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To Iris, the synth-pop and funk troll 

 

 

 

 

 

 

 

 

 

 

“But I am assailed by my own ignorance and inability. 

I’ll have to work from a background of these. Honesty. 

If I can keep an honesty, it is all I can expect of my poor brain…. 

If I can do that, it will be all my lack of genius can produce. 

For no one else knows my lack of ability the way I do. 

I am pushing against it all the time.” 

 

John Steinbeck, Working Days 
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ABSTRACT 

 

 

 

 

 
Pedestrians base their street-crossing decisions on both vehicle-centric cues, like 

speed and acceleration, and driver-centric cues, like gaze direction and facial 

expression. In the future, however, drivers of autonomous vehicles will be 

preoccupied with non-driving related activities and thus unavailable to provide 

pedestrians with relevant communicative cues. External human-machine 

interfaces (eHMIs) hold promise for filling the expected communication gap by 

providing information about the current state and future behaviour of an 

autonomous vehicle, to primarily ensure pedestrian safety and improve traffic 

flow, but also promote public acceptance of autonomous vehicle technology. 

The aim of this thesis is the development of an intuitive, culture-transcending 

eHMI, that can support multiple pedestrians in parallel make appropriate street-

crossing decisions by communicating pedestrian acknowledgement and vehicle 

intention. In the proposed anthropomorphic eHMI concept, a virtual human 

character (VHC) is displayed on the windshield to communicate pedestrian 

acknowledgement and vehicle intention via gaze direction and facial expression, 

respectively. The performance of different implementations of the proposed 

concept is evaluated in the context of three monitor-based, laboratory 

experiments where participants performed a crossing intention task. Four papers 

are appended to the thesis. Paper I provides an overview of controlled studies 

that employed naive participants to evaluate eHMI concepts. Paper II evaluates 

the effectiveness of the proposed concept in supporting a single pedestrian or two 

co-located pedestrians make appropriate street-crossing decisions. Paper III 

evaluates the efficiency of emotional facial expressions in communicating non-

yielding intention. Paper IV evaluates the efficiency of emotional and 

conversational facial expressions in communicating yielding and non-yielding 

intention. An implementation of the proposed anthropomorphic eHMI concept 

where a male VHC communicates non-yielding intention via an angry 

expression, cruising intention via cheek puff, and yielding intention via nod, is 

shown to be both highly effective in ensuring the safety of a single pedestrian or 

even two co-located pedestrians without compromising traffic flow in either case, 

and the most efficient. Importantly, this level of effectiveness is reached in the 
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absence of any explanation of the rationale behind the eHMI concept or training 

to interact with it successfully. 

 

Keywords: external human-machine interfaces; pedestrian acknowledgement; 

vehicle intention; traffic safety; traffic flow; gaze direction; facial expression 
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1 INTRODUCTION 
 
 
 
 
 
 Traffic interaction is officially regulated by laws and standardized 

communication, both infrastructure-based (e.g., traffic lights, traffic signs, road 

surface markings) and vehicle-based (e.g., turn signals, hazard lights, horns), yet 

road users routinely turn to informal communication, to ensure traffic safety and 

improve traffic flow, especially in ambiguous situations where right-of-way rules 

are unclear and dedicated infrastructure is missing (Rasouli et al., 2017; Markkula 

et al., 2020). In the future, however, drivers of autonomous (Level 5) vehicles 

will be preoccupied with non-driving related activities and thus unable to 

provide other road users with relevant communicative cues (Llorca, 2021; SAE 

International, 2021). This development will prove particularly challenging for 

pedestrians, because, even though they base their street-crossing decisions mainly 

on information provided by vehicle kinematics, like speed and acceleration (Dey 

and Terken, 2017; Moore et al., 2019; Lee et al., 2020), they consider 

information provided by the driver too, like gaze direction and facial expression, 

which has been shown to apply to different cultural contexts, such as France, 

China, the Czech Republic, Greece, the Netherlands, and the UK (Guéguen et 

al., 2015, 2016; Ren et al., 2016; Sucha et al., 2017; Nathanael et al., 2018; Dey 

et al., 2019; Eisma et al., 2020; Uttley et al., 2020; de Winter et al., 2021; Kong 

et al., 2021; Onkhar et al., 2022). To make matters worse, previous research has 

shown that pedestrians tend to underestimate vehicle speed and overestimate the 

time at their disposal to attempt a safe crossing (Lobjois and Cavallo, 2007; Sun 

et al., 2015; Papić et al., 2020). 

 External human-machine interfaces (eHMIs), i.e., human-machine 

interfaces that utilize the external surface and/or the immediate surroundings of 

the vehicle, hold promise for filling the expected communication gap by 

providing pedestrians with information about the current state and future 

behaviour of an autonomous vehicle, as well as its situational awareness and 

cooperation capabilities, to primarily ensure pedestrian safety and improve traffic 

flow, but also promote public acceptance of autonomous vehicle technology 

(ISO/TR 23049:2018, 2018; Merat et al., 2018; Rasouli and Tsotsos, 2019; 

Rouchitsas and Alm, 2019; Schieben et al., 2019; Carmona et al., 2021; Ezzati 

Amini et al., 2021; Tabone et al., 2021). Although consensus among developers 
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regarding optimal physical and functional eHMI characteristics has not been 

reached yet, there is general agreement that the communication should be 

allocentric, i.e., refer exclusively to the circumstances of the vehicle instead of 

advising or instructing the pedestrian to act, due to liability concerns, while the 

provided information should be clear and relevant to the task at hand without 

being overwhelming or distracting (Dey et al., 2020; Tabone et al., 2021). 

Importantly, the ideal interface would be easily – if not intuitively – 

comprehensible, as comprehensibility can directly affect its effectiveness, i.e., its 

ability to bring about the desired result, and its efficiency, i.e., its ability to do so 

cost-effectively (Bevan et al., 2015; ISO/TR 23049:2018, 2018). Moreover, the 

ideal interface would support multiple pedestrians in parallel make appropriate 

street-crossing decisions, as supporting a single pedestrian at a time is not 

sufficient for an eHMI to be considered relevant in real-world traffic (Colley et 

al., 2020), let alone a profitable endeavour for manufacturers. 

 

1.1 AIM 

 The aim of this thesis is the development of an intuitive, culture-

transcending eHMI, that can support multiple pedestrians in parallel make 

appropriate street-crossing decisions by communicating pedestrian 

acknowledgement and vehicle intention. In the proposed anthropomorphic 

eHMI concept, a virtual human character (VHC, male; female) is displayed on 

the windshield to communicate pedestrian acknowledgement and vehicle 

intention (non-yielding; cruising; yielding) via gaze direction (direct gaze; 

averted gaze) and facial expression (angry; surprised; head shake; neutral; cheek 

puff; smile; nod), respectively. Accordingly, the following objectives were 

established: 

• To review interface evaluation procedures employing naive participants 

in the field of eHMI research and development, and their findings 

(Paper I). 

• To evaluate the effectiveness of the proposed concept in supporting a 

single pedestrian or two co-located pedestrians make appropriate street-

crossing decisions (Paper II). 

• To evaluate the efficiency of emotional facial expressions (angry; 

surprised) in communicating non-yielding intention (Paper III). 

• To evaluate the efficiency of emotional (smile; angry) and 

conversational (nod; head shake) facial expressions in communicating 

yielding and non-yielding intention (Paper IV). 
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1.2 LIMITATIONS 

 Ideally, a fully functional physical prototype of the proposed concept 

would have been evaluated under real-world traffic conditions, to maximize the 

ecological validity of the findings. However, due to feasibility and safety 

concerns, the proposed concept was evaluated only in the context of three 

monitor-based experiments, conducted within the artificial confines of a typical 

psychology laboratory. 

 

1.3 DELIMITATIONS 

 Previous research has shown that information provided by vehicle 

kinematics takes precedence over information provided by the driver when a 

pedestrian contemplates crossing the street in the presence of an oncoming 

vehicle. Notwithstanding, previous research has also found overall performance 

to be enhanced when an oncoming vehicle is equipped with an interface that 

communicates pedestrian acknowledgement or vehicle intention. These findings 

have formed the basis for this thesis. Accordingly, confirming the dominance – 

or sufficiency even – of implicit communication or the positive effects eHMIs 

have on pedestrian behaviour, is beyond the scope of this work. Beyond the 

scope of the thesis are also the technical aspects of the pedestrian detection 

technology that would activate the interface and the technology that would 

display the VHC on the windshield. 
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2 FRAME OF REFERENCE 
 

 

 

 

 

2.1 BACKGROUND 

 In the context of traffic interaction, informal communicative cues, like 

eye contact, nodding and waving, are casually employed by motorists, cyclists, 

and pedestrians alike, to facilitate acknowledgement of other road users, intention 

communication, priority negotiation, and deadlock resolution, and even rebuke 

transgressions (Färber, 2016; Sucha et al., 2017). In the mixed-autonomy traffic 

environment of the future, however, road users will not be able to rely on 

informal communication to facilitate traffic interaction to the extent they 

currently do, due to lack of driver feedback (Rouchitsas and Alm, 2019). The 

promise of autonomous vehicles for less traffic accidents and less traffic congestion 

will most likely be delivered accompanied by limitations on the available 

communication channels for interacting with them. However, for the new 

technology to be trusted initially and accepted and adopted by road users 

eventually, it will need to be safe, efficient, and easy to interact with (Choi and 

Ji, 2015; Hengstler et al., 2016; Reig et al., 2018; Oliveira et al., 2019; Jing et 

al., 2020; Olaverri-Monreal, 2020; Wang et al., 2021). Evaluations of numerous 

eHMI concepts in the context of controlled studies where participants took on 

the role of the pedestrian, have found interactions with autonomous vehicles that 

are equipped with a communication interface to be more effective and efficient 

and to be perceived as safer and more satisfactory compared to interactions with 

autonomous vehicles that are not equipped with an interface and relevant to 

street-crossing information is provided solely by vehicle kinematics (Böckle et 

al., 2017; Chang et al., 2017; Costa, 2017; Deb et al., 2018; Habibovic et al., 

2018; Hudson et al., 2018; Mahadevan et al., 2018; Othersen et al., 2018; 

Petzoldt et al., 2018; Song et al., 2018; de Clercq et al., 2019; Holländer et al., 

2019a; Stadler et al., 2019; Ackermans et al., 2020; Faas et al. 2020; Singer et al., 

2020; Lee et al., 2022; Wilbrink et al., 2021; however see: Clamann et al., 2017; 

Li et al., 2018; Hensch et al., 2019). 

 Previous work has shown that interface concepts employing textual 

message coding are easily comprehensible (Fridman et al., 2017; Chang et al., 

2018; Deb et al., 2018; Hudson et al., 2018; Ackermann et al., 2019; Bazilinskyy 

et al., 2019; de Clercq et al., 2019; Eisma et al., 2021). However, the language 

barrier detracts from their effectiveness and efficiency at the local level, as they 

can only communicate to those pedestrians who speak the language, and also 
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limits their potential for marketability at the global level (ISO/TR 23049:2018, 

2018; Tabone et al., 2021). Interface concepts employing pictorial message 

coding, on the other hand, manage to transcend cultural constraints by 

employing widely recognized traffic symbols. Nonetheless, said symbols are visual 

representations of advice or instruction directed at the pedestrian, which is rather 

problematic due to liability issues (Dey et al., 2020). Interestingly, interface 

concepts employing abstract message coding in the form of light patterns have 

been the most popular approach in eHMI research and development, even 

though they lack in comprehensibility and require explanation and training due 

to presenting pedestrians with the challenge of establishing new associations that 

are grounded in neither their experience of social interaction nor their experience 

of traffic interaction (Böckle et al., 2017; Zhang et al., 2017; Habibovic et al., 

2018; de Clercq et al., 2019; Hensch et al., 2019; Lee et al., 2022; Wilbrink et 

al., 2021). Interface concepts that employ anthropomorphic message coding, i.e., 

elements of human appearance and/or behaviour, on the other hand, tap into 

pedestrians’ experience to communicate pedestrian acknowledgement and 

vehicle intention. Accordingly, Chang et al. (2017) evaluated an interface 

concept where the headlights – serving as the “eyes” of the vehicle – turn and 

look at the pedestrian to communicate acknowledgement and intention to yield. 

Importantly, instead of being provided with information about the rationale 

behind the concept, participants were required to make sense of it unaided. 

Results showed that the interface led to faster street-crossing decisions and higher 

perceived safety compared to the baseline condition (vehicle without interface). 

Furthermore, relevant research has shown that anthropomorphizing an interface 

ensures greater trust in it (Nowak and Rauh, 2008; de Visser et al., 2012; Pak et 

al., 2012; Hoff and Bashir, 2015), and that anthropomorphizing an autonomous 

vehicle increases trust in its capabilities (Waytz et al., 2014). 

 Virtual human characters (VHCs) have long been established as tools for 

studying socio-perceptual and socio-cognitive processes in neurotypical and 

neurodiverse populations (Schilbach et al., 2006; Kuzmanovic et al., 2009; 

Schrammel et al., 2009; Georgescu et al., 2013; Parsons, 2015; Parsons et al., 

2017; Dobs et al., 2018), on account of being perceived comparably to humans 

(Georgescu et al., 2014) and evoking a sense of social presence, i.e., a sense of 

being with another (Biocca et al., 2003). They have also been extensively 

employed in the field of affective computing (Picard, 2000; Scherer et al. 2010), 

both as tools for studying human-computer interactions (Cassell and Thorisson, 

1999; Pütten et al., 2008; Ochs et al., 2010; Wang et al., 2010; McDonnell et 

al., 2012;  Wong et al., 2012), and as end-solutions for various real-world 

applications in the domains of business, education, entertainment, and health 

(Aljaroodi et al., 2019). For all their realism and manipulability, however, when 

it comes to the field of eHMIs, VHCs have so far been employed as an end-
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solution in only one concept. More specifically, Furuya et al. (2021) evaluated 

an interface concept that employs a full-sized VHC sitting in the driver’s seat, 

that either engages in eye contact with the pedestrian or keeps looking straight 

ahead, along the road. Participants were tasked with crossing the street at an 

unsignalized crosswalk while an autonomous vehicle equipped with the interface 

was approaching. Even though results showed no effect of gaze direction on 

street-crossing efficiency or perceived safety, the great majority of participants 

preferred the virtual driver that made eye contact to both the driver with the 

averted gaze and the baseline condition (vehicle without interface), while some 

even touched on the usefulness of expanding its social repertoire to include 

gestures. 

 

2.2 PROPOSED eHMI CONCEPT 
 In the same spirit as Furuya et al. (2021), a VHC engages in eye contact 

with the pedestrian to communicate acknowledgement in the proposed 

anthropomorphic eHMI concept. Typical driver eye-scanning behaviour in 

traffic consists of saccades, i.e., rapid eye movements that facilitate detection of 

entities of interest in the environment, like pedestrians, fixations, i.e., focused 

gaze on an identified entity of interest, and smooth pursuit, i.e., maintaining 

focused gaze in the event of a moving entity of interest (Underwood, 2007; Tafaj 

et al., 2013; Kaya et al., 2021). Direct gaze is a highly salient social stimulus (Von 

Grünau et al., 1995; Emery, 2000), that captures attention (Senju and Hasegawa, 

2005; Senju and Johnson, 2008), and activates self-referential processing, i.e., the 

belief that one has become the focus of another’s attention (Conty et al., 2016; 

Hamilton, 2016). Therefore, in the context of traffic interaction, direct gaze 

makes for a suitable cue for communicating pedestrian acknowledgement. 

 Interestingly, the VHC in the proposed concept produces facial 

expressions as well – emotional, conversational, and neutral – to communicate 

vehicle intention. Previous work has shown that our distinctive ability to 

mentalize, i.e., attribute mental states, like desires, beliefs, emotions, and 

intentions, to another, is essential for accurately interpreting or anticipating their 

behaviour (Frith and Frith, 1999; Gallagher and Frith, 2003; Krumhuber et al., 

2013). Emotional facial expressions are primarily regarded as the observable 

manifestation of the affective state of the expresser (Horstmann, 2003). They do, 

however, also provide the perceiver with information about the expresser’s 

cognitive state and intentions (Hess et al., 2007; Scherer and Grandjean, 2008). 

For instance, in the context of social interaction, a Duchenne smile – the widely 

recognized across cultures facial expression of happiness – communicates 

friendliness or kindness  (Ekman, 1992), whereas an angry expression – the 

widely recognized across cultures facial expression of anger – communicates 

competitiveness or aggressiveness (Berkowitz and Harmon-Jones, 2004), and a 
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surprised expression – the widely recognized across cultures facial expression of 

surprise – uncertainty or unpreparedness (Schützwohl, 2018; Reisenzein et al., 

2019). Much like emotional facial expressions, conversational facial expressions, 

like the nod and the head shake, are widely recognized across cultures too, and 

provide the perceiver with information about the expresser’s cognitive state and 

intentions (Nusseck et al., 2008; Cunningham and Wallraven, 2009; Kaulard et 

al., 2012). More specifically, in the context of social interaction, a nod 

communicates agreement or cooperativeness, whereas a head shake 

communicates disagreement or unwillingness to cooperate (Kendon, 2002; 

Guidetti, 2005; Andonova and Taylor, 2012; Fusaro et al., 2014; Osugi and 

Kawahara, 2018; Moretti and Greco, 2020). 

 The smile has been featured in several eHMI concepts as a signifier of 

yielding intention on the premise that, in a hypothetical priority negotiation 

scenario, a driver could opt for smiling at a pedestrian to communicate 

relinquishing right-of-way (Semcon, 2016; Chang et al., 2018; Deb et al., 2018; 

Mahadevan et al., 2018; de Clercq et al., 2019; Holländer et al., 2019a; Chang, 

2020). Having taken context into account, the pedestrian would make the 

association between friendliness/kindness and said relinquishing, and would thus 

proceed to cross the street in front of the oncoming vehicle. Following the same 

rationale, a driver could also opt for nodding at a pedestrian to communicate 

relinquishing right-of-way (Färber, 2016; Sucha et al., 2017; Rasouli et al., 

2017). In like manner, the pedestrian would make the association between 

agreement/cooperativeness and granting passage, and would thus proceed to 

cross the street in front of the oncoming vehicle. Moreover, both smile and nod 

are social stimuli that elicit an approach tendency in the perceiver due to the 

presumed benefits of entering an exchange with an individual that exhibits the 

positive qualities assigned to said facial expressions (Becker et al., 2007; 

Niedenthal et al., 2010; Osugi and Kawahara, 2018; Moretti and Greco, 2020). 

In the context of traffic interaction, this tendency would translate to an intention 

on the part of the pedestrian to cross the street in front of the oncoming vehicle. 

Therefore, a smile and a nod make for suitable cues for communicating yielding 

intention. 

 Emotional expressions have previously been featured as signifiers of 

non-yielding intention in only one concept. More specifically, Chang (2020) 

evaluated a concept where yielding intention was communicated via a green 

happy face, whereas non-yielding intention was communicated via a red sad face. 

However, it does not make much sense for a driver – or an autonomous vehicle 

for that matter – to be saddened by a pedestrian, as sadness is primarily 

experienced due to loss while the social function of its accompanying facial 

expression is signaling need of help or comfort (Scherer and Grandjean, 2008). 

Furthermore, a sad expression is a social stimulus that elicits an approach tendency 
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in the perceiver (Barrett et al., 2019). In real-world traffic, this tendency would 

translate to an intention on the part of the pedestrian to cross the street in front 

of the oncoming vehicle, which would be inadvisable. Therefore, a sad 

expression does not make for a suitable cue for communicating non-yielding 

intention. 

 In real-world traffic, it makes more sense that a driver would be angered 

or surprised by a pedestrian. As a matter of fact, it has been shown that anger and 

surprise are among the most frequently experienced negative emotions by drivers 

when driving on urban roads (Weber et al., 2019). This comes as no surprise, as 

urban roads are characterized by high traffic density and a plethora of situations 

where the reckless or inconsiderate behaviour of another road user may pose a 

credible danger for the driver if evasive or corrective action is not undertaken 

immediately (Berkowitz and Harmon-Jones, 2004). Interestingly, being forced 

to brake because of a jaywalking pedestrian, i.e., a pedestrian that crosses the 

street illegally at a random uncontrolled location, has been identified as a 

common anger-eliciting traffic situation (Popuşoi et al., 2019; Stephens et al., 

2019). In the context of a hypothetical priority negotiation scenario, a driver 

could become angered by a jaywalking pedestrian and produce an angry 

expression to communicate non-yielding intention. Having considered the 

circumstances, the pedestrian would make the association between 

competitiveness/aggressiveness and not granting passage, and would thus not 

proceed to cross the street in front of the oncoming vehicle. Similarly, a surprised 

expression by the driver of an oncoming vehicle could communicate non-

yielding intention to a jaywalking pedestrian. Taking context into account, the 

pedestrian would make the association between uncertainty/unpreparedness and 

not granting passage, and would thus not proceed to cross the street in front of 

the oncoming vehicle. 

 Following the same rationale, a driver could also opt for shaking their 

head at a jaywalking pedestrian to communicate non-yielding intention 

(Deffenbacher et al., 2002). In that case, the pedestrian would make the 

association between disagreement/unwillingness to cooperate and denying 

passage, and would thus not proceed to cross the street in front of the oncoming 

vehicle. Furthermore, all three expressions – angry, surprised, and head shake – 

are social stimuli that elicit an avoidance tendency in the perceiver due to the 

presumed costs of interacting with an individual that exhibits the negative 

qualities assigned to said facial expressions (Kim et al., 2003; Marsh et al., 2005; 

Becker et al., 2007; Neta and Whalen, 2010; Neta et al., 2011; Osugi and 

Kawahara, 2018; Schützwohl, 2018; Reisenzein et al., 2019; Moretti and Greco, 

2020). In the context of traffic interaction, this tendency would translate to an 

intention on the part of the pedestrian not to cross the street in front of the 
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oncoming vehicle. Therefore, an angry expression, a surprised expression, and a 

head shake, make for suitable cues for communicating non-yielding intention. 

 The neutral expression has previously acted complementary to the smile 

in eHMI research and development, as a signifier of both non-yielding and 

cruising intention, i.e., intention to continue driving in automated mode 

(Semcon, 2016; Mahadevan et al., 2018; de Clercq et al., 2019; Holländer et al., 

2019a). A neutral expression, i.e., an alert but devoid of emotion, passport-

photo-like expression, is a social stimulus of neutral emotional valence, that 

neither readily provides information about the expresser’s cognitive state or 

intentions nor readily elicits any action tendency in the perceiver (Yamada et al., 

1994; Scherer and Grandjean, 2008; Tottenham et al., 2009). However, in the 

context of a “smile-neutral” dipole, it makes sense that it be employed to signify 

non-yielding or cruising intention, as a pedestrian is unlikely to attempt to cross 

the street In front of an oncoming vehicle without receiving some form of 

confirmation first, sticking instead to a better-safe-than-sorry strategy rooted in 

ambiguity aversion (Wu et al., 2021). 

 Nevertheless, the neutral expression is a static facial expression that does 

not hint at any social – or traffic for that matter – interaction potential. In the 

proposed concept, automated mode is communicated by default via displaying 

the VHC on the windshield. Consequently, there is a high chance that the VHC 

maintaining a neutral expression will be perceived as merely an image displayed 

on the windshield for gimmicky purposes rather than a fully functional interface, 

depriving bystanders of the opportunity to form appropriate expectations and 

benefit from it fully. Much like the neutral expression, the cheek puff, i.e., 

making one’s cheeks larger and rounder by filling them with air and then 

releasing it, is a facial expression of neutral emotional valence, that is further 

considered socially irrelevant and unindicative of mental effort (Schilbach et al., 

2006; Alter et al., 2007; Naples et al., 2015, Nelson and Russell, 2016). By 

extension, in the context of a “smile-cheek puff” dipole, it makes sense that it be 

employed to signify non-yielding or cruising intention too, as a pedestrian is 

more likely to stick to the above better-safe-than-sorry strategy than be 

convinced by a meaningless facial expression – repeatedly produced by the VHC 

– to cross the street in front of an oncoming vehicle. However, given the cheek 

puff, unlike the neutral expression, is a dynamic facial expression, it comes with 

the added advantage of emphasizing the possibility of interaction with the 

interface. Moreover, incorporating idle-time behaviour in the social repertoire 

of the VHC is expected to add to its behavioural realism and affect its likeability 

and trustworthiness positively (Wang et al., 2010). 
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3 METHOD 
 

 

 

 

 

3.1 PAPER I 
 The covered studies (N = 20) were mainly collected through a manual 

search of the Google Scholar database, using the following search terms: “external 

human– machine interface(s),” “external HMI(s),” “vehicle-to-pedestrian 

communication,” and “vehicle-pedestrian communication”. A snowball search 

and a citation search were also conducted, to identify additional studies of 

interest. The sole criterion that had to be met for a study to be included in the 

review, was the evaluation of the interface(s) to have occurred in the context of 

a controlled study employing naive participants. Accordingly, implementations 

that were either only evaluated by their developers or not at all, were excluded, 

as was conceptual work in the field. 

 

3.2 PAPERS II, III, AND IV 

3.2.1 Design 
 In Paper II, a 2 x 2 x 7 within-subject design was employed, with the 

factors “virtual human character gender” (male; female),  “gaze direction” (direct; 

averted), and “facial expression” (angry; surprised; head shake; neutral; cheek 

puff; smile; nod), serving as independent variables. In Paper III, a 2 x 4 within-

subject design was employed, with the factors “virtual human character gender” 

(male; female) and “facial expression” (angry; surprised; smile; nod), serving as 

independent variables. In Paper IV, a 2 x 2 x 2 within-subject design was 

employed, with the factors “virtual human character gender” (male; female), 

“vehicle intention” (yielding; non-yielding) and “expression type” (emotional; 

conversational), serving as independent variables. 

 

3.2.2 Stimuli 
Paper II 

 A stimulus set of 28 3D animated sequences (30 fps, 1080 x 1028 px) 

was developed in Poser Pro 11 (Bondware Inc.) and rendered using the Firefly 

Render Engine (see Appendix A). Poser figure “Rex” served as the male VHC 

and Poser figure “Roxie” served as the female VHC. The VHCs were shot close-

up against a white background and presented in full-screen mode. Their head 

size roughly equaled that of an adult human head at a distance of 80 cm (Rex: h 

= 31.5 cm, w = 20.5 cm; Roxie: h = 30.5 cm, w = 22.5 cm). In each sequence, 
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a VHC was presented with either direct (center/0°) or averted (left/8°) gaze, 

bearing a neutral expression initially (200 ms) and then producing a facial 

expression (1134 ms: onset-peak-offset), before returning to bearing the neutral 

expression (100 ms). In the “neutral expression” condition, the VHC maintained 

a neutral expression throughout the duration of the sequence (1434 ms). All 

emotional expressions were of high intensity and designed to match the 

prototypical facial expression of the target emotion. More specifically, the 

Duchenne smile comprised raised cheeks, raised upper lip, upward-turned lip 

corners, and parted lips, i.e., the prototypical facial muscle configuration of 

happiness (Kohler et al., 2004; Ambadar et al., 2009; Helwig et al., 2017; Barrett 

et al., 2019). The angry expression comprised lowered, drawn-together 

eyebrows, raised upper eyelid, tightened lower eyelid, and tightly pressed lips, 

i.e., the prototypical facial muscle configuration of anger (Kohler et al., 2004; 

Barrett et al., 2019). The surprised expression comprised raised eyebrows, raised 

upper eyelid, and dropped jaw, i.e., the prototypical facial muscle configuration 

of surprise (Barrett et al., 2019). The neutral expression comprised relaxed overall 

facial musculature and lightly closed lips (N'Diaye et al., 2009; Tottenham et al., 

2009). The cheek puff consisted of overly curving the cheeks outward by filling 

them with air, and then releasing it, executed twice while coupled with a neutral 

expression (Schilbach et al., 2006; Naples et al., 2015, Nelson and Russell, 2016). 

The nod consisted of a rigid head movement along the sagittal plane (center/0°-

down/4°-center/0°), executed twice while coupled with a neutral expression 

(Osugi and Kawahara, 2018). The head shake consisted of a rigid head movement 

along the transverse plane (center/0°-left/4°-center/0°), executed twice while 

coupled with a neutral expression (Osugi and Kawahara, 2018). 

 

Pre-study: Stimuli validation 

 The stimulus set of Paper II was validated in a pre-study where 

participants performed a gaze direction and facial expression identification task 

(self-paced, fourteen-alternative forced choice). Fifteen participants (9 male, 6 

female; mean age = 27.3 years, SD = 4.4 years) were recruited. All participants 

were right-handed. Seven participants were Swedish nationals, 2 Indian, 1 

Bulgarian, 1 Kosovar, 1 Egyptian, 1 Mexican, 1 Iraqi, and 1 Iranian. Seven 

participants had an educational and/or professional background in the social 

sciences, 6 in engineering and technology, 1 in the medical and health sciences, 

and 1 other. Mean self-reported proficiency in the English language (scale of 1-

10) was 7.7 (SD = 1.5; min. = 5, max. = 10). In each trial, after a fixation point 

appearing at the location that coincided with the center of the interpupillary line 

of the VHC (1000 ms), participants were presented with one of the sequences. 

Then, they were presented with a list of 14 labels (VHC gender was collapsed), 

e.g., “Looking to my right while smiling” and “Looking at me with a neutral 
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expression”. Their task was to select the label that most accurately described the 

behaviour the VHC had just demonstrated. Participants could replay the 

sequence, if necessary, by clicking on a virtual “REPLAY” button. After 

responding, participants would click on a virtual “NEXT” button to progress to 

the next trial. A blank white screen was presented for 1000 ms before the start of 

the next trial. Each sequence was presented 8 times, yielding a total of 224 

experimental trials. Each sequence was presented once in randomized order 

before any sequence could be presented again in randomized order. Prior to the 

actual task, participants completed a round of 7 practice trials, albeit with pre-

selected sequences, to ensure that all levels of the three factors were represented 

at least once. No feedback on performance was provided during the procedure, 

which lasted about 45 min. Overall mean accuracy in the task was .981. Data 

from one participant were excluded from further analyses due to low mean 

accuracy (> 2 SDs below the overall mean). Mean accuracy in the “direct gaze” 

and “averted gaze” conditions was .994 and .986, respectively. Mean accuracy 

was .993 for the angry expression, .998 for the surprised expression, .987 for the 

head shake, .984 for the neutral expression, .996 for the cheek puff, .996 for the 

smile, and .975 for the nod. Mean accuracy in the “male VHC” and “female 

VHC” conditions was .992 and .987, respectively. After the identification task, 

participants rated the VHCs on 7 dimensions (5-point Likert scale: “not at all” = 

0, “slightly” = 1, “moderately” = 2, “very” = 3, “extremely” = 4). Mean score 

was: 1.6 for realism, 1.4 for familiarity, 1.9 for friendliness, 1.2 for attractiveness, 

1.9 for trustworthiness, 0.9 for threateningness, and 2.0 for naturalness. 

 

Papers III and IV 

 In Paper III, a total of 8 animated sequences from the validated stimulus 

set were used as stimuli in the experiment, namely the angry expression, the 

surprised expression, the Duchenne smile, and the nod. In Paper IV, a total of 8 

animated sequences from the validated stimulus set were used as stimuli in the 

experiment, namely the Duchenne smile, the nod, the angry expression, and the 

head shake. In Papers III and IV, a VHC with direct gaze (center/0°) was 

presented in each sequence, bearing a neutral expression initially (1500 ms) and 

then producing a facial expression (1134 ms: onset-peak-offset), before returning 

to bearing the neutral expression (500 ms). An additional two sequences (30 fps, 

1080 x 1028 px) where an initially grey circle of 28.5 cm diam. (1500 ms) turned 

either red or green (1134 ms), before turning grey again (500 ms), were 

developed in Poser Pro 11 (Bondware Inc.) and used as stimuli in the experiments 

in Papers III and IV (see Appendix A).  Via resembling the operation of a typical 

traffic light, these sequences served the purpose of regularly reminding 

participants that the facial expressions were to be processed in the context of 

interaction in traffic. 
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3.2.3 Apparatus 
 The task was run on a Lenovo ThinkPad P50s (Intel® Core™ i7-

6500U CPU @ 2.5 GHz; 8 GB RAM; Intel HD Graphics 520; Windows 10 

Education). The stimuli were presented on a 24" Fujitsu B24W-7 LED monitor. 

In Paper II, participants responded via a Lenovo MSU1175 wired USB optical 

mouse. In Papers III and IV, participants responded via a Chronos response box  

(Psychology Software Tools Inc.). Stimuli presentation and data collection were 

controlled by E-Prime 3.0 (Psychology Software Tools Inc.). 

 

3.2.4 Procedure 
 All experiments were conducted in a separate, quiet, and well-lit, room 

at the researchers’ institution. Upon arrival, participants were seated and asked to 

read and sign a consent form including information about study aim, procedure, 

data handling, participation risks, and compensation. Participants then provided 

the experimenter with demographic information. After assuming a standing 

position in front of the screen – at approximately 80 cm away from the screen, 

whose angle was adjusted so that the VHC met each individual participant’s 

eyeline  (Figure 1) – they were presented with an informational passage alongside 

a visualization of the proposed eHMI concept (Figure 2), for familiarization 

purposes. The passage read: “Interaction between drivers and pedestrians is often 

assisted by gaze direction, facial expressions, and gestures. In the near future, 

however, users of autonomous cars will not have to pay attention to the road; 

they will read, work, watch movies, or even sleep, while the car takes them 

where they want to go. Therefore, to make traffic interaction safer and easier, 

advanced communication systems will have to be developed that inform 

pedestrians about whether an autonomous car has detected them and what it 

plans on doing next. Communication systems that utilize the windshield area of 

an autonomous car have been proposed as a possible solution to the problem 

pedestrians will soon face. For this reason, we have developed a LED-display 

system where a 2D avatar – substituting for the human driver – is displayed on 

the windshield, to communicate pedestrian detection and car intention. You are 

here to test our system.” 
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Figure 1. Experiment set-up. 

 

 
Figure 2. Visualization of the proposed eHMI concept. 

 

 

Paper II 

 While maintaining the standing position – to facilitate pedestrian 

perspective adoption –participants performed a crossing intention task (self-

paced, two-alternative forced choice). In each trial, after a fixation point 

appearing at the location that coincided with the center of the interpupillary line 

of the VHC (1000 ms), they were presented with one of the sequences. Then, 

they were presented with two choices, namely “Cross” and “Not cross”, and the 

following instructions: “Imagine you are a pedestrian about to cross a one-way 
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street at a random uncontrolled location when you see an autonomous car 

approaching from the right, that is equipped with our communication system. 

What would you do if the avatar on the windshield demonstrated the same 

behaviour as the virtual character: Would you cross the street or not cross the 

street?” Participants could replay the sequence, if necessary, by clicking on a 

virtual “REPLAY” button. After responding, participants would click on a 

virtual “NEXT” button to progress to the next trial. A blank white screen was 

presented for 1000 ms before the start of the next trial. Each sequence was 

presented 10 times, yielding a total of 280 experimental trials. Each sequence was 

presented once in randomized order before any sequence could be presented 

again in randomized order. Prior to the actual task, participants completed a 

round of 7 practice trials, albeit with pre-selected sequences, to ensure that all 

levels of the three factors were represented at least once. No feedback on 

performance was provided during the procedure, which lasted about 45 min. 

 

Papers III and IV 

 While maintaining the standing position – to facilitate pedestrian 

perspective adoption –participants performed a crossing intention task (speeded, 

two-alternative forced choice). The traffic scenario they were presented with in 

Paper III was the following: “Imagine you are a pedestrian about to cross a one-

way street at a random uncontrolled location when you see an autonomous car 

approaching from the right. The autonomous car is equipped with our 

communication system. A smile, a nod (down-up head movement), and the 

green circle, mean that the autonomous car will stop to let you cross first. An 

angry expression, a surprised expression, and the red circle, mean that the 

autonomous car will not stop to let you cross first.” The traffic scenario they 

were presented with in Paper IV was the following: “Imagine you are a 

pedestrian about to cross a one-way street at a random uncontrolled location 

when you see an autonomous car approaching from the right. The autonomous 

car is equipped with our communication system. A smile, a nod (down-up head 

movement), and the green circle, mean that the autonomous car will stop to let 

you cross first. An angry expression, a head shake (left-right head movement), 

and the red circle, mean that the autonomous car will not stop to let you cross 

first.” In each trial in Papers III and IV, after a fixation point of variable duration 

(1000-1400 ms) appearing at the location that coincided with the center of the 

interpupillary line of the VHC, participants were presented with one of the 

sequences. Their task was to respond as fast and accurately as possible whether 

they might cross or not, by pressing the correct button within the duration of 

the sequence. The two rightmost buttons of the Chronos response box were used 

for data collection. The buttons were counterbalanced between participants. A 

blank white screen was presented for 1200 ms before the start of the next trial. 
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Each sequence was presented 24 times, yielding a total of 240 experimental trials. 

Each sequence was presented once in randomized order before any sequence 

could be presented again in randomized order. Prior to the actual task, 

participants completed a round of 20 practice trials. Feedback on performance 

was provided during practice, and achieving a level of minimum .9 accuracy was 

a requirement for progressing to the actual task. The procedure lasted about 45 

min. 

 

3.2.5 Dependent variables 
 In Paper II, error rates for crossing intention responses were measured. 

“Not cross” was coded as the correct response for the angry expression, the 

surprised expression, the head shake, the neutral expression, and the cheek puff, 

regardless of gaze direction and VHC gender condition. “Cross” was coded as 

the correct response for the smile and the nod, regardless of gaze direction and 

VHC gender condition. Following the recommendation of Kaß et al. (2020), the 

absolute criterion for effectiveness was set at .85 correct in each experimental 

condition. In Paper III, error rates and reaction times (RTs) for crossing intention 

responses were measured. “Not cross” was coded as the correct response for the 

angry and the surprised expression, regardless of VHC gender condition, and the 

red circle. “Cross” was coded as the correct response for the smile and the nod, 

regardless of VHC gender condition, and the green circle. In Paper IV, error 

rates and RTs for crossing intention responses were measured. “Not cross” was 

coded as the correct response for the angry expression and the head shake, 

regardless of VHC gender condition, and the red circle. “Cross” was coded as 

the correct response for the smile and the nod, regardless of VHC gender 

condition, and the green circle. 

 

3.2.6 Participants 
 All studies were approved by the Umeå Research Ethics Committee 

(Ref: 2020-00642). Participant recruitment was based on convenience sampling. 

Participants were recruited via flyers, email, social media, and personal contacts. 

All participants provided written informed consent. Participation was voluntary 

and participants could withdraw at any time without providing further 

explanation, however, none did so. All participants participated in only one of 

the studies. As compensation, each participant received a lunch coupon 

redeemable at a local restaurant and a book of their choosing from the 

Engineering Psychology Group book collection. All participants reported normal 

or corrected-to-normal vision. 
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Paper II 

 Thirty participants (18 male, 12 female; mean age = 33.1 years, SD = 

11.9 years)  were recruited. Twenty-seven participants were right-handed. 

Fourteen participants were Swedish nationals, 4 Indian, 2 German, 1 Greek, 1 

French, 1 Egyptian, 1 Yemeni, 1 Venezuelan, 1 Brazilian, 1 Colombian, 1 

Pakistani, 1 Japanese, and 1 Chinese. Twenty-three participants had an 

educational and/or professional background in engineering and technology, 5 in 

the social sciences, 1 in the medical and health sciences, and 1 in the arts. 

Twenty-five participants assumed the role of a pedestrian on a daily and 5 on a 

weekly basis. Twenty-eight participants had a driving license. Mean period of 

residence in Sweden was 17.6 years (SD = 17.5; min. = 1, max. = 67). Mean 

self-reported proficiency in the English language (scale of 1-10) was 8.2 (SD = 

1.3; min. = 6, max. = 10). 

 

Paper III 

 Thirty participants (14 male, 16 female; mean age = 31.1 years, SD = 

7.1 years)  were recruited. Twenty-seven participants were right-handed. 

Thirteen participants were Swedish nationals, 3 Brazilian, 3 Iranian, 2 Greek, 2 

Romanian, 2 Australian, 1 French, 1 Nigerian, 1 Ethiopian, 1 Indian, and 1 Sri 

Lankan. Eighteen participants had an educational and/or professional background 

in engineering and technology, 3 in the social sciences, 4 in the medical and 

health sciences, 3 in the arts, 1 in the natural sciences,  and 1 in humanities. 

Twenty-nine participants assumed the role of a pedestrian on a daily and 1 on a 

weekly basis. Twenty-nine participants had a driving license. Mean period of 

residence in Sweden was 14.6 years (SD = 11.9; min. = 1, max. = 44). Mean 

self-reported proficiency in the English language (scale of 1-10) was 8.3 (SD = 

1.1; min. = 6, max. = 10). 

 

Paper IV 

 Forty-five participants (30 male, 15 female; mean age = 25.8 years, SD 

= 6.5 years)  were recruited. Forty-three participants were right-handed. 

Twenty-four participants were Swedish nationals, 3 German, 3 Greek, 3 Italian, 

2 Russian, 2 Mexican, 1 French, 1 Macedonian, 1 Colombian, 1 Brazilian, 1 

Iranian, 1 Pakistani, 1 Indian, and 1 Nepalese. Thirty-six participants had an 

educational and/or professional background in engineering and technology, 6 in 

the social sciences, 1 in the natural sciences, 1 in the humanities, and 1 other. 

Forty-four participants assumed the role of a pedestrian on a daily and 1 on a 

weekly basis. Forty participants had a driving license. Mean period of residence 

in Sweden was 14.4 years (SD = 11.1; min. = 1, max. = 44). Mean self-reported 

proficiency in the English language (scale of 1-10) was 8 (SD = 1; min. = 6, max. 

= 10). 
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3.2.7 Data analysis 
Paper II 

 The effects of VHC gender, gaze direction, and facial expression, on 

the dependent variable were tested for each vehicle intention separately. For non-

yielding vehicles, a 2 (male; female) x 2 (direct; averted) x 3 (angry expression; 

surprised expression; head shake) repeated measures analysis of variance 

(ANOVA) was conducted. For cruising vehicles, a 2 (male; female) x 2 (direct; 

averted) x 2 (neutral expression; cheek puff) repeated measures ANOVA was 

conducted. For yielding vehicles, a 2 (male; female) x 2 (direct; averted) x 2 

(smile; nod) repeated measures ANOVA was conducted. Mauchly’s test was used 

to check for violations of the assumption of sphericity, and degrees of freedom 

were adjusted using the Greenhouse-Geiser estimate of sphericity where 

necessary (Field, 2013). Bonferroni-corrected pairwise comparisons were also 

used where necessary. 

 

Papers III and IV 

 Only RTs of correct trials were analyzed (Kyllonen and Zu, 2016). 

Correct RTs that were generated in the first 1500 ms of each sequence, i.e., 

before the VHC had begun producing a facial expression, were discarded as 

premature. Outliers, defined as correct RTs that were 2 SDs above or below 

each individual mean per condition, were excluded from further analyses 

(Ratcliff, 2013; Aguinis et al., 2013). In Paper III, the effects of VHC gender and 

facial expression on the dependent variables were tested for non-yielding vehicles 

only. For non-yielding vehicles, a 2 (male; female) x 2 (angry expression; 

surprised expression) repeated measures analysis of variance (ANOVA) was 

conducted. In Paper IV, a 2 (male; female) x 2 (yielding; non-yielding) x 2 

(emotional; conversational) repeated measures analysis of variance (ANOVA) was 

conducted, to test the effects of VHC gender, vehicle intention, and expression 

type, on the dependent variables. 
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4 SUMMARY OF APPENDED PAPERS 
 

 

 

 

 

4.1 PAPER I 
 The aim of the review was to provide a comprehensive account of 

published empirical work in the field of eHMI research and development. It 

covered studies (N = 20) that evaluated physical prototypes of eHMI concepts 

in the context of field experiments, studies that evaluated concepts in the context 

of laboratory experiments, either monitor-based or virtual reality (VR)-based, 

and online surveys. Fifteen studies compared the effect of an interface on 

pedestrian behaviour against a baseline condition (autonomous vehicle without 

interface). In 12 of these studies, interactions with autonomous vehicles equipped 

with an interface were found to be more effective and efficient and were 

perceived as safer and more satisfactory. Only in 2 studies did participants report 

that their street-crossing decisions were based exclusively on information 

provided by vehicle kinematics. 

 Interestingly, the most convincing evidence for the usefulness of eHMIs 

were found to have been obtained from laboratory experiments, that utilized 

mainly objective measures, like error rates and RTs. This discrepancy between 

field and laboratory experiments was partly attributed to safety concerns and 

measurement reliability, as the former were conducted under real-world traffic 

conditions and employed mainly subjective measures, like ratings and interviews. 

As standardization of evaluation procedures is a fundamental requirement for 

effective interface evaluations and meaningful comparisons between different 

implementations to be realized, it was argued that future conceptual and 

empirical work in the field of eHMI research and development should focus on 

the standardization of evaluation procedures. 

 Moreover, it was found that, in the majority of studies, a ceteris paribus 

approach is not chosen when it comes to measuring the effect of specific interface 

parameters (e.g., technology, location, content type, information type, message 

coding, modality) on pedestrian behaviour, thus rendering direct comparisons 

between concepts impossible and results inconclusive due to confounding factors. 

Accordingly, it was argued that future work in the field should also focus on 

proper experimental design to outline optimal interface specifications. 
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4.2. PAPER II 
 The aim of the study was to evaluate the effectiveness of the proposed 

eHMI concept in supporting appropriate street-crossing decision-making, i.e., in 

preventing a pedestrian from attempting to cross the street in front of a non-

yielding or cruising vehicle, without letting them pass on an opportunity to cross 

the street in front of a yielding vehicle, to ensure pedestrian safety without 

compromising traffic flow. The effectiveness of the concept was evaluated in the 

context of a monitor-based, laboratory experiment where participants performed 

a self-paced crossing intention task and their accuracy in making appropriate 

street-crossing decisions was measured. No explanation of the rationale behind 

the concept was provided beforehand, to ensure intuitive responding. It was 

hypothesized that in the “non-yielding/direct gaze” and the “cruising/direct 

gaze” conditions, participants would report an intention not to cross the street. 

It was also hypothesized that in the “yielding/direct gaze” condition, participants 

would report an intention to cross the street. Accuracy in the “non-

yielding/direct gaze” and the “cruising/direct gaze” conditions is indicative of 

effectiveness in ensuring the safety of a single pedestrian intending to cross the 

street, whereas accuracy in the “yielding/direct gaze” condition is indicative of 

effectiveness in not compromising traffic flow in the case of a single pedestrian 

intending to cross the street. 

 Furthermore, participants’ state of self-involvement was manipulated by 

adding a second level to gaze direction, namely “averted gaze”, to evaluate the 

effectiveness of the proposed concept in ensuring safety without compromising 

traffic flow in the case of two co-located pedestrians sharing the same intention 

to cross the street. In the “averted gaze” condition, the VHC was clearly looking 

to the participant’s right instead of directly at them, implying that someone 

standing next to them was the focus of its attention and the intended recipient of 

its communication efforts. There was, however, no explicit mention of a second, 

not visible from the participant’s point of view, co-located pedestrian in the 

virtual scene, to ensure intuitive responding. It was hypothesized that, due to the 

implied physical proximity, participants would assume that the information about 

vehicle intention, although clearly directed at an unfamiliar roadside 

“neighbour”, would apply to them too. Accordingly, in the “non-

yielding/averted gaze” and the “cruising/averted gaze” conditions, participants 

were expected to report an intention not to cross the street, whereas in the 

“yielding/direct gaze” condition, they were expected to report an intention to 

cross the street. Accuracy in the “non-yielding/averted gaze” and the 

“cruising/averted gaze” conditions is indicative of effectiveness in ensuring the 

safety of two co-located pedestrians intending to cross the street, whereas 

accuracy in the “yielding/averted gaze” condition is indicative of effectiveness in 
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not compromising traffic flow in the case of two co-located pedestrians intending 

to cross the street. 

 Results showed that an implementation of the proposed concept where 

non-yielding intention is communicated via either an angry expression, a 

surprised expression, or a head shake,  

would be highly effective in ensuring the safety of a single pedestrian (M = 

98.5%) or even two co-located pedestrians (M = 98.5%) intending to cross the 

street in the presence of a non-yielding vehicle. Results also showed that an 

implementation where cruising intention is communicated via cheek puff would 

be effective in ensuring the safety of a single pedestrian or even two co-located 

pedestrians intending to cross the street in the presence of a cruising vehicle 

(86.8%/86.7%). As far as effectiveness in not compromising traffic flow is 

concerned, an implementation of the proposed concept where yielding intention 

is communicated via nod would be highly effective in both the case of a single 

pedestrian (96.3%) and that of two co-located pedestrians (93.7%) intending to 

cross the street in the presence of a yielding vehicle. Importantly, this level of 

effectiveness was reached in the absence of any explanation of the rationale 

behind the eHMI concept or training to interact with it successfully. 

 

4.3 PAPER III 
 In real-world traffic, deciding appropriately cannot be the only concern; 

appropriate street-crossing decisions should be made within a reasonable time-

frame, so that a viable compromise between the two main ambitions of the traffic 

system, namely traffic safety and traffic flow, is achieved. Hence, the aim of the 

study was to evaluate the efficiency of angry and surprised expressions in 

communicating vehicle non-yielding intention. Participants performed a speeded 

crossing intention task in the context of a monitor-based, laboratory experiment 

where accuracy and latency in making appropriate street-crossing decisions were 

measured. Latency in the angry expression and the surprised expression 

conditions is indicative of efficiency in communicating vehicle non-yielding 

intention. Considering priority negotiation is an inherently competitive 

interaction, as both driver and pedestrian would rather go first, it was 

hypothesized that competitiveness/aggressiveness would be more readily 

associated with denying passage than would uncertainty/unpreparedness, thus 

leading participants to faster report an intention not to cross the street in the 

angry expression compared to the surprised expression condition. 

 Results showed that angry expressions communicated vehicle non-

yielding intention more efficiently than surprised expressions. Therefore, it was 

argued that in future implementations of anthropomorphic eHMI concepts that 

communicate vehicle intention via facial expression, the angry expression should 

be seriously considered as a candidate for signifier of non-yielding intention, both 
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on grounds of superiority in effectiveness compared to the field’s go-to 

anthropomorphic signifier of not relinquishing right-of-way, namely the neutral 

expression, and of superiority in efficiency compared to another highly effective 

facial expression, namely the surprised expression. Results also showed that the 

male VHC communicated vehicle non-yielding intention more efficiently than 

the female VHC. Accordingly, it was argued that developers of future 

implementations should consider employing male VHCs to communicate 

vehicle intention via facial expression, to maximize their potential for improving 

traffic flow. 

 

4.4 PAPER IV 
 The aim of the study was to evaluate the efficiency of emotional and 

conversational expressions in communicating vehicle intention. Participants 

performed a speeded crossing intention task in the context of a monitor-based, 

laboratory experiment where accuracy and latency of crossing intention were 

measured. Latency in the smile and the nod conditions is indicative of efficiency 

in communicating yielding intention, whereas latency in the angry expression 

and the head shake conditions is indicative of efficiency in communicating non-

yielding intention. 

 Results showed that emotional expressions were more efficient than 

conversational expressions in supporting pedestrians make appropriate street-

crossing decisions. More specifically, with respect to communicating yielding 

intention, the smile was shown to be more efficient than the nod. However, in 

Paper II, the smile was found to not communicate yielding intention effectively, 

as evidenced by an accuracy of only 76% for interpretation of vehicle intention, 

which is lower than the proposed 85% criterion for effectiveness. On the other 

hand, the nod was found to be highly effective in communicating yielding 

intention, as evidenced by an accuracy of 96.3% for interpretation of vehicle 

intention. For this reason, it was argued that developers of future 

implementations of anthropomorphic eHMI concepts that communicate vehicle 

intention via facial expression should proceed with caution when considering 

employing the smile to communicate yielding intention, as they may be 

improving traffic flow at the expense of pedestrian safety. As far as 

communicating non-yielding intention is concerned, the angry expression was 

shown to be more efficient than the head shake. Accordingly, it was argued that 

future implementations of anthropomorphic eHMI concepts would benefit from 

employing the angry expression as a signifier of non-yielding intention, both on 

grounds of superiority in effectiveness compared to the industry standard 

anthropomorphic signifier of not relinquishing right-of-way, namely the neutral 

expression, and of superiority in efficiency compared to another highly effective 

facial expression, namely the head shake. Results also showed that, as in Paper 
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III, the male VHC communicated vehicle non-yielding intention more 

efficiently than the female VHC. Therefore, it was argued that developers should 

consider employing male VHCs to communicate vehicle intention via facial 

expression, to maximize the potential of anthropomorphic eHMI concepts for 

improving traffic flow. 
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5 DISCUSSION 
 

 

 

 

 

5.1 RESULTS 

5.1.1 Effectiveness 
 In Paper II, the angry expression, the surprised expression, and the head 

shake, communicated non-yielding intention effectively, which was to be 

expected, given these widely recognized facial expressions communicate 

competitiveness/aggressiveness, uncertainty/unpreparedness, and 

disagreement/uncooperativeness, respectively, while eliciting an avoidance 

tendency in the perceiver. Additionally, both neutral expression and cheek puff 

communicated cruising intention effectively, which was also to be expected, 

considering ambiguous or meaningless facial expressions are unlikely to convince 

pedestrians to risk being run over in their attempt to cross the street. Surprisingly, 

however, since it is the field’s standard anthropomorphic signifier of denying 

passage, the neutral expression missed the 85% mark for effectiveness, though by 

a little. Taken together, these results suggest that an implementation of the 

proposed concept where non-yielding intention is communicated via either an 

angry expression, a surprised expression, or a head shake, and cruising intention 

is communicated via cheek puff, would be highly effective in the context of 

safety-critical scenarios, i.e., in interactions with non-yielding or cruising 

vehicles, in both the case of a single pedestrian (M = 92.7%) and that of two co-

located pedestrians (M = 92.6%). 

 Interestingly, the smile and the nod did not communicate yielding 

intention comparably well, with the nod greatly outperforming the field’s go-to 

anthropomorphic signifier of relinquishing right-of-way, which missed the 85% 

effectiveness mark by a lot. Considering previous work has shown that both smile 

and nod are widely recognized facial expressions with clear associations, and their 

identification rates in the pre-study were 99.6% and 97.5%, respectively, it is 

unlikely that this performance discrepancy is due to participant confusion – at the 

perceptual or cognitive level – specific to the smile condition. A more plausible 

explanation is that, in the context of a hypothetical negotiation scenario, a smile 

is more open to interpretation than a nod, as one could opt for smiling to the 

other party to communicate friendliness and/or kindness, all the while not 

intending to succumb to their demands, whereas opting for nodding would most 

likely indicate reaching consensus and the successful resolution of the negotiation 

process. 
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 In the context of the experiment, nod’s advantage in unambiguousness 

over the smile manifested in a considerably higher rate of correct responses in the 

nod condition compared to the smile condition. Apparently, an ambiguous 

stimulus, like the neutral expression, is confirmation enough for a pedestrian to 

make a conservative decision, namely not cross the street in the presence of what 

could still in theory be a yielding vehicle, and only risk wasting their time, but 

an ambiguous stimulus, like the smile, is not confirmation enough for a pedestrian 

to make a liberal decision, namely cross the street in the presence of what could 

still in theory be a non-yielding vehicle, and jeopardize their well-being. On the 

other hand, the nod appears to be categorical enough to lead to a decision to 

cross the street in the presence of what could still in theory be a non-yielding 

vehicle. 

 In the averted gaze condition, as hypothesized due to the implied 

physical proximity, information about vehicle intention did support participants 

make appropriate street-crossing decisions, even though it was clearly intended 

for someone else. In this condition, participants experienced the interface as if 

they belonged to a group of two co-located pedestrians sharing the same 

intention to cross the street while only the other pedestrian was acknowledged 

by the VHC. Importantly, there had been no explanation of the rationale behind 

the proposed concept beforehand and no mention of a second pedestrian being 

present in the virtual scene. Facial expression was shown to take precedence over 

gaze direction and inform participants’ decisions when interacting with non-

yielding, cruising, and yielding, autonomous vehicles. 

 

5.1.2 Efficiency 
 Regarding efficiency in communicating vehicle non-yielding intention, 

the angry expression was shown to be more efficient than both another highly 

effective emotional expression, namely the surprised expression (Paper III), and 

a highly effective conversational expression, namely the head shake (Paper IV). 

With respect to communicating vehicle yielding intention, the smile, an 

otherwise ineffective emotional facial expression, was shown to be more efficient 

than a highly effective conversational expression, namely the nod (Paper IV). 

 In Papers III and IV, an effect of VHC gender on latency was reported, 

namely that non-yielding intention was responded to significantly faster in the 

male VHC compared to the female VHC condition. More specifically, in Paper 

III, both angry and surprised expression were responded to significantly faster 

when produced by the male compared to the female VHC. In Paper IV, both 

angry expression and head shake were responded to significantly faster in the 

male VHC compared to the female VHC condition, whereas VHC gender did 

not differentially affect latency in the yielding intention condition, i.e., for the 

smile and the nod. 
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 As far as the angry expression is concerned, this result is consistent with 

relevant empirical work that has shown anger to be more readily identified on 

male compared to female faces (Becker et al., 2007). Relevant empirical work 

has also shown that male faces are perceived as more dominant and antagonistic, 

and thus likelier to show anger, whereas female faces are perceived as more 

submissive and affiliative, and thus likelier to show surprise (Hess et al., 2007). 

Based on this, the surprised expression would have been expected to be 

responded to faster when produced by the female compared to the male VHC. 

However, in the context of the employed priority negotiation scenario, both 

surprised expression and head shake denoted dominance and opposition by 

signifying non-yielding intention. Therefore, a perceived incongruence between 

propensity and VHC gender could explain the higher latency in the female VHC 

compared to the male VHC condition (Kohn and Fernández, 2020). 

 

5.2 IMPLICATIONS 

5.2.1 Effectiveness 
 Although eHMI concepts employing abstract or textual message coding 

do support pedestrians in their street-crossing decision-making, they typically 

require either explanation and training or cultural adaptation. Furthermore, their 

implementation presupposes the introduction of additional stimuli in an already 

overloaded traffic environment, which will only serve to further confuse and 

frustrate road users, and possibly affect acceptance of autonomous vehicle 

technology negatively (Tabone et al., 2021). The proposed concept, on the other 

hand, manages to be effective while bypassing these concerns due to employing 

anthropomorphic message coding instead, and tapping into pedestrians’ 

experience of social and traffic interaction. More specifically, employing salient 

and widely recognized communicative cues with clear associations resulted in an 

interface concept that is both intuitively comprehensible and culture-

transcending. This is consistent with Singer et al. (2020), who have provided 

evidence for the effectiveness of a uniform eHMI concept in communicating 

vehicle intention across different cultural contexts, namely China, South Korea, 

and the USA. Considering perceived ease of use is a main determinant of 

automation acceptance (Jing et al., 2020), the simplicity of the proposed concept 

is also likely to affect acceptance of autonomous vehicle technology positively. 

Lastly, the VHC displayed on the windshield will not put any extra mental 

burden on road users, as it will be occupying the physical space otherwise 

occupied by the driver of the vehicle (Tapiro et al., 2020). 

 Nonetheless, some facial expressions fared considerably better in 

embodying the design rationale than others. More specifically, in the case of 

cruising intention, the neutral expression missing the 85% effectiveness mark 

suggests that its employment as signifier of denying passage will have to be 
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revisited. Minimizing ambiguousness is essential when designing for intuitive 

communication in the context of safety-critical scenarios (Bainbridge, 1983; 

Reason, 1995), so opting instead for a meaningless facial expression, that was 

shown to breed more reluctance to pedestrians and will draw more attention to 

it on account of being dynamic (Krumhuber et al., 2013), is an alternative worth 

exploring. Similarly, the smile missing the 85% effectiveness mark in 

communicating yielding intention suggests that its employment as signifier of 

granting passage will have to be revisited also. Even though it is not a matter of 

traffic safety in this case but of traffic flow, traffic flow still is the other main 

ambition of the traffic system flow (Utriainen and Pöllänen, 2020), and 

minimizing ambiguousness by opting for the nod instead, has the potential to 

affect its overall performance positively. 

 With respect to pedestrian acknowledgement, participants in the 

averted gaze condition neither seriously compromised their safety by deciding 

too liberally, namely reporting an intention to cross regardless of vehicle 

intention, on the basis that the communication was not directed at them, nor 

greatly compromised traffic flow by deciding too conservatively, namely 

reporting an intention not to cross regardless of vehicle intention, on the basis 

that acknowledgement is necessary to proceed. Rather they accurately inferred 

vehicle intention regardless of pedestrian acknowledgement, which serves as 

evidence for the effectiveness of an anthropomorphic eHMI concept employing 

gaze direction to communicate acknowledgement, in supporting at least two co-

located pedestrians decide appropriately when interacting with non-yielding, 

cruising, and yielding, autonomous vehicles. 

 

5.2.2 Efficiency 
 Based on the results of Papers III and IV, in future implementations of 

anthropomorphic eHMI concepts that communicate vehicle intention via facial 

expression, the angry expression should be seriously considered as a candidate for 

signifier of non-yielding intention, considering it outperformed both the field’s 

standard anthropomorphic signifier of denying passage, namely the neutral 

expression, in effectiveness, and two other highly effective facial expressions, 

namely the surprised expression and the head shake, in efficiency. Based on the 

results of Papers II and IV, developers of future implementations should proceed 

with caution when considering employing the smile to communicate yielding 

intention, as they may be improving traffic flow at the expense of pedestrian 

safety. 

 Regarding VHC gender, the reported effects on latency in Papers III 

and IV, imply the possibility for traffic flow to be hindered due to design choices 

regarding this factor. Accordingly, in future implementations of 

anthropomorphic eHMI concepts that communicate vehicle intention via facial 
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expression, employing a male VHC should be considered, to maximize their 

efficiency in supporting pedestrians make appropriate street-crossing decisions. 

 

5.2.3 VHCs 
 Regarding the employment of VHCs, it has been argued that 

referencing current forms of communication in traffic will be key for any novel 

eHMI concept if it is to be introduced into the traffic system without disrupting 

regular traffic operation (ISO/TR 23049:2018, 2018). From a pedestrian’s point 

of view, a VHC displayed on the windshield, employing gaze direction and facial 

expression to communicate pedestrian acknowledgement and vehicle intention, 

respectively, is a direct reference to their common experience of turning to 

informal communication to facilitate interaction with the driver of an oncoming 

vehicle. However, an interface should also be distinctive enough to communicate 

automated mode effectively and dynamic enough to betray its interaction 

potential. In the proposed concept, automated mode is communicated by default 

via displaying the VHC on the windshield while interaction potential is 

communicated via the VHC puffing its cheeks repeatedly when the vehicle is 

cruising. All things considered, this concept seems to strike a fine balance 

between familiarity and novelty the field needs more of if eHMIs are to be 

integrated into the traffic system successfully. 

 

5.2.4 Trust and acceptance 
 Trust is a complex psychological state arising from one’s perceived 

integrity, ability, and benevolence, of another (Mayer et al., 2005). Similarly, 

trust in automation is built on the basis of information about performance, 

process, and purpose, of the technology in question, and is a main determinant 

of automation acceptance (Hoff and Bashir, 2015). Importantly, both too little 

trust in automation, i.e., distrust, and too much, i.e., overtrust, can affect 

interaction with the technology negatively (Lee and See, 2004). In the case of 

distrust, the likelihood and consequences of malfunction are overestimated, and 

the technology is perceived as less capable than it is. Accordingly, a distrusting 

pedestrian will reluctantly delegate, if at all, responsibility for a successful 

interaction with an oncoming autonomous vehicle to the interface, which will 

affect traffic flow negatively if the vehicle does yield after all. Evidently, 

calibrating trust in the interface, i.e., adjusting trust to match its actual 

trustworthiness, is essential if it is to ever reach its full performance potential in 

real-world traffic (Dixon, 2020; Faas et al., 2021). Considering trust mediates 

automation acceptance, it becomes all the more important to allay skepticism and 

hesitation regarding eHMIs, especially during the familiarization phase, so that 

the public benefits from autonomous vehicle technology fully (Choi and Ji, 2015; 

Hengstler et al., 2016; Reig et al., 2018; Oliveira et al., 2019; Olaverri-Monreal, 
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2020; Wang et al., 2021). Relevant research has found anthropomorphizing an 

interface to ensure greater trust in it (Nowak and Rauh, 2008; de Visser et al., 

2012; Pak et al., 2012; Hoff and Bashir, 2015). Moreover, anthropomorphizing 

an autonomous vehicle has been shown to increase trust in its capabilities (Waytz 

et al., 2014). 

 In the case of overtrust in automation, on the other hand, the likelihood 

and consequences of malfunction are underestimated, and the technology is 

perceived as more capable than it is (Lee and See, 2004). Accordingly, an 

overtrusting pedestrian will carelessly delegate responsibility for a successful 

interaction with an oncoming autonomous vehicle to the interface, which may 

put them in danger if the vehicle does not yield after all. Previous research has 

shown that pedestrians trust an autonomous vehicle that is equipped with an 

eHMI more than they do a vehicle that is not (Kaleefathullah et al., 2020), 

especially when having been provided with information about performance, 

process, and purpose, prior to the initial interaction (Matthews et al., 2017). 

Interestingly, unlike trust in another (Schweitzer et al., 2006), trust in eHMIs 

appears to be very robust, as an incident of interface malfunction will only 

momentarily reduce trust in the interface and acceptance of autonomous vehicles 

(Holländer et al., 2019b; Faas et al., 2021). An anthropomorphic eHMI is likely 

to increase the potential for overtrust, as previous work has shown that 

anthropomorphism positively affects perceived trustworthiness (Gong, 2008). 

Moreover, a VHC displayed on the windshield of an oncoming autonomous 

vehicle is likely to elicit curiosity or even astonishment in bystanders, potentially 

distracting them in their attempt to navigate regular traffic or interact with the 

vehicle effectively (Tapiro et al., 2020). Therefore, educating vulnerable road 

users to appreciate the capabilities and shortcomings of novel interaction 

paradigms will be key to ensuring their safety in traffic and the successful 

deployment and integration of autonomous vehicle technology in society. 

 

5.3 METHODOLOGICAL CONSIDERATIONS 
 Engineering psychology investigates how humans interact with 

technology. Considering the discipline spawned off of experimental psychology, 

it comes as no surprise that the laboratory experiment is the method of choice 

and that great emphasis is placed on objective performance measures, like error 

rates and RTs (Wickens, 2021). Although laboratory experiments suffer from 

limited ecological validity due to the high degree of artificiality and low degree 

of immersion characteristic of the employed procedures, they do guarantee 

participant safety and provide researchers with greater experimental control, 

flexibility in factor manipulation, and efficiency in prototyping, compared to a 

field experiment employing a physical prototype, qualities that are invaluable at 

the early stages of the development process. Accordingly, the evaluation of 
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different implementations of the proposed concept was conducted in the context 

of three monitor-based, laboratory experiments, where accuracy and latency of 

participant responses were measured. 

 With respect to stimuli presentation, the VHCs were presented in a 

decontextualized fashion, to ensure participant responses were unaffected by 

visual elements of lesser importance and information provided by vehicle 

kinematics (Bazilinskyy  et al., 2019). Yet, this mode of stimuli presentation may 

have led to an overestimation of the effectiveness and efficiency of the proposed 

concept, considering both salience and discriminability of the social information 

provided by the interface would have most likely been lower had the interface 

been encountered under real-world traffic conditions, due to distance from and 

speed of the oncoming vehicle or adverse environmental conditions, like poor 

lighting or rain. Interestingly, however, the opposite may also be true, namely 

that decontextualization may have led to an underestimation of its performance, 

as accuracy would have most likely been higher and latency lower had 

information provided by visual elements of lesser importance and/or vehicle 

kinematics been considered too in the disambiguation process (Hassin et al., 

2013; Eisele and Petzoldt, 2022). Regardless, the reliability of the utilized 

objective measures points toward genuine differences in performance between 

implementations. 

 As stated at the beginning, confirming that implicit communication 

dominates or is sufficient for appropriate street-crossing decision-making, or that 

eHMIs affect pedestrian behaviour positively, is beyond the scope of this thesis. 

Therefore, it was decided to follow in the footsteps of Fridman et al., 2017, 

Zhang et al., 2017, Song et al., 2018, Ackermann et al., 2019, Bazilinskyy et al., 

2019, Deb et al., 2019, Lee et al., 2019, Chang, 2020, and Wesseling et al., 2020, 

who evaluated the performance of different implementations of proposed 

concepts without including a condition where an approaching vehicle without 

an interface would communicate its intention only via vehicle kinematics, and 

not include one either, as it was not necessary for supporting any of the claims 

made in this thesis. 
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6 CONCLUSION 
 

 

 

 

 

The aim of this thesis was the development of an intuitive, culture-

transcending eHMI, that can support multiple pedestrians in parallel make 

appropriate street-crossing decisions by communicating pedestrian 

acknowledgement and vehicle intention. An implementation of the proposed 

anthropomorphic eHMI concept where a male VHC communicates non-

yielding intention via an angry expression, cruising intention via cheek puff, and 

yielding intention via nod, was shown to be both highly effective in ensuring the 

safety of a single pedestrian or even two co-located pedestrians without 

compromising traffic flow in either case, and the most efficient. Importantly, 

neither explanation of the design rationale nor training were required for 

interacting with the concept successfully, as it communicates pedestrian 

acknowledgement and vehicle intention via communicative cues that are widely 

recognized across cultures. Therefore, it is concluded that the proposed 

anthropomorphic eHMI concept holds promise for filling the expected 

communication gap between at least two co-located pedestrians sharing the same 

intention and an oncoming autonomous vehicle, across different cultural 

contexts. 
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7 FUTURE WORK 
  

 

 

 

 

Previous work has shown that children tend to rely entirely on the 

interface for their street-crossing decisions when interacting with an autonomous 

vehicle, altogether ignoring information provided by vehicle kinematics (Deb et 

al., 2019). For children, who are more vulnerable than the average pedestrian 

due to their inexperience, playfulness, and carelessness, dealing with the novelty 

of an anthropomorphic eHMI may prove particularly challenging (Tapiro et al., 

2014; Charisi et al., 2017). Therefore, in future work, it would be beneficial to 

evaluate the effectiveness and efficiency of the proposed concept with a group of 

children as well, to assess the extent to which they could be at a disadvantage 

during interactions with the interface. 

 Furthermore, successful interaction with the proposed concept 

presupposes intact socio-perceptual and socio-cognitive abilities. Relevant 

research has shown that impaired communication and social interaction skills are 

one of the defining characteristics of autism spectrum disorder (Klin et al., 2002; 

Georgescu et al., 2013; Crehan et al., 2021). Accordingly, in future work, it 

would be beneficial to evaluate the effectiveness and efficiency of this concept 

with a group of autistic individuals, to assess the extent to which they could be 

at a disadvantage too when interacting with the interface, especially considering 

pedestrians with neurodevelopmental disorders are already at higher risk of injury 

in traffic compared to neurotypical pedestrians (Strauss et al., 1998). 
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APPENDIX A 
 
 
 
 
 
Stills taken from the 3D animated sequences: 
 

 
1. Rex looking directly at the participant while smiling. 

 
2. Rex looking to the participant’s right while smiling. 
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3. Roxie looking directly at the participant while smiling. 

 
4. Roxie looking to the participant’s right while smiling. 

 
5. Rex looking directly at the participant while nodding. 
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6. Rex looking to the participant’s right while nodding. 

 
7. Roxie looking directly at the participant while nodding. 

 
8. Roxie looking to the participant’s right while nodding. 
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9. Rex looking directly at the participant while making an angry expression. 

 
10. Rex looking to the participant’s right while making an angry expression. 

 
11. Roxie looking directly at the participant while making an angry expression. 
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12. Roxie looking to the participant’s right while making an angry expression. 

 
13. Rex looking directly at the participant while making a surprised expression. 

 
14. Rex looking to the participant’s right while making a surprised expression. 
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15. Roxie looking directly at the participant while making a surprised 

expression. 

 
16. Roxie looking to the participant’s right while making a surprised 

expression. 

 
17. Rex looking directly at the participant while shaking its head. 
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18. Rex looking to the participant’s right while shaking its head. 

 
19. Roxie looking directly at the participant while shaking its head. 

 
20. Roxie looking to the participant’s right while shaking its head. 
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21. Rex looking directly at the participant with a neutral expression. 

 
22. Rex looking to the participant’s right with a neutral expression. 

 
23. Roxie looking directly at the participant with a neutral expression. 
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24. Roxie looking to the participant’s right with a neutral expression. 

 
25. Rex looking directly at the participant while puffing its cheeks. 

 
26. Rex looking to the participant’s right while puffing its cheeks. 
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27. Roxie looking directly at the participant while puffing its cheeks. 

 
28. Roxie looking to the participant’s right while puffing its cheeks. 

 
29. Grey circle. 
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30. Red circle. 

 
31. Green circle. 
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