
Note that for the measures defining the conflicts in torque,
only four (2 ADAS x 2 Time) conditions were analyzed,
since conflicts were only present in the HSC and Combi
condition. The significance of the subjective measures was
verified using the non-parametric Friedman test, based on
the final rating of acceptance, confidence, usefulness and
satisfaction per condition.

4 RESULTS
In this section the experimental results are presented accord-
ing to the dependent measures as defined in subsection 3.6.
Since many measures are derived from the trajectories
driven during the obstacle avoidance, an example showing
the characteristic behavior found during the experiments
is given in Figure 8. The figure is based on the mean and
standard deviation of the trajectories per condition of one
participant. Note that the figure is corrected for the width
of the car, meaning that both lanes are subtracted by the
car width and that the obstacle size here is w

obs

� w
car

.
By visualizing the results in this form, the lateral obstacle
and road margins can directly be determined. In brief,
the results indicate that the addition of visual feedback
(in EID and Combi) reduces the lateral obstacle margin
(while increasing road margin) compared to the Manual or
HSC condition, for both critical and non-critical scenarios.
Moreover, the standard deviation shows that the addition of
visual feedback leads to increased intra-subject variability,
where haptic feedback seems to impose a reduction of this
metric.

Fig. 8. Mean and standard deviation of trajectories for one participant
(nr. 16) per condition. The road and obstacle width are corrected for the
car width, such that the obstacle and road margin can be determined in
relation to the mean trajectory. For clarity, Manual-EID and HSC-Combi
are separated in the figures. The HCR represents the desired position
of the vehicle, used by the haptic controller.

An overview of all resulting dependent measures of
the participants, including mean and standard deviation is
given in Table 5. The table also summarizes the statistical
significance of the measures in conjunction with the pair-
wise comparisons. In general, significance was confirmed

for p-values below the alpha-threshold of 0.05. In this sec-
tion box-plots will be presented to visualize the trend of the
dependent measures. In each box-plot, the horizontal bars
represent the median values, where the filled areas indicate
the first and third quartile. The minimum and maximum
recorded value is shown by the end of the whiskers (thin
line). Lastly, participants and outliers are indicated by an x
and +, respectively.

4.1 Task Execution
4.1.1 Lateral Obstacle Margin
The characteristic behavior as depicted in Figure 8 is an-
alyzed in more detail by several task execution measures.
Starting with the mean lateral obstacle margin, it was shown
that there was a significant effect imposed by the driving
conditions F(2.34, 58.56) = 19.57, p < 0.05. An overview
of the results is depicted by the probability density func-
tions in Figure 9. The figure displays the inter-subject dis-
tribution of the mean obstacle margin for all conditions,
hence it does not show the distribution of all raw data
points. Since the assumption of normality was confirmed
for this measure, the densities were fitted with a normal
distribution. Note that the horizontal axes of the figure
were reversed to match the perspective of the driver during
the avoidance, having the obstacle on the right side. The
dashed line in Figure 9 indicates the distance for which the
vehicle is located in the center of the left lane, corrected
for the vehicle width. This was determined according to
d
c

= w
road

� 0.5 · w
obs

� 0.5 · w
car

= 1.7 m. Except
for Manual-Combi, significance was confirmed by pairwise
comparisons among all other conditions, see Table 5.

2.5 2 1.5 1 0.5 0

Mean Obstacle Margin [m]

0

0.5

1

1.5

2

2.5

D
e
n
si

ty

Critical

Manual: M = 1.128, SD = 0.312

EID: M = 0.988, SD = 0.257

HSC: M = 1.354, SD = 0.275

Combi: M = 1.264, SD = 0.308

2.5 2 1.5 1 0.5 0

Mean Obstacle Margin [m]

0

0.5

1

1.5

2

2.5

Non-Critical

Manual: M = 1.606, SD = 0.247

EID: M = 1.502, SD = 0.235

HSC: M = 1.577, SD = 0.217

Combi: M = 1.503, SD = 0.275

Fig. 9. Fitted normal distributions of the mean lateral obstacle margin of
all participants (between subjects), for critical and non-critical obstacles.
Obstacle margin defined as the distance between the obstacle and
vehicle during obstacle passage, where zero indicates the left side of
the obstacle. Note that the x-axis is reversed to match with the driver
perspective. Y-axis does not represent distance but density of the x-
value. Dashed line indicates the distance d

c

for which the vehicle is
located in the center of the left lane.

The results show a significant reduction of mean ob-
stacle margin by the addition of visual feedback (compare
with characteristic behavior in Figure 8), when comparing
Manual-EID and HSC-Combi, for both critical and non-
critical events. This phenomenon can be explained by two
factors: (1) the visualization of the physical constraints pro-
vided the drivers with more direct insight in their future
trajectory in relation to the obstacle, leading to a tendency
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of moving towards the limits of ’safe’ avoidance. This corre-
sponds to previous findings in which aircraft pilots showed
a similar tendency of moving towards system limitations
[42]. Conversely, (2) the visualization of intentional con-
straints warned the participants of potential lane departure
during the obstacle avoidance (by means of red curves),
promoting greater road margins compared to having no
visualization. Either way, it is worth noting visual feedback
affected task execution for both critical and non-critical
cases. This indicates that short-term decision making can
also be significantly affected by adding visual feedback,
which is in contrast to the expectation that the effect of
adding visuals to HSC would be more distinct for non-
critical cases.

Furthermore, the results confirm previous research on
haptic guidance during obstacle avoidance [35], showing
that the effect of haptic feedback is most distinct for critical
cases, where an increase of obstacle margin can be seen for
HSC and Combi, compared to Manual and EID. This can
be explained by the nature of the implemented HCR and
the resulting haptic guidance, which responded inherently
faster than the human ability. Secondly, in Figure 9 it can
be seen that the inter-subject variability is greatly reduced
for the HSC condition, indicated by a higher narrowness of
the density function. On the other hand it can be seen that
the addition of visual feedback to HSC (Combi) imposes
an increased variability between the subjects (reduced nar-
rowness in the figure). The increased variability between
subjects can be explained by the fact that EID-inspired
interfaces do not advocate for an optimal control strategy,
leading to an increased number of options.

Manual EID HSC Combi

Condition

0

0.1

0.2

0.3

0.4

0.5

0.6

S
D

 O
b
st

a
cl

e
 M

a
rg

in
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m

]

Critical

Manual EID HSC Combi

Condition

0

0.1

0.2

0.3

0.4

0.5

0.6
Non-Critical

Fig. 10. SD of lateral obstacle margin during obstacle passage, for
critical and non-critical obstacles. These figures reflect the intra-subject
variability within all participants. Participants and outliers are indicated
by an x and +, respectively.

Apart from the inter-subject (between) variability in
Figure 9 an analysis was also done on the intra-subject
(within) variability of the lateral obstacle margin. The intra-
subject variability describes the difference in behavior in the
same participant given the experienced driving conditions.
The results of the standard deviation lateral obstacle margin
revealed a significant effect due to the driving conditions,
F(3, 75) = 12.46, p < 0.05. An overview of the results is
given in Figure 10, where pairwise comparisons confirmed
significance only between EID-HSC and EID-Combi. From
this it can be concluded that the addition of haptic feedback

significantly reduces intra-subject variability, compared to
EID-only. In analogy with the inter-subject variability, this
can be explained by the fact that haptic guidance dictates a
more specific control strategy. In the next sections it will be
elaborated whether this increased variability has a negative
effect on control effort and control conflicts.

4.1.2 Lateral Road Margin
The third task execution measure, mean lateral road margin,
is inversely related to the obstacle margin. This means that
the greater the obstacle margin, the smaller the lateral road
margin, see Figure 7. Therefore, similar interpretations can
be made as done for the obstacle margin. The results show
a significant effect of the driving condition on the mean
lateral road margin F(2.35, 58.73) = 19.84, p < 0.05. To match
the perspective of Figure 9, the results in Figure 11 were
shown horizontally, having the left lane boundary on the
left side. The results indicated a significant increase of road
margin by the addition of visual feedback, when comparing
Manual-EID and HSC-Combi, for both critical and non-
critical events. Therefore, it can be deduced that applying
visual feedback positively affects road margins and thus
improves safety in terms of lane departure risk. At the same
time it was shown that drivers moved to the boundaries of
’safe’ avoidance by maintaining smaller obstacle margins.
Accordingly, it can be said that due to the addition of visual
feedback, participants adhered to the intentional constraints
(increased road margins), while respecting the physical con-
straints (reduced obstacle margins). This holds for both EID
and Combi, where the largest effect can be seen for critical
tasks. Lastly, it was shown that the application of haptic
feedback during critical events induces a considerable re-
duction of road margins compared to Manual and EID. This
effect is significant, but less visible for non-critical situations.
The increased road margins for critical cases show that a
fast response of haptic feedback can result in overshooting
behavior, resulting from participants being overwhelmed by
the system. It can be seen that the visual feedback is able
to reduce this overshooting behavior, revealing a positive
outcome of combining the two forms of feedback.

Manual

EID

HSC

Combi

0 0.5 1 1.5 2

Mean Road Margin [m]

Critical

0 0.5 1 1.5 2

Mean Road Margin [m]

Non-Critical

Fig. 11. Mean lateral road margin during obstacle passage, for critical
and non-critical obstacles. Road margin defined as the distance be-
tween the left lane boundary and vehicle, where zero indicates the left
lane boundary.

4.1.3 Lateral Bias
Fourthly, the mean lateral bias measured at the moment of
obstacle appearance revealed a significant effect imposed by
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the driving condition F(1.90, 47.53) = 4.31, p < 0.05. How-
ever, pairwise comparisons only showed a significant result
between Manual-Combi, indicating an increase of lateral
bias for the Combi condition (0.156 ± 0.187 m) compared
to Manual (0.074 ± 0.183 m), see Table 5. These two values
represent the mean bias for the critical events, showing
the strongest effect. However, a similar trend is visible for
the non-critical cases. The increased bias (towards the left)
can partially be explained by the improved ability of lane
center determination by the trend vector originating from
the middle of the vehicle, see Figure 1. It is likely that due
to learning-effects the participants used this information to
maintain a more favorable initial position on the straight
road sections, even when they were guided towards the
lane center by the haptic feedback. The relation between
other conditions is not elaborated, since this effect was only
proven significant between Manual-Combi.

4.1.4 Response Time
The results of the fifth task execution measure, mean response
time revealed a significant effect, F(3, 75) = 20.23, p < 0.05,
induced by the different driving conditions. An overview
of the resulting response times is illustrated in Figure 12.
By means of pairwise comparisons, significant results were
found between all conditions, except between Manual-EID
and HSC-Combi, see Table 5. When regarding the results for
the critical obstacles, it is evident that the addition of haptic
feedback established reduced response times for both HSC
as Combi, compared to Manual and EID. This is in analogy
with the trend that was found for the mean lateral obstacle
margin, showing increased obstacle margins for reduced
response times, again confirming prior research [35]. To a
smaller extent the effect of haptic feedback is also visible in
the response times of the non-critical events. Moreover, in
contrast to the hypothesis, the addition of visual feedback
did not significantly improve mean response times. This
could be an indication of the participants relying more on
the haptic feedback to act in case of an obstacle, rather than
starting the manoeuvre themselves.
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Fig. 12. Mean response time from obstacle appearance, for critical and
non-critical obstacles. Response time defined as moment when vehicle
exceeds the minimum lateral distance to avoid obstacle.

4.2 Control Activity
Control activity was analyzed for all straight sections, in-
cluding those with no obstacles. At first, the mean SRR for

obstacle avoidance showed a significant effect of the expe-
rienced driving condition F(3, 75) = 8.96, p < 0.05. Pair-
wise comparisons showed only significant effects between
Manual-HSC and Manual-Combi. The results in Figure 13
reveal a significant reduction of control activity due to the
addition of haptic feedback (HSC and Combi), compared to
Manual. This is in analogy with prior research, [8], [43], [44].
Although not significant, it can be seen that while compar-
ing HSC to Combi, the addition of visual feedback increased
control activity for critical events, where a reduction was
found for the non-critical cases.
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Fig. 13. Mean Steering Reversal Rate for critical and non-critical obsta-
cles, measured during obstacle avoidance.
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Fig. 14. Mean Steering Reversal Rate for straight road sections without
obstacles. Hence, no distinction is made between critical and non-
critical.

To further investigate the effect of visual feedback during
non-critical events, the mean SRR for straight sections was
evaluated (i.e. straight sections without obstacles). The re-
sults of this measure indicated a significant effect imposed
by the driving condition, F(3, 75) = 25.77, p < 0.05. An
overview of the results is presented in Figure 14, for which
pair-wise comparisons showed significant effects between
all conditions, except for EID-Combi. Compared to the non-
critical results (right) in Figure 13, a similar reduction of
control activity was found between HSC and Combi, con-
firming the hypothesis that control activity can be reduced
by the addition of visual feedback. Moreover, the addition
of visuals also revealed a considerable reduction of SRR
for EID, compared to Manual. As a result it was found
that compared to Manual, control activity was reduced by
a factor 2.5 for both EID and Combi, as opposed to a
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reduction factor of 1.4 for HSC. Similar to the lateral bias,
this result can be justified by the fact that the trend vector
represents an immediate response to the steering wheel
input, meaning that every steering action is amplified by the
future trajectory prediction. During straight sections with
no obstacles (lane keeping), the control activity is therefore
reduced by improved lane center detection, requiring less
steering wheel corrections and thus less oscillations. In
conclusion, the control activity is mostly reduced for non-
critical tasks (including straight sections) by the addition of
visual feedback, while the SRR is reduced most significantly
by HSC during critical tasks. This indicates the power of
HSC and EID-inspired feedback for short and long-term
decision making, respectively.

4.3 Control Effort
The results of the mean total rotational work (Figure 15),
indicated a significant outcome due to the driving condi-
tion, F(2.43, 60.65) = 17,68, p < 0.05. Through pair-wise
comparisons, a significant effect was found between all
conditions, except for Manual-EID and HSC-Combi. Control
effort was reduced significantly by adding haptic feedback,
which corresponds previous findings [10]. The effect of
visual feedback showed no significance. However, when
comparing HSC and Combi, increased control effort was
found for critical, with slightly reduced control effort for
non-critical tasks. This corresponds to the increased control
activity in terms of SRR for obstacle obstacle avoidance,
as depicted in Figure 13 (notice the similarity of the re-
sults). Most likely, this phenomenon can be explained by
a higher corrective behavior for critical cases as opposed
to non-critical scenarios, when comparing HSC and Combi.
Although not significant, this could be an indication that
adding visuals to HSC can reduce control effort for non-
critical tasks, where it can increase control effort for critical
cases.
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Fig. 15. Mean total rotational work during obstacle avoidance, for critical
and non-critical obstacles.

4.4 Conflicts in Torque
In this section, conflicts in torque are evaluated only be-
tween HSC and Combi. For the Manual and EID condition,
no conflicts were present, since no haptic feedback was
applied here. Conflicts in terms of mean conflicting rotational
work indicated a significant effect by the applied driving
condition F(1, 25) = 4.96, p < 0.05. As hypothesized, the

addition of visual feedback to haptics imposed a signifi-
cant reduction of conflicting work compared to HSC-only,
especially for non-critical cases, see Figure 16. As previ-
ously argued, this effect can be explained by a reduction of
corrective behavior, indicating improved coherence between
driver and HSC intent.
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Fig. 16. Mean conflicting work during obstacle avoidance, for critical and
non-critical obstacles.

For the second conflict measure, mean conflict peak torque,
no significant effect was found between HSC and Combi. In
other words, the peak conflict torques were not affected by
the addition of visual feedback. The final conflict measure,
mean percentage of time in conflict, resulted in a significant
increase from the HSC to Combi condition (Figure 17), with
F(1, 25) = 5.11, p < 0.05. From the results in Figure 16
it appears that given an increased percentage of time in
conflict, the conflicting work (energy) could still be reduced
by the addition of visual feedback.

HSC Combi

Condition

20

30

40

50

60

M
e
a
n
 P

e
rc

. 
o
f 
T

im
e
 [
%

]

Critical

HSC Combi

Condition

20

30

40

50

60

Non-Critical

Fig. 17. Mean percentage of time in conflict, based on human and HSC
torque, for critical and non-critical obstacles.

4.5 Subjective Acceptance
System acceptance was measured through both the NASA-
CARS as well as the Van der Laan questionnaire. The
CARS results were subdivided by two rating scales. The
first measure, acceptance rating, indicated a significant ef-
fect imposed by the driving condition, F(3, 26) = 20.89,
p < 0.05. By means of pair-wise comparisons, significant
effects were only found between Manual-Combi and EID-
Combi, see Table 5. An overview of the acceptance ratings
per condition, including the mean rating, is depicted in
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Figure 18. An increased score for each condition can be
seen, with the highest subjective acceptance for the Combi
condition. Interestingly, HSC scored higher than EID, which
can be argued by the fact that haptic feedback provided
rather active support, compared to the informative feedback
presented by the implemented visuals. It is likely that the
participants benefited more from the haptic feedback and
thus provided higher ratings for HSC, compared to EID. The
second CARS measure, confidence rating, showed an overall
significant effect by the conditions, F(3, 26) = 7.95, p < 0.05.
However, pair-wise comparisons revealed no significant
effect between the conditions.

Fig. 18. Histograms of NASA-CARS acceptance ratings per condition.
The number of participants with a specific rating is denoted on top of the
bars, where n = 26. Mean ratings are indicated by a dashed line.

Similar to the CARS, the VDL results were formed by
two ratings. At first the usefulness with respect to the driving
condition was verified. However, as summarized in Table 5
this measure did not result in a significant effect. Secondly,
the satisfaction indicated an overall significant effect by the
applied condition, F(3, 26) = 10.93, p < 0.05. Nonetheless,
pair-wise comparisons only showed a significant effect be-
tween Manual and Combi, see Table 5. An overview of
the VDL results is depicted in Figure 19, showing at least
significant increase of satisfaction rating between Manual
and Combi. An explanation of the low significance for
most subjective measures could be given by the difficulty
of rating the experienced ’feedback system’ for obstacle
avoidance, which consisted of both critical and non-critical
tasks. For example, some participants reported that the vi-
sual feedback was most desired for non-critical tasks such as
lane keeping, curve negotiation and ’far’ obstacles, but not
for critical obstacle avoidance. The questionnaires however,
constrained them to provide just one rating per condition. In
conclusion, the subjective acceptance was only evaluated by
the CARS acceptance rating, showing increased acceptance
when adding visual feedback to HSC.
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Fig. 19. VDL results shown by error bars per condition. The mean value
is obtained in the center of the error bars. No significance was found for
the usefulness score.

5 DISCUSSION

The aim of this research was to investigate the effect of com-
plementing HSC by EID-inspired visual feedback on driver
behavior during an obstacle avoidance task, in terms of task
execution, control activity / effort, conflicts and user accep-
tance. The measures describing this effect were elaborated in
the previous section, including interpretations of the results.
This section will focus on highlighting the answers to the
predefined hypotheses. Furthermore, an elaboration is given
of the study limitations and the proposed recommendations
for future work.

Reflecting on subsection 1.2, the results showed that task
execution was indeed affected significantly by the addition
of EID-inspired visual feedback to HSC. This effect was
most evident from the improved road margins imposed
by the addition of visual feedback. Interestingly, this ef-
fect was also shown for time-critical tasks, indicating that
short-term decision making can be significantly affected as
well. Additionally, the results based on the SRR revealed
a significant reduction of control activity for non-critical
events, confirming the second hypothesis. Despite the lack
of significance between HSC and Combi in terms of control
effort, the results of control activity and effort showed
remarkably similar trends. Consequently, it can be assumed
that both control activity and effort are negatively affected
by the addition of visual feedback in critical cases, as op-
posed to a positive effect (reduction) for non-critical events.
Regarding the conflicts in torque, it was shown that while
the percentage of time in conflict increased marginally (but
significantly), the conflicting work could still be reduced,
especially for non-critical cases. This partially confirms the
fourth hypothesis. With regards to subjective acceptance,
no significant effects were found by the addition of visual
feedback on top of HSC. However, the results lead to believe
that system acceptance and satisfaction can be improved by
the addition of EID-inspired visual feedback.

The reduced obstacle margins as imposed by the visual
feedback may raise concerns about the likelihood of acci-
dents and the added benefit in terms of driving safety. How-
ever, throughout the experiment no accidents in terms of
obstacle collisions occurred, which does not allow for proper
’safety’ comparisons between the conditions. At the same
time road margins were significantly improved, resulting in
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a reduced risk of lane departures. Hence, it is believed that
EID-inspired feedback confirms driver assumptions, leading
to a higher certainty of their actions. Consequently, it can be
said that the visuals improve adherence to the intentional
constrains, while respecting the physical constraints, when
comparing to HSC-only. In addition, prior research has
shown that the tendency of pushing the envelope does
not necessarily imply a higher likelihood of accidents [42].
Therefore, it is argued that the addition of EID-inspired
feedback does not negatively affect execution of an obstacle
avoidance task.

More interestingly, the results revealed that when offered
visual feedback, the participants indeed showed a tendency
of disagreement with the haptic feedback, forcing them to
follow one particular trajectory. This is in analogy with
previous findings for air traffic controllers [36]. On the
one hand the disagreement would be disadvantageous in
case this would lead to increased control conflicts. On the
other hand it could be highly beneficial in case of haptic
feedback failure, since a higher situation awareness would
yield improved human interventions. While the participants
of this study showed a tendency of disagreement with the
haptics, a reduction of control conflicts was found. However,
during this experiment the haptic guidance operated with a
maximum consistency (no failures), meaning that human
interventions were not necessarily required.

5.1 Study Limitations

The first limitation of this study was the fairly uncompli-
cated driving task of the experiment, where the vehicle
speed was fixed, no other traffic shared the road and the
obstacles always appeared on the right side of the straight
sections. This means that the unexpectedness in terms of
obstacle avoidance was relatively low, resulting in a higher
learning effect and thus less variability of the chosen path
within the solution space. For example, it was shown that
even though not instructed, the participants consistently
chose to evade the obstacle on the left side. Increasing the
complexity of the driving task by for instance implementing
oncoming traffic would therefore increase the variability of
driving patterns and may reveal other interesting driving
behavior that could not be found in this study. Additionally,
with an increased complexity the benefits of EID-inspired
feedback will be manifested even more, since this principle
is mainly focused on improving decision-making during
complex tasks where unexpected events might occur.

As concluded in previous studies, the application of
a one-size-fits-all control strategy for haptic feedback can
cause disagreements, resulting in control conflicts [11]. To
reduce possible disagreements between the operator and
controller, it was shown beneficial to change the structure of
haptic feedback and to adapt the reference of the controller
to the individual behavior of the driver [34]. In this study,
use is made of the newly proposed haptic control structure.
However, to prevent for high experimental variability it was
chosen to implement a generic HCR, similar for all partici-
pants. As a result, the applied HCR resulted in overshooting
reactions of the participants, resulting from participants
being overwhelmed by the system. In other words, the
total sum of the haptic and human torque resulted in a

torque which exceeded the required torque for the evasion,
imposing countersteering and thus disagreements. For this
reason, it is likely that individualizing the HCR would im-
prove the synergy and acceptance of the combined feedback.
However, it is questionable whether this would attribute to
the comparison between haptic and visual-haptic feedback.
In this case it is not about comparing between feedback
modalities, but rather the feedback design in itself, which
involves a different kind of research.

On another note, the implementation of the visual feed-
back was done through displaying the performance enve-
lope on the same projection screens as the driving scene.
In reality, these visuals are more likely to be implemented
by projecting them on a Head Up Display (HUD) in the
wind screen, by means of augmented reality [21]. During
this experiment, participants reported that the implemented
visual feedback considerably reduced their field of view
from far sight to near sight, which resulted in decreased
awareness with respect to the surroundings. Therefore, the
visuals were sometimes shown to be informative (posi-
tive) and distracting (negative) at the same time. The phe-
nomenon of visual interference between the driving scene
and overlaying visual feedback is also known as cognitive
tunneling [45], which could be prevented by improving the
design of the visual feedback. To solve this problem, one
could think of situation adaptation of the visual feedback,
meaning that the visual information is tailored to the current
driving situation, improving the usefulness of the provided
information. A simple example could be to apply a yaw-
threshold to the trend vector, such that the curve remains
stable for straight sections, while the curve starts to bend
when the threshold is exceeded (e.g. curve negotiation).
The difficulty of constraint based interfaces however, lies
in the fact that the design should provide information from
a holistic perspective rather than a fragmented view, since
the former is more suited to improve robustness during
unexpected events.

5.2 Future Work

Based on the findings of this study, recommendations can
be given regarding potential future work. After showing
that visual feedback significantly affects driving behavior,
the first recommendation is directed to investigating the
relation between the physical constraints and intentional
constraints, and their effect on driving behavior. In other
words, it would be interesting to quantify the additional
effect that the intentional imposed on top of the physical
constraints, by turning off the intentional constraints for one
driving condition. With this research, a better understanding
of the contribution by different types of constraints within
the driving domain can be obtained.

Secondly, it was explained in subsection 2.2 that the
automation constraints were not incorporated for this study.
However, it is believed that by showing the automation
intentions, a better understanding of the underlying con-
troller can be developed (i.e. automation awareness). The
implementation of these constraints could for example be
accomplished by visualizing the proposed automation advi-
sory on the road, together with the performance envelope.
Another way to visualize the automation intent could be
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through presenting a future trajectory (curve) based on the
desired yaw rate imposed by the controller, together with
the existing trend line that is based on the current yaw rate
of the vehicle. This visualization should give the driver more
direct insight in the difference between the automation and
his/her intent.

The third recommendation is based on the correlation
between velocity and the corresponding behavior of the
work domain constraints, which could be made more in-
tuitive through EID-inspired visual feedback. In this study,
a fixed speed was applied throughout the simulations. This
means that apart from the trend vector, the performance en-
velope was experienced as a static entity. The performance
envelope is however designed to dynamically change shape,
becoming wide for low speeds and narrow for high speeds.
For future work it could be highly interesting to investigate
driving behavior under variable speed, meaning that the
dynamic performance envelope will provide new insights
in the consequences of applying different velocities by the
driver. This could again be used for obstacle avoidance, but
also for curve negotiation (or a combination of the two),
tasks for which vehicle velocity plays an important role.

As a fourth recommendation, investigating the use of
EID-inspired visual feedback for fault detection, diagno-
sis and intervention could be an interesting topic when
combined with haptic feedback. Throughout this study,
the haptic guidance operated with a maximum reliability,
meaning that no serious interventions were required by
the driver. However, since the reliability of such systems
is never perfect, it is worth investigating whether visual
feedback can improve fault detection of drivers during
haptic guidance failures. As an example, fault detection
could be researched by obstacle avoidance experiments in
which the haptic feedback sometimes fails to work. Together
with the second recommendation, this could be a good way
to investigate driver behavior. Note that prior research has
shown that fault detection and diagnosis can significantly
be improved through visual feedback [36].

The last recommendation is not specifically aimed at
continuous haptic guidance, but rather at traded control,
where the automation takes over a task completely, while
sometimes imposing a Take Over Request (TOR). For these
applications the principle of EID-inspired visual feedback
could be interesting, by improving situation awareness of
the driver in case an intervention is required. The strategy of
visualizing the available spatial fields during obstacle avoid-
ance has already been proven beneficial in terms of driving
safety, [21]. By visualizing the work domain constraints in
a comprehensive and intuitive manner, the driver could
gain a better understanding of the current situation and act
accordingly, possibly improving safety during unexpected
scenarios.

6 CONCLUSION

In this research a novel visual feedback system inspired by
the principle of EID is presented and combined with the
existing haptic guidance solutions. By means of a driving
simulator study it was demonstrated that the addition of
EID-inspired visual feedback was beneficial to drivers in

maintaining safety during obstacle avoidance, while reduc-
ing control activity and torque conflicts. This was reflected
by the experimental results, which revealed that compared
to HSC, the addition of visual feedback imposed:

• Improved task execution in terms of road margins
• Reduced control activity for non-critical tasks
• No significant effect on control effort
• Reduced conflicts in terms of conflicting Work
• An insignificant improvement of user acceptance

This suggests that drivers can be supported in forming
their own strategy, while at the same time promoting an
improved compliance with the existing haptic guidance
systems. The combination between haptic guidance and
visual feedback offers a beneficial synergy worth exploring
further.
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Abstract

The increasing level of automation in car driving has enabled the automation of simple physical tasks,
while leaving the driver with complex cognitive tasks. This has caused the art of driving to become a
control task having a strong supervisory character, including the common human factor issues. In lit-
erature, multiple strategies have been proposed to keep the driver in-the-loop by means of cooperative
control, with the collective goal to improve safety, performance and comfort. One control strategy that
has recently gained popularity is called Haptic Shared Control, which aims to assist driver subtasks such
as longitudinal and lateral control by providing continuous haptic guidance, supporting skill-based be-
havior. The benefits of this form of control are good communication of the driver’s intentions and a
smooth transition to human intervention in case the automation fails to work. Nonetheless, due to the
limited level of information complexity provided by haptic feedback it can be burdensome to develop
a mental model of the underlying controller and proper situation awareness, which can lead to control
conflicts, errors and deteriorated user acceptance. Haptic Shared Control has already been successfully
combined with other feedback modalities such as auditory and visual feedback, supporting skills-, rules-
and knowledge-based behavior of the driver. However, these studies are mostly focused on reflecting the
operational envelope (automation constraints) of the haptic shared controller and do not consider the
influence of other work domain constraints, being intentional and physical constraints. On the basis
of other research domains, this study proposes to complement Haptic Shared Control with the use of
Ecological Interface Design and thus to encourage a constraint-based approach. The goal of this syn-
ergy is to visualize the automation advisory in combination with the space of possibilities for the control
task, defined by the work domain constraints. In other words, where HSC assists the driver by suggesting
an optimal path, EID-inspired feedback aims to satisfice the driver by presenting multiple trajectories.
With the EID-approach the work domain constraints are reflected in an intuitive way that activates the
higher levels of cognition, such that a better mental model is developed, a higher situation awareness is
established and more automation acceptance can be achieved.
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1 Introduction

1.1 Background

In the past vehicle locomotion was achieved by manually controlling the vehicle, relying on the direct
physical cues of the vehicle itself and the driving environment. Inspired by the aviation domain this
mechanical coupling has gradually been transformed into an electronically coupled human-machine
interaction called drive-by-wire [56]. This development greatly contributed to the evolution of ADAS,
introducing automation of simple physical tasks, yet leaving the driver with complex cognitive tasks that
have a strong supervisory character. Research in high-risk domains has shown that highly automated
systems often lead to the well-known pitfalls of automation, such as complacency, loss of skills and over-
reliance [2].

To keep the driver in-the-loop a cooperative form of automation called Haptic Shared Control (HSC) has
been proposed in multiple studies [35, 14, 19, 1]. The aim of HSC is to avoid the pitfalls of automation
by providing continuous haptic feedback, giving guidance to the driver in order to complement the skill-
based behavior. Consequently, HSC has proven to yield improvements in vehicle locomotion, such as
improved performance on different control tasks [1, 19, 51, 18, 35], reduced control activity [34] and
improved reaction times [35].

1.2 Problem Statement

In the context of transportation automation Flemisch [16] describes the relationship between situation
awareness and the mental model as follows: “In order to gain and maintain situation awareness, there
has to be a sufficient representation, a mental model of the automation inside the operator”. Conflicts in
automation systems such as HSC could occur when the mental model of the driver does not reflect the
model of the underlying automation, resulting in a deteriorated situation awareness and reliance [16, 39].
The control conflicts can be explained in three ways, where (1) is the finite operational envelope of the
automation [30]. Within this region the automation is supposed to function properly, whereas outside
this region the automation behaves unpredictably, causing control conflicts perceived by the operator.
Another reason for conflicts is (2) the difference between the desired assistance and the actual automa-
tion programmed into the controller [57]. A last reason is (3) the limited level of information complexity
that can be conveyed through haptic feedback [27], since this type of feedback can only be perceived
through the tactile senses and thus mainly complements skill-based behavior.

To improve automation feedback, several studies have shown promising results of combining feedback
modalities such as visual and auditory together with haptic feedback [5, 44]. A promising method to
visualize the system boundaries of automation is the concept of Ecological Interface Design (EID), a
framework that prioritizes the work environment with the goal to visualize the space of possibilities in a
way that supports people’s skill-, rule- and knowledge (SRK) based behavior [8]. This method has been
successfully applied in fields like the process industry, aviation and automotive, where EID has been used
to reflect the limits of the ACC automation controller [45]. Where HSC mainly complements skill-based
behavior, EID can be used to provide insight about the automation behavior on a higher cognitive level,
such that the behavior is visualized in a way that supports people’s SRK-based behavior. By reflecting the
operational envelope of the automation in this way, the driver will develop a better understanding (i.e.
mental model) of the underlying controller, improving situation awareness and thus supporting operator
trust, reliance and acceptance.
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1.3 Research Questions

In accordance with the introduction given in the previous section, the research question answered in
this review can be posed as:

How can Ecological Interface Design be used to reflect the operational envelope of Haptic Shared Control
in assisted driving?

To answer the main research question and in order to structure the literature review, the following sub-
questions will be addressed:

A. What are the benefits and risks of the currently applied HSC models in car driving and how can these
systems possibly be improved?

B. In what way have EID-inspired systems been applied to mitigate human factor issues in human-
machine systems and to what end can these principles potentially be combined with HSC?

C. In what way could the combination of HSC and visual EID be applied practically and what are the
potential problems of this application?

1.4 Method

For the literature review an initial search was performed in the digital libraries of Web of Science, Science
Direct, Google Scholar and IEEE Xplore using keywords as "vehicle locomotion", "driver assistance",
"shared control", "haptic feedback", "visual feedback", "situation awareness", "Ecological Interface De-
sign" and "augmented reality". Afterwards, a more detailed search was performed based on the refer-
ences cited by these papers. The relevance of the publications with respect to the subject of this review
was validated by consulting the following inclusion criteria:

1. The main goal to be achieved should be vehicle locomotion: to move the individual from one space
to another by means of a vehicle either in a real or in a simulated environment.

2. Continuous feedback is to be given to the operator in the form of haptic forces, visual cues or a
combination, providing continuous guidance for the control task.

3. The level of automation should be such that the environment is monitored by the system, the
dynamic operating task is performed by both operator and system and the human operator is re-
sponsible for the fallback scenario (i.e. hands-on-wheel - SAE level 3).

4. The system should have a hierarchical task level categorized as operational or tactical: reach-
ing a steady state target (longitudinal/lateral position) or performing a vehicle manoeuvre (lane
change), respectively.

5. The study is to be performed within the operational envelope of the automation, meaning that the
operator is only supported in maintaining situation awareness and understanding of the system
within the system boundaries during regular operations.

6. In the field of Ecological Interface Design, only the visual representation of this framework is to be
considered.
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2 Theoretical Background

This chapter elaborates on the fundamental theory required to understand the outline of this study. An
introduction will be given on the developments of automation systems in general and more specifically
in the driving domain, including several classification methods that are used to describe the level of
automation. Moreover, it is described what the common human factor issues are associated to these
automation systems and which current control strategies have been developed to solve these issues. In
particular this study puts a focus on HSC as a cooperative control strategy and the implementation of
EID to enhance the automation feedback during a complex control task.

2.1 Haptic Shared Control

HSC has successfully been applied to work domains such as robotic surgery, teleoperation and aviation.
The application to the driving domain has been researched in several studies starting as early as 1966
[15]. Initially, researchers investigated the implementation of haptic guidance for longitudinal control by
applying haptic forces to the gas pedal [35, 14, 1]. These studies have shown that providing continuous
feedback yields (1) better task performance, (2) reduced visual effort and (3) decreased control activity.
Further research was done on applying HSC to lateral control by exerting haptic guidance on the steering
wheel [19, 33, 40, 4], showing (1) reduction of lateral errors, (2) lower reaction time in a secondary task
and (3) in some cases increased control effort. Other HSC research subjects considering driving subtasks
are lane changing [51], Eco-friendly driving and navigation, see [41] for an overview of these systems and
their effect on driver performance and behavior.

Despite that fact that research in HSC has shown promising results, it can be seen that there are still
related human factor issues such as loss of skills, overreliance, decreased situation awareness and in-
creased control effort [58, 6]. A first reason for this could be that previous research focused mostly on
evaluating HSC by implementing a ’one-size-fits-all’ model of guidance. Recent studies have started to
conduct research on adaptive haptic guidance systems in routine tasks [6, 46, 22, 38, 53]. Where tra-
ditional HSC systems are aimed at optimizing control tasks with respect to a certain target value, the
adaptive systems are designed to accommodate for the driver’s preferences, often having a satisficing
character. The objective of such systems is to eliminate control conflicts and thus to achieve a higher
automation acceptance. Another major reason for automation control conflicts can be explained by the
fact that the underlying automation of HSC has a finite operational envelope, meaning that the system
behaves normally in routine tasks and unpredictably in non-routine tasks, causing control conflicts per-
ceived by the operator. This effect is strengthened by the second reason, the limited level of information
complexity that can be conveyed through haptic feedback, since this type of feedback can only be per-
ceived through the tactile senses. During routine tasks the operator may be able to adapt to this type of
feedback, yet during non-routine tasks it becomes impossible to develop correct automation awareness,
both due to the unexpected behavior of the controller as well as the limited information haptic feedback
can provide. The understanding of the automation intents is a major contributor to the user acceptance
of a system. To improve the automation awareness it could be interesting to combine haptic feedback
with other modalities, such that task performance and user acceptance are enhanced in both routine
and non-routine tasks.

2.2 Ecological Interface Design

Rasmussen and Vicente introduced and applied the concept of EID for the first time in the process con-
trol domain [43], defined as interface design based on a work domain analysis (WDA) that starts with,
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and gives priority to environmental constraints. The difference between EID and classical design strate-
gies is the fact that EID prioritizes the behavior-shaping constraints introduced by the work domain,
incorporating the laws of physics and other fundamental rules and principles. This is different from
strategies as technology- and user-centered design, that take technology and the human as a starting
point, respectively. EID is therefore able to complement these strategies by taking the work domain con-
straints as a starting point. The advantage of this approach is that the work domain constraints always
need to be obeyed and are therefore independent of human and/or automation capabilities.

Figure 1: Overview of work domain constraints in complex sociotechnical systems, adapted from [54].

The EID-approach to complex sociotechnical systems can be defined as "a design framework that en-
courages a constraint-based approach with the goal to visualize the space of possibilities in a way that
supports people’s skill-, rule- and knowledge (SRK) based behavior" [8]. This means the goal is to deter-
mine the work domain constraints and to represent them in a visual form to support the SRK based be-
havior of the human operator [42]. In other words, EID aims to transform a cognitive task into a percep-
tual task by providing meaningful information about the work domain that humans can directly perceive
and act on accordingly [8]. An overview of the general constraints imposed by a complex sociotechnical
systems is depicted in Figure 1. The EID approach uses a top-down method, considering the full work
domain at first, followed by the physical, intentional and automation constraints that are enclosed by
the work domain. "Physical constraints refer to the laws of physics that influence possible directions of
the driver. Intentional constraints reflect the laws and etiquette that govern driver behavior" [48]. Finally,
the automation constraints indicate the operational envelope of the underlying controller, which is often
limited by one optimal trajectory within the domain of the intentional constraints. In the case of haptic
guidance this could be a single type of action supported by a predetermined control strategy. Compared
to approaches such as technology- or user-centered design, EID is intended to reflect the bigger picture
by satisficing rather than optimizing a complex control task.

When applying EID appropriately, it becomes especially useful for complex, safety-critical and open
(subject to disturbances) work environments. By allowing the work domain constraints to be directly
perceptible, EID interfaces assist users in the development of their mental model of the domain. Driver
support system interfaces resulting from this analysis may not only help drivers form better mental mod-
els of the driving domain but also of vehicle automation, such as adaptive cruise control. It has already
been shown that applying EID to the driving domain can improve calibrated trust and reliance [48, 45,
27]. Other examples of work domains in which EID has been applied successfully are process control
[43, 55], health care [31], command and control [20], marine [37] and aviation [13, 10, 52, 7]. As with
most new frameworks, EID has not only gained support, but also opponents that have expressed their
concerns regarding the effects that EID may introduce. A complete list of the lessons learned from these
concerns and misconceptions about EID can be found in [9].
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3 Experimental Results: HSC

Depicted in Figure 2 are the available levels of human-machine compatibility, indicating that HSC sys-
tems focus on guiding the driver at a skill-based level, thereby reducing human workload in optimal con-
ditions. This means that HSC is mostly applied in routine driving tasks, where no control conflicts are
present. In contrast, EID-inspired automation systems support the driver on all cognitive levels, includ-
ing skills-, rules- and knowledge-based behavior, which can be used for both routine and non-routine
tasks. The improvements achieved with HSC in the driving domain (see subsection 2.1) can be explained
by the fact that the continuous interaction and communication between driver and automation keeps
the driver in-the-loop, which can for example reduce undesired human variability. Based on the exper-
imental results of previous HSC studies, this chapter will elaborate on the strengths and weaknesses of
HSC in driving. In the first section it is focused on pure HSC systems that only provide continuous haptic
guidance during driving, supporting motor skills, perception, communication an interaction, see Fig-
ure 2. On the basis of experimental results, the second section describes the benefits of adding visual
feedback to HSC aimed to improve automation awareness and acceptance.

Figure 2: Levels of human-machine compatibility, and their respective constructs found in cognitive engineering research,
ordered by increased levels of cognitive work for both HSC and EID, adapted from [57].

3.1 Haptic feedback

In this section it is described what the effects of continuous haptic guidance on driver performance and
behavior are during several driving subtasks, such as lane keeping, curve negotiation, car following and
collision avoidance. A clear overview of the experimental studies involved to determine the effect of
haptic support systems on driver performance and behavior, is given in [41]. In the cited paper a dis-
tinction is made between haptic warning and guidance systems, where the focus of this literature study
is solely on continuous guidance systems. From the results of previous research, three conclusions can
be drawn. Haptic guidance can improve (1) performance for lane keeping, curve negotiation, car follow-
ing, collision avoidance and lane-changing. Furthermore, it reduces (2) the control activity during most
driving subtasks, measured by steering and pedal activity. Lastly HSC reduces (3) the visual demand of
lane keeping, indicated by the score of performing a secondary task. Likewise, a decrease in cognitive
demand was found in three studies comparing manual to haptically guided driving, measured by sec-
ondary task performance [19, 17, 36]. Besides the positive effects, some studies also found unfavorable
effects in terms of user acceptance. For example, two studies reported an increased number of obstacles
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hit compared to manual driving [19, 23], where De Winter et al. [58] indicated potential pitfalls, such as
complacency, increased workload and undesired after-effects in case of manual fallback. The most pro-
found drawback reported in literature are the control conflicts that occur between human and machine
[6, 21, 22], a trend which is comparable to the increased physical control effort reported by four differ-
ent studies [35, 34, 51, 33]. In [21] seven types of possible control conflicts are elaborated. It is believed
that some of these conflicts can be reduced by implementing EID to visualize the operational envelope
of HSC with respect to the space of possibilities in the work domain. For example, conflicts caused by
reverse inputs can be prevented when the direction of the control conflict is made clear through an intu-
itive display showing the suggested HSC direction in combination with all possible directions within the
work domain.

3.2 Visual-Haptic Feedback

This section elaborates on the effects of combining haptic and visual feedback by presenting the ex-
perimental results of several research domains. In previous driving studies, feedback modalities such
as auditory and visual cues have already been combined together with haptic feedback [28, 29], show-
ing varying results in terms of task performance. Although these studies have implemented multimodal
feedback, they focused mostly on feedback cues (i.e. warnings) and not on continuous feedback pro-
vided to the driver, which is the focus of this paper. Due to the limited amount of studies on the imple-
mentation of continuous visual-haptic feedback for driving control tasks, other research domains such
as robotics and aviation have been consulted to describe the global trend of applying this form of multi-
modal feedback. The first example studiedthe effect of haptically assisting a Tunnel-in-the-Sky approach
for the control of an Unmanned Aerial Vehicle (UAV) in a restricted airspace [44]. The second example
originates from the aviation domain and evaluates task-sharing performance by haptically assisting a
TIS-approach on a more detailed level than the first example [5].
In summary it can be said that the application of both haptic and visual-haptic feedback can improve
primary performance in vehicle locomotion control tasks, measured in terms of translational errors and
acceleration rates. The true effectiveness and acceptance of these systems can be determined by con-
sidering measures such as control activity, control conflicts, cognitive demand and visual demand, in-
dicating secondary task performance. The combination of haptic and visual feedback will only increase
user acceptance when both primary and secondary task performance are enhanced. The experiments
elaborated in the previous sections show that primary task performance can be improved, while reduc-
ing control activity, visual and cognitive demand. However, multiple studies have found participants to
be fighting the system, indicating control conflicts that have a negative influence on user acceptance.
These control conflicts could be solved in four ways: either by (1) individualizing or adapting the con-
troller to the driver’s preferences [22, 38], by (2) changing the structure of the underlying controller [53],
by (3) decreasing the level of haptic authority [46] or by (4) integrating different feedback modalities (sen-
sor fusion). In this chapter it is explained that applying visual-haptic feedback can increase the level of
cognitive information, such that not only skill- but also rule-based behavior is supported. This can be
explained by the fact that visual feedback has the ability to reflect complex control parameters in an in-
tuitive manner. However, the current applications of visual-haptic feedback are solely designed to reflect
the operational envelope of the underlying controller, and thereby do not consider constraints beyond
this envelope. This means that visual-haptic guidance is generally well-accepted for routine tasks, yet
not in the case of non-routine tasks where control conflicts may occur. To increase the robustness of
HSC during unexpected situations and to prevent for the common pitfalls, a new approach is required
which reflects more than just the automation constraints.
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4 Experimental Results: EID

The theoretical background of EID is elaborated in subsection 2.2, where it is stated that EID can im-
prove control tasks in complex sociotechnical systems by transforming a cognitive task into a perceptual
task, such that all cognitive levels in Figure 2 are supported. The power of EID lies in the fact that it can
significantly enhance the development of a mental model, representing the underlying automation sys-
tem. The ecological approach to automation design is also believed to enhance the robustness of the
human-machine system, especially in unexpected situations. This chapter is focused on how EID can be
used to support human operators in car driving, by elaborating on the work domain analysis (WDA) and
the corresponding work domain constraints. Experimental examples and results are given per constraint
type to show the effect of different forms of EID on operator performance, control activity and cognitive
demand.

4.1 Physical Constraints

Within the complete work domain of vehicle locomotion, the physical constraints can be defined as the
physical elements of a system and their relationship to the physical environment. Examples of these con-
straints in the driving domain are: environment type, weather conditions and other road users, which
can be subdivided into physical properties such as road types, road boundaries, road surface, etc. [48].
The physical constraints of vehicle locomotion can be split into two categories, being external and inter-
nal constraints. The former type of constraints are formed by the properties of the physical environment,
where the internal constraints describe the physical performance of the vehicle, which depend directly
on the external constraints. Examples of internal physical constraints are minimum stopping distance,
Time to Line Crossing (TLC) and Time To Collision (TTC). Based on research done in the aviation do-
main, the two different types of physical constraints and their effect on operator performance will be
described.

Figure 3: Physical constraints during a terrain avoidance control task, adapted from [10]. The internal constraints are formed
by the physical limitations of the vehicle, the external constraints by physical elements such as terrain.

The influence of visualizing the internal and external physical constraints was experimentally evaluated
in a terrain avoidance flight task, where the external constraints were formed by the physical terrain
and the internal constraints by the climbing performance of the airplane, see Figure 3. Although the
visualization of external constraints had already been implemented successfully in the aviation domain,
the idea behind this experiment was to prove that the situation awareness of the pilots could be improved
even more by showing the aircraft’s performance and thus by showing the internal constraints. With this
experiment it was shown that visualizing the internal and external physical constraints of a system can
improve task performance and situation awareness, while reducing the perceived workload and number
of accidents. However, it has also been shown that solely presenting the physical constraints can lead to
risky behavior [12, 9], explained by the fact that the pilots could better estimate the performance of the
airplane and therefore reduced their safety margin.
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4.2 Intentional Constraints

The intentional constraints are the limitations of a system imposed by rules, procedures and regula-
tions, either enforced by law or by the operator himself. The strengths and weaknesses of this approach
are described by an example from the aviation domain, investigating the effect of an enhanced synthetic
display for a terrain avoidance task [12]. The motivation for this study are the concerns and misconcep-
tions about EID as mentioned in [9], where the authors of the research paper believe that risky behav-
ior imposed by EID often occurs due to the fact that these designs are mostly focused on the physical
rather than the intentional constraints [7], see also Figure 1. Aside from the intrinsic differences between
the two types of constraints another difference is that intentional constraints are soft limits, meaning
that they can be exceeded without catastrophic consequences. This is especially useful in unexpected
situations, where the operator has to violate the intentional constraints while adhering to the physical
constraints. As stated in the paper "only showing causal constraints can lead to boundary-seeking be-
havior. On the other hand, only showing intentional constraints would decrease the apparent solution
space, which can result in situations where satisfactory solutions to difficult situations are not visible for
consideration" [12].
Based on a previous experiment by Borst et. al [7], this experiment used the existing synthetic terrain dis-
play with a visualization of the aircraft’s climb performance (physical constraints) and complemented
this by the minimum safe altitude (intentional constraints), aimed to increase the minimum terrain
clearance. The results show that by adding the intentional constraints to the display, pilots tend to keep
a better ground clearance and thus violate the minimum clearance less frequently. Furthermore, it was
shown that complementing the physical constraints by intentional constraints helps to keep the pilots
above the minimum clearance limit, while significantly decreasing the spread compared to no inten-
tional layer.

4.3 Automation Constraints

Within the space of possibilities defined by the intentional constraints lie the automation constraints, see
Figure 1. The automation constraints are usually chosen to be more conservative than the intentional
constraints in order to reduce the error with respect to a certain target value, in other words: to optimize
the control task. Regarding the driving domain, previous studies have shown that the capabilities of
driver assistance systems such as ACC are often misunderstood, resulting in reduced driver safety [47].
The reason for these control conflicts can be partly explained by the fact that only a limited level of
information can be conveyed through the pedal position and/or force. When adding other feedback
modalities such as visual and auditory feedback, it is believed that this will improve the development of
a more accurate mental model of the underlying controller.
In this section it is described how EID can be applied to create a visual representation of ADAS behav-
ior on the basis of a study on reflecting the operational envelope of ACC [45]. The aim of this study is
to visualize the ACC limits in an intuitive manner to promote appropriate reliance and support effec-
tive transitions between manual and ACC control. The researchers used the principle of EID to reflect
the automation constraints in relation to the physical constraints imposed by the lead vehicle and the
ego-vehicle. Moreover, representing the status of the automation can improve situation awareness in
unexpected scenarios and sensor failure, which in its turn could reduce human overreliance. The ex-
periment has shown that by visualizing the ACC limits, the operators able able to develop an improved
mental model of the automation behavior, which leads to a more effective attention allocation strategy.
Additionally, by reflecting the operational envelope of the automation, the operators rely more appro-
priately on its capabilities, improving primary performance, automation reliance and secondary task
performance.
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4.4 Summary

It was shown that constraint based interfaces as discussed in this chapter can improve the mental model
of the automation, allowing operators to develop a better understanding of the underlying controller,
which can be used to decide whether or not to follow the automation’s preference. On the other hand
"ecological interfaces reveal all feasible control actions within the work domain constraints, thereby in-
creasing the chance that people will disagree with automation advice that wants to push them into one
specific direction" [11]. Therefore, the design of an EID-inspired interface is highly dependent on the
balance between automation transparency and the reflection of the work domain constraints. Future
research is required to understand the effects of this relationship (for example on user acceptance) and
the possible consequences for the representation of automation systems.

5 Discussion

In this literature study, research was done on the current developments and possible improvements in
the field of cooperative control in vehicle locomotion. At first, a description of the theoretical background
of HSC and EID. In the subsequent chapters, experimental results and conclusions from the vehicle lo-
comotion domain were used to address the main research question, defined as: How can EID be used to
reflect the operational envelope of HSC in assisted driving? A full chapter was devoted on continuous HSC
to describe the effect of haptic and visual-haptic feedback on primary and secondary task performance,
supporting both skill- and rule-based behavior. In Chapter 4, the constraint-based approach of EID is
explained on the basis of practical examples, indicating that EID can significantly increase task perfor-
mance for routine as well as non-routine tasks, supporting skills-, rules- and knowledge based behavior.
This chapter will discuss the results and findings of this literature survey according to the sub-questions
as defined in section 1.

A Benefits and risks of HSC

Compared to manual control, HSC has proven to enhance primary performance for control tasks such
as lane keeping, curve negotiation, car following and collision avoidance, while also improving safety,
comfort and control effort. Since there are also negative effects related to the implementation of HSC,
the following sub-question was addressed: What are the benefits and risks of the currently applied HSC
models in car driving and how can these systems possibly be improved?
Several methods have been proposed to solve the human factor issues associated with HSC, see sec-
tion 3. In this section four of these methods will be discussed. The first way to solve control conflicts
and other issues is to (1) personalize the controller to the driver’s preferences [22, 38]. By measuring
the human input during a control task the haptic guidance can be individualized, reducing control con-
flicts. However, since humans have a great capacity for adaptive behavior, the measurement of these
varying control actions can be challenging. Therefore, many HSC applications today make use of adapt-
able instead of adaptive authority, where the operator decides what the level of haptic authority (LoHA)
is, rather than the adaptive algorithm. Future improvements in driver modelling and action recognition
will enable more use of adaptive control strategies. A second way to solve the human factor issues is by
(2) changing the HSC structure, moving away from the optimization strategy. To achieve this a COFOR is
used, ensuring that the reference model is compatible with the operator. Other parameters that can be
altered are again the LoHA and the level, strength and strategy of the haptic feedback. A third solution
is to (3) vary the LoHA such that guidance-as-needed can be provided to the operator. For example, it
has been proven that decreasing the LoHA with increased user grip resulted in a significant reduction in
control effort (steering force), especially when the guidance system was incorrect [46]. Given the fact that
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this strategy resulted in comparable performance to the traditional systems, this method seems promis-
ing for future usage. The last method to eliminate the human factor issues is by (4) complementing HSC
with the integration of different feedback modalities (sensor fusion). In section 3 it was shown that the
visualization of the operational envelope of HSC can improve both primary and secondary task perfor-
mance, by supporting both skill- and rule-based behavior. Furthermore, it was shown that visual-haptic
feedback results in less control effort compared to haptic feedback only. However, these conclusions
only hold for routine tasks, in which all control conditions are properly defined. Designing a robust sup-
port system which can also be used for non-routine scenarios requires a different approach that does
not only consider the automation constraints, but rather considers the complete work domain.

B How can EID be applied to the driving domain?

Several design principles have been introduced to improve human-machine interaction in support sys-
tems for complex control tasks. A promising method named EID has been researched in several domains
such as process control, marine, aviation and even in the automotive domain. Therefore, the following
sub-question was defined: In what way have EID-inspired systems been applied to mitigate human fac-
tor issues in human-machine systems and to what end can these principles potentially be combined with
HSC?
In the driving domain EID has already successfully been applied to reflect the operational envelope of
ACC with respect to the physical constraints. However, it has not yet been combined with haptic guid-
ance systems such as HSC. It is believed that EID can complement HSC by reflecting the automation
constraints with respect to all feasible trajectories in the work domain. Where haptic feedback mainly
supports skill-based behavior in routine tasks, it was shown that visual feedback of the automation sta-
tus can complement haptic support, such that rule-based behavior is supported at the same time. It is
believed that the visualization of intentional and physical constraints on top of this can further enhance
primary and secondary task performance, improving the robustness in unexpected time-critical events.
By combining HSC and EID-inspired visual feedback, all cognitive levels of the SRK-taxonomy (including
knowledge-based behavior) are supported, which could improve situation and automation awareness,
improving performance and reducing control conflicts. Frequent control conflicts in HSC are given in
[21], where it can be seen that the automation often behaves differently than expected by the operator.
It is believed that some of these conflicts can be solved by representing the automation status based on
EID. In this way an operator can for example anticipate better on the fact that the automation has not
seen a lead car, since the visualization of the detection is not present, resulting in faster fallback response
times, higher safety and better situation awareness, assuming that the driver is attentive. As indicated
in section 4, care should be taken with the correct balance between automation transparency and the
reflection of the work domain constraints, to prevent for the ignorance of automation suggestions. This
can be explained by the fact that EID-inspired feedback reflects all possible control actions within the
work domain, increasing the chance that people will disagree with certain automation suggestions in
one specific direction. Other problems with EID could be that the visualization of work domain con-
straints could lead to an information overload, resulting in an increased rather than reduced work load.

C In what way can HSC and EID be applied practically?

The aim of this study was to provide a review on the possibility of complementing HSC by the principle
of EID. Thus far, this paper has not focused on the practical implementation of such a system, however
this section will elaborate on suggestions for the application of HSC in combination with EID. Therefore,
the following sub-question was defined: In what way could the combination of HSC and visual EID be
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applied practically and what are the potential problems of this application? To answer this question, re-
search was done on the practical implementation of visual cues in car driving. There are roughly three
ways to provide visual information to the driver, being: through a Head-Up Display (HUD) in the fo-
cal field of view, a Head-Down Display (HDD) behind the steering wheel and a Multi-Function Display
(MFD) placed centrally in the dashboard. The strengths and weaknesses of these types of displays are
discussed in [25], where it can be seen that the benefits of a HUD are a fast response time, little physical
movement and easy detection. The downsides of a HUD are the constrained space and visual interfer-
ence. In the case of a HDD the advantages are medium physical movement and high familiarity, where
the downsides are ignorance and crowded information. The pros and cons of the MFD are similar to the
HDD, except for the fact that a MFD requires a high physical movement and thus leads to more distrac-
tion. The application of a HUD seems promising when compared to HDD and MFD, indicated by an
improved performance and higher user acceptance [3].

Advancing on the idea of implementing visual feedback through a HUD, one visualization strategy named
Augmented Reality (AR) has recently gained interest in several domains, including the driving domain
[26, 32, 50, 24]. In brief, AR refers to the integration of real world and artificial stimuli, aimed at improving
human performance. Typically, this is achieved by overlaying the real world cues with computer graphics
that can reflect cues such as navigation, object detection and collision avoidance. Apart from the tech-
nical challenges, it is believed that a HUD based on AR can be used to reflect visual feedback as defined
by the principle of EID [25]. To eliminate the problem of having a constrained space in a HUD, one can
think of a HUD that uses the entire windscreen to project the visual cues. In this way the work domain
constraints can be represented as an overlay on the driving scene. A negative side-effect of a HUD could
be the visual interference caused by the computer graphics. This effect has also been found in a study
on cognitive tunneling [49], defined as "the effect where observers tend to focus attention on informa-
tion from specific areas of a display to the exclusion of information presented outside of these highly
attended areas." To avoid these effects, the design of the visualizations should be carefully balanced to
convey the right amount of information in an intuitive way, aimed to improve the situation awareness
while not negatively influencing the workload.
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6 Conclusions and Future Work

The main research question addressed in this literature review is: How can Ecological Interface Design be
used to reflect the operational envelope of Haptic Shared Control in assisted driving? This question has
been answered in segments through the elaboration of four sub-questions, as discussed in section 5. In
this section the main research question will be answered, followed by recommendations on future work.

Human factors research has shown that the human operator remains a key element as long as full au-
tomation is not yet accomplished. Many forms of automation exist between manual control and full
automation, often called human-machine systems. To avoid human factor issues in these systems, they
should be designed such that the utilization of the automation capabilities is maximized, while automa-
tion awareness should be developed in order to compensate for the system limitations. As a form of
cooperative control, HSC has been proven to improve both primary and secondary task performance
in routine tasks by keeping the driver in-the-loop. This is achieved by providing the driver with haptic
guidance, optimized for a certain target trajectory, aimed at reducing human variability and support-
ing skill-based behavior. Despite the improvements, some human factor issues remain prevalent, being
overreliance, loss of skills, behavioral adaptation, reduced situation awareness and control conflicts.

The major improvements of the current HSC systems can be obtained by increasing the user acceptance
through the improvement of the mental model of the automation, thus reducing control conflicts. In the
domain of HSC, several methods have been proposed to achieve this, for example by personalizing the
controller, changing the structure of the controller, varying the LoHA or by combining different feedback
modalities. The last strategy has been found to be effective in studies applying visual-haptic feedback,
reflecting the automation constraints of the controller, aimed at supporting skill- and rule-based behav-
ior. Continuing on the idea of complementing HSC with visual feedback, the principle of EID has been
proposed to further enhance performance by following a constraint-based approach. This means that
not only the automation constraints are visualized, but also the other constraints imposed by the work
domain. It is believed that by applying EID, more insight can be provided in terms of external and in-
ternal physical constraints, such that the consciousness of these entities is not only based on human
perception and prior knowledge, but also on the actual physical constraints. The satisficing character of
EID has been proven to improve performance, reliance and acceptance in both routine and non-routine
tasks, by reflecting the automation status with respect to the available trajectories to reach a certain tar-
get, supporting all cognitive levels of the SRK-taxonomy.

Further experimental research is required to determine the effects of complementing HSC with EID on
driving performance, reliance, behavioral adaptation, situation awareness, workload, control conflicts
and the overall user acceptance. In this paper it was proposed to implement the EID-inspired visual
feedback into a HUD based in the form of AR, such that the visual interference and workload is kept to
a minimum. To narrow down the scope of such an experiment, one specific nested control loop should
be considered, focusing on one particular time scale. Care should be taken to avoid other human factor
issues such as cognitive tunneling, information overload and automation ignorance.
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B Haptic Feedback Design

Haptic Shared Control has proven to be a successful alternative to automation systems such as traded
control. The main advantage of shared control is the fact that during a driving task the automation and
driver are jointly operating the vehicle, for example by exerting torque on the steering wheel. This can
increase performance, while decreasing the control activity. The main disadvantage of shared control
arises when there is a misalignment between the driver and automation, resulting in control conflicts.
These conflicts are most prevalent in non-critical control tasks, where the operator is able to develop a
well-founded strategy. In contrast, time critical situations do not allow for elaborate decision-making,
meaning that assistive automation is often desired and not considered as conflicting.

Four-Design-Choice Controller

In previous research it was shown that the personalization of haptic shared control through a human
compatible reference (HCR) can significantly reduce control conflicts in terms of human steering wheel
torque [2], compared to a shared controller which only uses feedback based on the road center reference.
In Figure 1 an overview is given of the applied FDC controller, showing the relationship between (1) the
HCR, (2) strength of the Haptic Feedback (SoHF), (3) Level of Haptic Support (LoHS) and (4) the Level
of Haptic Authority (LoHA). In the overview it can also be seen that apart from position (X

R

,Y

R

) and
heading (™

R

) feedback, the steering wheel input (±
R

) is used as a feed-forward signal, improving the
’feeling’ of the provided haptic torque.

Figure 1: The implemented Four-Design-Choice (FDC) Haptic Shared Controller from [2].

Human Compatible Reference

For this study, it was chosen to implement the HCR by recording several manual trails of the final exper-
iment, which on their turn are used to create a generic reference of which the behavior should be similar
for all obstacle conditions (critical and non-critical). In Figure 1 it can be seen that the required inputs
for the FDC controller are position (X

R

,Y

R

), vehicle heading (™
R

) and steering wheel input (±
R

). Since
the evasive manoeuvres are only present on the straight sections of the trajectory, all other parts of the
HCR can be based on the position and heading as defined by the generated road trajectory, used in the
DUECA simulation. This means that the evasive sections in the HCR can be constructed by replacing the
road trajectory data with the generic inputs for the evasive manoeuvre in terms of X

R

, Y

R

and™
R

.
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In Figure 2 an example is given of the recorded heading during a manual experimental run. It can be
seen that the road heading has a constant profile, where the car heading shows several peaks during
the obstacle avoidance. Note that large peaks (5 in total) represent a critical obstacle avoidance and
small peaks (5 in total) a non-critical avoidance. For the construction of the HCR, these 10 sections were
replaced by a generic avoidance trajectory™

R

, by averaging and smoothing the recorded manoeuvres.

Figure 2: Example of recorded heading during manual experimental run.

A more detailed overview of the recorded car heading sections is depicted in Figure 3, where the headings
are split into both critical and non-critical obstacle manoeuvres. Note that all recorded vectors were
converted such that they would start with a heading of zero degrees. Additionally, the origin of the x-
axis corresponds to the moment when the obstacle appears on the road. All sections (left) were used
to create two generic heading profiles (right) which were later used to replace the straight parts of the
original simulation trajectory, at the locations where the obstacles would occur. Note that the amount
of steps (x-axis) is different for the recorded data compared to the obtained generic headings. This can
be explained by the difference between the logging rate of the simulator (100 Hz) and the step size of
the simulation trajectory (0.2 m). This difference was taken into account for the creation of the HCR,
avoiding timing errors during the simulation.
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Figure 3: Recorded (colored) and generic car headings (blue) for critical and non-critical manoeuvres.
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In terms of X

R

and Y

R

, the evasive sections were cut from the recorded data, after which they had to be
rotated back to a zero degree heading, in order to average out the trajectories. Afterwards, all sections
were converted to start at zero in lateral direction. The resulting generic trajectories can be seen below in
Figure 4. These generic trajectories were subsequently used to overwrite the straight parts of the original
simulation trajectory. This was done by rotating them back to the required road heading, while replacing
the straight trajectory.
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Figure 4: Recorded (colored) and generic trajectory (blue) for critical and non-critical manoeuvres.

The approach for the steering wheel input ±
R

is comparable to the strategy used in the previous parts,
meaning that again the recorded steering wheel input was used to create a generic steering profile, vis-
ible in Figure 5. However, where the basis of the X

R

, Y

R

and ™
R

were obtainable from the simulation
trajectory, the human-dependent steering wheel input ±

R

was not known a priori. This means that for
this case all other parts of the trajectory (including curves) had to be generated manually.
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Figure 5: Recorded (colored) and generic steering (blue) for critical and non-critical manoeuvres.

The manual creation of the steering wheel input reference was done in three steps, being (1) smoothing
of the total signal, (2) assigning zero steering on straight sections and (3) replacing the straight sections
by the generic steering profile of Figure 5. See Figure 6 and Figure 7 for an overview of the approach.
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Figure 6: Step 1: smoothing the raw steering signal, only to be used for the curves and straight sections. The evasive manoeuvres
are obtained from the generic steering profile.
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Figure 7: Step 2: using the road heading derivative to assign zero steering to straight sections, later to be replaced by the generic
steering input profile.

The final step to be taken in order to create the HCR in terms of X

R

, Y

R

, ™
R

and ±
R

is to replace all
straight sections by the generic profiles as previewed above. In Figure 8 a close-up of the final trajectory
is given, in which an example of a critical manoeuvre is depicted. In this image, the vehicle drives from
the top left corner to the bottom right corner. Note how the generic trajectory has a quicker response
time than the recorded trajectory. This can be explained by the fact the the human response time (from
the recorded data) was eliminated by shifting the generic profiles by approximately 0.34 s, improving
obstacle avoidance performance.

10



1880 1890 1900 1910 1920 1930 1940 1950 1960

Lateral Distance [m]

4830

4840

4850

4860

4870

4880

4890

L
o

n
g

itu
d

in
a

l D
is

ta
n

ce
 [

m
]

Reference Trajectory

Road Center
Recorded
Generic

Figure 8: Detailed view of the final HCR trajectory compared to the road center and recorded data.

In Figure 9 an overview is given of the final HCR in terms of ™
R

and ±
R

. It can be seen that the generic
reference show a much more consistent behavior that the recorded human input. Furthermore, a close-
up is depicted in which the elimination of the human reaction time is visible. The generic profiles were
shifted by 40 steps, which corresponds to a time of 0.34 seconds, based on a step size of 0.2 m and a
vehicle speed of 23.82 m/s.
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Figure 9: Overview of the final HCR in terms of heading and steering compared to the recorded data. The dashed lines indicate
the moment at which the obstacle appears. Note the shift of the generic signals with respect to the recorded data.

Haptic Settings DUECA

After the implementation of the HCR, the parameters of the Haptic Shared Controller had to be defined.
These settings were chosen similar to previous research with the FDC, see the table below from [2].
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C Visual Ecological Feedback Design

Abstraction Hierarchy

Central to the ecological approach is the abstraction hierarchy, a functional model to examine the work
domain following a top-down approach. This means that rather than starting with the end user, it is an-
alyzed from the work domain which functional purpose is desired and what other underlying functions
are required to fulfill this. Therefore, it is explicitly not specified how the task is to be performed or by
whom. For this study an abstraction hierarchy considering obstacle avoidance in car driving was made,
see Figure 10.

Figure 10: Abstraction hierarchy, with means-ends relationships for obstacle avoidance in cars.

From the abstraction hierarchy it can be seen how the physical functions and corresponding forms are
deduced from the functional purpose. Note that the physical forms are roughly subdivided between
environmental information, ego-vehicle information and automation advisory. In the simulator study,
the work domain constraints were implemented by several types of visual ecological feedback.
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D Implementation

MATLAB Simulation

The basic foundation of the experimental simulation was developed in the initial design phase of the
thesis work. For this phase it was chosen to create a MATLAB simulation based on the linear bicycle
model in order to rapidly provide a working concept. The bicycle model is based on the following as-
sumptions, being (1) that the wheels of one axle are lumped in a single wheel, (2) heave, roll and pitch
motions are neglected (no load transfer present on the wheels), (3) lateral dynamics are negligible, (4)
the vehicle moves forward with a constant speed on a flat road and (5) it is assumed that there is a linear
relation between the tire slip angle and the lateral tire force. As previously derived in [1], the transfer
functions from steering wheel input to global lateral position and yaw angle are:
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2 +2L

2
C s

(1)
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=
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2
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V

x

I

z

s

3 +2L

2
C s

2 (2)

The bicycle model and its corresponding transfer functions were implemented in a Simulink model (see
Figure 11) to obtain the lateral position, speed, acceleration and the yaw angle, rate and acceleration. The
input of the Simulink model consists of a predetermined sinusoidal steering wheel pattern, simulating a
double lane change at a constant longitudinal speed, see Figure 12. The data of the double lane change
is logged such that an animation can be created, showing the trajectory of the vehicle complemented by
the ecological feedback. The overall goal of this simulation was to get an idea of the possible options for
the ecological interface design.

Figure 11: MATLAB Simulink Flow Diagram

In the MATLAB simulation, the trajectory of the lane change and thus the trajectory of the Haptic Shared
Controller is displayed on a two lane road, including a simplification of the obstacle, see Figure 13. The
static lines of the performance envelope are calculated once, after which they can be animated by trans-
lating and rotating the lines according to the predetermined path. Since the trend vector requires real
time updating, it was chosen to use a MATLAB function to calculate the shape of the dynamic curve

13



at every time step. During the simulation the trend line is continuously updated to indicate the future
heading for the given steering wheel angle. As a whole the curves form a cone-shaped area that is fixed
to the vehicle. To indicate the intentional constraints it is checked in the simulation whether the chosen
points on the curves are exceeding the boundaries such that the colouring can be altered.
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Figure 12: Steering Input Used For Double Lane Change, Including The Resulting Translation
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Figure 13: MATLAB Simulation Snapshot. Blue indicates the vehicle position including the trend vector, red is the obstacle,
green shows the optimal path of the haptic shared controller and the grey lines represent the performance envelope. Curves
can be toggled on and off by the lane boundaries, in the figure indicated by the rightmost dark grey curve.
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DUECA Simulation

From the concept study in Matlab, the design strategy was implemented in the driving simulator at the
HMI Lab of Delft University of Technology. The basis of the experiment was based on previous driv-
ing simulator experiments. The overall software package for the implementation of the simulation was
DUECA, which stands for Delft University Environment for Communication and Activation. A flow dia-
gram indicating the modules of the simulator is depicted in Figure 16.

For the experimental study, a trajectory had to be defined. The idea behind the trajectory was to incor-
porate 14 straight sections, alternated by curves having the same radius, for simplicity. Since the main
focus of this experiment concerns the straight road sections, the trajectory was chosen similar for all par-
ticipants during all conditions. During the main trails, obstacles had to be avoided, of which 5 critical
and 5 non-critical, resulting in 4 empty sections per run. The straight sections all have a length of 300
m, which corresponds to approximately 12 seconds at a speed of 24 m/s. The trajectory was made by
assigning the curvature of the road at different instances. The curvature profile is depicted in Figure 14.
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Figure 14: Curvature profile used to define the simulation trajectory. note that all curves have the same radius for simplicity.

After the end of a curve, an initial distance of 60 metres was applied before the obstacle appeared on
the road, such that the participants had some time to stabilize their position in the right lane. Obstacles
appeared with two different TTC’s, meaning that the distance from the vehicle to the obstacle at appear-
ance was altered throughout the simulation. The final trajectory and the order of the obstacles can be
seen in Figure 15. During the training, the obstacle order was similar for all conditions, while during the
main trails the obstacle order was altered between 1 and 2 among the four driving conditions.
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cr

nc

Obs. order 1

cr

nc

Obs. order 2

cr

nc

Figure 15: Trajectory and applied obstacle orders for training and main trails.
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Figure 16: DUECA Driving Simulator, indicating modules and communication channels.
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DRIVING SIMULATOR RESEARCH PARTICIPATION CONSENT  
Obstacle avoidance performance study 

 
Introduction : This is an invitation to participate in the research study of MSc student Wilco Vreugdenhil.                
Before agreeing to participate in this study, it is important that the following explanation of the proposed                 
procedures are read and understood properly. This document describes the purpose, procedures, benefits, risks              
and possible discomforts of the study. It also discloses the right to withdraw from the study at any time. 
 
Purpose of the study: The purpose of this driving simulator study is to investigate driving behaviour, control                 
effort, subjective experience and acceptance of three different driving feedback systems. During the experiment              
you will experience either (1) no feedback, (2) visual feedback, (3) haptic feedback in the form of a steering                   
wheel torque or (4) a combination of both. You will be one of the 20 participants taking part in this study. The                      
results of this experiment will be statistically analysed and anonymously published in a Master’s thesis and                
possibly in a scientific publication. 
 
Procedure: The total participation in this study will take approximately 1.5 hours. Before the simulation is                
started, you will be asked to fill out a questionnaire regarding your driving habits and previous driving                 
experience. Next, you will be seated in the driving simulator (a fixed-base simulator with a wide-angle view). In                  
the first phase of the experiment you will get 15 minutes of training to get used to the simulator and the different                      
feedback systems. During the experiment, the car speed is held constant at 85 km/h by a cruise control system.                   
Therefore, you will be only able to change the vehicle heading via the steering wheel, all other controls (like the                    
gas pedal) are inactive. You will be asked to place your hands in a ten-to-two position on the steering wheel. 
 
In the second phase, you will drive four trails of 7 minutes each, where you will experience the feedback                   
systems in a random order. Your task in this experiment will be to stay in the middle of the right lane on a curvy                        
two-lane road, while avoiding objects that randomly appear on the road. After the obstacle is avoided, you                 
should turn back to the right lane at your own pace. After each of the four trails you will have a short break of 5                         
minutes (outside the simulator) in which you are asked to answer a questionnaire to assess your subjective                 
experience and acceptance of the driven feedback system. 
 
Risks and discomforts : During this experiment there is a risk of simulator sickness, with symptoms like nausea,                 
drowsiness, fatigue or headache. These symptoms are similar to motion sickness. After each condition you will                
be asked whether you are experiencing any form of discomfort. If you feel uncomfortable, you have the right to                   
stop participating at any time without any negative consequences. 

 
Confidentiality: All data collected in this study will be kept confidential and will be used for research purposes                  
only. Throughout the study you will only be identified by a participant number. 

 
Right to refuse or withdraw: Your participation is strictly voluntary and you may refuse to participate, or                 
discontinue your participation at any time, without negative consequences. 

 
Contact details : For more information or concerns about this experiment, please feel free to contact: 

Wilco Vreugdenhil 
Faculty of Mechanical Engineering, TU Delft - Mekelweg 2, 2628 CD Delft 
Phone: +316 54767927 - E-mail: w.vreugdenhil-1@student.tudelft.nl 

 
I acknowledge that I completely understand this consent and I agree to participate in this study. 
 
 
Signature of participant _______________________ Date _________________ 
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F Conflict Torque Analysis

The occurrence and amount of conflicts were evaluated by determining whether the human and HSC
torque were in opposite direction during the straight sections in which obstacles were avoided. Conflicts
in other situations during the trails were not in the scope of this study. In case of a conflict, the time-
instance was flagged as 1, where a flag of 0 indicated that the HSC torque supported the driver inten-
tions. The occurrence and absolute difference between human and HSC torque was used to determine
the mean conflicting rotational work W

con

, mean conflict peak torque T

con.p and the mean percentage of

time in conflict.

In Figure 17 an example is given of the measured steering wheel torques during a critical obstacle avoid-
ance. Both human torque as well as controller torque were measured during the simulation. Based on
these two vectors, it was determined whether the torques were in opposing direction and thus whether
conflicts were present. In the figure it can be seen that there is a number of times for which conflicts
occur.

Figure 17: Example of measured steering wheel torques for a critical manoeuvre. Controller torque in blue, human torque in
orange.

Subsequently, a script was written detecting the occurrence of conflicts and determining the absolute
conflicting torque during the manoeuvre. The data of the conflicting torque (yellow) was used to deter-
mine the conflicting rotational work, mean conflict peak torque (maximum value) and the mean per-
centage of time in conflict. The latter value was determined by summing the time of conflict by the total
time of the obstacle avoidance.
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Figure 18: Example of conflict detection (red) and conflicting torque (yellow).

Lastly the profile of the calculated conflicting torque was compared to the lateral error of the vehicle
with respect to the Human compatible Reference, as depicted in Figure 19. The figure shows the stan-
dard deviation of all participants in terms of trajectory, HCR error and absolute conflicting torque for
both critical and non-critical sections, for HSC and Combi. The largest conflicts were present for critical
obstacles, showing visible correlation between HCR error and conflicting torque.

Figure 19: Error bars showing standard deviation of all participants for HSC and Combi during critical and non-critical obsta-
cles.
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G Experimental Results

In this appendix an overview is given of the data obtained for the obstacle avoidance manoeuvres, in-
cluding a description of the presented figures. The data is subdivided between pilot study and experi-
mental study.

Pilot Study

In Figure 20 the trajectories driven during the pilot study are depicted for all conditions. For each condi-
tion, 5 critical and 5 non critical obstacles were present, resulting in a similar number of trajectories. The
trajectories were obtained by selecting parts of the vehicle trajectory corresponding to obstacle avoid-
ance. The moment of obstacle appearance was chosen as the origin for all time traces, see horizontal
axis Figure 20. For the HSC and Combi condition, an orange and green line is depicted, indicating the
Human Compatible Reference.
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Figure 20: Driven trajectories during the experiment, for both critical (left) and non-critical (right) obstacles. Obstacle is indi-
cated by the grey rectangle. The TTC of the obstacle is depicted by the dashed line.

The pilot results show visible differences between the conditions, with for example an increase of intra-
subject variability between Manual-EID. The trajectories are used to determine several dependent mea-
sures to describe task execution. The only difference between the pilot study and the final experiments
is the optimization of the timing of the Haptic Shared Controller, see Appendix B.
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During the pilot, steering wheel torques were measured applied by either (1) the human operator or (2)
the Haptic Shared Controller. In Figure 21 all measured torques during obstacle avoidance are shown
per condition, for critical tasks only. A decrease of human torque was seen for HSC and Combi, indi-
cating that the controller was able to reduce the required human input. Furthermore, the graphs of the
controller torque (middle) show the characteristic torque that was applied during critical obstacle avoid-
ance. On the right side a summation of the torques is presented, showing the combined torque of human
and machine.
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Figure 21: Measured torques during the experiment, for critical obstacles. Human torque on the left, controller torque in the
middle and summation of torques on the right. The TTC of the obstacle is depicted by the dashed line.

Similar plots were generated for the non-critical obstacles, see Figure 22. Again, note the characteristic
torque profile of the controller in the graphs depicted in the middle. It can be seen that the required
torque for non-critical obstacles is severely lower, but more spread out than the critical obstacles.

One of the resulting dependent measures mean lateral obstacle margin, is shown in Figure 23. Already
during the pilot, the characteristic behavior of reduced lateral obstacle margin was visible, indicating a
noticeable effect of the implemented visuals for non-critical tasks. The results for non-critical tasks were
still inconclusive.
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Figure 22: Measured torques during the experiment, for non-critical obstacles. Human torque on the left, controller torque in
the middle and summation of torques on the right. The TTC of the obstacle is depicted by the dashed line.

man EID HSC combi

Condition

0

0.5

1

1.5

2

2.5

L
a
te

ra
l S

a
fe

ty
 M

a
rg

in
 [
m

]

Critical

man EID HSC combi

Condition

0

0.5

1

1.5

2

2.5
Non-Critical

Figure 23: Box-plots of intra-subject variability of mean lateral obstacle margin (here called safety margin) during the pilot
study.
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Experimental Study

In this section the raw data of all participants is shown for the obstacle avoidance sections. A more
detailed explanation of the graphs can be found in the previous section about the pilot study results. In
general, three figures are presented per participant: (1) trajectories, (2) steering wheel torques - critical
and (3) steering wheel torques - non-critical.

P01 - Raw data results

Trajectories

0 2 4 6 8

0

2

4

Y
la

t [
m

]

manual - critical

0 2 4 6 8

0

2

4

Y
la

t [
m

]

EID - critical

0 2 4 6 8

0

2

4

Y
la

t [
m

]

HSC - critical

0 2 4 6 8

Time [s]

0

2

4

Y
la

t [
m

]

combi - critical

0 2 4 6 8

0

2

4

manual - non-critical

0 2 4 6 8

0

2

4

EID - non-critical

0 2 4 6 8

0

2

4

HSC - non-critical

0 2 4 6 8

Time [s]

0

2

4

combi - non-critical

23



Steering Wheel Torques - Critical
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P02 - Raw data results
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Steering Wheel Torques - Critical
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P03 - Raw data results
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Steering Wheel Torques - Critical
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P04 - Raw data results
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Steering Wheel Torques - Critical
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P05 - Raw data results
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Steering Wheel Torques - Critical
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P06 - Raw data results
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P07 - Raw data results
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P08 - Raw data results
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P09 - Raw data results
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P10 - Raw data results
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P11 - Raw data results
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P12 - Raw data results
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P13 - Raw data results
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P14 - Raw data results
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P15 - Raw data results
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P16 - Raw data results
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P17 - Raw data results
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P18 - Raw data results
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P19 - Raw data results
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P20 - Raw data results
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P21 - Raw data results
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P22 - Raw data results
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P23 - Raw data results

Trajectories

0 2 4 6 8

0

2

4

Y
la

t [
m

]
manual - critical

0 2 4 6 8

0

2

4

Y
la

t [
m

]

EID - critical

0 2 4 6 8

0

2

4

Y
la

t [
m

]

HSC - critical

0 2 4 6 8

Time [s]

0

2

4

Y
la

t [
m

]

combi - critical

0 2 4 6 8

0

2

4

manual - non-critical

0 2 4 6 8

0

2

4

EID - non-critical

0 2 4 6 8

0

2

4

HSC - non-critical

0 2 4 6 8

Time [s]

0

2

4

combi - non-critical



Steering Wheel Torques - Critical

0 2 4 6 8

-10

0

10

20

T
o
rq

u
e
 [
N

m
]

T
hum

 - manual

0 2 4 6 8

-10

0

10

20

T
o
rq

u
e
 [
N

m
]

T
hum

 - EID

0 2 4 6 8

-10

0

10

20

T
o
rq

u
e
 [
N

m
]

T
hum

 - HSC

0 2 4 6 8

Time [s]

-10

0

10

20

T
o
rq

u
e
 [
N

m
]

T
hum

 - combi

0 2 4 6 8

-10

0

10

20

T
contr

 - manual

0 2 4 6 8

-10

0

10

20

T
contr

 - EID

0 2 4 6 8

-10

0

10

20

T
contr

 - HSC

0 2 4 6 8

Time [s]

-10

0

10

20

T
contr

 - combi

0 2 4 6 8

-10

0

10

20

T
tot

 - manual

0 2 4 6 8

-10

0

10

20

T
tot

 - EID

0 2 4 6 8

-10

0

10

20

T
tot

 - HSC

0 2 4 6 8

Time [s]

-10

0

10

20

T
tot

 - combi

Steering Wheel Torques - Non-Critical

0 2 4 6 8
-5

0

5

10

15

T
o

rq
u

e
 [

N
m

]

T
hum

 - manual

0 2 4 6 8
-5

0

5

10

15

T
o

rq
u

e
 [

N
m

]

T
hum

 - EID

0 2 4 6 8
-5

0

5

10

15

T
o

rq
u

e
 [

N
m

]

T
hum

 - HSC

0 2 4 6 8

Time [s]

-5

0

5

10

15

T
o

rq
u

e
 [

N
m

]

T
hum

 - combi

0 2 4 6 8
-5

0

5

10

15

T
contr

 - manual

0 2 4 6 8
-5

0

5

10

15

T
contr

 - EID

0 2 4 6 8
-5

0

5

10

15

T
contr

 - HSC

0 2 4 6 8

Time [s]

-5

0

5

10

15

T
contr

 - combi

0 2 4 6 8
-5

0

5

10

15

T
tot

 - manual

0 2 4 6 8
-5

0

5

10

15

T
tot

 - EID

0 2 4 6 8
-5

0

5

10

15

T
tot

 - HSC

0 2 4 6 8

Time [s]

-5

0

5

10

15

T
tot

 - combi



P24 - Raw data results
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P25 - Raw data results
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P26 - Raw data results
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Steering Wheel Torques - Critical
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