Msec. Thesis

[mpact of control authority on
the drivers’ perceived responsi-
bility: a haptic shared control
driving study

TUDelft






Msc. Thesis

Impact of control authority on the drivers’
perceived responsibility: a haptic shared
control driving study

by

C. H. Kok

to obtain the degree of Master of Science
at the Delft University of Technology,
to be defended publicly on April 8/, 2021

Student number: 4253485
Faculty: Mechanical, Maritime and Materials Engineering (3mE)
Project duration: September 1, 2020 — April 8, 2021
Thesis committee: Prof. dr. ir. D. A. Abbink, TU Delft, supervisor
Dr. ir. N. W. M. Beckers, TU Delft, supervisor
Dr. ir. L. C. Siebert, TU Delft, external member

An electronic version of this thesis is available at http: //repository.tudelft.nl/.

]
TUDelft


http://repository.tudelft.nl/




Preface

In a world of constant progress and innovation, driving automation has been on the leading edge. This inno-
vative process has always been centered on pure technological advancement. This poses no problem as long
as the technology is used as a tool. However, new technology is shifting away from technology as a mere tool,
to a setting in which machine and man cooperate. This poses a myriad of new problems, many of which are
in the social-psychological field.

When assessing the current literature, I found many reviews about the social-psychological views and opin-
ions of the larger public regarding automated vehicles, but much less inquiries into the viewpoint of the driver
of the car itself. In this MSc. thesis I aim to broaden the understanding on the interaction and responsibility
of driver and car.

C.H. Kok
Groningen, March 2021
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Impact of control authority on the drivers’ perceived responsibility:
a haptic shared control driving study

C.H. Kok, Prof.dr. C.M. Jonker, Prof.dr.ir. D.A. Abbink, and Dr.ir. N.-W.M. Beckers

Abstract—More and more vehicles have multiple advanced
driver-assistance systems (ADAS), that take over tasks from the
human driver, thereby taking the driver out of the loop of control.
This might create a discrepancy between the responsibility that
the human driver feels and the responsibility that is attributed to
them when something goes wrong. Previous studies into perceived
responsibility were mostly conducted in traded control systems,
in which either the vehicle or the driver was performing the
task, and tasks were shifted between them. In haptic shared
control systems the automation and human driver cooperate
continuously. The Level of Haptic Authority (LoHA) determines
how strong the controller enforces its guidance. We examine
how this LoHA impacts the driver’s own perceived outcome
responsibility, as well as that attributed to the automation when
the automation makes a mistake. We found that when authority
is shifted towards the car, the human driver feels less responsible,
and attributes more responsibility to the automation, but only to
a certain degree. Our findings correspond with previous research
and with our own hypothesis. They add a new perspective
to the current literature, as this is the first research-paper to
examine responsibility perception in haptic shared driving from
the drivers perspective. More research in the human driver’s
experience is needed to better understand human behaviour
whilst driving with driving automation systems.

I. INTRODUCTION

Nowadays, we can hardly imagine what it would be like
to drive without any form of assistive technology in our
car. A continuously increasing amount of on-road vehicles
depend on one or multiple advanced driver-assistance systems
(ADAS) . These ADAS are designed to assist with driving
tasks, including Lane Keep Assist or Adaptive Cruise Control.
In turn, the introduction of such assistive systems also has
drawbacks. For example, ADAS can lead to driver deskilling,
or yield unforeseen situations [1]. Furthermore, overly op-
timistic introductions to automated driving features by the
automotive industry (e.g. Tesla’s autopilot) have demonstrated
to create expectations about functionality that are greater than
the actual capabilities of these systems possibly leading to
overreliance on the automation [2]. The scientific community
therefore shows a growing concern that this shift towards
automated driving might create a gap in responsibility for
negative outcomes in which one or multiple ADAS assisted
a human driver [3], [4].

One increasingly popular attempt at reducing this gap in
responsibility is the concept of Meaningful Human Control
(MHC) [3], which includes human moral values back into the
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design of ADAS. For a system to be under MHC it should
satisfy two necessary conditions: a tracking condition and a
tracing condition. The tracking condition states that a system,
as a whole (i.e., both human and non-human agents together),
is not under MHC unless it responds to human norms and
values to act, or refrain from acting [5]. An example of this
would be the system prioritizing certain objectives (e.g., safely
stop the car at the side of the road because the driver is
unresponsive) over others (e.g., continue at the set cruise-
control speed between the current lane-boundaries) [S]. The
tracing condition, on the other hand, states that human agents
(e.g., designers of the car, end-users) should understand the
system in terms of its capabilities, effects, and the potential
moral consequences its use might hold [6]. That includes a
thorough understanding of that person’s own abilities, level of
skill and their role in the system. This second condition might
be violated for example when car manufacturers are aware
of the technical limits of ADAS they produce, yet shift the
responsibility for accidents caused by said limitations to the
end-user by having them accept the terms and conditions [5].

Calvert et al. [4] illustrate this in a qualitative sense by
analyzing three well-known accidents with semi-automated
vehicles that use traded control (TC). They found that these
accidents exhibit discrepancies between the amount of respon-
sibility that is attributed to the driver and the abilities of
the driver to intervene and avoid the accident. Others [7],
[8] have applied a more quantitative approach by getting
the public’s opinion using online surveys. They found that
in crashes involving semi-automated vehicles, human drivers
are generally blamed more than the car(-manufacturer) [8],
even when both make mistakes and regardless of whether the
driver was in a position to actually interfere [7]. These gaps
in responsibility are a direct result of violations of the tracing
condition. In none of the above examples was the system under
MHC.

To our knowledge, these studies on responsibility percep-
tions/attributions centered on vehicle automation have solely
focused on TC systems [8]-[10], which are prone to violating
the tracing condition [4]. One type of ADAS that might lead to
more meaningful human control is haptic steering guidance or
haptic shared control (HSC). The key idea of shared control
is that driver and ADAS share the control task; hence they
continuously cooperate. For HSC specifically, the continuous
cooperation occurs through haptic forces that facilitate mutual
communication between driver and ADAS. As a result, the
human driver stays actively involved in the driving task and
is kept in the control loop [11], [12] preventing out-of-the-
loop problems regularly shown to occur in TC driving [13]-
[16]. This could potentially prevent violations of the tracing
condition.



When driving with TC, control is not shared: either the
ADAS is in control of the driving task, or the driver. Control
over tasks is traded dichotomously between driver and automa-
tion by means of take-over requests [17]. With HSC, however,
the level of guidance can vary continuously depending on the
level of haptic authority (LoHA) [11]. The LoHA determines
how strong the controller enforces its guidance by imposing
a virtual spring around the controller’s desired steering wheel
angle; the higher the LoHA, the stronger the controller en-
forces its guidance [18]. It has the potential to allow for a
continuous degree of authority from weakly enforced haptic
authority (i.e., a low torsional resistance) to a strong enforced
haptic authority (i.e., a strong torsional resistance). The driver
may go along with the guidance by relaxing their muscles or
overwrite the ADAS by steering against it [11]. This way the
human driver and the automation jointly steer the car, yet the
driver holds the option to overwrite the automation.

However, one downside of HSC is that this continuous scale
of support could lead to confusion about who is in charge [19].
In turn, this confusion might lead to mistakes and potentially to
accidents. We do not yet know to what degree the human driver
actually feels responsible when accidents occur. Therefore,
we need more insights in the driver’s experience and change
of perspective due to the shift towards automated driving,
specifically concerning their perceptions of responsibility [20].

Most of the studies on responsibility and driving using
ADAS make use of online surveys and vignettes. However,
the ecological validity of such online studies is low and
can be difficult to use to assess the driver’s own perceived
responsibility [21]. The body of literature on studies from
a driver’s perspective in a simulator is surprisingly scarce.
Indeed, the bulk of the available studies examine responsibility
attribution from an observer’s point of view, while it is widely
known that observers attribute responsibility differently than
actors [22]. As a result, we lack insight into the driver’s
actual experience or perspective on how they perceive their
responsibility when an accident occurs while using ADAS.

Previous studies on perceptions of responsibility show that
the humans perception of control over a robots behaviour is
an important element in their evaluation of achieved outcomes
[10]. It seems that humans assume more responsibility for
outcomes if they felt in control, as opposed to when they
felt out of control [23]. Perceived behavioural control (PBC)
over steering, therefore, appears a promising antecedent for
perceived outcome responsibility in automated driving.

In this paper, we will use a driving simulator to examine
how the level of haptic authority impacts’ the driver’s own
perceived outcome responsibility and responsibility attributed
to the automated vehicle in case the automation makes a
mistake. We will use a virtual driving simulator with a haptic
steering wheel which allows for HSC. We investigate the effect
of LoHA, valence of outcome and whether the ADAS makes
a mistake on how the driver feels responsible for the outcome.

We expect that a higher LoHA will shift the authority
towards the car. Authority allows for control [17], so a shift
in authority towards the car is expected to decrease the
drivers perceived behavioural control over steering the vehicle.
This in turn, is expected to decrease the driver’s perceived

outcome responsibility and increase the outcome responsibility
attributed to the vehicle. Furthermore, in line with the well-
known self-serving bias [24], we expect that the valence of
the outcome might influence the attribution of responsibility
for said outcomes. That is, positive outcomes are attributed
internally (i.e., higher perceived responsibility towards the
human driver, and lower responsibility attributed to the car),
and negative outcomes are attributed externally. Additionally,
we will look both at cases in which the automation makes
a mistake, and in which the automation makes no mistake.
On the one hand, we expect responsibility to be attributed
externally when the automation makes a mistake and the out-
come is negative, as opposed to internally when the outcome is
positive. In other words, a negative action by the automation is
expected to magnify the above mentioned self-serving bias. On
the other hand, we expect a positive action by the automation
to have the reversed effect; inhibit the self-serving bias.

II. METHOD
A. Participants

Twenty-four participants (7 female, 17 male) between 19
and 39 years old (M = 25.3, SD = 4.1) volunteered
for a driving simulator experiment. Participants had their
driving license for an average of 6.9 years (SD = 3.5).
Regarding principal mode of transport, the most frequently
selected response category was human powered transportation
(e.g. walking, cycling) (12 respondents), followed by private
automobile (8 respondents), and public transportation (2 re-
spondents). Two respondends reported driving every day in de
past 12 months, 2 participants reported to drive every day, 4
drove 4-6 days a week, 4 drove 1-3 days per week, 6 drove
once a month to once a week, 4 drove less than once a month,
and 4 never. Regarding mileage in the past 12 months, the most
frequently selected response category was 1.001-5.000 km (7
respondents), followed by 1.001-1.000 km (6 respondents),
and 0 km (3 respondents). No inquiry was made about the
participants’ familiarity with ADAS.

B. Apparatus

The experiment was conducted in a fixed-base simulator at
the Cognitive Robotics Laboratory at the faculty of Mechan-
ical, Maritime and Materials Engineering, Delft University of
Technology. This simulator uses the open-source simulation
platform called CARLA [25]. The driving simulator set-up
contained one TV-Screen (4K Samsung 65”) located on a
desk, a driving seat (i.e. an office chair without rotational
freedom) for the participant, and a SensoDrive SENSO-Wheel
(see Figure 1). The steering wheel actuation was done at 500
Hz; steering wheel damping: .4 [Nms/rad], torsional spring
stiffness: 1.0 [Nm/rad], with a torque resolution of .03 Nm.
Cruise control was set to 80 km/h.

C. Level of Haptic Authority

Apart from the Manual (M) condition, in which only
natural self-alignment torques and natural torsional resistances
were simulated, the Four Design Choice Architecture (FDCA,



Fig. 1. A participant seated in the fixed-base driving simulator, holding the
steering wheel in a ‘ten-to-two’ position. The final on-road obstruction is
visible in the distance.

[18], [26]) was used to provide superimposed haptic guid-
ance torques on the steering wheel. The FDCA controller is
designed to follow a Human Compatible Reference (HCR)
trajectory. The Level of Haptic Authority (LoHA) determines
the amount of effort it takes to counteract the controller.
That is, it determines how much torque 77,74 the steering
wheel should generate when the driver’s current steering wheel
angle 6, deviates from the optimal angle 6,,, as in Eq. 1.
The amount of torque per deviation is determined by a gain
Kioma. A more extensive description of the FDCA controller
can be found in the Appendix B.

Osw) (1

In this paper we look at two different settings for K, a:
low assistance (L condition; K7,,m7 4,7, = 4 Nm/rad), and high
assistance (H condition; K7,g4,7 = 12 Nm/rad), in addition
to the aforementioned M condition (K7, 4,p = 0 Nm/rad).
All FDCA parameter settings used in this experiment were
determined heuristically and can be found in Table I.

TLoHA = KLOHA (901) -

D. Road environment

All participants drove each trial on the same two-lane road
(7 m wide and 5.4 km long), using a cruise-control set at 80
km/h. The trajectory used in the experiment contained a variety
of curves with radii ranging from 112 m to 266 m with respect
to the center-line of the road (aimed at increasing the need for
haptic assistance, see Appendix A). The only exception was
the first curve with a radius R = 500 m. To provoke an active

TABLE I
FDCA PARAMETER SETTINGS USED IN THE EXPERIMENT FOR THE LOHS,
SOHF, AND LOHA. THE THREE VALUES FOR K, 4, IN ASCENDING
ORDER, CORRESPOND TO THE M, L;, AND THE H; CONDITION

RESPECTIVELY.
Arors 1.0 [-] Asorr 1.0 [-]
Ky—SoHF 1 [Nm/m] KLoHA 0-4-12 [Nm/rad]
wasoHF 1.5 [Nm/rad]

I I N .
2000 3000 4000 5000

Distance traveled [m]

Fig. 2. Curvature (1/R) of the trajectory. Red arrows indicate on-road
obstructions.

TABLE II
OVERVIEW OF THE TRIAL CONDITIONS USED IN THIS PAPER. EACH
PARTICIPANT DROVE FIVE TRIALS.

LoHA
Robot action Manual Low  High
None X
Bad X X
Good X X

interaction between the human- and the haptic assistance we
added four on-road obstructions, as seen in Fig. 2. The first on-
road obstruction forced participants to take an evasive action
on to the emergency lane. The second and fourth obstruction
forced a right-to-left lane switch, and the third obstruction
forced two lane switches (right-to-left lane switch followed
by a left-to-right lane switch).

E. Manipulation of robot action

Two human compatible reference (HCR) trajectories were
created for this experiment, the FDCA controller used one of
these depending on which trial was driven. Both of these were
designed to evade the first three obstructions and were identical
for most of the trajectory. However, HCR, was designed to
evade the final obstruction and counted as a positive action
of the robot (in the L; and H; conditions this is also denoted
by subscript g for good). On the other hand, the HCR; was
designed to navigate right through the obstruction and counted
as a negative action of the robot (denoted by subscript b).

As a results, the trajectory was divided in a first part,
up to and including the final curve (HCR,yerqi; 5.25 km),
and a second part which contained only the final on-road
obstruction (HCR .y en¢; .15 km). The HCRyerrqi; Was identical
for all conditions, as opposed to the HCR. ., which differed
between the ’positive action’ (HCR,) and ’negative action’
(HCR}) conditions.

F. Experimental design

We used an unbalanced within-participants design with the
robot’s action as sub-condition nested under the low- and high
LoHA conditions (Table II). Each participant drove five trials;
first one trial without haptic guidance (i.e., M condition) to
familiarize themselves with the virtual environment, then two
trials for each LoHA setting (’good-action’ vs. ’bad-action’).
The four haptic guidance conditions were counterbalanced.

G. Experiment procedure

Participants read an experiment briefing prior to the exper-
iment explaining the purpose, instructions, and procedures of



the study. Participants were informed that we were interested
in how perceived responsibility is impacted by the amount
of control the driver experiences over an automated car, but
not the underlying hypotheses. Additionally, they were told
to keep both hands on the steering wheel in a ten-to-two
position with their thumbs on the steering wheel for safety
reasons. Participants were also notified that they could feel
torques on the steering wheel which may help or hinder them,
but that they would always be able to override these torques.
Participants were instructed to drive as they normally would
except during the first straight section of road; here they were
advised to probe the guidance system to get a feel for the
system they were driving with.

After reading the experiment briefing the participants read
and signed an informed consent form. Before starting the
first trial, participants completed a questionnaire regarding
their sex and driving experience, adapted from the Driver
Behaviour Questionnaire [27]. After each trial, participants
were requested to fill out a questionnaire to assess their per-
ceived behavioral control and responsibility for two outcomes;
a positive and a negative outcome. After filling in the ques-
tionnaire, the participants were asked if they needed a break.
The total experiment, including filling out the questionnaires,
took approximately 45 min. per participant.

H. Manipulation of outcome

For the positive outcome scenario, participants were told to
assume they evaded all of the roadblocks (two trials resulted
in a collision, see Fig. 9 in Appendix G). For the negative
outcome scenario, participants were told to imagine that they
did crash into one of the roadblocks.

1. Dependent measures

Perceived outcome responsibility, was measured with a 1-
item scale per actor (i.e., Human vs. Car). For example,
“To what extent do you (the driver) feel responsible for this
outcome?” was rated on a 7-point Likert scale from 1 = Not
at all to 7 = Completely. The proposed mediator variable,
perceived behavioural control, was measured with a I-item
scale “I feel in control steering this car” rated on a 7-point
Likert scale from 1 = Strongly disagree to 7 = Strongly agree.
We initially intended to use a 2-item scale for perceived control
which included the statement “The car lets me (the driver)
have control over steering”. However, we realized (post-hoc)
that this statement better represents perceived authority and is,
therefore, used as a subjective check for manipulation of the
LoHA.

To increase the signal-to-noise ratio, we added an attention
check statement [28]; “I am paying attention” rated on a
reversed 7-point Likert scale from 1 = Completely to 7 = Not
at all. Trial runs in which this attention check was answered
with a 4 or higher were excluded from the analyses (n., = 8).
The post-trial questionnaire that was used in this paper can be
found in Appendix E.

A: Conceptual Model

Behavioural
Control

| Action Valence

M d
E -3 |Outcome Valence
X Y > ¥
LoHA Responsibility
B: Statistical Model
eM
i Sex
Behavioural
Control M« hi v

/' F:”

ay

LofiA

X

Action Valence
Outcome Valence .l_

LMy | Mg | myQ |

Fig. 3. Representation of the relations between level of haptic authority
(LoHA), perceived behavioural control and attributed outcome responsibility.
Panel A: Conceptual model, these relations are believed to be moderated by
the action of the robot, and the valence of the outcome. Perpendicular arrows
indicate moderation. Panel B: Corresponding statistical model, sex (U) is
added as a covariate.

J. Statistical Model

The conceptual model in Figure 3, panel A is a second
stage and direct effect moderation model [29], [30] with two
multiplicative moderators [31]. This model describes the effect
that level of haptic authority has on the responsibility attributed
to either the car or the human driver; the effects for each actor
is analysed individually. Statistically this can be represented
in the form of a path diagram as shown in Figure 3, panel B,
and in the form of two regression equation as in Eq. 2 and 3.

Mdriver = ZM + alX + auU +enm (2)
Yactor =ty + C/QV + CéQ + CZLVQ + b, U + ey
+ () +cEV +c5Q + V)X 3)

+ (bl + bQV + b3Q + b4vQ)Mdm’ver

In these regression equations, U is the sex of the participants
(Ufemate = —-9, Umaie = .5) and used as a covariate (not
included in the conceptual diagram). The effect that LoHA
(X) has on the outcome responsibility (Y) is believed to be
mediated by the perceived behavioural control of the driver
(Mg iver) - The above model allows the effect that My,.;per
has on Y to be moderated by the robot’s action V and the
valence of the outcome (). The corresponding contrast coding
can be found in Table IV. This model includes multiplicative
moderation [31] between both moderators and fixed effect X;



TABLE III
MEANS (M) AND STANDARD DEVIATIONS (SD) OF PERCEIVED AUTHORITY, PERCEIVED BEHAVIORAL CONTROL (1 = Strongly disagree - 7 = Strongly
agree), AND OUTCOME RESPONSIBILITY (1 = Not at all - 7 = Completely) FOR EACH OF THE CONDITIONS; GOOD/BAD REFERS TO THE ACTION OF THE
ROBOT, POSITIVE/NEGATIVE REFERS TO THE VALENCE OF THE OUTCOME.

Authority Behavioural Control Outcome Responsibility
Conditions Positive Negative Positive Negative
M (SD) M (SD) Mcar (SD) My uman (SD)
Manual level 5.38 (2.14) 5.46 (1.67) 2.46 (1.86) 2.17 (1.66) 6.71 (.69) 6.62 (.65)
Low LoHA
Good 4.29 (1.71) 4.75 (1.73) 4.17 (1.81)  4.42 (1.67) 5.08 (1.59) 4.96 (1.27)
Bad 4.12 (1.70) 4.58 (1.77) 4.29 (1.71)  4.12 (1.96) 4.96 (1.78)  4.71 (1.76)
High LoHA
Good 3.96 (1.85) 4.33 (1.97) 4.71 (1.81)  4.71 (1.63) 4.71 (1.73)  5.00 (1.47)
Bad 4.12 (1.51) 4.83 (1.55) 4.08 (1.69) 4.88 (1.68) 475 (2.15) 4.88 (1.54)
TABLE IV ITI. RESULTS

CONTRAST CODING OF FIXED EFFECT X (I.E., LOHA) AND MODERATORS
V' (1.E., VALENCE OF ROBOT ACTION) AND @ (I.E., VALENCE OF

OUTCOME).
LoHA [Nm/rad] Moderators
Manual — Low Low — High Action (V) Outcome (Q) Encoding
0 M) 4 (L) bad negative -5
4 (L) 12 (H) good positive 5

i.e. three-way interaction. From Eq. 3 we get the moderated
indirect effect w of X on Y through M (Eq. 4), and the
moderated direct effect v of X on Y (Eq. 5).

w=ai(by + bV + b3Q + b,V Q)
y=c + &V +Q+ VR

“4)
®)

We will call a1bs, a1b3, and a1bs the indices of moderated
mediation with respect to V, @), and V@ respectively. These
indices represent a quantification of the effects that V', (), and
the combined effect of V' (Q have on w in our model [31], [32].

Regression coefficients were estimated using Linear Mixed-
Effect (LME) modelling [33]. This procedure is described in
more detail in the Appendix D. We use the bias-corrected
and accelerated (BCA) bootstrap method to calculate 95%
confidence intervals (CI) for our coefficients and correspond-
ing conditional effects [34]. As a proxy of effectiveness of
the LME model we calculate the conditional coefficient of
determination Rg for mixed-effect models, as defined in Eq.
6 [35]:

2 Uf2+57r2

(6)

¢ Of2 + 0,2 + 02
where o 42 is the variance of the fixed effect components, .2 is
the variance of the random effects, and o2 is the observation-
level variance.

On the one hand, for the objective measure (i.e. p,), we
report the results of right-tailed Wilcoxon signed rank tests
for & = .05. On the other hand, for the moderated mediation
analysis we report the regression coefficients, corresponding
indices of moderated mediation, and their corresponding 95%
bias-corrected CI based on 10,000-bootstrap iterations.

Table III provides the estimated coefficients (mean val-
ues and SD) corresponding to perceived authority, perceived
behavioral control over steering, and outcome responsibility
for each experimental condition. First, we will check if the
manipulation of the LoHA had the desired result. Then, we
will examine if and how a change in the LoHA affects
the participants perceptions of responsibility for outcomes.
Finally, we will see how the valence of the outcome influenced
attributions of outcome responsibility.

A. Manipulation Check

The first 1.25 km of each trial run, containing 3 curves and
one road obstruction, were considered as adjustment periods
for the driver to adjust to the new system. The corresponding
measured data was discarded accordingly.

We compared the steering wheel torque 71,01 A, overali COI-
responding to HCRyerqp Of the M, L, and H conditions to
asses if manipulating the LoHA had the desired effect. Data
of both the L, and H; conditions were pooled across their
nested conditions (i.e., good and bad action of the robot). As
intended, the 7T7,p A 0verqu for the L condition were greater
than those for the M condition (Mrora,;, = -25 Nm vs.
Mromam = 0 Nm; W = 253, p < .001). This increase in
LoHA was accompanied by a decrease in perceived authority
(Mauthority,L = 4.21 vs. Mauthority,M = 5.38, W = 742,
p .0015). A further increase in LoHA did results in
larger torques on the steering wheel (Mroma, 1 .55 Nm;
W = 252, p < .001), however, this did not lead to a signif-
icant difference in perceived authority (Myuthority,rr = 4.04;
W = 461, p = .351). Increasing the LoHA had the intended
mechanical effect on the steering wheel. However, it only had
the desired effect on authority for the Low condition; a further
increase did not significantly change the perceived authority.

We compared the steering wheel torque 7r0HA,event COI-
responding to HCRg,ey+ Of the good versus bad conditions
to assess manipulation of the robot action. Data of the good
action conditions (L4, H,) were pooled, as was the data of
the bad action conditions (L, Hp). As intended, the torques
during navigation of the final obstacle were greater for the
‘bad action’ (Mr,ma = 1.77) than those for ‘good action’



TABLE V
LME REGRESSION COEFFICIENTS WITH BCA CONFIDENCE INTERVALS ESTIMATING BEHAVIOURAL CONTROL AND OUTCOME RESPONSIBILITY. LOHA
AND BEHAVIOURAL CONTROL ARE CONTRAST CODED AND MEAN CENTERED.

Behavioural Control (M)

Outcome Responsibility (Y)

Manual — Low Low — High Manual — Low Low — High
Car Human Car Human

Coeff. 95% CI Coeff. 95% CI Coeff. 95% CI Coeff. 95% CI Coeff. 95% CI Coeff. 95% CI
LoHA (X) a; — =79 [-1.08, -.56]* -.08 [-.28,.18] chx — 144 [90,197]%  -141 [-1.75, -1.14]* 32 [-.09, .69] -08 [-.44, .32]
Behavioural Control (M) bix —  -32 [-50, -.06]* 31 [17, 46]* -41 [-.56, -.22] 49 [.37, .68]
Action (V) ch — .09 [-.25, 42] 19 [-.09, .52]
Outcome (Q) ch — .07 [-.29, 45] 15 [-.13, .46] =22 [-.56, .10] .02 [-.33, .29]
V xQ ¢y — 20 [-51, .86] -12 [-78, .52]
X xV ch — -11 [-.75, .56] A5 [-45, .83]
X xQ cg — -31 [-1.33,.67] 28 [-.25, .90] =37 [-1.09, .31] -41 [-1.07, .25]
X xVxQ ch — 1.23  [-.09, 2.67] 07 [-1.23, 1.34]
M x V by — .01 [-.20, .21] -10 [-31, .13]
M x Q bz — .06 [-.15, .24] 21 [-.01, .40] .05 [-.15, .26] 18 [-.03, .38]
M x V xQ by — -.10  [-.56, .30] -14  [-.55, .27]
Sex (U) uq — 178 [1.53, 2.04]* .93 [.71, 1.15]* up — .64 [.09, 1.10]* -13  [-.49, -.19]* 59 [18, .95]* -08 [-47,.32]
Intercept iy — =37 [-50,-24]%  -19 [-.30, -.08]* iy —  3.44 [3.17, 3.66]* 5.55 [5.42, 5.76]* 4.31 [4.11, 4.49]* 490 [4.71, 5.09]*

R2 = .894 R2 = .846 R2 = .731 R2 = .703 R2 = 708 R2 =.739

*0 ¢ 95% CI

condition (Mrorra,y = 0.33 Nm; W = 253, p < .001). In
other words, participants had to apply more torque on the
steering wheel, when the robot did not steer to evade the
final on-road obstruction (i.e., robot mistake), to counteract the
guidance torques. Thus, the manipulation of the robot action
proved to be successful.

B. Main findings

The proposed mediation model did not converge when
comparing the Manual conditions to the Low LoHA
conditions. We found no significant difference between
observations of the Low and Good action condition when
compared to those of the Low and Bad action condition for
none of the subjective variables. Thus, we pooled observations
of the good and bad robot action trials of the low LoHA
condition when comparing these observations to those of the
manual condition, therefore, effectively not considering the
valence of the robot action as a moderator in this analysis.
This simplified model did converge. When comparing the
Low LoHA observations to the high LoHA observations we
did not exclude the robot action as a potential moderator.
The corresponding estimated regression coefficients of both
analyses can be found in Table V.

Perceived behavioural control as mediator

Supporting the first hypothesis, at least to a a certain
degree, we see that a moderate increase in LoHA (i.e. manual
— low) is matched by a decrease in behavioural control
over steering (a1|pr—z = —.79, 95% CI = [—1.08, —.56]).
However, we found that further increasing the LoHA

did not necessarily lead to a change in perceived control
over steering (a1|p—pg = .08, 95% CI = [-.28,.18]).
Providing support for our second hypothesis, we found
for both increases of LoHA a positive correlation between
the perceived behavioural control of the driver over the
steering of the car and the attributed responsibility to
the car (b1,cor|lmM—>r = —.32, 95% CI = [-.50,—.06],
bicarlbon = —A41, 95% CI = [-.56, — .22]). As
expected, we found a negative correlation for the perceived
responsibility of the driver (b1 puman|lmv—r = .31,
95% CI = [17,.46]), b1 humanlo—o = 49, 95%
CI = [.37, .68]). As a result, perceived control significantly
mediated the effect that a moderate increase of haptic
authority had on attributions of responsibility; both for
attributions towards the car (aibicerlp—r = 48, 95%
CI = [.21, .80]), and for attributions towards the human
driver (alblﬁhuman‘]\/jﬁL = —.33, 95% CI = [—.50, — 15])
No significant mediation, and therefore no moderated
mediation, was found for a further increase of LoHA. All
indices of (moderated) mediation can be found in Appendix G.

Outcome valence as moderator

Surprisingly, the degree to which behavioural control af-
fected outcome responsibility was not explicitly influenced by
whether the outcome was positive or negative (b3 car|pm—r1 =
06, 95% CI = [—.15,.24], b3 human|lmv—r = 21, 95%
CI = [-.01, .40]). Nonetheless, at least for responsibility
attributed to the driver, we found a significant moderating
effect of outcome valence on the indirect relation between
an increase in the level of haptic authority and attributed
outcome responsibility (a1b3 human|v—r = —.17, 95% Cl =
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Fig. 4. Raw data for a random participant during the last kilometre of the track including the final two curves and the final on-road obstruction (red arrow).
From top to bottom: Road curvature x, LoHA torque 77, 4, steering wheel angle 65, optimal steering angle .

[-.37, —.01)).

LoHA via behavioural control is positively correlated to
responsibility attributed to the car regardless of the outcome;
an increase in LoHA increases the responsibility attributed
to the car. For the human driver, in case of a positive
outcome, this same increase in LoHA leads to a decrease
of approximately the same magnitude in self-attributed
responsibility. However, the driver’s perceived responsibility
decreases less strongly for negative outcomes.

Direct (non mediated) effect

In contrast, at least for an increase in LoHA from Man-
ual to Low, an increase in authority directly increases re-
sponsibility attributed to the car (¢} ...|p—1 = 1.44, 95%
CI = [.90,1.97]), and decreases responsibility attributed to
the human driver (c'l,,wman|MﬁL = .—1.41, 95% CI =
[—1.75,—1.14]) regardless of the outcome valence ). This
direct effect v is considerably stronger than the indirect effect
w. No significant result was found for the individual coeffi-
cients of v for a further increase of the LoHA. However, when
probing the model we did find a significant direct effect for
responsibility towards the car in the bad robot action combined
with a negative result scenario (%M,bad,neg| L—H = .86, 95%
CI = [.15,1.56]). A complete overview of all probed effects
can be found in Table 2 and 3 in Appendix G.

Figure 5 shows the responsibility (Y) as a function
of LoHA (X), and the total effect. The total effect &
is defined as the sum of w; and +; averaged over all
participants (see Appendix B). We found significant total
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Fig. 5. Responsibility (Y) as a function of LoHA (X), defined by

Y = ¢ X + iy, for the human (red circle) and the car (blue triangle)
for both the positive (line) and the negative (dash) outcome. The dotted line
corresponds to the ’bad action-negative outcome’ scenario of the L — H
regression model. Only significant total effects ¢ are included in the figure.

effects for every outcome of the probed Manual — Low
LME model. For responsibility towards the driver, we found
significant total negative effect in case of a negative outcome
(Ehuman,neglM—1 = —1.79, 95% CI = [-2.17, —1.44]), and
in case of a positive outcome (nyman,pos|lmM—1 = —1.67,
95% CI = [—2.06, —1.28]). For responsibility towards the car,
we found significant total positive effect in case of a negative
outcome (Ecarneg|mi—r = 2.09, 95% CI = [1.46,2.70)),
and in case of a positive outcome (€cqr pos|p—r = 1.75,
95% CI = [1.07,2.43]). For the probed Low — High



LME model we only found a significant result in the
bad robot action combined with a negative result scenario
(Ecarbad,neg|L—u = .89, 95% CI = [.23,1.59)).

On a general note, the results additionally show that sex, as
a co-variate, is positively correlated with behavioural control
(ue|pr—r = 1.78, 95% CI = [1.53,2.04], ualr—r = .93,
95% CI = [.71,1.15]). This implies that women (Ufemaie =
—.5) generally perceive less control over steering than men. A
similar effect of sex is observed regarding attributions of out-
come responsibility towards the car (up,cqr|pr—1 = .64, 95%
CI = [.09,1.10], up.car|lo—n = 59, 95% CI = [.18,.95]).
The opposite, however, is observed for attributions of outcome
responsibility towards the driver (up puman|m—r = —.13,
95% CI = [—.46,—.19]); women seem to perceive more
outcome responsibility than men.

IV. DISCUSSION

This study aimed to examine how the level of haptic author-
ity impacts the driver’s own perceived outcome responsibility,
as well as the responsibility attributed to the automated vehicle
in case the automation makes a mistake. Of particular interest
was the potential mediating role that perceived behavioural
control might hold in this relation. In addition, the study
examined whether the valence of the robot action and of the
outcome altered the level of responsibility attribution towards
either actor.

Implications

The results support our hypotheses to a certain degree.
That is, participants felt less in control over steering while
cooperating together with the haptic shared controller, when
compared to driving by themselves. As expected, we found
a positive correlation between perceived control and respon-
sibility; participants who felt less in control also perceived
less responsibility for the achieved outcome. As a result,
participants felt less responsible for outcomes achieved in
cooperation. This indeed demonstrates that self-attribution of
responsibility for achieved outcomes is mediated, to certain
extent, by the perceived control that the driver experiences
over steering. This finding corroborates the findings of Jorling
et al. [10], yet to our knowledge, this study is the first
to use a driving simulator to examine perceptions from the
driver’s perspective. The portion of this attribution explained
by perceived behavioural control, however, is small compared
to the total effect of the LoHA. Increasing the haptic shared
controller’s authority decreases the driver’s perceived respon-
sibility, regardless of the perceived control over steering.

The opposite appears for responsibility that is attributed to
the car(-manufacturer). Our expectation to see an increase in
the attributed responsibility to the car as a result of a shift
in authority towards the car was confirmed. Surprisingly, we
found that the responsibility attributed to the car increased
with approximately the same rate as that the driver’s own
perceived responsibility decreased. This holds for both the
indirect effect, via perceived behavioural control, and the
direct effect of LoHA on perceived outcome responsibility.

This implies that participants’ perceptions follow a rule of
conservation of responsibility when attributing responsibility
to each actor; if they are less responsible, then the car should
be more responsible. This observation is conceptually similar
to one made in a social psychology study that examined how
an observer’s attribution of responsibility to multiple actors is
influenced by the moral character and the motive of the actors
[36]. However, this is observed for the first time in the context
of a human cooperating with a driving automation system.

Unfortunately, conservation could work both ways. If the
automation is believed by the driver to be more capable than
it actually is, then what does that signify for the drivers
perception of responsibility if it does indeed follow a rule of
conservation [2]? False expectations may lead to the driver not
taking full responsibility of his role in driving and overreliance
on the automation [37]. As a result, responsibility attributed by
the driver to the car(-manufacturer) might be inflated, thereby
decreasing the driver’s own feelings of outcome responsibility.
This potential shift in responsibility from the driver’s perspec-
tive would, if not accounted for by the car’s design, directly
violate the tracing condition for meaningful human control.
This could lead to serious safety issues like those shown to
occur in TC driving [4].

Haptic shared control however, is believed to decrease
overreliance on the automation as the driver stays actively
involved in the driving task and is kept in the control loop
[11], [12]. This might explain why the driver’s perceived and
attributed responsibility did not change significantly for an
increase in LoHA past what we defined as ’low assistance’
or the low LoHA condition. Our low LoHA condition was
set at Kr,ma = 4 Nm/rad, which is approximately 2 to 3
times higher than what Zwaan et al. heuristically determined
as the upper limit of the LoHA before drivers would report
dissatisfaction [18]. In hindsight our definition of ’low assis-
tance’ might have already been on the strong side of the LoHA
spectrum. HSC is designed so that the driver holds the option
to overwrite the automation, thereby taking back the authority
[11]. Increasing the LoHA had the intended mechanical effect
on the steering wheel. However, the results of the subjective
manipulation check suggest that the LoHA had a ceiling
effect on the authority shift towards the car (see Appendix
G). Our high LoHA condition might, therefore, have been so
strong that participants felt the need to hold the authority (by
not giving way to, or steering against the automation), and
consequently not hand over’ the responsibility for driving to
the car [17]. Below, in the additional analysis section we will
offer an alternative possible explanation.

We found a reversed self-serving bias for the portion
of self-attributed responsibility that is accounted for by
perceived control, much like Jorling et al. found in the use of
semi-autonomous service robots [10]. That is, we observed a
slightly stronger decrease in self-attributed responsibility to
the driver for positive outcomes when compared to negative
outcomes. This implies that drivers that use HSC steering
feel more responsible when the outcome is negative, as
opposed to when that outcome is positive. Jorling et al.
identify that negative outcomes obtained by service robots
are attributed internally only if the service customer perceives



ownership of the service robot. They hypothesise that “long-
term satisfaction with service robots might be higher when
customers do not own them”. Keeping the driver in-the-loop
might not lead to actual ’ownership’ of the car, but rather
keeps ownership over the driving or steering behaviour of the
car with the driver. We believe that this could contribute to a
more responsible driving behaviour of the system as a whole
(i.e. human and non-human actors together). On the other
hand, it might be that the driver felt less responsible for the
positive outcome because the car actively steered away from
the obstruction and is therefor to be credited for the positive
outcome.

The valence of the robot’s action had no significant effect.
This is not surprising seeing as the robot’s action was only
included as a potential moderator when we analysed an
increase of the LoHA past the ’low assistance’ condition.
Here we found no significant indirect effect of LoHA on
responsibility, let alone moderated by valence of the robot’s
action. We did find a significant direct effect of responsibility
towards the car in the Bad action combined with a negative
result scenario. However, the fact that we found a significant
effect in this specific case and not on the other scenarios
is no definitive evidence of moderation. Or as Hayes [38]
put it: “difference in significance does not imply significantly
different”. Other factors that were not accounted for might
have led to this result. It does, however, hold the door open
for the valence of the robot action as a potential moderating
factor for responsibility attribution in shared control.

Additional analysis

A closer look at the torques involved suggests an opposite
explanation to the 'too high LoHA’ argument given above. We
looked at the mean absolute guidance torques during the main
part of the track, (see Figure 1 and 2 in Appendix G), and saw
an increase in guidance torques for the high LoHA conditions
when compared to the low LoHA conditions. Why then do
we not see an effect on perceived control or responsibility for
that increase in LoHA? Perhaps the human force perception is
not sensitive enough to feel these differences in the guidance
torques, due to limitations in the arm’s proprioception or due
to limitations in their sensory perception. Following the same
reasoning, we looked at the mean absolute guidance torques
during navigation around the final obstruction. As intended,
we saw an increase in mean absolute guidance torque when
the automation ’overlooks’ the on-road obstruction compared
to when the automation guides the car around the obstruction.
Surely, this should have led to some effect of the automation’s
action?

In an attempt to answer this we looked at the driver’s mean
absolute steering torques and noticed that these barely differed
between conditions during the entirety of the track including
the final obstruction (see Figure 3, 4, 7, and 8 in Appendix
G). It seems that participants did not (have to) exert more
physical effort to steer against the automation, in contrast to
our expectations. Perhaps the levels of haptic authority weren’t
sufficiently far-removed to adequately represent a low haptic

authority scenario versus a high haptic authority scenario. A
thorough statistical analysis is needed to corroborate these hy-
potheses. All of the above interpretations, however, imply that
the high LoHA condition might not have been high enough.
This contradicts the idea that the High LoHA condition might
have been too high.

Additionally, we looked at the raw car positions and corre-
sponding safety margins like the Time to Line Cross (TLC)
[s] and the Time to Collision (TC) [s] (see Fig. 9 — 11 in
Appendix G). These however did not offer new insights.

Limitations and future research

We investigated the effect of the level of haptic author-
ity on responsibility attributions for outcomes obtained in
cooperation between human driver and a haptic guidance
system. When looking at our research we concluded that an
increase in level of haptic authority was related to a decrease
in perceived human responsibility. We also concluded that
this responsibility stopped decreasing at some point. Future
research could focus on finding this tipping point. We could
also speculate that the curve might start in a similar way. This
would mean that there could be an increase of LoHA for which
the perceived responsibility of the driver does not decrease. A
next step would be to investigate if and where the tipping point
exists at which perceived responsibility towards the driver
starts to decrease for increasing level of haptic authority.

We also found a strong effect of sex, when modeled as
a covariate, on both perceived behavioural control and on
responsibility attribution. Especially its effect on perceived
behavioural control is large compared to the effect that LoHA
has. This suggests that sex might play a more central role
in how behavioural control and responsibility are perceived.
In this paper we modeled sex as a covariate. Future research
might be conducted in which sex is better accounted for both
theoretically as in terms of participants.

Almost all our participants were from the Delft University
of Technology, following a Mechanical Engineering master
course and often specialising in robotics or human-machine
interfaces. This might confound findings because of the par-
ticipant’s familiarity with automation in general, and with
HSC in particular. An interesting conception from the field
of political science is that responsibility attribution is often
influenced by the level of knowledge an individual has with
regards to a subject [39]. That is, people who understand
an automation might attribute responsibility in systematically
different ways than a person who does not. Future research
might broaden the participant pool to better reflect the general
population. Similarly, almost all our participants were relative
young; i.e. younger than thirty years of age. As a drivers
licence in the Netherlands cannot be obtained before 17 years
of age, driving experience was by default limited. Subsequent
research might examine the influence of driving experience on
perceived responsibility.

V. CONCLUSION

This research is one of the first investigations that make
use of a virtual simulator to examine responsibility attribution



in shared control driving from the driver’s perspective. We
believe that developers should take factors that could influence
the driver’s perceived responsibility into account to prevent
gaps in responsibility when designing for cooperative driving
automation systems. We conclude that a shift in authority
towards the car is accompanied by a shift in outcome re-
sponsibility from the driver towards the car. This shift in
responsibility is only partially explained by the decrease in
the driver’s perceived control over the steering behaviour
of the car. Our findings should be seen as motivation for
further research into responsibility attribution in shared control
driving.
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Road and guidance design

Road environment

The radius R for which driving is comfortable and safe at a given design speed V,; is dependent on both the
pavement super-elevation rate e, and the tire-pavement side friction factor f, and is calculated as:

2
pe_ Va
127-(e+ f)

Given our cruise-control speed (V; = 80 km/h), a safe side friction factor (f = 0.16) [40], and for simplicity
no super-elevation (e = 0), we found a comfortable and safe curve radius of R, = 300 m.

Haptic guidance: Four Design Choice Architecture

The FDCA controller used in this experiment is based on that of [18] and consists of the following four com-
ponents (see Figure A.1):

* Human Compatible Reference (HCR):
In the current research two pre-recorded reference trajectories for the controller to follow. Each tra-
jectory consists of four variables; the x- and y-positions of the car as a reference for the lateral error,
the cars heading as a reference for the heading error, and the steering wheel angles used to create this
reference trajectory.

e Level of Haptic Support (LoHS):
The feedforward fraction of haptic support that the system contributes to the control effort to follow
the HCR. The total feedforward torque (z.,) required to follow the HCR, when no disturbances are
present, is the product of the reference steering wheel angle (0 cr) and the inverse steering dynamics
(Hs‘ul,). The actual feedforward contribution (7 ¢r) to the haptic guidance torque (7 ysc) is a product of
the percentage of LoHS (A1,xs) and 7,¢;:

TFF = ALoHS " Ther
= Aonis* Hyp - OHCR
e Strength of Haptic Feedback (SoHF):
The feedback gains needed to correct for deviations from the HCR. The desired feedback steering wheel
angle Orp is essentially calculated using a proportional controller that penalizes the lateral error (A,)
and the heading error (Ay) with their respective gains (K, and Ky) multiplied by a pre-factor (AsoHF).
The feedback torques required to generate these angles are then calculated by multiplying H,} with
Orp asin:
0rp = Asonr - (KyAy + Ky Ay)

-1
Trp=Hg, -OrB
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14 A. Road and guidance design

Car position & heading
Feedback

(SoHF) e;s esmenng Wheel
Reference HCR position & heading
(HCR) Level of Haptic Or'ﬂ
+ +
esw‘ = Authority (LoHA)
Feed Forward Inverse Steering
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N

Steering Wheel

Car position & heading

Figure A.1: A block scheme of the FDCA-controller (top, green) and the driver (bottom, blue) in a haptic shared steering control system,
adapted from [18, Fig. 1]. Note that this implementation uses fixed LoHA settings as opposed to the Time to Lane Crossing dependent
LoHA of the original author.

e Level of Haptic Authority (LoHA):
A virtual spring around the controller’s desired steering wheel angle. In a sense it determines how
strong the controller enforces the feedback and feedforward torques. It functions as an added torsional
resistance that determines the amount of effort it takes to counteract the controller. The Level of Haptic
Authority torques (1,1 4) are calculated by multiplying the difference in steering wheel angles (Ag,
defined below) by the LoHA gain (K, 4) as in:

Ag =0Frp +0rF —Osw

TroHA = Krona-Ag

The total amount of torque 7 ggc that the controller actually generates on the steering wheel as haptic
guidance is the sum of these torques:

THSC =TFF+TFB+TLoHA



Linear mixed-effect model for
within-subject design

To estimate the regression coefficients in Eq. 2 and 3 we use LME modeling as opposed to regular regression
analysis methods like Ordinary Least Squares (OLS) models. We decided to use LME models for two reasons.

Firstly, because OLS models have been proven to inflate probabilities of Type I errors in repeated measures
analyses when the variance/covariance structure of the data set is not compound symmetric (CS) [41], or does
not satisfy the assumption of sphericity. That is, when not all response variables have the same variance, and
not all pairs of response variables share a common correlation [42]. This assumptions rarely holds for within-
subject design [43, 44]. However, with LME models violation of the assumption of sphericity is of no concern,
because the variance and covariance are explicitly included in the model [45].

Secondly, because the LME framework handles within-participant clustering of data by using levels, i.e.
repeated measurements (level-1) for every subject (level-2). Where regular regression analyses only allow
regression parameters common to all subjects (i.e., fixed effects), LME models also allow parameters that
model these subject-specific deviations (i.e., random effects) [43]. The clustering of the data can thus be
accounted for by these random effects [46]. This is especially relevant in mediation analyses when not taking
random slopes into account inevitably leads to biased indirect and total effects [34]. Not taking into account
random slopes refers to calculating the average of paths a and b before calculating the indirect effect w (i.e.
w = ab).

For statistical validation of our results we apply the BCA bootstrap method using 10,000 repetitions with
stratified re-sampling for which participant ID is used as the grouping factor. Foremost, because it does not
assume normally distributed random effects [34] , but also because it is widely accepted within the field of
statistical mediation analyses [38].

Random slopes for subject-specific differences
Results of LME models for within-participant mediation analyses can be biased if you don’t account for ran-
dom effects between participants. In the simple mediation case, the degree to which the indirect and total
effects are biased when not taking into account random effects depends on how much the slopes a and b
covary [34], see Fig. B.1. For our moderated mediation we argue that the same holds if we replace the b-path
by the moderated b-path.

In our model we used participant ID as a grouping factor by expanding the a, the b; (for j = 1-4), and
the c] coefficients in Eq. 2 and 3

1 N
szzi:w,-

For the total effect € we first calculate the total effects for each participant and then take the average over all
participants. The subject-specific total effects are defined as the sum of w; and vy;:

1 N
6=N;(wi+7’i)
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16 B. Linear mixed-effect model for within-subject design

Figure B.1: Simple mediation model taken from [34]. Narrow arrows indicate per subject random slopes, bold arrows indicate fixed
slopes. The indirect effect that the predictor, via the mediator, has on the outcome is given by the product of path a and path b. The
direct effect of predictor on outcome is given by path ¢’.

Contrast coding

One of the advantages of LME models is that they allow for simple contrast analyses by contrast coding fixed
effects [42]. First, we do a regression analysis on the observations of the M condition and the L condition to
examine to the effect that adding haptic guidance has to the perception of responsibility. Then, we examine
how a further increase in LoHA affects this perception by doing a regression analysis on the observations of
the L condition and the H condition.

We contrast-coded these dichotomous cases to differ exactly a single unit (i.e., analysis 1: Manual = —.5
and Low = .5, analysis 2: Low = —.5 and High = .5), see Table IV. Coefficients of interacting variables are
sensitive to the magnitude of said variables; larger magnitudes increase the product of these variables and,
as a result, decrease the coefficients that correspond to these interacting variables.

For this same reason we mean centered the mediating variable M in Eq. 2 and 3 to prevent unnecessary
inflation/deflation of the (moderated) mediation indices a; b;. This has no effect on the value of w and y but
makes the individual regression coefficients interpretable within the range of the data [38].

Additionally, we contrast-coded our dichotomous moderators to also differ exactly a single unit (i.e., V,
and Q = —.5 or .5 see Table IV ). In doing so, their respective indices of moderated mediation equate the
differences between two corresponding conditional indirect effects. For example, a; b; represents the effect
that changing from a negative outcome (Qyuegative = —.5) to a positive outcome (Qpositive = .5) has on w.
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Consent Form

Impact of control authority on perceived responsibility and blame: a haptic shared

control driving study

Please tick the appropriate boxes
Taking part in the study

| have read and understood the study information dated [../../....], or it has been read to me. |
have been able to ask questions about the study and my questions have been answered to my
satisfaction.

| consent voluntarily to be a participant in this study and understand that | can refuse to
answer questions and | can withdraw from the study at any time, without having to give a
reason.

| understand that taking part in the study involves a survey questionnaire completed by me
(participant).

Use of the information in the study

| understand that information | provide will be used for a master thesis report and potentially
for further studies within the same area of interest.

| understand that personal information collected about me that can identify me, such as [e.g.
my name, age, e-mail adres], will not be shared beyond the study team.

Future use and reuse of the information by others

| give permission for the survey database that | provide to be archived in 4TU so it can be used
for future research and learning.

Name of participant Signature Date

| have accurately read or handed out the information sheet to the potential participant and, to
the best of my ability, ensured that the participant understands to what they are freely
consenting.

__Cedric H. Kok____

Researcher name Signature Date

Study contact details for further information:
Cedric H. Kok

06-83598754

c.h.kok@student.tudelft.nl

Yes No
O Od
O 0O
O O
O 0O
O Od
O Od
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Experiment Briefing

Impact of control authority on perceived responsibility and blame: a haptic shared
control driving study

Thank you for participating in this experiment. This experiment, conducted at the Cognitive Robotics
Laboratory (CoR-Lab), examines the human drivers’ user experience when interacting with two types
of Advanced Driver Assistance Systems (ADAS). Most ADAS are designed so that the human driver
and automation trade control over a dynamic driving task (DDT); either the driver is in control or the
automation. In Haptics Shared Control (HSC) steering both the driver and automation jointly
influence the control over a DDT by applying torques on the steering wheel. In other words, the
automation guides the driver by applying a guidance torque on the steering wheel. One of the main
issues facing the development and release of intelligent vehicles is how people will think about its
responsibility, and whether it should be held accountable for what happens with it on the road.

This briefing will describe what this experiment entails and what is expected of you as a
participant.

Experiment goal

The goal of this experiment is to examine how the use of a HSC steering wheel in semi-automated
driving influences the driving experience of the human driver. Specifically, we are interested in your
experience of how the HSC control setting impacts your perceived sense of responsibility, and how
much you feel in control. Knowledge on how your perceived responsibility is impacted by the
amount of control you experience over an automated car is imperative for the design of future
automated vehicles.

Experiment task

In this task, you will drive a car with cruise control (80 km/h) on a two-lane street without oncoming
traffic. Itis your goal to drive on the road and interact with the traffic scenarios as if you were driving
on a real road. Your task is to steer the vehicle using the steering wheel, the cruise control will take
care of the car’s velocity. You will be asked to drive as you normally would, while keeping your hands
at 10 to 2 o’clock positions. You are expected to drive in the right lane of the road unless the traffic
situation requires otherwise. After each 4-min drive you will be asked to fill in a task-related
questionnaire.

Sometimes you will feel torques on the steering wheel which may help or hinder you (or the
car might steer itself). You are in principle able to override these torque. Although the car may be
helping you with steering, you always have final control so you can intervene at any time. The first
part of the track consists of a straight road. Feel free to gently probe the guidance system to get a
feel for the system you are driving with.

The experimental setup consists of a SensoDrive force feedback steering wheel positioned in front of
a 65-inch 4K screen. On the screen you will see part of the interior of the car and the surrounding
landscape as if you were sitting in the driver’s seat. The speed of the car will be shown on the front
window.



Experiment procedure

The experiment consists of two parts: a fixed-base simulator driving task, and a task-related
guestionnaire. During this experiment, you will drive the same road for a total of seven runs. You
start with a manual driving run so that you can get accustomed to the steering wheel. After each run,
you will be asked to fill out a questionnaire about your driving experience.

Each run lasts 4 minutes. The researcher will ask you if you need a break between runs after filling in
the questionnaire. The experiment will take approximately ~45 minutes.

For each driving task, the subsequent procedure will be followed:

1. The researcher applies the settings for the next trial.
The researcher asks whether the participant is ready to proceed (i.e., any signs of discomfort)
and initiates the run after a countdown from 3 (3-2-1-go).

3. The participant performs the driving trial.

4. The participant is asked to fill out a questionnaire to assess their driving experience.

Other instructions

It is possible that some participants may develop nausea (simulator sickness) during the tests. In case

OU experience an gNS O A OMIO OU drre 4SKed 1O INTOorm tne d Ne MNMedaidle dNQ (NE

For safety reasons you are asked to keep your thumbs on the steering wheel. This prevents
your thumbs from being in the way in the unlikely event that the steering wheel turns unexpectedly.

- You can withdraw from the study at any moment without giving any reason
- If you want to withdraw from the study and have your data removed after the experiment,
contact Cedric



Additional information regarding COVID-19

To prevent the spread of the coronavirus (in compliance with the university’s policy), researchers and
participants in the study:

- have to be younger than 70 years

- do not have any underlying ailments that could be seen as a risk-factor for a COVID-19 infection

- do not have any complaints or symptoms that could be indicative of a COVID-19 infection

- have not been in contact with a COVID-19 patient at least 14 days before participation in the study
- take suitable protective measures if a minimum distance of 1.5 meters is not viable

- are enabled to travel outside of rush hours to and from the research location

Also any objects or surfaces researchers and participants come into contact will be disinfected prior
and after use.

- inf . her: . inf . | .
Cedric H. Kok Prof. dr. ir. D.A. Abbink
c.h.kok@student.tudelft.nl d.a.abbink@tudelft.nl

+31 683 59 87 54 +31 15 27 82077

Thank you for participating!
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13.3-3021 Gualirics Survey Software
Trial1
For the following statements, please fill in to what extent you agree with these.

| feel in control steering this car.

Strongly Meither agree Strongly
disagree nor disagree agree
O @] O O O O O

The car lets me (the driver) have control over steering.

Strongly Meither agree Strongly
agree nor disagres disagree
O @] O O O O O
The car follows a trajectory on the road that | would normally drive myself.
Strongly Meither agree Strongly
disagree nor disagrae agree
O @] O O O @] O

For the following questions, you will indicate how much each actor is responsible
for the given outcome. There are no right or wrong answers. Just give your honest
opinion on how much you feel that each actor is responsible.

Assume that you and the car evaded all of the roadblocks. To what extent do you (the
driver) feel responsible for this outcome?

Mot at all A moderate Completely
amount
O @] O O O O O

Assume that you and the car evaded all of the roadblocks. To what extent do you feel that
the car, specifically the car manufacturer, is responsible for this outcome?

Mot at all A moderate Completely
amount
O @] O @) O O O

hitpe:sdelft euqualirics com O Edit Section/ T locks!' A jax GetSurvey PrintPreview *ontextSurve yID=5V_aal Y mEEWwFpTEvk& Conlextlibrary[D=UR_TWeljoel... 12



23.3.202] Itrics § Saftware
urvey

| am paying attention.

Completely A moderate Mot at all
amount
O O O 0O O O O

MNow imagine that you and the car did crash into one of the roadblocks. To what extent
do you (the driver) feel responsible for this outcome?

Mot at all A moderate Completely
amount
O O O O O O O

MNow imagine that you and the car did crash into one of the roadblocks. To what extent do
you feel that the car, specifically the car manufacturer, is responsible for this outcome?

Mot at all A moderate Completely
amount
O O O O @ @ O
Powered by Qualtrics

hitpe:fudelft enqualirics com Oy Edit Section/T locks!' A jax GetSurvey PrintPreview *ContextSurve y ID=5Y_eal Y mEEWwFpTEvik& Conlextl ibrary[D=UR_TWeljol... 272
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23-3-2021 Qualtrics Survey Software
Generic Characteristics

What is your age?

What is your gender?

O Female

O Male

O | prefer not to answer

O | |Other, please specify

What is your primary mode of transport?

O Private automobile

QO Private motorcycle

O Public transport

O Human powered transportation (e.g. walking, cycling)

QO | prefer not to answer

O | |other, please specify

At which age did you obtain your first driver's license?

On average, how often did you drive a vehicle in the last months?

O Every day

QO 4to 6 days a week

O 1to 3 days aweek

O Once a month to once a week
O Less than once a week

QO Less than once a month

O Never

QO | prefer not to answer

https://tudelft.eu.qualtrics.com/Q/EditSection/Blocks/Ajax/GetSurveyPrintPreview ?ContextSurveyID=SV_6m4Cb3E201F2yJU&ContextLibraryID=UR_7Wc1jotlbb... 1/2



23-3-2021 Qualtrics Survey Software

Roughly how many kilometers did you drive in the last 12 months?

O o

O 1-1.000

O 1.001-5.000
QO 5.001-10.000
O 10.001-15.000
O 15.001-20.000
O 20.001-25.000
O 25.001-35.000
O 35.001-50.000
O 50.001-100.000
O More than 100.000

QO | prefer not to answer

Powered by Qualtrics

https://tudelft.eu.qualtrics.com/Q/EditSection/Blocks/Ajax/GetSurveyPrintPreview ?ContextSurveyID=SV_6m4Cb3E201F2yJU&ContextLibraryID=UR_7Wc1jotlbb... 2/2






Extensive results and additional analysis

This appendix shows the results and figures that couldn’t be included in the paper. It contains the analysis of
the following topics:

e Probed results of the moderated mediation analyses

e Steering torques (guidance torques and driver torques)
e Raw car positions

» Safety margins (in terms of TLC and TC)

¢ Questionnaire results

e Within subject responsibility shifts
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G. Extensive results and additional analysis

Moderated mediation analysis

Table G.1: Indices of (moderated) mediation for both regression analyses. Significant results are given in bold.

Manual — Low Low — High
Car Human Car Human

Coeff. 95% CI Coeff. 95% CI Coeff. 95% CI Coeff. 95% CI
ab, — .48 |21, .80]* -.33 [-.50, -.15]* .03 [-.17, .26] -.03 [-.24, .18]
arb, — -.00 [-.04, .02] .01 [-.01, .07]
abs — -.02 [-.18, .14] -.17 [-.37, -.01]* -.00 [-.06, .01] -.02 [-.08, .02]
arby — .01 [-.02, .13] .01 [-.02, .13]
*0¢95% CI

Direct, indirect and total effects for the Manual versus Low LoHA model

Table G.2: Probed direct (y), indirect (w) and total € effects for the Manual — Low LoHA model. Significant effects are given in bold.
Robot action was not included in the model.

Direct effect (y) Indirect effect (w) Total effect €
Coeft. 95% CI Coeft. 95% CI Coeft. 95% CI

Human

positive -1.27 [-1.71, -.86]* -.42 [-.62, -.20]* -1.67 [-2.06, -1.28]*

negative -1.55 [-2.04, -1.21]* -.24 [-.42, -.06]* -1.79 [-2.17, -1.44]*
Car

positive 1.28 [.52, 2.06]* 47 [.19, .79]* 1.75 [1.07, 2.43]*

negative 1.59 [.90, 2.33]* .49 [.21, .82]* 2.09 [1.46, 2.70]*

*0¢95% CI
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Direct, indirect and total effects for the Low versus High LoHA model

Table G.3: Probed direct (y), indirect (w) and total € effects for the Low — High LoHA model. Significant effects are given in bold.

Direct effect (y) Indirect effect (w) Total effect €
Coeff. 95% CI Coeff. 95% CI Coeff. 95% CI

Human
good action
positive -.19 [-.86, .56] -.03 [-.24, .18] =22 [-.87, .46]
negative .18 [-.39, .86] -.02 [-.22, .18] .16 [-.39, .73]
bad action
positive -.37 [-1.10, .38] -.05 [-.28, .19] -42 [-1.15, .28]
negative .07 [-.567, .75] -.03 [-.23, .18] .04 [-.59, .68]
Car
good
positive .39 [-.270, 1.00] .03 [-.17, .26] 42 [-.21, 1.00]
negative .14 [-.495, .71] .03 [-.17, .26] 17 [-.40, .72]
bad
positive -.12 [-1.06, .70] .02 [-.17, .27] -.10 [-1.01, .75]

negative .86* [.15, 1.56]* .03 [-.17, .27] .89 [.23, 1.59]*

*0¢95% CI
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Steering torques
Steering torques [Nm] during main part of track that were superimposed on the steering
wheel as guidance
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Figure G.1: Raw guidance torques [Nm] for all participants during the main part of the track for the low and high LoHA conditions. Man-
ual condition had no guidance torques superimposed on the steering wheel. From top to bottom: Road curvature, Lowgoo4, LoWpaqg,
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Figure G.2: Mean absolute guidance torques [Nm] for all participants during the main part of the track for the low and high LoHA
conditions. Manual condition had no guidance torques superimposed on the steering wheel.
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Steering torques [Nm] during main part of track that were generated by the driver
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Figure G.3: Raw driver torques [Nm] for all participants during the main part of the track. From top to bottom: Road curvature, Manual,
Lowgood, LoWpgq, Highgooa, Highpaa.
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Figure G.4: Mean absolute driver torques [Nm] during the main part of the track.



36

G. Extensive results and additional analysis

Steering torques [Nm] during navigation around obstruction that were superimposed
on the steering wheel as guidance
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Figure G.5: Raw guidance torques [Nm] for all participants during navigation around final obstruction (red arrow) for the low and high
LoHA conditions. Manual condition had no guidance torques superimposed on the steering wheel. From top to bottom: Road curvature,
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Figure G.6: Mean absolute guidance torques [Nm] during navigation around final obstruction for the low and high LoHA conditions.
Manual condition had no guidance torques superimposed on the steering wheel.
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Steering torques [Nm] during navigation around obstruction that were generated by the

driver
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Figure G.7: Raw driver torques [Nm)] for all participants during navigation around final obstruction (red arrow). From top to bottom:
Road curvature, Manual, Lowg o4, LoWp a4, Highgooq, Highpaq-
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Figure G.8: Mean absolute driver torques [Nm] during navigation around final obstruction.
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Car positions during last obstruction
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Figure G.9: Lateral lane position [m] of individual participants and trial specific HCR (dash-dotted line) per condition during navigation
of final obstruction (gray area). From top to bottom: Manual, Lowg 4, LoWp 4, Highgooq, Highpaq-

Safety margins results (TLC and TTC)

Time to Line Cross (TLC) with respect to left and right lane boundaries
The Time to Line Cross (TLC) with respect to left and right lane boundaries was approximated using the car’s
lateral speed and acceleration [47]. Results are based on the final 250 meters of the track.
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Figure G.10: 10th percentile TLC [s] of lane boundaries for individual participants (stars) and median TLC [s] across all participants
(horizontal line) per condition during navigation of the final road obstruction. Left figure: with respect to left lane. Right figure: with
respect to right lane.
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Figure G.11: 107" percentile TLC [s] with respect to both lane boundaries for individual participants (stars) and median TLC [s] across
all participants (horizontal line) per condition during navigation of the final road obstruction.

Time to Collision (TC) with respect to final road obstruction

The Time to Collision (TC) with respect to the road obstruction was approximated using the car’s longitudinal
speed. Results are based on the final 250 meters of the track.
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Figure G.12: Minimum TC [s] of individual participants (stars) and median TLC [s] across all participants (horizontal line) per condition
during navigation of the final road obstruction.

Questionnaire results
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Questionnaire results for perceived authority and control

Perceived authority Perceived control
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Figure G.13: Boxplot of the questionnaire results and corresponding median (blue triangles and line) for perceived authority (left) and
control (right) for all conditions.

Questionnaire results for attributed outcome responsibility

Positive outcome Negative outcome
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Figure G.14: Boxplot of the questionnaire results and corresponding median (blue triangle and line) for responsibility towards the driver
(top) and towards the car (bottom) for both positive outcomes (left) and negative outcomes (right) for all conditions.



41

Within-subject responsibility shifts

Responsibility shift for positive outcomes
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Figure G.15: Within subject responsibility shift per participant for positive outcomes. Unexpected shifts are labeled with their corre-
sponding participant id. Green indicates a shift toward the car and away from the human, red indicates an opposite shift. The black
lines indicate a shift either towards both car and human (blue label id) or away from both car and human (pink label id). No shift in
responsibility is indicated by a black label id. From top to bottom: bad robot action (dashed), good robot action (line)
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Responsibility shift for negative outcomes
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Figure G.16: Within subject responsibility shift per participant for negative outcomes. Unexpected shifts are labeled with their corre-
sponding participant id. Green indicates a shift toward the car and away from the human, red indicates an opposite shift. The black
lines indicate a shift either towards both car and human (blue label id) or away from both car and human (pink label id). No shift in
responsibility is indicated by a black label id. From top to bottom: bad robot action (dashed), good robot action (line).
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