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In future urban traffic, it is more likely that automated vehicles (AVs) will operate not in separated traffic spaces but
in so-called mixed traffic environments where different types of traffic participants interact. Therefore, AVs must be
able to communicate with other traffic participants, e.g., pedestrians as vulnerable road users (VRUS), to solve
ambiguous traffic situations. Taking current traffic communication patterns into account, a combination of implicit
communication via the driving behavior (e.g., deceleration, position in lane) and explicit communication via an
external Human—Machine Interface (eHMI) seems to be a promising approach. The eHMI consists of an external
interface connected to the vehicle, which can transmit explicit signals enabling interaction between AVs and other
TPs.
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| 1. Background

With the introduction of automated vehicles (AVs), today’s mobility will undergo fundamental changes. Nowadays,
the human driver still executes the driving task. In future highly and fully AVs (SAE level 4 and 5), the human driver
will be more or less decoupled from the vehicle control 1. Along with this shift of control, the communication with
other traffic participants (TPs), previously performed by the human driver, needs to be substituted by Avs 2],
Schieben et al. 4 describe today’s dyad of interaction between human drivers and other TPs (e.g., cyclists and
pedestrians) shifting to a triad of interaction. Within this triad, the main actors are represented by the onboard user
(i.e., the former driver), the AV, and other TPs in the driving environment of the AV. Regardless of the existence of a
human driver, AVs need to communicate with other TPs in their surroundings in ambiguous traffic situations,

enabling a cooperative interaction among all TPs 4.

| 2. Interaction between AVs and Other Traffic Participants

Initially, AVs will be introduced into mixed traffic environments. This means that AVs will coexist and interact with
other TPs, e.g., conventional manually driven vehicles, cyclists, and pedestrians, in the same traffic environment.
Therefore, AVs need to communicate with other TPs to interact safely 2431, Moreover, Stanciu et al. € state that
adequate communication is highly relevant, especially for VRUs, e.g., pedestrians, to maintain the traffic flow.
Generally, humans use different cues for communication and interaction in traffic, which can be categorized into the

following categories BI: implicit cues are signals that are not directly sent to a receiver or are sent out unattended
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by the sender. This means that the content of the message may not be evident at first glance. For example, the
braking process is an essential implicit signal that illustrates the intention to prioritize a pedestrian . However,
explicit communication is directly sent out to a particular receiver. It can be transmitted via different modalities
reflecting the vehicle’s status, e.g., hand gestures or the use of turn indicators [, Both means of communication,
explicit and implicit, can give information about future intentions and maneuvers of the AV, and therefore they are of
high relevance for the understanding and coordination of other TPs 4. Studies by Dey and Terken £ and Lee et al.
(29 jnvestigated the behavior of pedestrians when interacting with a conventional manually driven vehicle while
crossing a street. The results show that the pedestrians used mainly implicit signals to decide if they could cross
the street or not. Explicit communication between vehicle drivers and pedestrians was rarely used. The authors
concluded that pedestrians tend to call upon additional explicit communication, especially when the vehicle does

not behave as expected.

However, Lundgren et al. 1] state that the communication requirements will differ between pedestrians and AVs.
Current research often focuses only on the technical avoidance of collisions for surrounding traffic, e.g.,
unpredictable stopping maneuvers of an AV, rather than the interaction between AVs and other TPs. Besides the
high relevance of collision avoidance to maintain a safe traffic flow, a lack of communication between AVs and
other TPs can lead to frustration due to poor understanding or even more severe accidents 412 According to the
current number of traffic-related deaths and accidents, more than one-third can be referred to as the interaction
between pedestrians and vehicles 193] This number demonstrates the risk potential for (critical) interaction
between pedestrians and vehicles. Having this in mind, an understandable and expectation-conforming interaction
between the AV and other TPs becomes even more relevant to traffic safety. Therefore, AVs’ future intentions and

behaviors need to be transmitted to the surrounding traffic to enable other TPs to derive their actions subsequently
[2]

| 3. eHMI as a Communication Tool

AVs could use an eHMI as a communication tool addressing the requirements for smooth and safe interactions
with other TPs. According to Schieben et al. 4, the communication content of the signals presented by an eHMI
can be divided into four information categories. Firstly, information about the vehicle’s driving status allows other
TPs to understand the current automation status of the AV, which is needed to ensure proper mode awareness.
Secondly, information about future maneuvers enables TPs to anticipate the AV’s upcoming actions and plan theirs
accordingly. The third main information category is the AV’s perception of its environment. This information allows
other TPs to verify if the AV has perceived them. The fourth category includes the cooperation capabilities of the

AV. This category contains information if an AV can communicate cooperatively.

Focusing on the interaction between AVs and pedestrians, Bartels and Liers 4 emphasize that pedestrians’
behavioral patterns can vary significantly between and within individuals depending on the situation. Therefore, an
eHMI should not only display the vehicle automation level but also transmit information about the AV’'s perception
and intention 13161 Although it seems that implicit signals have a significant impact on pedestrians’ awareness,

explicit signals still need to be considered in the design of an eHMI to resolve ambiguity during low speed, e.g., &
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(16117 Additionally, an AV should communicate through an eHMI, at least in situations where pedestrians are not

satisfied with implicit signals from an AV.

One major problem in the interpretation of existing eHMI research results is the large variety of different eHMI
designs tested. Thus far, various eHMI designs have been developed, e.g., projections on the street, light bands, or
displays (2819120 Conclusions made in different research studies are always highly affected by the used eHMI
design. It is sometimes difficult to form generalized statements regarding the pure effect of the eHMI itself 22, In
the present study, we distinguish between static eHMIs, which only display the current vehicle automation status

(VAS), and dynamic eHMIs, which are capable of communicating an AV’s perception and intention additionally.

4. Effects of eHMIs on the Interaction with Other Traffic
Participants

The use of an eHMI as a communication tool presents a promising approach to support a safe interaction between
AVs and pedestrians, e.g., [4l2223124] Besides the positive effects, possible negative effects, i.e.,
miscommunication, need to be considered as well 221261, Concerning a safe interaction and efficient traffic flow, it is
of interest how the use of an eHMI influences the interaction between AVs and other TPs. Especially for vulnerable
road users (VRUS), such as pedestrians and cyclists, an understandable and safe interaction would be essential

for traffic safety.

Generally, when interacting with AVs, many pedestrians see the need for an AV to be equipped with an eHMI as a
form of communication 1281241 Habibovic et al. & argue that an eHMI is particularly beneficial in situations where
negotiation is required, e.g., who moves first. Moreover, the use of an eHMI could improve safety, acceptance, and
traffic flow even before it is actually necessary 4. Previous findings support this assumption by showing a higher
sense of safety for pedestrians when interacting with an AV equipped with an eHMI 3231 Fyrthermore, De Clercq

et al. 13 state that a safe street-crossing can influence the overall acceptance of the eHMI.

Focusing on pedestrians’ crossing behaviors in interaction with AVs, the latest research shows controversial
findings. Whereas Clamann et al. (28! found no significant differences for the crossing decision when interacting
with a dynamic eHMI as opposed to a static eHMI, De Clercq et al. 13 describe that the earlier the dynamic eHMI
indicates a deceleration of the AV, the sooner participants feel safe to cross the street. The authors conclude that

an eHMI can increase the efficiency of the crossing process.

Another important factor regarding safe street-crossing for pedestrians is an adequate strategy for gaze checks.
Especially in traffic scenarios with multiple TPs, VRUs need to ensure that they have been perceived by all TPs
and that a street-crossing is safe. Mitman, Ragland and Zegeer [Z showed that pedestrians at unmarked
crossings tend to check the traffic more often in both directions than at ordinary pedestrian crossings. This finding
is supported by Knoblauch, Nitzburg and Seifert 28], who show that pedestrians tend to make more gaze checks
while crossing the street as opposed to waiting at the curb. With regard to the effects of an eHMI, Kitazaki and

Daimon 23 conducted a study in which they investigated the use of an eHMI on pedestrians’ street crossing
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behaviors by taking the frequency of gaze checks into account. The results indicate that participants who
encounter AVs with a dynamic eHMI tend to check the oncoming traffic less than those with a static eHMI. The
additional information of the dynamic eHMI regarding the perception and intention of the AV could create a feeling
of overtrust regarding the future behavior of the AV and the behavior of other road users. This overtrust might lead
to the impression that it is always safe to cross the street when an AV triggers an eHMI, assuming that other road
users behave accordingly to the AV. As a result, reduced gaze checks toward the oncoming traffic could lead to
critical situations and demonstrate that the presence of an eHMI can also have negative effects on a pedestrian’s

street-crossing behavior.

To sum up, eHMIs can be described as a possible solution showing benevolent effects for communication, hence
the interaction between AVs and other TPs [4. Nevertheless, negative effects, e.g., reduced gaze checks to the
traffic environment, can occur and need to be considered to prevent accidents, especially in the interaction with
VRUs 19 A poor eHMI design can lead to overtrust and confusion if a message is misinterpreted or different
designs are used to transfer the same message. These ambiguous situations can be potentially dangerous for a
safe traffic flow 1. Therefore, an area of growing research interest is the evaluation of possible negative effects of
eHMI designs on VRUs 2131181125128 ' \yhich should be performed in an early stage of an AV’s interaction design

development.
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