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ABSTRACT 

In current urban traffic, pedestrians attempting to cross the road at un-signalised locations are thought 

to mostly use implicit communication, such as deceleration cues, to interpret a vehicle’s intention to 

yield. There is less reliance on explicit driver- or vehicle-based messages, such as hand/head 

movements, or flashing lights/beeping horns. With the impending deployment of Automated Vehicles 

(AV), especially those at SAE Level 4 and 5, where the driver is no longer in control of the vehicle, 

there has been a surge in interest in the value of new forms of communication for AVs, for example, 

via different types of external Human Machine Interfaces (eHMIs). However, there is still much to be 

understood about how quickly a novel eHMI affects pedestrian crossing decisions, and whether it 

provides any additional aid, above and beyond implicit/kinematic information from the vehicle. The 

aim of this between-participant study, funded by the H2020 interACT project, was to investigate how 

the combination of kinematic information from a vehicle (e.g. Speed and Deceleration), and eHMI 

designs, play a role in assisting the crossing decision of pedestrians in a cave-based pedestrian 

simulator. Using an existing, well-recognised, message for yielding (Flashing Headlights - FH) as a 

benchmark, this study also investigated how quickly a novel eHMI (Slow Pulsing Light Band – 

SPLB) was learned. To investigate the effect of eHMI visibility on crossing decisions, the distance at 

which each eHMI was perceivable was also measured. Results showed that, compared to SPLB, the 

FH led to earlier crossings during vehicle deceleration, especially at lower approaching speeds, and 

smaller time gaps. However, although FH was visible earlier than SPLB, this visibility does not 

appear to be the only reason for earlier crossings, with message familiarity thought to play a role. 

Participants were found to learn the meaning conveyed by FH relatively quickly, crossing around 1 

second earlier in its presence (compared to the no eHMI condition), across the three blocks of trials. 

On the other hand, it took participants at least one block of 12 trials for the new SPLB signal to affect 

crossing, which only accelerated crossing initiations by around 200ms, compared to the no eHMI 

condition. The role of comprehension, long-term exposure, and familiarity of novel messages in this 

context is therefore important, if AVs are to provide safe, trustworthy communication messages, 

which will enhance traffic flow and efficiency.  
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1. INTRODUCTION 

In conventional, mixed, road traffic situations, pedestrians are thought to interpret vehicle intentions 

mainly by using non-verbal/implicit communication cues from the vehicle, such as its speed, time-to-

arrival, and stopping distance (Ackermann et al., 2019a; Petzoldt et al., 2018; Šucha et al., 2017; 

Varhelyi, 1998; Wang et al., 2014; Dey & Terken, 2017; Lee et al., 2020; Uttley et al., 2020). In 

addition, for example, during conflict situations, when two road users are likely to “occupy the same 

region of space at the same time in the near future” (Markkula et al., 2020), road users may also 

convey their intentions to one another by using hand/head gestures, facial expressions and/or eye 

contact (Rasouli et al., 2017; Šucha et al., 2017; Mahadevan et al., 2018). However, with the 

impending introduction of Autonomous Vehicles (AVs), especially those operating at Levels 4 and 5 

(SAE, 2018), where a human is not necessarily in control of the driving task, pedestrian-driver 

communication is no longer possible.  

 

Although there are currently conflicting findings on the extent to which explicit communication 

occurs between road users (e.g. Lee et al., 2020; Uttley et al., 2020, Dey & Terken, 2017; Rasouli et 

al., 2018), there is evidence that pedestrians and cyclists would appreciate some form of explicit 

communication from future automated vehicles, for example, to acknowledge their detection by an 

approaching AV, or for situations when the AV needs to communicate information about its future 

path (Merat et al., 2018; Schieben et al., 2018). In addition, research has shown that humans are not 

always very accurate at identifying implicit cues, such changes in speeds, especially when the vehicle 

is far away (e.g. Cavallo & Laurent, 1988; DeLucia, 2008; Smeets et al., 1996; Scialfa et al., 1991). 

Therefore, researchers and OEMs are investigating the design of various prototypes, and concepts, for 

externally facing interfaces that enable explicit communication by future AVs (e.g. Daimler, 2015; 

Nissan Motor Corporation, 2015; Semcon, 2016; Volvo Car, 2018; Daimler, 2017; Drive.ai, 2018; 

Jaguar Land Rover, 2018), see also overviews by Bazilinskyy et al., 2019; Rasouli & Tsotsos, 2019; 

Schieben et al., 2019. 
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The most common version of such designs, collectively called external Human Machine Interfaces 

(eHMIs), involves some form of light- or text-based message, either placed in different locations on 

the outside of the vehicle, or projected on the road (e.g. Bazilinskyy et al., 2019, Hillis et al., 2016). 

Auditory cues, involving pure tones or spoken word have also been used (e.g. Deb et al., 2018, Lee et 

al., 2019c). However, it is not currently clear what particular aspects of such eHMI are most 

successful for communicating the range of messages required from an AV when it is interacting with 

other road users. In addition, evaluating their benefits in terms of providing helpful, and timely, 

information to pedestrians and other Vulnerable Road Users is a major research gap.   

 

A number of methods have been used to investigate if eHMIs are suitable and effective for conveying 

the AV’s intentions and behaviour, to pedestrians. Examples include self-report studies, using 

questionnaires and interviews (e.g. Ackermann et al., 2019b; Deb et al., 2018; Otherson et al., 2018), 

computer-screen based tasks (e.g. Ackermann et al., 2019b; Fridman et al., 2017; Bazilinskyy et al., 

2019; Lee et al., 2019c; Dey et al., 2020a), field tests, real-world experiments (e.g. Clamann et al., 

2017; Matthews et al., 2017; Habibovic et al., 2018; Faas & Baumann, 2019; Hensch et al., 2019), and 

various forms of pedestrian simulator studies (e.g. Chang et al., 2017; Böckle et al., 2017; De Clercq 

et al., 2019; Holländer et al., 2019a; Lee et al., 2019b; Löcken et al., 2019; Deb et al., 2018; Feldstein 

et al., 2016; Ackermann et al., 2019b; Kooijman et al., 2019). 

 

In particular, researchers have started to investigate if eHMIs affect pedestrians’ crossing behaviour, 

and subjective experience, such as whether they are accepted, trusted and liked. For example, Chang, 

Toda, Sakamoto and Igarashi (2017), found that their eHMI concept (a pair of eyes on the car) 

decreased the mean decision-making time of pedestrians asked to consider crossing in front of an AV 

(by pressing a button), compared to crossing in front of AVs without these eyes. Similarly, using a 

Head-Mounted Display (HMD), Holländer et al. (2019a) reported that eHMIs significantly reduced 

pedestrians’ crossing initiation time, and concluded that eHMIs improve feelings of comfort, trust and 

acceptance about AVs. Using an HMD, Deb et al. (2018) found that eHMIs increased participants’ 

willingness to interact with AVs, whereby participants felt more comfortable and more positive about 
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sharing the same space with these AVs if eHMIs were included. Finally, using a video-based 

approach, and a handheld slider for recording responses, Dey et al. (2020a) reported that distance-

based eHMI, used to inform of the AV’s yielding behaviour, such as “I have seen you and I am 

yielding” or “I am yielding and here is an estimate of when I will come to a full stop”, improved 

understanding of the AV’s intentions, and increased pedestrians’ willingness to cross. In terms of the 

success of different eHMIs for conveying the correct message, results are mixed, with some studies 

showing the same response by pedestrians to a range of very different looking/sounding eHMIs (e.g. 

Deb et al., 2018; de Clercq et al., 2019; Kooijman et al., 2019), and others suggesting that one eHMI 

can be perceived as portraying two very different, and contradictory, messages (Lee et al. 2019c). 

 

Despite the large interest in this area, and a surge in recent studies, a number of research gaps still 

remain. For example, many studies on pedestrian-vehicle interactions suggest that pedestrians 

typically use implicit cues from the vehicle, such as its deceleration profile, to help with their crossing 

decisions (e.g. Ackermann et al., 2019a; Petzoldt et al., 2018; Šucha et al., 2017; Varhelyi, 1998; 

Wang et al., 2014; Dey & Terken, 2017; Lee et al., 2020). However, as highlighted above, humans are 

not very good at identifying subtle changes in kinematic behaviour, especially if the vehicle is far 

away. In addition to being associated with positive affect (e.g. Deb et al., 2018; Kooijman et al., 2019; 

Chang et al., 2017; Böckle et al., 2017; De Clercq, 2019), eHMI messages may, therefore, be useful as 

an additional aid for improving the speed and accuracy of crossing decisions, particularly if the 

messages are clearly visible and comprehensible from afar. In a Wizard-of-Oz test track study, Dey et 

al. (2020b) investigated the effect of eHMIs and yielding behaviours on pedestrians willingness to 

cross by using a slider as input. Authors found an effect of eHMI when the approaching AV was in 

the ‘Gentle Brake’ and ‘Early Brake’ conditions, but no effect of eHMI was shown in the 

‘Aggressive’ braking and ‘Constant Speed’ conditions. Conversely, in a CAVE-based pedestrian 

simulator study, Kaleefathullah et al. (2020) demonstrated that after a series of exposures to a 

functioning eHMI conveying a yielding message, approximately 35% of pedestrians walked onto the 

road when the eHMI was presented but the approaching vehicle was not decelerating. This suggests 

that pedestrians may become over-reliant on information conveyed through eHMI, to the point where 
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they start to ignore the vehicle movement behaviour. Together, these studies provide valuable insights 

as to how a conflict between eHMI messages and AV yielding patterns may cause confusion for 

pedestrians. This then raises the question of how to best present the combination of eHMI and 

kinematic information (i.e. different speed and deceleration profiles) from a vehicle, in order to reduce 

confusion for the pedestrian, and ensure that both sources of information are interpreted the same 

way. Knowledge on how implicit and explicit messages from future AVs are received at different 

approaching speeds and distances is also valuable, and is, at present, an under-researched topic.. Some 

research has suggested that crossing decisions are faster if an eHMI is easily perceivable from a 

distance, or if it can be pre-attentively processed (Treisman, 1985), by using the right form, colour 

and position (Holländer et al. 2019b). The current study will investigate this in more detail. It is also 

important to investigate pedestrians’ actual crossing behaviour in response to AV cues.  

 

Based on the above research gaps, one aim of the current study, (funded by the H2020 interACT 

project; Grant number 723395), was to investigate the impact of two different eHMIs on pedestrians’ 

crossing behaviour, and how/if this was affected by the speed and deceleration behaviour of the 

approaching vehicle. The aim was, therefore, to understand the circumstances in which crossing 

pedestrians use an eHMI for decision-making, versus those where vehicle kinematics are used.  

 

With the plethora of eHMI concepts being tested, another aim of the current study was to investigate 

how quickly the meaning of messages conveyed from a novel eHMI can be learned by crossing 

pedestrians, when compared to a more conventionally used message: A Flashing Headlight. In order 

to avoid the possibility of carry-over effects, and transferrable learning from one eHMI to another, we 

used a between-participants approach. Finally, the distance at which each eHMI was perceived was 

also measured, to provide a more concrete understanding of how eHMI visibility plays a role in 

crossing decisions.  
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2. METHOD 

2.1 Participants 

Ethical approval was obtained from the University of Leeds Research Ethics Committee (Ref: 

LTTRAN-107). Forty participants were recruited for this study, via the University of Leeds Driving 

Simulator database, notices posted in the University’s students’ union building, and social media 

posts. Participants were divided into two groups based on the two eHMI Designs: Slow Pulsing Light 

Band group, and Flashing Headlights group. These groups were matched in terms of age and gender. 

The demographic information for each group is shown in Table 1.. The study lasted 1.5 hours and 

participants were paid £15 for taking part in the study.  

 

Table 1. Demographic information for the participants recruited in this study 

 Groups N  Age   Years spent in the UK 

  Range M S.D  Range M S.D 

Slow Pulsing Light Band 
(SPLB) 12M, 8F 20-34 28.1 4.18  1-34 24.43 10.04 

Flashing Headlights (FH) 12M, 8F 19-34 27.85 4.69  1-34 21.08 10.12 

 

2.2 Apparatus and Virtual Environment 

The experiment was conducted in the University of Leeds Highly Immersive Kinematic Experimental 

Research (HIKER) laboratory, an advanced CAVE-based pedestrian simulator, funded by the UK 

EPSRC (EP/T008833/1, see Figure 1). The HIKER lab is a controlled and safe environment which 

provides walking space to pedestrians in a 9-metre-long by 4-metre-wide physical space, which 

incorporates an array of 4k projectors, providing an immersive Virtual Reality (VR) environment that 

responds to the participant’s head position. Participant tracking is achieved using a pair of tracking 

glasses (see Figure 2).  
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Figure 1. The Highly Immersive Kinematic Experimental Research (HIKER) laboratory at The University of 
Leeds 

 

The Virtual Environment was created using Unity cross-platform game engine (unity.com). It 

consisted of a one-way, 3.5 m wide, single-lane road (UK standard), and depicted a daytime 

environment, in a residential area with houses on both sides of the road. A row of trees was created on 

one side of the road, to indicate the starting position for the pedestrian prior to each crossing.  Two 

bollards were placed at each side of the road, to guide participants across the path.  
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Figure 2. The participant waiting to cross the road, between the two approaching vehicles. If present, the 
eHMI was always displayed on the second vehicle. This figure also shows the tracking glasses worn by 
participants.  

 

2.3 Design 

The design was adapted from a study by Lobjois & Cavallo (2007). The main task of each participant 

was to cross the road between two approaching vehicles (white followed by blue- as shown in Figure 

2), if they felt comfortable to do so. A mixed design approach was used, with four within-participant 

variables: (i) the speed of the approaching vehicles (25/30/35 mph); (ii) the time gap between the 

vehicles (2/3/4/5 s) (iii) the deceleration behaviour of the second vehicle (deceleration/no 

deceleration), and (iv) Block order (1/2/3), and one between-participant variable: eHMI Design 

(Slow-Pulsing Light Band/Flashing Headlight). For each group, the eHMI-Status was randomly 

manipulated, whereby half of the decelerating vehicles had their respective eHMI present, while for 

the other other half the eHMI was absent. The rationale for this manipulation was to simulate a more 

realistic traffic situation, where not all decelerations are accompanied by external messages. This 

design also allowed a comparison between crossings in response to vehicle deceleration only, versus 

those accompanied by an eHMI. Table 2 shows the range of behaviours and eHMI combinations 

experienced by the two groups.   

 

Table 2. The deceleration behaviour/eHMI combination presented to the two groups 

Number of Scenarios 

per block 

Slow Pulsing Light Band (SPLB) group Flashing Headlights (FH) group 

Behaviour eHMI-Status Behaviour eHMI-Status 

12 Decelerating Present Decelerating Present 

12 Decelerating Absent Decelerating Absent 

24 Non-Decelerating Absent Non-Decelerating Absent 

 

Each of the above conditions was presented at three different approaching speeds, and there were four 

different time gaps between the approaching vehicles, as outlined above, leading to 12 initial 

kinematic variations in total, repeated twice for the non-decelerating trials, to achieve an even number 

of deceleration and non-decelerating trials. Each participant experienced three repetitions of this block 
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of 48 trials, with a short rest between each block, resulting in 3 x 48 = 144 crossings for each 

participant. The order of trials was randomised per participant, within each block. 

 

2.3.1 eHMI Designs 

Two eHMI designs were implemented in this study. Results from a forced-choice, paired-comparison, 

study on 20 participants in our laboratory showed that conventional Flashing Headlights and a Slow 

Pulsing Light Band were both associated with the message ‘I am giving way’, when presented on a 

vehicle, in a PC-based Head Mounted Display study (Lee et al., 2019c). Therefore, these two 

messages were chosen for further investigation in the current study, to understand the effect of context 

and actual crossing behaviour, on the perception and comprehension of each signal.  Flashing 

Headlights is a commonly understood and accepted message for giving way (at least in the west; 

Honest, 2004). The Slow Pulsing Light Band, which was developed as part of the interACT project 

(Weber et al., 2019), was a cyan light-band, presented at a pulsing rate of 0.4 Hz, and placed around 

the front windscreen of the vehicle, as shown in Figure 3 (left). The Flashing Headlights (Figure 3, 

right), were implemented by using a combination of texture and Unity spotlights, turning on and off 

over a 300ms period.   

  

 

Figure 3. The two eHMI used for this study: Slow Pulsing Light Band (left) and the Flashing Headlight 
(right) eHMI 
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2.3.2 Behaviour of the decelerating/non-decelerating vehicles  

Figure 4 provides a schematic of each trial, which involved the approach of two vehicles from the 

right (white, followed by blue), at three different speeds, and three different time gaps. For the non-

decelerating trials, the second vehicle did not decelerate, and the two approaching vehicles continued 

to drive past the pedestrian, at their initial speed of 25, 30, or 35 mph. For the decelerating trials, the 

second approaching vehicle started to decelerate when it was 38.5 m away from the pedestrian (Point 

A in Figure 4), and stopped 2.5 m away from the pedestrian (Point B in Figure 4). This design was 

based on the typical stopping distance suggested in the UK Department for Transport’s Rule 126 

(DFT, 2019 August 20). This created the same stopping distance for all trials, even though the 

deceleration rate differed for the three approaching speeds (1.73, 2.50 and 3.40 m/s2, for 25, 30, 35 

mph respectively). When the eHMI was present, it was activated at the same time as the vehicle 

started to decelerate.  

 

Non-Decelerating trials Decelerating trials 

  

 

Figure 4. A schematic of the deceleration procedure used in this study. The red dot depicts the 
pedestrian standing at the edge of the road, waiting to cross between the approaching vehicles (Vehicle 
1 and Vehicle 2). The grey X are bollards, which guided pedestrians during their intended crossing, a 
path depicted by the red arrow. During the decelerating trials, Vehicle 2 started to decelerate at Point A, 
which was 38.5 m from the crossing path, and stopped at Point B, which was 2.5 m from the crossing 
path.  

 

2.4 Procedure 

Upon arrival, participants gave their informed consent to take part in the study, and were given the 

opportunity to ask any questions. They were then provided with a written description of their task, 
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which was also explained by the researcher, as follows: ‘You will begin by standing at the edge of the 

road when you are ready, and you will have to press a button on the controller to trigger the trial. 

You will then see two cars approaching from the right. Your task is to cross (or decide not to cross) 

between the two approaching cars (pictures were provided). Please cross naturally when you feel 

comfortable to do so, such as you would in real traffic. If you cross the road before the second car 

arrives, we will want you to rate afterwards how safe this road crossing situation felt to you’. 

 

Participants were then randomly assigned to one of the two groups, matched according to their age, 

number of years spent in the UK, and gender. All participants were provided with the same 

information sheet, which contained no information about the eHMI so that any learning effects could 

be explored. Participants started with a practice block, to make sure they understood the instructions 

for the task, and to give them an opportunity to familiarise themselves with the virtual environment. 

The practice block stopped as soon as participants confirmed that they understood the task (usually 

after about three trials), and did not contain any trials with eHMI. For the experimental trials, if 

participants crossed the road after the first vehicle had passed, they heard a short beep once they 

reached the other side of the road, which prompted them to give their perceived safety rating. Here, 

they were asked to provide a rating of Perceived Safety from 1 to 4, to indicate their agreement with 

the following statement: ‘I felt safe during this road crossing situation, both while standing and 

walking’, where 1 = ‘Disagree’, 2 = ‘Mostly disagree’, 3 = ‘Mostly agree’, and 4 = ‘Agree’, after 

which they walked back to the starting point and triggered the next trial. If they decided not to cross 

the road, they were asked to press the button to trigger the next trial. Each block of 48 trials took 

approximately 15 minutes to complete, with a short break between each block. To ensure that 

participants were not experiencing any motion sickness, or unease, during the experiment, they were 

asked to complete the Misery scale (Bos et al., 2010) after each experimental block. A score of four or 

higher would suggest that the participant should not continue the study, but this did not occur.  

 

Finally, a fourth block was added for the two eHMI groups, to investigate the visibility of each eHMI 

used in the simulated environment. In this block of trials, the vehicles again approached participants at 
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three speeds, with four time gaps. Participants were asked to press a button on the hand-held 

controller as soon as they saw the eHMI. The distance of the approaching vehicle to the pedestrian 

was recorded at the time the button was pressed.  

 

3. RESULTS AND DISCUSSION 

Participants’ age and years living in the UK were carefully matched between groups, to ensure these 

variables were not a contributing factor to any differences found between the two groups. Two 

independent samples t-tests were conducted to confirm that there were no significant differences 

between the groups in terms of age (t(38) = .18, p = .86; SPLB: M = 28.1, S.D. = 4.18; FH: M = 

27.85; S.D. = 4.69) or  years of living in the UK (t(38) = 1.05, p = .30; SPLB: M = 24.43, S.D. = 

10.04; FH: M = 21.08, S.D. = 10.12).  

 

3.1 Comparison of crossing behaviour between SPLB and FH  

A total of 5760 trials were conducted (40 participants x 144 trials each). There were 69 missing trials 

(data were not recorded), and, therefore, there were a total of 5691 usable trials included in the 

analyses.  

 

3.1.1 Percentage of Crossings 

Figure 5 shows the percentage of pedestrian crossings, in relation to the location of the second 

vehicle, for the non-deceleration trials (a) and deceleration trials (b). For ease of understanding, the 

crossings are plotted for each 2.5 m bin, starting from when the vehicle was 42.5 m away, which is 4 

m away from the deceleration point. Figure 5a illustrates that 40% of participants crossed the road in 

the non-decelerating trials, when the vehicle was over 42.5 m away, and, therefore, before it started to 

decelerate. This finding is similar to the results reported in Lee et al (2019b), which showed that 51 % 

of pedestrians crossed the road before the vehicle started to decelerate (see also Giles et al., 2019, 

Markkula et al., 2018; Schneemann & Gohl., 2016).  
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(a) 

 

(b) 

 

Figure 5. (a) Percentage of crossings for the non-decelerating trials. (b) Percentage of crossings for the 
decelerating trials, where the green vertical line represents the distance at which deceleration started 
(38.5 m away from pedestrians). The black star represents the average distance at which FH was 
perceptible to the participants, as measured in the fourth block (31.30 m away from pedestrians), the grey 
star represents the average distance at which SPLB was perceptible (27.76 m away from pedestrians). 
The vehicle always stopped at 2.5 m away from the pedestrian. 

 

For the decelerating trials, 100% of pedestrians crossed the road, although different patterns were 

observed for the different eHMI conditions. Figure 5b shows a bimodal, and very similar crossing 

pattern for the eHMI-absent, and SPLB-present conditions. Most of the crossings were made either 

when the approaching vehicle was more than 42.5 m away, or when the vehicle had come to a near- 

(between 2.5 – 5 m away) or complete- (2.5 m away) stop. These bimodal crossing patterns have been 

observed in previous simulation models and test-track studies (Giles et al., 2019; Lee et al., 2019, 
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Markkula et al., 2018; Schneemann & Gohl., 2016), and support suggestions that the vehicle does not 

need to come to a full stop for a crossing pedestrian (Lee et al., 2020). This bimodal crossing pattern 

also suggests that pedestrians were more comfortable crossing the road either when the vehicle was 

quite far away, or waited until the yielding behaviour of the vehicle was more prominent, i.e. when it 

was closer.  

 

To understand the influence of eHMI visibility on this behaviour, and how it interacted with the 

vehicles’ deceleration cues, the participants were asked to press a button as soon as they perceived the 

two eHMI, in Block 4 of the experiment (see Section 2.4). Both eHMIs were activated when the 

vehicle started decelerating, at a distance of 38.5 m away from the pedestrian. Using an independent 

samples t-test, the perceived distance of SPLB (labelled by a grey star in Figure 5b) and FH (labelled 

by a black star in Figure 5b) was compared. Results showed that the FH was perceived significantly 

further away than the SPLB (M = 31.30 m, S.D. = 2.54, vs M = 27.76 m, S.D. = 2.39 m, respectively, 

t(38) = 4.54, p < .001). This visibility explains the different pattern seen for the FH condition, with 

some crossings occurring when the vehicle was as far as 32 m away, and generally more early 

crossings in response to this eHMI. This finding suggests that the FH was more efficient as an explicit 

communication cue, compared to the SPLB. Of course, visibility of eHMI is perhaps not the only 

factor to explain this phenomenon, since the SPLB was perceived around 27.5 m away, yet did not 

prompt as many crossings. A previous study (Lee et al., 2019c), showed FH to be ranked significantly 

higher than SPLB for conveying the message ‘I am giving way’, and, at least in the west (Honest, 

2004), this cue is associated with such a communication message. Although the UK Highway Code, 

Rule 110, states that: “Only flash your headlights to let other road users know that you are there” 

(DFT, 2019, August 20), this method is used often by drivers to communicate that they are letting 

others go first (Fitzsimons, 2019). Therefore, the implicit or learnt meaning of an eHMI is also 

important when considering its effect on pedestrians’ crossing behaviour.  

 



17 
 

3.1.2 Crossing Initiation Time (CIT) 

Crossing Initiation Time (CIT) was measured as the time taken for participants to start crossing the 

road, after the rear end of the first vehicle had passed the crossing point (Lee et al., 2019; Lobjois & 

Cavallo, 2007, 2009). To understand how the presence of eHMIs affected Crossing Initiation Time, a 

new metric, termed CIT-Change (CIT), was computed. This was achieved by subtracting the CIT 

values for the eHMI-absent conditions from those for the eHMI-present conditions, for both SPLB 

and FH. Here, a negative value meant that switching on the eHMI advanced the CIT, and provided 

additional cues about the vehicle behaviour to any kinematic/implicit cues. A positive CIT meant 

that switching on the eHMI delayed the CIT, while a zero value meant there was no effect of eHMI on 

participants’ CIT. This metric was used to study how crossing behaviour changed across blocks in the 

two groups, and how quickly participants learnt the meaning of the message conveyed by each eHMI.  

 

a) Response to each eHMI, across the three blocks 

To investigate the learning effect of each eHMI, and to establish if there was a different response to 

the novel eHMI (SPLB), compared to the more conventionally used Flashing Headlights, we 

examined crossing behaviour across the three blocks, by conducting a mixed ANOVA, with a 

between- participants factor of eHMI (SPLB, FH), and a within-participants factor of Block (1st, 2nd, 

3rd), see Figure 6.  

 

Results showed no main effect of Block (F(2,76) = 0.63, p = .538, ηp2 = .016), but there was a main 

effect of eHMI Design (F(1,38) = 17.10, p < .001, ηp2 = .31), whereby the CIT was larger for FH (M 

= -1.10, S.D. = 1.01) than SPLB (M = -0.21, S.D. = 0.60), confirming the power of the Flashing 

Headlights in conveying the “give way” message, which then initiated earlier crossings, compared to 

conditions with SPLB. There was also an interaction between Block and eHMI Design (F(2,76) = 

1.54, p = .017, ηp2 = .102). Further investigation showed that the interaction was caused by CIT 

being significantly larger for FH than SPLB for Block 1 (t(38) = 5.30, p < .001) and Block 3 (t(38) = 

3.10, p = .004), but not in Block 2 (t(38) = 2.00, p = .055).  
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Figure 6 shows that the effect of FH on crossings decreases across blocks. This could be caused by the 

overall learning effect of the kinematic cues provided across the trials, with participants learning the 

overall behaviour of the approaching vehicle, which “washes out” the power of the FH. This argument 

is confirmed by the fact that the Crossing Initiation Time also decreased across blocks for the eHMI-

absent conditions (see Appendix 1). Overall, these results show that the presence of both eHMI 

accelerated Crossing Initiation Time, compared to the no eHMI conditions, but that FH was much 

more effective, accelerating CIT by an average of 1 s across the trials, compared to an average of 200 

ms for the SPLB trials.  

  

 

Figure 6. Crossing Initiation Time (s) across blocks, for SPLB and FH groups 

 

b) The importance of each eHMI message, at the different speeds and time gaps  

The aim of this analysis was to further understand the effect of each eHMI on CIT, for the different 

approaching speed and time gap conditions. Since the analysis described in section a, above, showed 

no main effect of Block for the two eHMI Designs, an average CIT value across the three testing 

Blocks was calculated and used in the analysis. As stated earlier, a zero value for CIT would indicate 

that there was no difference in CIT between the eHMI-present and eHMI-absent trials, and, therefore 
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indicate no effect from the eHMI on crossing decisions. To understand whether there was an effect of 

eHMI-present on CIT, a series of one-sample t-tests were conducted, to compare the CIT value 

with zero, for each speed and time gap combination. Due to the large number of t-tests (24 one-

sample t-tests), alpha level was adjusted to 0.001.  

 

As shown in Table 3, and Figure 7a, SPLB-present led to a significant effect of CIT only when the 

vehicle was travelling at 30 mph, with a 2s time gap, but evidence of CIT influence was not found in 

any other speed and time gap combination, for this eHMI. On the other hand, there was a significant 

effect of FH-present on CIT across more time gap and speed combinations. As seen in see Table 3 

and Figure 7b, overall, these analyses showed that FH-present conditions were particularly helpful 

when the speed and time gap of the approaching vehicle was lower, leading to an earlier crossing, 

compared to the no eHMI conditions.  

 

Table 3. Comparing CIT-Change with zero, across different speed and time gap combinations for SPLB 
and FH. Alpha level was adjusted to 0.001. Significant one-sample t-tests are bolded. 

  SPLB FH 

25mph_2s t(19) = 2.48, p = .023 t(19) = 7.24, p < .001 

30mph_2s t(19) = 3.77, p = .001 t(19) = 6.81, p < .001 

35mph_2s t(19) = 1.69, p = .107 t(19) = 5.74, p < .001 

25mph_3s t(19) = 1.10, p = .284 t(19) = 4.97, p < .001 

30mph_3s t(19) = .07, p = .943 t(19) = 4.44, p < .001 

35mph_3s t(19) = .49, p = .631 t(19) = 2.83, p = .011 

25mph_4s t(19) = .21, p = .838 t(19) = 4.29, p < .001 

30mph_4s t(19) = .71, p = .485 t(19) = 1.62, p = .121 

35mph_4s t(19) = .13, p = .901 t(19) = .46, p = .65 

25mph_5s t(19) = .15, p = .884 t(19) = 1.57, p = .134 

30mph_5s t(19) = .10, p = .921 t(19) = 1.42, p = .172 

35mph_5s t(19) = .72, p = .478 t(19) = .92, p = .371 

 

(a) 
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(b) 

 

Figure 7. (a) CIT-Change for SPLB across different speeds and time gaps combinations (b) CIT-Change 
for FH across different speeds and time gaps. *** depicted p ≤ 0.001 when CIT-Change was compared 
with zero, using one-sample t-tests. 
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3.2 Comparison of subjective responses 

At the end of each crossing trial, participants were asked to provide a rating from 1 to 4 to indicate 

their agreement with the following statement: ‘I felt safe during this road crossing situation, both 

while standing and walking’, where 1 = ‘Disagree’ and 4 = ‘Agree’. The mean of Perceived Safety 

(PS) rating for SPLB-present was 3.44 (S.D. = 0.32) and SPLB-absent was 3.30 (S.D. = 0.38); 

whereas the Perceived Safety rating for FH-present was 3.38 (S.D. = 0.38) and FH-absent 3.36 (S.D. 

= 0.40). Similar to CIT-Change (CIT), PS-Change (PS) was calculated by subtracting the PS 

ratings for the eHMI-absent conditions from those for the eHMI-present conditions. An average PS 

in all conditions was calculated per participant. An independent-sample t-test showed no significant 

difference between SPLB (M = 0.13, S.D. = 0.24) and FH (M = 0.02, S.D. = 0.36) on PS, t(38) = 

1.17, p = .25. These findings suggest that there was no difference in how safe participants felt when 

crossing the road in front of the novel eHMI (SPLB), compared to the more conventional Flashing 

Headlights.  

4. GENERAL DISCUSSION AND CONCLUSIONS 

This study was designed with two main aims: firstly, to understand how the “give way” message 

conveyed by a novel eHMI (SPLB) was learnt across a set of crossing trials, compared to a more 

conventionally used Flashing Headlight, taking the visibility of each eHMI into account. The second 

aim of the study was to understand how crossing decisions were affected by each eHMI for the 

different approaching speeds and time gaps of the automated vehicle, in order to shed light on how 

kinematic information and explicit communication play a role in pedestrians’ crossing decisions.  

 

Results showed that the conventional Flashing Headlight led to earlier crossings when compared to 

the SPLB, especially when the vehicle was travelling at lower speeds, and with smaller time gaps. 

More crossings were observed immediately after the FH was perceivable, leading to a less obvious 

bimodal crossing pattern, which is often seen in pedestrian crossing studies (Giles et al., 2019; Lee et 

al., 2019, Markkula et al., 2018; Schneemann & Gohl., 2016). The CIT-Change values were also 

found to be significantly larger for FH than SPLB, demonstrating that it was a more effective external 
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communication design than SPLB. Although the FH was visible earlier than SPLB, we believe the 

“give way” meaning conventionally associated with this type of message (e.g. Fitzsimons, 2019), had 

the power of initiating crossings, since the SPLB was also perceived at a relatively similar distance, 

but did not lead to any early crossings.  The link between FH and “I am giving way” is also confirmed 

in a recent study by Lee et al. (2019c), who found that FH was ranked higher than SPLB, in terms of 

conveying this message. One caveat with these results is that the visibility of these messages in a 

Virtual Reality environment is not the same as that observed in the real world. When an image is 

rendered on a computer screen, the light sources, such as LEDs and headlights, do not have the same 

light emission as the light sources in the real world (e.g. Ghosh et al., 2005). Nevertheless, these 

results do illustrate that, regardless of the test environment, ensuring the visibility of eHMI is 

important in such studies, to ensure that the message it is intending to convey is perceived at the right 

time.  

 

This study also illustrated that participants learnt the meaning conveyed from the FH immediately, 

within the first block of trials, but that experience with a block of 12 eHMI-present trials was required 

before the message conveyed by the SPLB was learnt. On average, the FH also accelerated crossings 

around 800ms earlier than SPLB. Therefore, it is likely to take road users some time to understand the 

meaning of novel eHMI concepts, which poses a challenge for AV manufacturers intending to provide 

the correct message to pedestrians by this form of communication. This study provided evidence that 

the visibility of eHMI is not the only important factor in this context, but that the comprehension, 

long-term exposure, and familiarity of novel messages must also be considered. Our results also 

indicate that using the correct eHMI can decrease Crossing Initiation Time by pedestrians, thus 

increasing traffic flow and efficiency (see also Pekkanen et al., in prep).  

 

Finally, it is acknowledged that our conclusions are based on a simple, well controlled, laboratory-

based, road-crossing scenario. Since real-world traffic involves many more interactions within a 

complex, mixed-actor, environment, much more needs to be understood about the effect of different 

eHMI messages, and their role in providing information for more complex scenarios, such as 
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intersections, and, for example, how response from one pedestrian is affected by the presence of other 

pedestrians, since research shows that groups of pedestrians can also affect each-others’ road crossing 

behaviour (e.g. Rosenbloom, 2009; Faria et al., 2010).  
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Appendix 1. Mean and Standard Deviations of Crossing Initiation Time (CIT) for all conditions in yielding trials (Speed, Time Gap, eHMI Design, 

eHMI-status) across Blocks  

    25mph 30mph 35mph 

    2 sec 3 sec 4 sec 5 sec 2 sec 3 sec 4 sec 5 sec 2 sec 3 sec 4 sec 5 sec 

    M SD M SD M SD M SD M SD M SD M SD M SD M SD M SD M SD M SD 

Block 1 SPLB_Absent 3.81 1.51 3.47 2.73 2.79 3.30 1.05 3.04 4.01 1.27 2.96 2.83 1.49 3.14 1.42 3.21 3.93 1.21 2.88 2.78 2.31 3.25 1.31 3.09 

  SPLB_Present 3.42 2.11 3.07 2.75 2.49 3.48 1.76 3.47 3.35 1.53 3.48 2.66 2.30 3.33 1.38 3.26 3.71 1.48 3.24 2.71 1.43 2.94 1.33 2.98 

  FH_Absent 3.77 1.55 3.64 2.37 3.81 3.33 1.70 3.62 4.02 1.22 4.12 2.49 3.30 3.46 2.79 4.00 3.82 1.31 4.04 2.25 2.73 3.43 1.75 3.58 

  FH_Present 1.25 2.11 1.54 2.32 2.06 2.48 1.40 2.72 1.75 1.86 2.38 2.40 2.23 2.89 1.29 2.94 2.36 1.81 2.72 2.18 2.42 2.62 0.95 2.90 

Block 2 SPLB_Absent 3.80 1.41 3.58 2.59 2.21 3.17 2.03 3.78 4.15 0.84 3.25 2.77 1.70 3.22 1.60 3.44 3.46 1.52 2.76 2.94 1.32 3.01 1.32 3.26 

  SPLB_Present 2.66 1.70 2.91 2.51 3.07 3.26 1.99 3.73 2.84 2.08 2.68 2.82 2.11 3.35 1.36 3.14 3.67 1.03 2.75 2.79 1.57 2.93 0.42 1.96 

  FH_Absent 3.51 1.55 3.18 2.55 3.54 3.13 2.49 3.87 3.37 1.73 3.19 2.70 2.58 3.14 1.52 3.30 3.45 1.38 3.05 2.63 1.43 2.89 1.49 3.18 

  FH_Present  1.26 1.96 1.52 2.42 2.29 2.95 1.64 3.05 1.69 1.97 1.93 2.35 2.52 2.99 1.61 3.10 1.73 1.84 2.67 2.23 2.45 2.88 0.79 2.60 

Block 3 SPLB_Absent 3.58 1.69 2.26 2.68 2.15 3.38 1.60 3.47 3.74 1.24 2.74 2.94 1.57 3.16 1.08 3.14 3.97 0.59 3.55 2.49 1.30 2.87 0.48 2.43 

  SPLB_Present 3.23 1.51 2.31 2.61 1.78 2.83 1.11 2.90 2.87 1.67 2.66 2.59 1.59 3.08 1.20 3.20 3.15 1.53 2.69 2.60 1.55 3.00 0.68 2.51 

  FH_Absent 2.82 1.65 2.94 2.56 3.51 3.05 1.36 3.00 3.50 1.34 3.17 2.51 2.93 3.38 1.01 3.18 3.19 1.38 2.74 2.63 1.81 3.12 0.53 2.43 

  FH_Present 0.94 1.87 1.54 2.19 1.92 2.55 0.87 2.55 1.53 1.75 1.74 2.11 2.31 2.81 0.93 2.64 1.70 1.79 2.06 2.25 1.77 2.87 0.82 2.55 
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