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Abstract

Past research suggests that displays on the exterior of the car, known as eHMIs, can be effective in helping pedestrians to make safe
crossing decisions. This study examines a new application of eHMIs, namely the provision of directional information in scenarios where
the pedestrian is almost hit by a car. In an experiment using a head-mounted display and a motion suit, participants had to cross the road
while a car driven by another participant approached them. The results showed that the directional eHMI caused pedestrians to step back
compared to no eHMI. The eHMI increased the pedestrians’ self-reported understanding of the car’s intention, although some pedestrians
did not notice the eHMI. In conclusion, there may be potential for supporting pedestrians in situations where they need support the most,
namely critical encounters. Future research may consider coupling a directional eHMI to autonomous emergency steering.
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1 Introduction

Worldwide, 1.3 million fatal traffic accidents occur every year, 22% of which concern pedestrians [1, 2]. Besides the car
driver, the pedestrian also has a possible role in preventing accidents by deciding not to cross or by stepping away in
time. Factors contributing to pedestrian-car collisions include the pedestrian’s misinterpretation of the car’s intention, a
wrong assumption that the driver has noticed the pedestrian, or a misconception that there is sufficient time to cross [3].
Most fatal pedestrian accidents occur in darkness [4], and about 30% of pedestrian-car collisions occur in situations with
visual obstruction, such as when a pedestrian stands next to a parked car [35, 6].

Efforts to prevent pedestrian-vehicle collisions have resulted in autonomous emergency braking (AEB) and
autonomous emergency steering (AES) [7]. However, there is a risk that the pedestrian responds in a way that the AES
does not anticipate. In a pedestrian simulator study, Soni et al. [8] found that pedestrians responded to an imminent
collision by walking faster, stepping back, or freezing (while safety systems are often programmed assuming that the
pedestrian does not change walking speed). Similarly, in a study analyzing pedestrians’ behavior when crossing at a red
light, Jay et al. [9] found that 5 to 10% changed their walking pattern while crossing, either by stepping back or
accelerating, possibly because they realized they had misestimated the time they had to cross.



For automated vehicles, external human-machine interfaces (eHMIs) are currently being developed to communicate
the vehicle’s intention or provide advice to pedestrians. Various car manufacturers, such as Daimler, BMW, Toyota, and
Jaguar, have presented eHMIs for their concept cars (see [10, 11] for reviews). The research so far indicates that,
compared to no eHMIs, eHMIs improve crossing behaviors in that they promote crossing when it is safe to cross or
inhibit crossing when it is not safe to cross (e.g., [12—15]). An interesting topic in several recent studies concerns eHMIs
that communicate an expected direction or action using arrows. Rettenmaier et al. [16], for example, used an eHMI in
which arrows indicated whether or not an approaching road user could go first through a narrowing of the road.

In most previous studies, participants were given enough time (at least several seconds) to perceive and process the
eHMI message. The usefulness of eHMIs in cases in which there is only a short time to react, such as in (near-)
collisions, is yet unknown. The hypothesis is that collisions could be prevented if pedestrians know that they have been
detected and informed by the vehicle about what action to take. On the other hand, it can be argued that pedestrians will
be unable to process the eHMI’s instructions as they focus on the looming hazard instead of the eHMI, similar to the
weapon focus effect [17].

This study aims to investigate the effectiveness of eHMIs in near-collision scenarios using a virtual simulator. Our
experiment involved a participant in the role of a pedestrian who interacted with a manually-driven car. It was reasoned
that this multi-agent approach could allow some natural variability to occur in the trajectories of both participants, which
in turn would provide a more meaningful test of the effectiveness of the eHMI as opposed to pre-programmed vehicle
behavior. Different near-collision scenarios were created that were visually and temporally demanding for the pedestrian
through the inclusion of cars and buildings blocking the view. We examined whether the presence of an eHMI showing
the direction toward which the pedestrian should move would result in safer and more predictable interactions in near-
collision scenarios compared to when the eHMI was off.

2 METHODS
2.1 Participants

Forty people participated in this research, 20 in the role of a driver and 20 in the role of a pedestrian. Table | shows a
number of characteristics of the participants. All participants were living in the Netherlands, a right-hand-traffic country.
The research was approved by the Human Research Ethics Committee of the Delft University of Technology, and all
participants gave their written informed consent.

2.2 Hardware and Software

Two desktops were used: a host to run the simulation for the driver and a client for the pedestrian. The host and client
desktops were Windows-based gaming PCs. The client desktop was wirelessly connected to the Xsens Link Motion
Tracking Device [18] through a router. It recorded the pedestrian’s motion using MVN Analyze software [19]. An avatar
in the virtual environment received the motion data from MVN Analyze via C# scripts. The driver steered the car using a
Logitech G27 steering wheel. The pedestrian and the driver wore an Oculus Rift CV1 head-mounted display (see Figure
1). No sound was used in the simulation, to keep the experiment manageable in terms of the required hardware. In
addition, because of not using sound, participants had to rely only on visual information, which constitutes a purer
experimental evaluation of our visual eHMI. A third reason for not using sound is that city traffic is often noisy and that
pedestrian-vehicle conflicts are more likely when valid sound cues are unavailable.

The experiment was set up using an open-source multi-agent simulator [20]. The pedestrian was visualized as an
avatar that used input from a motion. The avatar was visible to the driver and to the pedestrian him/herself. The driver
drove a 1.6-m wide and 2.7-m long Smart Fortwo. The pedestrians were able to move in a lab space of 6 m x 2.8 m.
Unity was programmed so that walking 6 m in real life corresponded to 10 m in Unity. In this way, the pedestrian could
reach the other side of the road within the available lab space.



Table 1: Characteristics of the participants

Drivers Pedestrians
Males / Females 10/10 10/10
Mean age (SD) (years) 21.5(1.4) 21.6(2.2)
Lenses / Glasses 2/2 4/0
Nationality 20 Dutch 17 Dutch, 2 Belgian, 1 Irish
Driver’s license: Yes / No 20/0 15/5
Mileage in the past 12 months (km) 0-100: 1 0-100: 7
100-1000: 8 100-1000: 5
1000-5000: 7 1000-5000: 7

5000-10000: 3
More than 10000: 1

5000-10000: 0
More than 10000: 1

Car driving frequency in the past 12 months

Every day: 1

4-6 days/week: 1

1-3 days/week: 4

1 day per month—1 day per
week: 10

Less than 1 day per month: 4
Never: 0

Every day: 0

4-6 days/week: 0

1-3 days/week: 4

1 day per month—1 day per
week: 8

Less than 1 day per month: 3
Never: 5

Frequency of traffic participation as a pedestrian in the
Ipast 12 months

Every day: 7

4-6 days/week: 7

1-3 days/week: 5

Less than 1 day/week: 1

Every day: 13

4-6 days/week: 3

1-3 days/week: 3

Less than 1 day/week: 1

Worn virtual-reality goggles before

Yes, multiple times: 7
Yes, once: 7
No: 6

Yes, multiple times: 5
Yes, once: 5
No: 10

Figure 1: Driver (left top), pedestrian during a trial with an experimenter monitoring safety (left bottom), and
pedestrian with motion suit (right).




2.3 Experimental Design

The experiment was of a within-subjects design with two independent variables: Scenario (1 or 2) and eHMI (on or off).

In Scenario 1 (Figure 2), the pedestrian had to cross a 10-m long crosswalk positioned 15.5 m from a corner on the
pedestrian’s left. The driver came around the corner at 30 km/h. Additionally, an automated car came from the
pedestrian’s right and stopped in front of the crosswalk. The participants’ views of each other were initially blocked by a
building and a parked car.
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Figure 2: Scenario 1. Screenshots from the driver’s (left) and pedestrian’s (right) perspective at the moment the
driver collision warning switches on (top) and the eHMI switches on (bottom).

In Scenario 2 (Figure 3), the pedestrian had to cross a 10-m long crosswalk. A truck driving 30 km/h drove through a
curve from the pedestrian’s left side and stopped in front of the crosswalk. Slightly behind the truck and in the left lane,
the participant’s car approached at 30 km/h and maintained speed, thus overtaking the truck. Additionally, an automated
car came from the pedestrian’s right. The participants’ views of each other were initially blocked by the truck.

The eHMI was either off during the entire trial or switched on before reaching the pedestrian. When on, it depicted
the icon of a walking pedestrian accompanied by arrows pointing leftward or rightward, depending on the position of the
driver’s car on the road. The eHMI was based on Othersen et al. [21], who tested a similar eHMI in a pedestrian
simulator, but not in a critical scenario and only with rightward-pointing arrows. It can be reasoned that text-based
eHMIs, which have been found to be easily understood [10, 22], are less suitable in stressful scenarios, as they may
require the pedestrian to use foveal vision and read the text message. eHMIs indicating the car’s intention might not be
suitable either, as such eHMIs require the pedestrian to translate the information about the car to their own perspective
[23]. Previous research concurs that in conditions of time pressure or visual ambiguity, warnings that indicate the escape
direction produce more effective steering responses and higher user satisfaction ratings than warnings that indicate the
location of the danger [24-26].

The participant pairs completed 20 trials: 6 with the eHMI on (3 in Scenario 1, 3 in Scenario 2) and 6 with the eHMI
off (3 in Scenario 1, 3 in Scenario 2). The remaining 8 were filler trials (5 in Scenario 1, 3 in Scenario 2), included to
reduce predictability for the pedestrian. In the filler trials, an automated car approached and stopped in front of the zebra



crossing. The order of the 20 trials was randomized. In the eHMI on and off trials, the speed of the driver’s car was fixed
and the driver only had to steer. In the filler trials, the pedestrian crossed the road, whereas the driver had no task other
than to observe.

Figure 3: Scenario 2. Screenshots from the driver’s (left) and pedestrian’s (right) perspective at the moment the

driver collision warning switches on (top) and the eHMI switches on (bottom).

2.4 Triggers

At the start of the trial, the driver was about 22 s from the crosswalk. The driver’s car started at zero speed and
automatically accelerated to 30 km/h.

In Scenario 1, the distractor car stopped in front of the crosswalk 5 to 10 s before the driver arrived, whereas, in
Scenario 2, the distractor car stopped in front of the crosswalk about 5 s after the driver arrived. The distractor
car was added to encourage the pedestrian to look left and right before crossing the road and to not focus on
one side of the road only.

The pedestrians were instructed to start crossing when a red light turned green (see Figure 4). The green light
was triggered when the driver was about 5.5 s from the pedestrian in Scenario 1 and about 8.2 s from the
pedestrian in Scenario 2. The green light trigger was set so that when crossing at a typical walking speed, a
conflict between the pedestrian and the driver would arise.

The driver received a collision warning in the form of a red rectangle on the dashboard (see Figure 2 and
Figure 3) when the driver’s car hit an invisible box collider [27] placed approximately 15 m from the
pedestrian.

Two 4.65-m wide invisible box colliders were placed on the road, acting as triggers for the eHMI. If the
driver’s car hit the left box, the eHMI with arrows to the left from the pedestrian’s viewpoint was activated,
whereas if the driver’s car hit the right box, the eHMI with arrows to the right from the pedestrian’s viewpoint
was activated (Figure 5). Within a trial, the eHMI could be triggered only once, i.c., it did not switch state. The
distance from the front edge of the box collider to the pedestrian was 9.2 m in Scenario 1 (x = 9.2 m; see Figure

































