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Abstract. The type and amount of information pedestrians should receive while
interacting with an autonomous vehicle (AV) remains an unsolved challenge. The
information about the vehicle driving mode could help pedestrians to develop the
right expectations regarding further actions. The aim of this study is to investigate
how the information about the vehicle driving mode affects pedestrian crossing
behavior and perceived safety. A controlled field experiment using a Wizard-of-
Oz approach to simulate a driverless vehicle was conducted. 28 participants ex-
perienced a driverless and a human-operated vehicle from the perspective of a
pedestrian. The vehicle was equipped with an external human machine interface
(eHMI) that displayed the driving mode of the vehicle (driverless vs. human-op-
erated). The results show that the crossing behavior, measured by critical gap
acceptance, and the subjective reporting of perceived safety did not differ statis-
tically significantly between the driverless and the human-operated driving con-
dition.

Keywords: Vehicle Driving Mode - Automation Status - Pedestrian Behavior -
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1 Introduction and Research Question

Today’s road traffic system is constituted by a variety of different forms of implicit
(e.g. trajectories) and explicit communication (e.g. gestures) between road users. In or-
der to integrate in mixed traffic environments, autonomous vehicles (AVs) must have
the capability to communicate different kinds of information to their environment. The
vehicle driving mode is one information category that could help pedestrians to develop
the right expectations regarding further actions of the AV [1, 2]. To provide this infor-
mation external human machine interfaces (eHMIs) are currently under development
and evaluation [3, 4]. This should contribute to safe, efficient and comfortable interac-
tions between AVs and other road users. Unambiguous communication between the
vehicle and other road user is particularly necessary when the vehicle is driving without
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a driver (for instance driverless vehicles). Therefore, the aim of this research is to in-
vestigate which effects the display of the driving mode of a driverless vehicle have on
the crossing decisions of pedestrians and compare those to ones made interacting with
a human-operated vehicle.

Changes in the road transport system and their effects on safety have been studied
under the theoretical framework of behavioral adaptation. Behavioral adaptation de-
scribes ‘those behaviours which may occur following the introduction of changes to the
road-vehicle-user system and which were not intended by the initiators of the change’
[5, p- 23]. The theoretical framework of behavioral adaptation is promising to study the
effects of introducing eHMIs on the behavior of pedestrians. Based on the research aim,
following research question is formulated: Does displaying the vehicle driving mode of
a driverless vehicle result in behavioral adaptation of pedestrians?

Theory suggests that the monitoring and attunement of risk plays a major role in the
formation of behavioral adaptation [6]. If a vehicle with a given system (e.g. an eHMI)
provides an improved feeling of control compared to a vehicle without the system, the
assumed risk reduction might be compensated by a change in pedestrian behavior [7].
An eHMI can explicitly communicate the vehicle driving mode to pedestrians, therefore
provide an improved feedback and feeling of control. Based on the research question
and the brief insight into behavioral adaptation theory, two hypotheses are formulated:

e HI: An eHMI displaying the vehicle driving mode of a driverless vehicle increases
the subjective feeling of perceived safety of pedestrians in comparison to a human-
operated vehicle.

e H2: An eHMI displaying the vehicle driving mode of a driverless vehicle reduces
the critical gap acceptance of pedestrians in comparison to a human-operated ve-
hicle.

2 Method and Materials

2.1  Research Design, Procedure and Materials

To test the hypotheses a controlled field experiment was conducted on a test ground, a
former airfield near Darmstadt, Germany. Participants were invited to experience a
driverless and a human-operated vehicle from the perspective of a pedestrian. The sce-
nario used in the experiment was an un-signalized crossing of a straight road with no
obstructions of visibility and no other traffic participants present. Participants stood at
the side of the road at the distance of 2.75 meters from the middle of the traffic lane.
The vehicle drove past the participants with a constant speed of 30 km/h in each trial.
The procedure of the within-subject design study was as follows: In the first trial the
vehicle drove past the participants in the driverless and the human-operated driving
condition (in permuted order). The participants stood with their back to the road and
turned towards the vehicle when it was in a distance of 100 meters. The task of the
participants in the first trial was to observe the passing vehicle. After each passing of
the vehicle the participants had to indicate which driving mode they experienced (man-
ual, automated, driverless or other) and what caused them to make their decision. A



written explanation of different terms related to automated driving was given to the
participants before the experiment started.

In the second trial the participants experienced the driverless and the human-oper-
ated driving condition again in permuted order to avoid sequencing effects. Participants
were informed about the different vehicle conditions and instructed to turn to the vehi-
cle when it was 100 meters away. Their task was to cross the road in front of the on-
coming vehicle. For safety reasons the participants never actually crossed or stepped
on the road in front of the vehicle. The critical gap acceptance and perceived safety
were measured after each passing of the vehicle (see chapter 2.3).

To simulate a driverless, fully automated vehicle (SAE Level 5), the Wizard-of-Oz
approach “Ghostdriver” was used [8]. A seat-costume covers the driver so that outside
road users cannot see him. In addition, a prototype eHMI was developed to explicitly
communicate the vehicle driving mode to other road users (see Fig. 1). The eHMI
(width: 420 mm, height: 300 mm) is positioned in front of the radiator grill. A translu-
cent plate with an engraved symbol is placed behind a light which can be switched on
and off. The color of the eHMI is turquoise.

Fig. 1. eHMI used to explicitly communicate the vehicle driving mode in the study.
Left: activated eHMI with symbol representing the autonomous driving mode; Right:
deactivated eHMI without symbol.

2.2 Independent Variable: Vehicle Driving Mode

As independent variable the vehicle driving mode was manipulated. The conditions
were driverless (see Fig. 1 left) and human-operated vehicle (see Fig. 1 right). In the
driverless condition the driver was covered by the seat-costume whereas he was well
visible in the manual driving condition. The eHMI was visible in both conditions but
only switched on in the driverless condition. In addition, a symbol representing an au-
tonomous car was visible in the driverless condition. The symbol was based on a re-
search on the labeling of autonomous systems.

23 Dependent Variable: Pedestrian Behavior and Perceived Safety

The dependent variable pedestrian behavior was measured by the critical gap ac-
ceptance which indicates the last moment the pedestrian is willing to cross the road in
front of the vehicle [2]. Participants were given a stopwatch which they were instructed



to start at the last moment they are willing to cross the road in front of the vehicle. The
stopwatch was then handed over to a trained researcher who stopped the stopwatch
when the vehicle reached a defined point on the road (25 meters behind the participant).

To assess changes in perceived safety a questionnaire was immediately filled out by
the participants after they experienced the driverless and the human-operated vehicle in
trail two. Participants indicated their perceived safety on a 5-point scale (-2 “I feel un-
safe”, 0 — “Indifferent”, 2 “I feel safe”).

2.4  Participants

28 participants (21 % female, 79 % male, mean age = 25.2 years, SD = 2.86 years) took
part in the study. 75 % of the participants stated to participate in road traffic several
times a day as a pedestrian. 18 % stated to participate daily and 7 % to participate ap-
prox. every second day in road traffic as a pedestrian.

3 Results

3.1 Identification of Vehicle Driving Mode

In the first trail participants experienced both (driverless and human-operated) driving
conditions and indicated after each passing of the vehicle which driving mode they ex-
perienced. The answers of the participants are summarized in Table 1.

Table 1. Reported driving conditions by the participants in the first trail.

Answers Driverless vehicle Human-operated vehicle
condition (N =27) condition (N = 28)

Human-operated - 20 (71 %)

Autonomous 2 (7 %) 8 (29 %)

Driverless 25 (93 %) -

Participants were asked what caused them to make their decision regarding the vehicle
driving mode. In the driverless vehicle condition the main reason reported was the
empty driver seat (89 % of the answers) followed by the eHMI (11 %). In the human-
operated driving condition, the main reasons reported was the visible driver.

3.2 Changes in Pedestrian Behavior

In the second trial, the behavioral change of the participants, measured by critical gap
acceptance, was determined. In the driverless vehicle condition (Wizard-of-Oz seat-
costume and activated eHMI) the mean critical gap acceptance was 5.3 s (SD = 1.6 s).
The mean critical gap acceptance in the human-operated driving condition (visible
driver and deactivated eHMI) was 5.1 s (SD = 1.4 s). The critical gap acceptance did
not differ statistically significantly between the two conditions (dependent t-test, [T| =
1.192, df =27, p = .244).



3.3  Changes in Perceived Safety

To assess changes in perceived safety a questionnaire was presented after the partici-
pants experienced the driverless and the human-operated vehicle in the second trial.
Perceived safety was indicated on a 5-point scale (-2 - “I feel unsafe”, 0 — “Indifferent”,
2 — “I feel safe”). The results between the driverless vehicle condition (mean = 0.47,
SD = 0.92) and human-operated vehicle condition (mean = 0.71, SD = 0.98) did not
differ statistically significantly (dependent t-test, |T| = 1.022, df =27, p = .316).

With regard to the eHMI participants were also asked how the eHMI influenced their
feelings of safety. 57 % of participants reported a positive effect of the eHMI on their
perceived safety. 32 % reported no effect and 11 % a negative effect.

4 Discussion

The present study investigates the effects of communicating the vehicle driving mode
through an eHMI on the crossing decision of pedestrians. The results show that neither
the subjective ratings of perceived safety nor the measured critical gap acceptance differ
statistically significantly between the driverless and the human-operated vehicle condi-
tion. In line with related research [see 2], hypotheses 1 and 2 are not supported.

Communication of vehicle driving mode could foster system transparency and thus
help pedestrians to attune to the right expectations regarding their and the vehicle’s
further actions [1, 9]. The question of labelling the automation status might become
increasingly important the more unclear it is who is driving the vehicle (human vs.
automation). Learnt behavior plays a dominant role in the first interaction with AVs [2]
which might suppress short-term effects of behavioral adaptation.

The identification of vehicle driving mode communicated via an eHMI must be un-
ambiguous. The mere presence of the eHMI led to mode confusion among several par-
ticipants. To prevent this, further development of eHMIs should explicitly consider pos-
sible effects of mode confusion caused by displaying (or not displaying) the automation
status of the vehicle.

The influence of the design of the eHMI on the present study results must be dis-
cussed critically. Although the chosen symbol representing the automation status of the
vehicle was seen as positive by participants it was not unambiguous for all. A possible
solution for unambiguous communication could be standardized symbolism [3].

No changes in pedestrian behavior measured by critical gap acceptance were found
in the present study. To draw the right conclusion, the method to obtain the measure of
critical gap acceptance should be critically discussed. The method used via time-taking
at defined points in the infrastructure is highly dependent on human influence (and hu-
man error). To minimize possible errors all researchers involved in the study completed
a training. In future studies more reliable approaches to measure critical gap acceptance
should be used.

Prior research shows that pedestrians perceive autonomous car traffic less risky than
human-operated car traffic [10]. In the present study, the driverless vehicle was not
perceived as more or less safe than the human-operated vehicle. Post-hoc interviews
showed that no participant discovered the Wizard-of-Oz seat-costume. In contrast to
survey studies [e.g. 10], participants experienced a real “driverless” vehicle.



Although no statistically significant effect of perceived safety between the driverless
and the human-operated vehicle condition was found, the eHMI had a slightly positive
effect on reported feelings of safety in post-hoc interviews. To distinguish the effect of
the eHMI and driverless vehicle on perceived safety a comparison between a driverless
vehicle with and without eHMI has to be carried out. This was beyond the scope of the
present study.

5 Conclusion

This study gives first insights into the effects of displaying the vehicle automation status
on pedestrian behavior and perceived safety. Overall, the eHMI displaying the vehicle
automation status did not influence pedestrian behavior and perceived safety. Further
evaluation of the eHMI design is necessary for an unambiguous interaction between
AV and pedestrian.

The theoretical framework of behavioral adaptation seems promising for the inves-
tigation of the effects of eHMIs on pedestrian safety. Pedestrians’ behavioral adaptation
beyond the first interaction with an AV will be investigated in further studies.
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