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Future automated vehicles (AVs) of different sizes will share the same space with other road users, e. g., pedestrians. For a safe interaction, successful communication needs to be ensured, in particular, with vulnerable road users, such as pedestrians. Two possible communication means exist for AVs: vehicle kinematics for implicit communication and external human-machine interfaces (eHMIs) for explicit communication. However, the exact interplay is not sufficiently studied yet for pedestrians' interactions with AVs. Additionally, very few other studies focused on the interplay of vehicle kinematics and eHMI for pedestrians' interaction with differently sized AVs, although the precise coordination is decisive to support the communication with pedestrians. Therefore, this study focused on how the interplay of vehicle kinematics and eHMI affects pedestrians' willingness to cross, trust and perceived safety for the interaction with two differently sized AVs (smaller AV vs. larger AV). In this experimental online study (N = 149), the participants interacted with the AVs in a shared space. Both AVs were equipped with a 360° LED light-band eHMI attached to the outer vehicle body. Three eHMI statuses (no eHMI, static eHMI, and dynamic eHMI) were displayed. The vehicle kinematics were varied at two levels (non-yielding vs. yielding). Moreover, “non-matching” conditions were included for both AVs in which the dynamic eHMI falsely communicated a yielding intent although the vehicle did not yield. Overall, results showed that pedestrians' willingness to cross was significantly higher for the smaller AV compared to the larger AV. Regarding the interplay of vehicle kinematics and eHMI, results indicated that a dynamic eHMI increased pedestrians' perceived safety when the vehicle yielded. When the vehicle did not yield, pedestrians' perceived safety still increased for the dynamic eHMI compared to the static eHMI and no eHMI. The findings of this study demonstrated possible negative effects of eHMIs when they did not match the vehicle kinematics. Further implications for a holistic communication strategy for differently sized AVs will be discussed.
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INTRODUCTION

Participation in today's road traffic requires mutual consideration among all traffic participants (TPs) (German Road Traffic Regulations StVO, 2013; Färber, 2016). In particular, pedestrians are highly dependent on mutual consideration and communication with other TPs as traffic accidents with pedestrians have the highest risk of causing serious injury of any type of road accident (World Health Organisation, 2013). This risk is even higher for pedestrians when they interact with larger vehicles (Tyndall, 2021). Therefore, communication is overall highly relevant to clarifying misunderstandings which can have fatal consequences (Färber, 2016; Rasouli et al., 2017).

In today's traffic, pedestrians communicate implicitly and explicitly with other TPs (Rasouli et al., 2017). Pedestrians typically use implicit communication signals, i.e., driving behavior, to anticipate the vehicle's actions and to plan their behavior accordingly (Dey and Terken, 2017; Ezzati Amini et al., 2019; Lee et al., 2020). However, informal explicit communication signals between vehicles and pedestrians become highly relevant in short distances and in low-speed scenarios, e.g., via eye contact (Färber, 2016; Dey and Terken, 2017; Lee et al., 2020). Explicit communication signals are perceived as supportive to clarify misunderstandings before they can cause accidents (Merat et al., 2018; Stanciu et al., 2018; Schieben et al., 2019a). Overall, both, implicit and explicit, communication signals make it possible to communicate in today's traffic. Nonetheless, the question arises to what extent the interplay of implicit and explicit communication will influence pedestrians' interaction with AVs.

A change toward a mixed traffic environment, including AVs, manually-driven vehicles, and other traffic participants (TPs), is going to happen in the foreseeable future. This mixed traffic will require adequate communication between all TPs to ensure safety, efficiency, and acceptance (Habibovic et al., 2018; Schieben et al., 2019a; Dey et al., 2020b). Implicit and explicit communication means for AVs have been under investigation and results showed that both communication means have the potential to enhance pedestrians' communication with AVs in future mixed traffic (Lee et al., 2019; Bengler et al., 2020; Dey et al., 2020a; Rettenmaier et al., 2020; Schieben et al., 2020; Rettenmaier and Bengler, 2021). However, in most studies either the implicit communication or the explicit communication was varied and the interplay of both was not considered sufficiently yet, in particular, for differently sized AVs. Therefore, this study aims to investigate the interplay of both communication means for pedestrians' interaction with two differently sized AVs in a shared space as an example of a low-speed and low-distance traffic scenario.


Role of Implicit Communication

Implicit communication signals are sent directly to the traffic environments, however, the perception and further interpretation within the relevant context are needed to understand the signals' message (Färber, 2016; Risto et al., 2017; Bengler et al., 2020; Markkula et al., 2020; Schieben et al., 2020). Current studies indicate that pedestrians primarily use implicit communication to cooperate with other TPs (Risto et al., 2017; Bengler et al., 2020) and base their crossing decision mostly on implicit signals (Beggiato et al., 2017; Dey and Terken, 2017; Lee et al., 2020).

Focusing on future urban traffic, implicit communication remains a highly relevant indicator for pedestrians' crossing decisions, e.g., the vehicle kinematics (Rasouli et al., 2017; Ackermann et al., 2019a,b; Dietrich et al., 2020). The vehicle kinematics can serve as a communication mean for AVs to transmit implicit information, including lateral or longitudinal motions, to the surrounding traffic environment (Risto et al., 2017; Ackermann et al., 2019b; Bengler et al., 2020; Rettenmaier and Bengler, 2021). For example, the initiated vehicle's deceleration at a crossing could be interpreted by pedestrians as a sign that the vehicle gives way (Bengler et al., 2020). Dietrich et al. (2020) investigated the effect of different deceleration rates and pitch angles on pedestrians' interaction with AVs. The results showed that pedestrians initiated their crossing significantly earlier when the AV showed a defensive deceleration. The relevance of the deceleration for the interaction with pedestrians was also demonstrated by Ackermann et al. (2019b), i.e., shorter reaction times by pedestrians to indicate the vehicle's deceleration with higher deceleration rates. Overall, implicit communication, i.e., vehicle kinematics, is a highly relevant indicator of pedestrians' crossing behavior (Ackermann et al., 2019b; Dey et al., 2020a).



Role of Explicit Communication

Explicit communication signals transmit direct information to the surrounding traffic environment, e.g., via eye contact or hand gesture (Färber, 2016; Markkula et al., 2020; Schieben et al., 2020). Recent studies showed that explicit communication signals could serve as an additional safety check-in low-speed and low-distance traffic situations to clarify misunderstandings in uncertain and ambiguous traffic situations (Dey and Terken, 2017; Sucha et al., 2017; Kitazaki and Daimon, 2018; Lee et al., 2020). In future mixed traffic, pedestrians will no longer be able to communicate explicitly with AVs as they are used to due to the absence of a human driver (Merat et al., 2018; Faas et al., 2020; Schieben et al., 2020; Li et al., 2021).

To enable the explicit communication with AVs, an external human-machine interface (eHMI) positioned on the outside of the vehicle transmits explicit communication signals to the surrounding traffic environment, e.g., about the vehicle's automation status (VAS) or the vehicle's intention (Schieben et al., 2019a; Bengler et al., 2020; Dey et al., 2020b). External HMIs are beneficial to solve ambiguities and clarify misunderstandings in low-speed and low-distance, e.g., in unsignalized and signalized traffic situations (World Health Organisation, 2013; Merat et al., 2018; Schieben et al., 2019b; Faas et al., 2020, 2021; Kaleefathullah et al., 2020; Lee et al., 2021; Wilbrink et al., 2021). Light-based eHMIs present a promising solution to transmit explicit information (Mahadevan et al., 2018; Schieben et al., 2019a; Dey et al., 2020a; Faas et al., 2020). Moreover, light-based eHMIs could present different levels of information richness, e.g., the VAS, the vehicle's intention, or the vehicle's perception (Schieben et al., 2019a; Faas et al., 2020; Lau et al., 2021a; Wilbrink et al., 2021). Previous research showed that pedestrians preferred a dynamic eHMI that presented explicit information about the vehicle's intention plus the VAS and were not satisfied with the mere static presentation of the automation status (VAS) (Faas et al., 2020; Lau et al., 2021a; Wilbrink et al., 2021).

Regarding the effects of eHMIs, pedestrians perceived an AV with eHMI as generally more trust-worthy (Kaleefathullah et al., 2020) and felt safer in interactions with eHMI compared to no eHMI (Kettwich et al., 2019; Schieben et al., 2019a,b). Focusing on pedestrians' willingness to cross, contrasting results exist for pedestrians' interaction with AVs. On the one hand, studies clearly showed that pedestrians were more willing to cross when the interacting AV communicated via eHMI compared to no eHMI (Böckle et al., 2017; Lundgren et al., 2017; Deb et al., 2018; Habibovic et al., 2018; Clercq et al., 2019; Dey et al., 2019, 2022; Ackermans et al., 2020). On the other hand, Clamann et al. (2017) conducted a field study and did not find any effect of an eHMI on pedestrians' willingness to cross compared to no eHMI. However, the participants in this study stated that an eHMI is beneficial for their interaction with an AV (Clamann et al., 2017).



Joint Role of Implicit and Explicit Communication

The combination of both communication means could support the future interaction with AVs toward a holistic communication approach when both means are well-coordinated (Dey et al., 2020a,b; Dietrich et al., 2020). In a realistic vehicle study by Dey et al. (2020a), pedestrians interacted with an automated car that showed different motion patterns regarding the vehicle kinematics in combination with a light-based eHMI on an unsignalized crossing. Results indicated that gentle braking with a deceleration rate of 2.4 m/s2 which started at a distance of 45 m away from the pedestrian and stopped at a 5-m distance could contribute to the overall traffic safety in combination with an eHMI showing the vehicle's intention (Dey et al., 2020a). If the vehicle kinematics contradicted the message of the eHMI, pedestrians primarily based their willingness to cross on the vehicle kinematics rather than the eHMI communication (Dey et al., 2020a). In contrast, a study by Kaleefathullah et al. (2020) revealed that when the eHMI was on, but the AV did not indicate a braking process, pedestrians still crossed the street. This result demonstrated possible negative effects, i.e., over-trust, which have been also found by other studies (Kitazaki and Daimon, 2018; Holländer et al., 2019; Lee et al., 2021). Lee et al. (2021) investigated the effect of text-based eHMIs and showed that the participants behaved less carefully when interacting with an AV equipped with eHMI. As an explanation, the authors described an over-trust in the communication abilities of the AV (Lee et al., 2021). Overall, such negative effects would come at high risk for pedestrians due to their vulnerability and, thus, need further investigation (Färber, 2016; Rasouli et al., 2017).

A possible explanation for the occurrence of negative effects of eHMI could be that humans do not always interpret the communication signals correctly (Smeets et al., 1996; DeLucia, 2008; Ackermann et al., 2019b; Lee et al., 2022). According to the Elaboration Likelihood Model (Petty and Cacioppo, 1986), humans can elaborate communication signals by two routes: the central and the peripheral route. The central route describes the careful consideration of all the presented information. The peripheral route describes the consideration of simple salient cues which are signals that attract human perception and direct human attention, e.g., light or acoustic signals (Petty and Cacioppo, 1986; Wickens, 2021). Regarding pedestrians' interaction with AVs, one would assume that pedestrians carefully consider what AVs communicate implicitly and explicitly (central route), in particular, as miscommunication comes with a high risk to get injured (Ackermann et al., 2019a). However, studies that demonstrated the negative effects of eHMIs manifested that humans do not always focus on the correct information but rather direct their attention to the explicit signals that the eHMI presented (peripheral route). This might be due to the fact that urban traffic presents a complex environment in which pedestrians need to make fast decisions under the influence of various factors, e.g., the interaction with other TPs. This in turn could lead to mistakes (Rasouli and Tsotsos, 2020; Wickens, 2021). Therefore, it becomes highly relevant to investigate how pedestrians elaborate the presented implicit and explicit communication signals, i.e., vehicle kinematics and eHMIs, to define an AV's holistic communication strategy that does not endanger pedestrians in future urban traffic.

All in all, both means of communication, i.e., vehicle kinematics and eHMI, have the potential to support pedestrians' interaction with AVs in future urban traffic. However, the combination of both means and their precise coordination needs further clarification for AVs' communication with pedestrians toward a holistic communication strategy. Additionally, it needs to be addressed to what extent the vehicle size will affect pedestrians subjectively, i.e., pedestrians' willingness to cross, trust, and perceived safety as current research on the interplay of vehicle kinematics and eHMI does not address the effect of vehicle size for the interaction with pedestrians (Dey et al., 2020b).



Role of Vehicle Size

The vehicle size can influence pedestrians' interaction with differently sized vehicles in urban traffic (Caird and Hancock, 1994; DeLucia, 2008, 2013; Petzoldt, 2016). This has been investigated by focusing on objective and subjective measurements (Horswill et al., 2005; DeLucia, 2013; Petzoldt, 2016; Beggiato et al., 2017; Levulis et al., 2018). Regarding objective measurements, results showed that humans perceived larger vehicles to arrive earlier compared to smaller vehicles (Petzoldt, 2016; Beggiato et al., 2017; Petzoldt et al., 2017). These findings stood in line with the size-arrival effect which describes that large objects are perceived to arrive earlier than small objects although they had the same arrival time (DeLucia, 2008, 2013). Moreover, pedestrians selected larger time gaps for a larger vehicle compared to smaller vehicles, i.e., showed a more conservative crossing behavior (Petzoldt et al., 2017; Hensch et al., 2021). As a possible explanation, Petzoldt et al. (2017) pointed out that the perceived risk of an accident and pedestrians' individual state or traits could influence the expected time-of-arrival (TTA) and their gap acceptance. Regarding subjective measurements, pedestrians also evaluated larger vehicles as more threatening and stronger compared to smaller ones (Petzoldt, 2016; Dey et al., 2017). Overall, previous research manifested an effect of vehicle size on pedestrians' subjective evaluation and their actual crossing behavior. There is a clear connection between pedestrians' subjective evaluation and their actual decision to cross the street (Ezzati Amini et al., 2019). Therefore, it is highly relevant to address the question if differently sized AVs could also affect pedestrians' willingness to cross, trust, or perceived safety.



Research Aim and Hypotheses

This study aims to investigate pedestrians' interaction with two differently sized AVs (smaller AV vs. larger AV) focusing on the interplay of eHMI status (no eHMI vs. static eHMI vs. dynamic eHMI) and vehicle kinematics (yielding vs. non-yielding) on a shared space. Very preliminary results of this study have been already published (Lau et al., 2021b).

Overall, this study investigated the effects of vehicle size, vehicle kinematics, and eHMI status individually as well as the interplay of vehicle kinematics and eHMI status on pedestrians' willingness to cross, trust and perceived safety. Based on the previously given theoretical background, the following is hypothesized:

Hypothesis 1 (H1): Pedestrians' willingness to cross, trust and perceived safety is higher for a smaller AV compared to a larger AV.

Hypothesis 2 (H2): Pedestrians' willingness to cross, trust and perceived safety is higher for both vehicle sizes when the AV yields compared to when it does not yield.

Hypothesis 3 (H3): Pedestrians' willingness to cross, trust and perceived safety is higher for both vehicle sizes when the AV is equipped with a dynamic eHMI compared to a static eHMI or no eHMI at all.

Hypothesis 4 (H4): The effect of vehicle kinematics on pedestrians' willingness to cross, trust and perceived safety differs depending on the eHMI status for the interaction with both vehicle sizes.

Hypothesis 5 (H5): When the AV does not yield, pedestrians' willingness to cross, trust and perceived safety will be based on the vehicle kinematics and not the eHMI communication for both vehicle sizes.




METHODS

This experimental study used an online-based methodological approach to investigate pedestrians' interaction with two differently sized AVs (smaller vs. larger AV) in an urban environment. Both AVs were equipped with an LED light-band eHMI and displayed different eHMI statuses (no eHMI vs. static eHMI vs. dynamic eHMI). Moreover, the vehicle kinematics were varied for both AVs (yielding vs. non-yielding).


Participants

This study was conducted with 149 participants (48 women) aged between 19 and 71 years (M = 35.41; SD = 12.68). To evaluate the extent to which the participants use technology, the participants completed the affinity for technology interaction (ATI) questionnaire which consists of nine items (Franke et al., 2018). The participants indicated a mid-ranged ATI with M = 4.38 (SD = 0.90) on a 6-point scale (from 1 = “completely disagree” to 6 = “completely agree”) (Franke et al., 2018). To assess the participants' familiarity with the experimental setting, it was questioned how and where they carry their errands on a regular basis. Of all participants, 92 participants stated that they frequently run errands on foot. Moreover, 123 participants reported that they move primarily in urban areas and only 26 participants stated that they move primarily in rural areas. All participants have heard of AVs (N = 149) and were interested in AVs (M = 3.93, SD = 1.08; from 1 = “completely disagree” to 5 = “completely agree”). In accordance with the Declaration of Helsinki, informed consent was obtained from all participants before the experiment. The participants were recruited from social networks and from an internal database. During the experiment, the participants were allowed to stop the study at any point without justification or consequence. As an expense, the participants could participate in a raffle of four online vouchers in the amount of 25 euros on a voluntary basis. For their participation in the raffle, they could enter their email address which was saved separately from the experimental data to ensure anonymity.

As this study was conducted online, a great emphasis was placed on the video functionality, validity, and diligence of the participants' ratings. Before the experimental phase, the video functionality was tested with a test video. All participants (N = 149) indicated that they were able to play the test video properly. After the experimental phase, further questions on participants' perception of the light-band and the vehicle kinematics for both vehicles separately were asked. Overall, 29 participants answered that they were unsure or did not perceive changes in the vehicle kinematics and, therefore, were excluded from further analysis. Moreover, 4 participants denied that they could see the light-band well and were also excluded. Additionally, it was asked how carefully they conducted the questionnaire on a 5-point Likert scale (from 1 = “very careless” to 5 = “very careful”). All participants answered with rather careful (N = 26), careful (N = 83) and very careful (N = 40).



Study Design

This study was conducted as a 2 × 2 × 3 research design with vehicle size (smaller AV, larger AV), vehicle kinematics (yielding, non-yielding), and eHMI status (no eHMI, static eHMI, and dynamic eHMI) manipulated within the participants. This research design consisted of a non-matching condition for each vehicle size in which the dynamic eHMI falsely indicated that the vehicle yields, although no yielding behavior was shown by the vehicle kinematics.



Independent Variables
 
Vehicle Size

The videos showed two differently sized vehicles. Based on Schieben (2020), the smaller AV was related to a BMW model i3 which was also investigated in other studies (e.g., Weber et al., 2019; Wilbrink et al., 2021). The larger AV was related to a Mercedes Benz future public bus. Both vehicles presented the same eHMI communication strategies (Figure 1).


[image: Figure 1]
FIGURE 1. Experimental setting of this study: The smaller AV (left) with static eHMI and the larger AV (right) with pulsating dynamic eHMI approached the pedestrian from the left-hand side on the shared space.




Vehicle Kinematics

The vehicle kinematics were varied at two levels, yielding and non-yielding. For the yielding conditions, the overall procedure consisted of four steps (Figure 2). The video started when the AV was at a distance of 32.5 m from the pedestrian (Step 1). After this, the AV performed a two-step deceleration. The first deceleration (30–20 km/h) started at a 25 m distance to the pedestrian and was performed with an average deceleration rate of −1.92 m/s2 over 10 m (Step 2). The second deceleration (20 to 2 km/h) started at a 15 m distance to the pedestrian and was performed with an average deceleration of −3.83 m/s2 within 4 m (Step 3). The video stopped at a predefined distance of 11 m (Step 4). At this point, the vehicle still had a speed of 2 km/h. Overall, the deceleration of the AVs was set with the goal to create a traffic situation with high uncertainty without provoking a conflict. For the non-yielding conditions, the video also started at a distance of 32.5 m to the pedestrian. After this, the vehicle drove at a constant speed of 30 km/h toward the pedestrian. The video stopped at the predefined distance of 11 m. Distances were measured from the vehicle's bumper to the pedestrians' position.


[image: Figure 2]
FIGURE 2. Procedure for the yielding conditions in this study: 1. Video starts in 32.5 m, 2. First deceleration from 30 to 20 km/h starting in 25 m, 3. Second deceleration from 20 km/h to 2 km/h starting in 15 m, 4. Video stop in 11 m (distances measured from the vehicle's bumper to the pedestrians' position; m = meter).




eHMI Status

Both vehicle sizes (smaller AV and larger AV) were equipped with a LED light-band eHMI positioned under the vehicle's windshield that presented different eHMI communication strategies. The static eHMI showed a continuously enlightened LED light-band eHMI from the beginning of the video. This indicated the vehicle's automation status (VAS). The dynamic eHMI showed the vehicle's yielding intention on top of the VAS. In conditions with dynamic eHMI, the LED light-band eHMI was continuously enlightened from the start of the video and started to pulsate at 25 m (distance measured from the vehicle's bumper to the pedestrians' position) at a frequency rate of 0.66 Hz. The distance of 25 m was chosen to ensure no advantage of the communication via eHMI over the vehicle kinematics or the other way around. The experimental condition “no eHMI” was without LED light-band eHMI and served as a baseline.




Dependent Variables

After each video presentation, the participants evaluated their willingness to cross, trust, and perceived safety. Pedestrians' willingness to cross was measured with the question “What is your willingness to cross in front of the vehicle at the end of the video?” on a 7-point Likert scale (from 1 = “very low” to 7 = “very high”). Participants' trust (“How much would you trust the vehicle to stop for you?”) and perceived safety (“For my personal safety, I found the behavior of the vehicle to be safety-enhancing.”) was assessed on a 7-point Likert scale from 1 = “disagree” to 7 = “agree.” To get a deeper insight into the effects of vehicle kinematics and eHMI on pedestrians' willingness to cross, two additional subjective measurements were included, i.e., the perceived support of the vehicle kinematics (“The vehicle behavior has helped me to assess my willingness to cross in front of the vehicle.”) and the perceived support of the eHMI (“The light band has helped me to assess my willingness to cross in front of the vehicle.”). Both items were evaluated on a 7-point Likert scale (from 1 = “disagree” to 7 = “agree”). The perceived support of the vehicle kinematics was evaluated after each video presentation and the perceived support of the eHMI was only evaluated for conditions in which the eHMI presented information (static eHMI, dynamic eHMI).



Procedure

The online experiment started when the participants clicked on the website link. The conduction and data recording took place with the SoSci questionnaire software (Leiner, 2019). In the beginning, the participants were informed about the conditions of participation, and they gave their consent to participate. Moreover, they were instructed the following: Firstly, to conduct the questionnaire on a computer and not a tablet or smartphone, secondly, to dim light sources in their environment, and, thirdly, to play the following videos in full-screen mode. On the first page of the questionnaire, the participants were asked to fill out the demographic questionnaire and ATI questionnaire (see Section Participants). Before the experimental phase started, the participants were informed step-by-step about the experimental setting, the two AVs, and the eHMI communication strategies with short tutorial videos and additional written instructions. This step was done to give the participants detailed information about the experiment and to let them familiarize themselves with the online environment.

In the experimental phase, each of the participants saw twelve video sequences which were shown from an egocentric perspective (Table 1). The video length for the yielding conditions was 9 s and for the non-yielding conditions 7 s. The traffic environment was designed using the software Unreal Engine (Version 4.24.2.). The traffic scenario was a shared space and the same for all conditions (Figure 1). Shared space was chosen for investigation as in this low-speed and low-distance scenario the right of way is not clarified yet and not explicitly defined by the traffic signs in this case and, thus, misunderstandings could occur. Previous research has shown that explicit communication is highly relevant when misunderstandings occur (Dey et al., 2017; Lee et al., 2019). All twelve experimental conditions were presented in randomized order to prevent any learning effects (Table 1). At the beginning of each video, the participants stood in the same position and looked to the left from where the smaller and larger AV drove toward them. All videos stopped at a predefined distance of 11 m. The stopping point should represent the point of high uncertainty without frightening the participants and was set based on previous internal evaluations. At the end of the experiment, the participants were asked to rate their interaction with both AVs separately (smaller AV vs. larger AV) regarding a set of eight adjectives (threatening, large, pleasant, dangerous, strong, familiar, safe, close) on a 7-Likert scale (from 1 = “disagree” to 7 = “agree”) which was based on by Petzoldt (2016). The whole online experiment took ~25 min.


Table 1. Overview of this study's experimental conditions presented in the short video sequences (presented in randomized order).

[image: Table 1]




RESULTS


Statistical Approach

The data analysis started with a data validation check to evaluate the participants' assessment of the vehicle's characteristics with both AVs (smaller AV vs. larger AV) in the videos. For the t-tests, Cohen's dz was used and interpreted as effect size [dz = 0.2 (small effect), dz = 0.5 (medium effect) and dz = 0.8 (large effect)] (Cohen, 1988). Furthermore, we used a 2 × 2 × 3 repeated-measures ANOVA to investigate the effect of vehicle size, vehicle kinematics, and eHMI status (all within-participants) on pedestrians' willingness to cross, trust, and perceived safety. The assumption of normally distributed data was given due to the sample size (Field, 2009). Sphericity was calculated with Mauchly's W test and Huynh-Feldt corrections were applied when the assumption of sphericity was violated (Field, 2009). Partial eta-squared ([image: image]) was used as effect size and for interpretation: [image: image] ≤ 0.01 (small effect), [image: image] ≤ 0.06 (medium effect) and [image: image] < 0.14 (large effect) (Cohen, 1988). For post-hoc tests, all additional t-tests were conducted with a Bonferroni-corrected p-value (p < 0.003). In additional comparisons, the effect of eHMI status (no eHMI vs. static eHMI vs. dynamic eHMI) was compared for each AV (smaller and larger AV) for the non-yielding conditions. This was done to investigate the conditions in which the displayed eHMI information was consistent with the vehicle kinematics (no eHMI, static eHMI) or inconsistent (dynamic eHMI) for both differently sized AVs individually. To get a deeper insight into the effects of vehicle kinematics and eHMI on pedestrians' willingness to cross, the relationship between pedestrians' willingness to cross, the perceived support of the vehicle kinematics, and the perceived support of the eHMI was investigated for both AVs with Pearson's r (N = 149). According to Cohen (1988), Pearson's r correlations were interpreted as followed: r <0.3 (small effect), r = 0.3–0.5 (medium effect) and r > 0.5 (large effect).



Data Validation Check

As this experimental study was conducted online, we wanted to check to what extent the demonstrated AVs in the videos led to a similar subjective assessment on the vehicle's characteristics as described in previous studies (Petzoldt, 2016; Dey et al., 2017). The statistical results are displayed in Table 2 and boxplots in Figure 3.


Table 2. T-test results comparing participants' assessment of vehicles' characteristics (smaller vs. larger vehicle).

[image: Table 2]


[image: Figure 3]
FIGURE 3. Boxplots for participants' subjective assessments on each vehicle's (smaller AV vs. larger AV) characteristics for their interactions in the videos. Note. Crosses = means; lines = medians. Bonferroni-corrected p-value * < 0.003.


The results showed that a larger AV was perceived as significantly more threatening, larger, less pleasant, more dangerous, stronger, and closer compared to the smaller AV in this study (Figure 3). Thus, it can be assumed that the vehicles presented in the videos were evaluated differently which stands in line with previous studies (Petzoldt, 2016; Dey et al., 2017).



Willingness to Cross

The inferential statistical analysis showed a significant main effect for vehicle size [F(1,148) = 6.69, p = 0.006, [image: image] = 0.043], however, with a rather small effect size (Figure 4). The willingness to cross was higher for the smaller AV (M = 3.59, SD = 1.07) compared to the larger AV (M = 3.45, SD = 1.07; p < 0.01) (Figure 4). Additionally, a significant main effect was found for vehicle kinematics [F(1,148) = 255.67, p < 0.001, [image: image] = 0.633] indicating that the yielding vehicle led to a higher willingness to cross (M = 4.59, SD = 1.41) compared to the non-yielding vehicle (M = 2.46, SD = 1.17; p < 0.001) (Figure 4). Furthermore, the results showed a significant main effect for eHMI status [F(1.48,216.49) = 136.09, p < 0.001, [image: image] = 0.479] (Figure 4). Pairwise comparisons with Bonferroni correction revealed that the willingness to cross was higher for the dynamic eHMI (M = 4.63, SD = 1.42) compared to the static eHMI (M = 3.12, SD = 1.28; p < 0.001) and no eHMI (M = 2.82, SD = 1.22; p < 0.001).


[image: Figure 4]
FIGURE 4. Boxplots for pedestrians' willingness to cross focusing on the variables (A) vehicle size (smaller vs. larger AV), (B) vehicle kinematics (yielding vs. non-yielding), and (C) eHMI status (no eHMI vs. static eHMI vs. dynamic eHMI). Crosses = means; lines = medians; **p < 0.001 *p < 0.01.


There were no significant interactions for vehicle size*vehicle kinematics [F(1,148) = 1.29, p = 0.26, [image: image] = 0.009], vehicle size*eHMI status [F(1.96,290.13) = 1.17, p = 0.31, [image: image] = 0.008], vehicle kinematics*eHMI status [F(1.88,278.84) = 0.17, p = 0.84, [image: image] = 0.001] and vehicle size*vehicle kinematics*eHMI status [F(1.99,295.79) = 1.82, p = 0.16, [image: image] = 0.012].


Pedestrians' Willingness in Relation to Vehicle Kinematics and eHMI

The relationship between pedestrians' willingness to cross (Table 3) and, firstly, pedestrians' perceived support of the vehicle kinematics (Table 4) and, secondly, pedestrians' perceived support of the light-band for their crossing decision (Table 5) was investigated for each experimental condition. This was done to further focus on pedestrians' perceived support of the vehicle kinematics and the eHMI to indicate their willingness to cross.


Table 3. Pedestrians' mean willingness to cross regarding the vehicle size (smaller AV, larger AV), vehicle kinematics (yielding, non-yielding), and eHMI status (no eHMI, static eHMI, dynamic eHMI).

[image: Table 3]


Table 4. Perceived support of the vehicle kinematics regarding the vehicle size (smaller AV, larger AV), vehicle kinematics (yielding, non-yielding), and eHMI status (no eHMI, static eHMI, dynamic eHMI).

[image: Table 4]


Table 5. Pedestrians' perceived support of eHMI regarding the vehicle size (smaller AV, larger AV), vehicle kinematics (yielding, non-yielding), and eHMI status (static eHMI, dynamic eHMI).

[image: Table 5]

Firstly, there were high correlations between pedestrians' willingness to cross and the perceived support of the vehicle kinematics for both AVs when the vehicle yielded in combination with no eHMI (smaller AV: r = 0.69, p < 0.001; larger AV: r = 0.68, p < 0.001), the static eHMI (smaller AV: r = 0.65, p < 0.001; larger AV: r = 0.7, p < 0.001), or the dynamic eHMI (smaller AV: r = 0.6, p < 0.001; larger AV: r = 0.58, p < 0.001) with large effect sizes. When the vehicle did not yield, but the dynamic eHMI indicated so, there were significant correlations for both AVs (smaller AV: r = 0.24, p < 0.001; larger AV: r = 0.3, p < 0.001) with small and medium effect sizes. No significant correlations were found when the vehicle did not yield in combination with no eHMI or a static eHMI for both AVs (p > 0.05).

Secondly, there were significant correlations between pedestrians' willingness to cross and the perceived support of the eHMI for both AVs when the vehicle yielded and was equipped with dynamic eHMI (smaller AV: r = 0.53, p < 0.001; larger AV: r = 0.5, p < 0.001). When the vehicle did not yield but the dynamic eHMI indicated so, pedestrians' willingness to cross still highly correlated with the perceived support of the eHMI (smaller AV: r = 0.81, p < 0.001; larger AV: r = 0.73, p < 0.001). No correlations were found between pedestrians' willingness to cross and the perceived support of a static eHMI for both AVs (p > 0.05).




Trust

A significant main effect for vehicle kinematics was found [F(1,148) = 212.59, p < 0.001, [image: image] = 0.59; Figure 5]. The participants indicated higher trust ratings when they interacted with the yielding vehicle (M = 4.27, SD = 1.49) compared to the non-yielding (M = 2.46, SD = 1.20; p < 0.001; Figure 5). Moreover, a significant main effect for eHMI status was found [F(1.53,226.34) = 133.85, p < 0.001, [image: image] = 0.475; Figure 5]. Pairwise comparisons with Bonferroni-correction revealed significant differences between all three eHMI statuses, i.e., the dynamic eHMI (M = 4.38, SD = 1.45) lead to higher trust ratings vs. static eHMI (M = 2.97, SD = 1.35; p < 0.001) vs. no eHMI (M = 2.74, SD = 1.25; p < 0.001). There was no significant main effect for vehicle size [F(1,148) = 2.21, p = 0.07, [image: image] = 0.015] and no significant interactions for vehicle size*vehicle kinematics [F(1,148) = 1.59, p = 0.21, [image: image] = 0.011], vehicle size*eHMI status [F(2,296) = 0.78, p = 0.39, [image: image] = 0.006], vehicle kinematics*eHMI status [F(1.9,281.4) = 1.46, p = 0.23, [image: image] = 0.01] and vehicle size*vehicle kinematics*eHMI status [F(1.97,291.41) = 1.62, p = 0.20, [image: image] = 0.011].


[image: Figure 5]
FIGURE 5. Boxplots for pedestrians' trust focusing on the variables (A) vehicle size (smaller AV vs. larger AV), (B) vehicle kinematics (yielding vs. non-yielding), and (C) eHMI status (no eHMI vs. static eHMI vs. dynamic eHMI). Crosses = means; lines = medians; **p < 0.001.




Perceived Safety

The interaction between vehicle kinematics and eHMI status was significant [F(1.59,234.61) = 19.33, p < 0.001, [image: image] = 0.116; Figure 6]. The ordinal interaction underlined the interpretability of the two main effects for vehicle kinematics and eHMI status. The main effect for vehicle kinematics was significant [F(1,148) = 129.7, p < 0.001, [image: image] = 0.467]. The perceived safety was higher when the vehicle yielded (M = 4.40, SD = 1.33) vs. not yielded (M = 3.03, SD = 1.29; p < 0.001). Moreover, the main effect for eHMI status was significant [F(1.57,232.96) = 120.99, p < 0.001, [image: image] = 0.45]. Pairwise comparisons with Bonferroni correction revealed that the perceived safety was higher for the dynamic eHMI (M = 4.62, SD = 1.34) vs. static eHMI (M = 3.50, SD = 1.31; p < 0.001) vs. no eHMI (M = 3.02, SD = 1.3; p < 0.001). There was no significant main effect for vehicle size [F(1,148) = 0.05, p = 0.41, [image: image] = 0.000] and no significant interactions for vehicle size*vehicle kinematics [F(1,148) = 0.37, p = 0.54, [image: image] = 0.003], vehicle size*eHMI status [F(1.91,282.5) = 0.73, p = 0.48, [image: image] = 0.005] and vehicle size*vehicle kinematics*eHMI status [F(2,295.37) = 2.14, p = 0.12, [image: image] = 0.014].


[image: Figure 6]
FIGURE 6. Perceived safety regarding the eHMI status and vehicle kinematics. Error bars: ± 1 SE.


Post-hoc comparisons revealed that, when the smaller AV did not yield, the participants gave significantly lower ratings of perceived safety when the smaller AV was equipped with dynamic eHMI (M = 3.58, SD = 1.97) vs. static eHMI (M = 3.17, SD = 1.79; t = 2.29, p = 0.023, n = 148, dz = 0.19) and vs. no eHMI (M = 2.37, SD = 1.62; t = 6.73, p < 0.001, n = 148, dz = 0.55). When the larger AV did not yield, pedestrians' perceived safety was higher with dynamic eHMI (M = 3.73, SD = 2.05) vs. static eHMI (M = 2.97, SD = 1.89; t = 3.93, p < 0.001, n = 148; dz = 0.32) vs. no eHMI (M = 2.37, SD = 1.57; t = 7.08, p < 0.001, n = 148, dz = 0.58).



Evaluation of Hypotheses

In conclusion, it was hypothesized that pedestrians' willingness to cross, trust, and perceived safety is higher for a smaller AV vs. a larger AV (H1). According to the results, H1 is confirmed only partially, i.e., pedestrians' willingness to cross was higher for a smaller AV vs. larger AV, however, with a rather small effect size. Moreover, it was hypothesized that pedestrians' wiliness to cross, trust and perceived safety is higher when the vehicle yielded compared to when it did not yield for both vehicle sizes (H2). This can be confirmed for all variables. Furthermore, it was hypothesized that pedestrians' willingness to cross, trust, and perceived safety is higher when the AV is equipped with dynamic eHMI vs. static eHMI vs. no eHMI for both vehicle sizes (H3). Overall, this can be confirmed. Additionally, it was hypothesized that the effect of vehicle kinematics differs depending on the eHMI status for all dependent variables for both vehicle sizes (H4). According to the results, H4 was confirmed only for pedestrians' perceived safety. Moreover, it was hypothesized that, when the vehicle did not yield, pedestrians tended to rely on the explicit communication signals rather than the implicit communication signals for both vehicle sizes (H5). All in all, H5 was only confirmed for the perceived safety.




DISCUSSION

This study investigated the interplay of vehicle kinematics and eHMI for the interaction between pedestrians and two differently sized AVs in a shared space as an example of a low-speed and low-distance traffic scenario. The results indicated that pedestrians' willingness to cross is influenced by the size of the AV. Moreover, the use of vehicle kinematics and eHMI communication can lead to high willingness to cross, and high trust- and safety ratings. Nevertheless, when the dynamic eHMI indicated a yielding intent by the vehicle, although the vehicle did not yield, pedestrians' perceived safety still increased compared to when no contradictory explicit information was given by the eHMI.


AV's Joint Communication via Vehicle Kinematics and eHMI

Previous research showed that implicit communication signals, i.e., vehicle kinematics, helped pedestrians to decide whether to cross a street or not (Dey and Terken, 2017; Lee et al., 2020). This was also found to be true for pedestrians' interaction with AVs (Risto et al., 2017; Dey et al., 2020a). The results of this study also supported the high relevance of vehicle kinematics for pedestrians' interactions with two differently sized AVs in a shared space. Pedestrians focused on what the AV implicitly communicated and were more willing to cross, indicated a higher trust, and felt safer when a yielding intent was communicated implicitly by the AV. However, it needs to be addressed that the AVs decelerated in two steps in the yielding conditions. Therefore, no clear assumption can be made about how exactly each deceleration might have influenced pedestrians' willingness, trust, and perceived safety and when exactly. Nevertheless, the two-step deceleration presents a realistic motion pattern for AVs as in shared spaces multiple TPs will interact together and, thus, AVs will need to adapt to their surrounding dynamically. This should be further investigated in more complex traffic scenarios including more than just one pedestrian. Regarding explicit communication, previous research manifested that additional explicit communication can be beneficial in low-speed and low-distance traffic areas to clarify misunderstandings before they could actually result in accidents (Färber, 2016; Habibovic et al., 2018; Lee et al., 2020). In this study, both AVs were perceived as more trustworthy and safer when they were equipped with a dynamic eHMI compared to a static eHMI or no eHMI at all. Furthermore, the participants indicated a higher willingness to cross when a dynamic eHMI was presented which is consistent with previous findings (Clercq et al., 2019; Dey et al., 2019; Schieben et al., 2019a,b; Ackermans et al., 2020; Kaleefathullah et al., 2020; Lau et al., 2021a). Nevertheless, it needs to be pointed out that the online-based experimental approach and the experimental setting could have had an effect on pedestrians' subjective evaluation which needs to be addressed in future studies for further interpretation and comparison (Fuest et al., 2020).

Regarding the interplay of vehicle kinematics and eHMI, pedestrians' perceived safety increased with an explicitly communicating dynamic eHMI in combination with an implicitly communicated yielding intent (kinematics). Additionally, the support of the vehicle kinematics and the dynamic eHMI was perceived as rather high for pedestrians' willingness to cross when the vehicle yielded. This stands in line with previous studies showing that a yielding intent that is communicated implicitly and explicitly can support the interaction between pedestrians and AVs (Dey et al., 2020a; Rettenmaier and Bengler, 2021). Surprisingly, the dynamic eHMI still increased pedestrians' perceived safety when the vehicle did not yield. In this non-matching condition, the dynamic eHMI falsely communicated a yielding intent although the vehicle did not yield. Additionally, when the AV did not yield but the dynamic eHMI indicated so, the participants seem to overestimate the support of the vehicle kinematics and the dynamic eHMI. Overall, these findings indicated possible negative effects of eHMIs which were described in previous studies (Kitazaki and Daimon, 2018; Holländer et al., 2019; Lee et al., 2021). However, these results stand in clear contrast to a study by Dey et al. (2020a) that showed that pedestrians tended to rely on the implicit communication signals, i.e., the vehicle braking behavior when the eHMI signal contradicted the vehicle behavior. In this study, the pedestrians did not elaborate on the presented information signals correctly but rather shifted their attention to salient explicit communication signals to make assumptions about the vehicle's intention (Moussaïd et al., 2011). According to Petty and Cacioppo (1986), one would assume that pedestrians tended to elaborate on the presented information via the peripheral route in this study. In urban traffic, pedestrians' over-trust in eHMIs would present a high-risk traffic scenario and could have safety-critical consequences for pedestrians.

In conclusion, the results highlighted the importance of the interplay of vehicle kinematics and eHMI. If the information by vehicle kinematics and eHMI are well-coordinated, the combination showed a great potential to positively influence pedestrians' interaction with differently sized AVs. Nonetheless, if both communication means were not well-coordinated, negative effects did occur, i.e., pedestrians' safety was influenced by the dynamic eHMI even though it transmitted contradictory signals to the vehicle kinematics. Therefore, this study demonstrated the importance of a well-coordinated holistic communication approach to enable a safe and efficient interaction between pedestrians and AVs.



Effect of Vehicle Size

This experimental online study compared two differently sized AVs, a smaller AV, and a larger AV. The results supported previous assumptions about the effect of vehicle size, i.e., a larger AV was perceived as significantly more threatening, more dangerous, less pleasant, stronger, and closer compared to the smaller AV in the videos. Furthermore, pedestrians indicated a higher willingness to cross for a smaller AV compared to a larger AV. However, no effect of the vehicle size was found on pedestrians' trust and perceived safety. This stands in contrast to previous findings by Lau et al. (2021a) who showed that a smaller AV was perceived as safer and affectively more positive compared to a larger AV. Nevertheless, this study's video sequences presented only short interactions and, thus, a realistic interaction could have been limited. However, the idea was to create short and uncertain situations in which the pedestrians should make a fast and intuitive decision. This was done with the overall goal to get insights into pedestrians' subjective experiences.

For both AVs, the combination of dynamic eHMI and an implicit yielding intent via the vehicle kinematics supported pedestrians' willingness to cross, trust, and perceived safety in this study. Nevertheless, when the dynamic eHMI showed contradictory signals to the vehicle kinematics, pedestrians became equally indecisive for both AVs although pedestrians perceived higher risk by the larger AV (according to the data validation check). As previously mentioned, this finding showed that pedestrians might have resorted to salient explicit communication signals even for their interaction with a larger-sized AV. Previous studies that revealed possible negative effects of eHMI communication, i.e., over-trust, primarily focused on pedestrians' interaction with a smaller AV (Holländer et al., 2019; Lee et al., 2021). This study also illustrated possible negative effects of eHMIs on pedestrians' interaction with a larger AV. If pedestrians would have initiated a crossing under these conditions in real urban traffic, their interaction with AVs could have had fatal consequences.

All in all, the results supported the assumption that the effect of size could also influence the future interaction between pedestrians and differently sized AVs. When the dynamic eHMI was presented in line with a yielding behavior, eHMIs supported the interaction with both AVs. However, when the dynamic eHMI contradicted the vehicle kinematics, pedestrians' perceived safety was influenced in a negative manner. In conclusion, this study could contribute to further research on the effect of vehicle size focusing on pedestrians' interaction with AVs in terms of subjective measurements and the investigation of a shared space.



Limitations

This study was an experimental online study in which the participants took part from their private computers. Therefore, pedestrians' perception of the vehicle sizes and the perception of the driving behavior could be limited due to the experimental setting (Petzoldt et al., 2018; Fuest et al., 2020). If the perception is limited, a greater focus can possibly be placed on the visually present stimulus, i.e., the eHMI. Thus, further investigation of the parameter (vehicle size, vehicle kinematics) in a more ecologically valid environment is required. Although we provided detailed guidelines for the participation in this study, the experimental setting could not be fully controlled, e.g., light sources or the monitor size. Thus, the internal validity might also have been limited due to the experimental setting. Moreover, the participants were not able to ask further questions during the experiment. Nevertheless, a major focus was placed on the video functionality and a manipulation check and a data validation check were conducted before and after the experiment. Future studies should be conducted in-person and under more controlled experimental conditions to avoid any influencing factors by the testing environment. Furthermore, the participants rated all dependent variables (willingness to cross, trust, perceived safety) after they saw the videos. Therefore, changes in the subjective evaluation during the video presentation could not be addressed and no specific determination time points can be identified for the subjective measures. This study focused primarily on subjective measurements to investigate pedestrians' interaction with differently sized AVs. However, it needs to be addressed how pedestrians' crossing behavior could be influenced by, e.g., the vehicle size, by focusing on objective measures (Petzoldt, 2016; Beggiato et al., 2017; Ackermann et al., 2019b; Hensch et al., 2021).



Future Work

Future work will focus on the investigation of the interplay of vehicle kinematics and eHMI in more ecologically valid experimental settings, e.g., virtual-reality environments or real traffic. The overall goal is to enable the participants a realistic interaction with the differently sized AVs. Moreover, future studies will focus on possible cultural differences in the communication with AVs in general and how culture might affect the interaction with differently sized AVs presenting implicit and explicit communication signals with a larger sample size (Färber, 2016; Weber et al., 2019). Additional future work should focus on more complex environments, i.e., more than only one pedestrian interacting with one AV, and on the consideration of different age groups, e.g., older pedestrians. Furthermore, the vehicle kinematics were only manipulated in two stages (yielding, and non-yielding). In future studies, the vehicle kinematics should be varied in more stages in combination with an eHMI and with a focus on differently sized vehicles Additionally, future studies should focus on the continuous recording of pedestrians' willingness to cross, trust, and perceived safety to be able to put the subjective measurements in relation to the vehicle kinematics during the vehicle's approach. Furthermore, qualitative feedback from the participants at the end of the experiment could also help to receive further insights into participants' experiences and should be included in future studies.




CONCLUSION

This study investigated pedestrians' interaction with two differently sized AVs in a shared space as an example of a traffic scenario of low-speed and low-distance. Current research lacks not only standardized requirements of eHMIs for AVs but also, official requirements for a holistic communication approach, i.e., the combination of vehicle kinematics and eHMI for differently sized AVs. This study underlined the great potential of a holistic communication approach when both communication tools are well-coordinated. Nevertheless, the findings also highlighted possible negative effects of eHMIs when they were not coordinated correctly, i.e., when the eHMI message contradicted the vehicle kinematics. The consequences are fatal and would even be more serious for pedestrians' interaction with larger-sized AVs. This study's results showed that a holistic communication strategy that consisted of well-coordinated implicit and explicit communication signals by the vehicle kinematics and the eHMI contributed to a well-working interaction. However, the major focus should be put on the precise coordination of eHMI and vehicle kinematics as the participants tended to focus on explicit communication signals even though they were contradictory to the vehicle kinematics in this study. A well-coordinated holistic communication strategy will set the standard on how pedestrians will safely interact with differently sized AVs in future urban traffic.
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