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Abstract 

The integration of automated vehicles into traffic poses a number of challenges. One 

of these challenges is designing the communication of automated vehicles with human 

road users. In this regard, it is essential to design the communication in a way that is 

understandable for all human road users and ensures an efficient and safe interaction. In 

recent years, there have been many studies focusing on the design of driving behavior 

and additional external human machine interfaces, like displays or projections, especially 

with regard to communication between automated vehicles and pedestrians. These 

studies used different setups, e.g., videos, virtual reality, or Wizard of Oz approaches. A 

comparison of the study results showed that the chosen method seems to have an impact 

on the outcome of the study. However, the exact extent of transferability of the results 

between these studies is still unknown. Therefore, the aim of the thesis is to give 

recommendations which method should be used to evaluate the automated vehicle’s 

driving behavior to communicate a yielding or non-yielding intention to a pedestrian. 

A taxonomy of traffic situations was created to systematically investigate the 

influence of the method (Article 1). The taxonomy includes all attributes that could 

influence the interaction between automated vehicles and other human road users. In 

addition, a metric—the Intention Recognition Time—and a questionnaire were 

developed to differentiate between different driving profiles. The metric and 

questionnaire items allow for comparing study setups without exposing participants to 

the risk of an accident with the automated vehicle. The metric, as well as the situation 

derived from the taxonomy, were first evaluated in a virtual reality setup (Article 2). The 

study was followed by an evaluation of the metrics and situation in a Wizard of Oz setup 

(Article 3). Another Wizard of Oz study tested the extent to which a driver can replicate a 

given target driving profile multiple times (Article 4). Subsequently, this Wizard of Oz 

study was supplemented by a virtual reality and two video studies for a systematic 

comparison of methods (Article 5). 

The results showed that it is possible to differentiate between unambiguous and 

ambiguous driving profiles in all setups. This means that unsuitable driving profiles can 

be detected with all setups. However, the results of the virtual reality and video setups 

differed in some aspects from the results of the Wizard of Oz setup. This can be explained 

in particular by perceptual differences in virtual reality and video use. Therefore, the 

Wizard of Oz setup is recommended for evaluating different driving profiles for 

automated vehicles to communicate with pedestrians. 
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Zusammenfassung 

Die Integration von automatisierten Fahrzeugen in den Straßenverkehr birgt einige 

Herausforderungen. Eine davon ist die Gestaltung der Kommunikation mit anderen 

Verkehrsteilnehmern. Dazu gehört, dass die Kommunikation von automatisierten 

Fahrzeugen so gestaltet werden muss, dass sie für alle Verkehrsteilnehmer verständlich 

ist und ein effizientes und sicheres Miteinander gewährleistet. In den letzten Jahren 

wurden viele Studien durchgeführt, die sich mit der Gestaltung von Fahrprofilen und 

zusätzlichen Displays oder Projektionen als Mittel zur Kommunikation 

auseinandergesetzt haben, insbesondere im Hinblick auf die Kommunikation zwischen 

automatisierten Fahrzeugen und Fußgängern. Diese Studien verwendeten verschiedene 

Methoden, zum Beispiel Videos, Virtual Reality oder Wizard of Oz. Ein Vergleich der 

Studienergebnisse zeigt, dass das gewählte Setup einen Einfluss auf das Ergebnis der 

Studie haben kann. Das genaue Ausmaß der Übertragbarkeit der Ergebnisse zwischen 

diesen Studien ist jedoch noch unbekannt. Das Ziel der Dissertation ist es daher, 

Empfehlungen abzuleiten, mit welcher Methode das Fahrverhalten eines automatisierten 

Fahrzeugs evaluiert werden sollte. Mit dem Fahrverhalten soll dabei eindeutig 

kommuniziert werden, dass ein Fußgänger vorgelassen oder nicht vorgelassen wird. 

Um den Einfluss der Methode systematisch zu untersuchen, wurde im Rahmen der 

Dissertation zunächst eine Taxonomie von Verkehrssituationen erstellt, die alle Attribute 

darstellt, die die Interaktion zwischen automatisierten Fahrzeugen und anderen 

Straßenverkehrsteilnehmern beeinflussen könnten (Artikel 1). Zusätzlich wurden eine 

Metrik, die Intentionserkennungszeit (Intention Recognition Time), und ein Fragebogen 

entwickelt, mit denen zwischen verschiedenen Fahrprofilen differenziert werden soll. 

Diese Metriken ermöglichen einen Vergleich der Setups, ohne die Teilnehmer dem Risiko 

eines Unfalls mit dem automatisierten Fahrzeug auszusetzen. Die Metriken sowie die aus 

der Taxonomie abgeleitete Situation wurden zunächst in einer Virtual Reality Studie 

evaluiert (Artikel 2). Im Anschluss erfolgte die Überprüfung der Metriken und der 

Situation in einer Wizard of Oz Studie (Artikel 3). In einer weiteren Wizard of Oz Studie 

wurde geprüft, inwieweit ein Fahrer ein vorgegebenes Fahrprofil replizieren kann 

(Artikel 4). Im Anschluss wurde diese Wizard of Oz Studie durch eine Virtual Reality und 

zwei Video Studien ergänzt, um einen systematischen Methodenvergleich durchzuführen 

(Artikel 5). 

Die Ergebnisse zeigen, dass es bei Nutzung der Metriken in allen verwendeten 

Methoden möglich ist, zwischen eindeutigen und uneindeutigen Fahrprofilen zu 

differenzieren. Dies bedeutet, dass ungeeignete Fahrprofile mit allen Methoden 

detektiert werden. Allerdings weichen die Ergebnisse der Virtual Reality und Video 

Studien in einigen Punkten von den Ergebnissen der Wizard of Oz Methode ab. Dies lässt 

sich insbesondere durch Wahrnehmungsunterschiede bei der Nutzung von Virtual 

Reality und Videos erklären. Daher wird für die Evaluierung von verschiedenen 

Fahrprofilen für automatisierte Fahrzeuge zur Kommunikation mit Fußgängern die 

Wizard of Oz Methode empfohlen. 
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1 Introduction 

The first vehicles with partially automated systems (Society of Automotive 

Engineers (SAE) level 2; SAE, 2018) are already driving on highways (Cacilo et al., 2015). 

For example, a traffic jam assistant is able to take over the longitudinal and lateral 

control of the vehicle in low speed ranges on highways (Cacilo et al., 2015; Robert Bosch 

GmbH, 2020). However, the driver has to monitor the system permanently and has to be 

able to take over the driving task at any time (Cacilo et al., 2015; Robert Bosch GmbH, 

2020). In the long term, highly automated systems (SAE level 4; SAE, 2018) intend to 

completely disengage the driver from the driving task. These systems should be able to 

maneuver the vehicle without the driver’s supervision on highways and later on also in 

urban traffic. Urban traffic is more complex than highway traffic (Schneemann & Gohl, 

2016). The complexity arises from ambiguous scenarios (Clausen & Klingner, 2018), a 

high number of static and dynamic objects, and different types of human road users 

(HRUs) (Hipp et al., 2018), such as pedestrians, cyclists (Lüke et al., 2015), and human 

drivers, taking part in the traffic system. Therefore, before integrating automated 

vehicles (AVs) in urban traffic some questions still need to be clarified. This includes 

questions about technical implementations, the communication with the passenger—e.g., 

to inform about ongoing driving maneuvers—, and the communication of AV’s with 

HRUs. The latter has been investigated in particular for drivers (e.g., Rettenmaier et al., 

2019; Rettenmaier, Albers, & Bengler, 2020) and pedestrians (e.g., Ackermann et al., 

2018; Ackermann, Beggiato, Bluhm et al., 2019; Moore et al., 2019). This is particularly 

relevant for pedestrians as they are considered the most unpredictable and vulnerable 

road users (Deb, Rahman et al., 2018; Rasouli & Tsotsos, 2018). A deadly accident in 

2018 between a self-driving Uber and a pedestrian in Arizona (United States) (Griggs & 

Wakabayashi, 2018) was probably caused by a chain of unfortunate circumstances. The 

pedestrian was not correctly classified due to a software error (Shepardson, 2020). In 

addition, the emergency brake assistant was deactivated and the safety driver, as back-

up in case of system failure, was probably distracted by using a mobile phone 

(Shepardson, 2020). This emphasizes the need of enhancing the technology and the 

algorithms to correctly detect and classify the HRU, as well as the need to keep the driver 

in the loop in partially automated systems. Moreover, it illustrates that it is advisable to 

inform pedestrians about the AV’s intention. Even if this type of communication would 

not have been possible in the example due to the software error, there are other 

situations in which an unambiguous communication of the AV might help to avoid 

accidents or deadlock situations. 

While the German road traffic regulations (Straßenverkehrs–Ordnung, StVO; 

Bundesamt für Justiz, 2013) contain rules for most situations, there are still some 

situations that have to be solved using communication between the road users involved. 

Examples for such situations are bottlenecks (Imbsweiler et al., 2017; Rettenmaier et al., 

2019) and shared space situations, such as parking areas (Fuest, Maier et al., 2020; 

Witzlack et al., 2016). These situations are characterized by only few legal regulations 

(Witzlack et al., 2016), so that communication between road users is unavoidable. With 
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AVs, however, a new communication partner enters the traffic system. In order for AVs to 

move smoothly and safely, the implemented algorithms must not only be able to 

recognize potential sources of danger, but also learn to understand existing 

communication forms in traffic. In addition, AVs have to learn to communicate with other 

HRUs to avoid accidents. AVs can use existing communication, e.g., predesigned driving 

profiles, or add external human-machine interfaces (eHMIs) to communicate intentions 

(chapter 2). 

A lot of research was conducted within the last years to evaluate the use of driving 

behavior and eHMIs to communicate intentions to HRUs. Methods used to evaluate 

communication are, e.g., images (e.g., Fridman et al., 2019, Yang, 2017), videos (e.g., 

Ackermann et al., 2018, Petzoldt et al., 2018), virtual reality (VR) (e.g., Burns et al., 2020, 

Deb, Strawderman, & Carruth, 2018), Wizard of Oz (WoZ) (e.g., Moore et al., 2019, 

Rothenbücher et al., 2016), and experimental vehicles (e.g., Potzy, Feinauer et al., 2019) 

(chapter 3). Besides the methods, different metrics are used to evaluate communication, 

such as the crossing time (e.g., Deb, Strawderman, & Carruth, 2018; Dietrich et al., 2018), 

error or misinterpretation rate (e.g., Chang et al., 2017; Weber et al., 2019), or the gap 

acceptance (e.g., Maruhn et al., 2020; Schneider et al., 2021) (chapter 4). For example, 

when comparing different driving profiles or eHMIs, the driving profile or eHMI that 

results in an earlier crossing time and/or a lower error or misinterpretation rate is the 

most beneficial. In addition, the gap acceptance can be used to evaluate what gap sizes 

pedestrians accept to cross the street. Both—the method and the chosen metric—may 

influence the conclusion of the findings. For example, pedestrians might indicate that 

they accept a defined gap size, but if they were asked to actually cross in front of the 

vehicle, they might not feel safe enough. 

This thesis aims to compare different methods—video, VR, and WoZ—to investigate 

which method can be used to evaluate how an AV should drive to communicate a yielding 

or a non-yielding intention to a pedestrian. Metrics are needed for this comparison which 

can be applied to all methods (chapter 5). The objectives of the thesis are explained in 

more detail in chapter 6. 

To answer the research questions, a taxonomy of traffic situations was created to 

systematically investigate the influence of the method (chapter 7). The metric as well as 

the situation derived from the taxonomy were evaluated in a VR setup (chapter 8) and a 

WoZ setup (chapter 9). In another WoZ study the extent to which a driver can replicate a 

given target driving profile multiple times was investigated (chapter 10). This research 

was followed by the systematic comparison of methods: two different video setups, a VR, 

and a WoZ setup (chapter 11). 

The results from all studies regarding the comparison of methods and 

recommendations for metrics and driving profiles are discussed in relation to the 

associated research questions (chapter 12). Subsequently, recommendations for future 

work are given (chapter 13) and a conclusion (chapter 14) is drawn. 
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2 Communication in Road Traffic 

Our everyday life is characterized by communication and interaction with other 

humans to convey our needs and to achieve our goals (Nimmons, 2014). Communication 

always follows a similar pattern as described by the Sender Receiver Model (Shannon, 

1948; Shannon & Weaver, 1998): a sender wants to transmit a message to at least one 

receiver (Figure 2.1). The sender transmits the message by encoding the message, e.g., in 

spoken words. Subsequently, the receiver has to decode the message (Shannon & 

Weaver, 1998). Transmission errors, so-called noise, may occur during the transmission 

of the message: for example, distance, culture, and language differences could interfere 

with the transmission (Chandler & Munday, 2011). A common criticism of the model is 

that communication is described as a one-way process. However, usually the 

communication partner reacts to the message. Hence, the model was adapted to include 

feedback from the receiver to the sender (Figure 2.1; Wiener, 2000). 

 
Figure 2.1 Sender Receiver Model based on Shannon and Weaver (1998) and Wiener (2000). 

The model has been designed for technical purposes, in particular to improve 

telephone communication (Röhner & Schütz, 2016). The model deals with the 

transmission and reception of messages, but not with the meaning of the message itself. 

Other models include such a subconscious message (e.g., the Four-Sides Model by Schulz 

von Thun, 2018, or the Five Axioms of Communication by Watzlawick, 2016). It can be 

assumed that subliminal messages are also communicated in road traffic, as traffic 

behavior can be understood as a social behavior with interactions between road users 

(Klebelsberg, 1982). Although, if an AV is a technical systems, it has already been shown 

that humans are polite to technical systems (Reeves & Nass, 1997) and 

anthropomorphize vehicles (Waytz et al., 2014). Nevertheless, it is important that an AV 

is able to encode a message so that a HRU can decode the message correctly. Therefore, 

the communication design needs to be basic so that a noise-free communication can be 

ensured before a social component is taken into account. 

Therefore, the Sender Receiver Model is transferred to the communication in road 

traffic in a first step. Road users need communication to ensure that traffic can move 

forward safely and efficiently. However, messages from drivers are not transmitted via 

spoken words but with light or sound signals, i.e., explicit communication, as well as with 

the driving behavior, i.e., implicit communication (Fuest, Sorokin et al., 2018). Just as in 

the Sender Receiver Model the messages can be disturbed by noise during transmission. 

Distance, culture, and language differences can lead to errors in communication not only 

in linguistic usage, but also during communication in road traffic. It is therefore 

important to evaluate the communication of AVs across countries (Weber et al., 2019) 

and to have precisely defined communication regulations. This is helpful for AVs to 

decode the message of HRUs and to be able to encode their own messages. 

Sender Receiver

Message

MessageDecode

Encode Decode

Encode
Noise

Noise
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For Germany, the formal traffic regulations can be found in the StVO (Bundesamt für 

Justiz, 2013). However, the StVO leaves room for interpretation. For example, the StVO 

stipulates the timely use of the indicators when the driver wants to turn right (StVO, §9; 

Bundesamt für Justiz, 2013). It also requires drivers to indicate the intention by driving 

as far as possible on the right side of the lane (StVO, §9; Bundesamt für Justiz, 2013). 

However, it is not further specified when or at what distance to the junction the driver 

should do so. Another example is the correct behavior when a pedestrian is standing at a 

crosswalk. Here, pedestrians have priority over vehicles, except for railway vehicles 

(StVO, §26; Bundesamt für Justiz, 2013). It is stipulated that drivers must approach the 

crosswalk at moderate speed and brake when pedestrians indicate that they wish to use 

the crosswalk (StVO, §26; Bundesamt für Justiz, 2013). However, it is not regulated what 

moderate speed means and how pedestrians have to indicate their crossing intention. 

AVs have to learn how to handle this room of interpretation in the StVO correctly. 

For example, if two pedestrians stand facing away from the road near a crosswalk and 

talk to each other, an experienced driver recognizes through the implicit signals of the 

pedestrians’ body language, that they have no crossing intention or that they will yield 

for the vehicle. As the experiences from the Bertha Benz drive show, an AV is not 

necessarily able to assess this situation correctly and would slow down initially (Daimler 

AG, 2020). However, pedestrians wanting to cross the road often wait for signals that the 

driver is going to yield. For example, eye contact or hand gestures are used to 

communicate yielding intentions (Rouchitsas & Alm, 2019). This informal 

communication occurs wherever a formal action has not been specified, such as in 

parking areas (Witzlack et al., 2016). 

The examples of missing informal communication show that the communication 

with AVs will differ from the communication with drivers (Habibovic et al., 2018). 

Therefore, before integrating AVs in mixed traffic—with pedestrians, cyclists, drivers, 

and other AVs—they have to be able to apply formal regulations and to understand 

informal communication to decode the messages from other HRUs. Therefore, the 

question arises, whether the informal communication, such as eye contact or hand 

gestures (Färber, 2016), should be replaced as this communication is not achievable for 

AVs. When it needs to be replaced, it has to be specified by what means and to what 

extent (Bengler, Rettenmaier et al., 2020). 

Replacing informal communication can be achieved by using explicit and implicit 

communication (Breazeal et al., 2005). Thus, besides using predesigned driving profiles 

for implicit communication (e.g., Burns et al., 2020; Potzy, Feinauer et al., 2019), it is also 

possible for AVs to use built-in technology to install Light Emitting Diode (LED) strips 

(e.g., Weber et al., 2019), displays (e.g., Rettenmaier, Albers, & Bengler, 2020) or 

projections (e.g., Dietrich et al., 2018) by which the AV can explicitly communicate 

(Figure 2.2). These two communication options—explicit and implicit communication—, 

however, must be designed and evaluated for AVs in advance (Fuest, Sorokin et al., 

2018). 
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(a) (b) (c) 

Figure 2.2 Explicit communication: (a) LED strip (Weber et al., 2019, p. 517); (b) display 

(Rettenmaier, Albers, & Bengler, 2020, p. 179); (c) projection (Dietrich et al., 2018, p. 46). 

2.1 Explicit Communication 

Communicating explicitly is defined as transmitting content via direct signs (Gildert 

et al., 2018). Explicit communication is used in spoken language, e.g., if drivers say “I’m 

going to turn right” they explicitly communicate the intention to a passenger. However, it 

can also be related to body language, as specific gestures transmit an explicit meaning 

(Gildert et al., 2018), such as “thumbs up” meaning “great” in Germany (Wagner, 2014). 

Transferring explicit communication onto road traffic, drivers can give pedestrians a 

direct sign to cross the road by waving the hand. Besides this informal communication, 

also formal explicit communication exists: using the right indicator is an explicit way to 

communicate the intention to turn right. Other examples are activating the hazard 

warning lights to inform about a traffic jam, or using the horn to communicate a direct 

warning. 

AVs can use the existing forms of explicit communication, such as lights and sounds. 

Furthermore, AVs have the possibility to communicate via eHMIs. Such eHMIs may 

consist of LED strips (e.g., Faas et al., 2020; Faas & Baumann, 2020; Fuest, Feierle et al., 

2020; Hensch et al., 2020b; Weber et al., 2019; Zhang et al., 2018), displays (e.g., Clercq et 

al., 2019; Joisten et al., 2020; Rettenmaier et al., 2019; Rettenmaier, Albers, & Bengler, 

2020; Song et al., 2018), or projections (e.g., Dietrich et al., 2018; Kühn et al., 2019). In 

addition, acoustic signals can be used to communicate with HRUs (e.g., Deb, 

Strawderman, & Carruth, 2018). 

While some eHMIs only inform the surrounding traffic about the status of the vehicle 

(automated vs. manual) (e.g., Fuest, Feierle et al., 2020; Kühn et al., 2019), other eHMIs 

communicate the AV’s intention to pedestrians (e.g., Clercq et al., 2019; Dietrich et al., 

2018; Eisma et al., 2020; Faas et al., 2020; Habibovic et al., 2018; Petzoldt et al., 2018; 

Weber et al., 2019) or drivers (e.g., Rettenmaier et al., 2019; Rettenmaier, Albers, & 

Bengler, 2020). However, in all cases the AV should only communicate its intention, 

instead of recommending actions to other HRUs (Andersson et al., 2017; Zhang et al., 

2018). 

The evaluation of eHMIs in studies concluded a positive effect of some eHMIs on the 

crossing behavior of pedestrians (e.g., Clercq et al., 2019; Eisma et al.; Petzoldt et al., 

2018). However, other studies showed that not all participants understand the intentions 

transmitted by the eHMIs immediately (e.g., Clercq et al., 2019; Habibovic et al., 2018; 

AV insists on the right of way

AV yields the right of way
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Hensch et al., 2020a). In the following sections, the advantages and disadvantages of 

explicit communication are presented. 

2.1.1 Positive Impact of Explicit Communication 

External communication is recommended to replace the existing communication 

between drivers and pedestrians (Hudson et al., 2019). Study results indicated that 

pedestrians crossed the road more often (Song et al., 2018), sooner (Othersen et al., 

2019), and quicker (Chang et al., 2017) when an eHMI was used. Furthermore, when 

using eHMIs pedestrians crossed the road before the vehicle stopped completely 

(Habibovic et al., 2018; Othersen et al., 2019). This has the benefit that the AV does not 

decelerate to a standstill which saves fuel. In addition, the avoidance of a standstill allows 

a higher average speed, making the AV drive more efficiently. Deadlock situations in 

which both road users came to a complete standstill could be reduced by 38% when 

presenting an eHMI (Matthews et al., 2017). In addition, pedestrians understood the 

intention of an AV earlier, when a frontal brake light was presented (Petzoldt et al., 2017, 

2018). They felt safer seeing an eHMI compared with a baseline condition, when the AV 

intended to yield (Clercq et al., 2019). Besides the perceived safety, also the comfort 

increased with an eHMI (Böckle et al., 2017). Pedestrians felt to be more in control of the 

situation and calmer when encountering an AV using an eHMI (Habibovic et al., 2018). In 

addition, the eHMI improved the correct intention recognition rate for participants from 

Germany and the United States for a yielding AV, when a light band was used (Weber et 

al., 2019). Therefore, it can be concluded that eHMIs improve the pedestrian–AV 

interaction (Deb, Strawderman, & Carruth, 2018) and increase trust (Matthews et al., 

2017). The latter can be increased in particular if pedestrians have prior knowledge 

about the eHMIs and the vehicle (Matthews et al., 2017). Moreover, the confidence 

increased with longer interactions with AVs (Miguel et al., 2019). 

The eHMI should be installed on the roof, windscreen, or the grille of the AV to 

increase the pedestrians’ perceived safety to cross the road (Eisma et al., 2020). Even if 

projections or eHMIs on wheels also increase the feeling of being able to cross the road 

safely, they should be avoided as they are not in the direct field of view of pedestrians 

(Eisma et al., 2020). Moreover, the eHMI is understood immediately (Clercq et al., 2019), 

better (Chang et al., 2018), and is preferred (Deb, Strawderman, & Carruth, 2018) when it 

contains text. 

Besides pedestrians, drivers are also able to understand explicit communication 

used by an AV. For a lane change, it is crucial to use the indicator to communicate the 

intention of merging (Potzy, Feuerbach, & Bengler, 2019). An early use of the indicator to 

inform others about a lane change is recommended, as it is perceived more cooperative 

by other drivers (Kauffmann, Winkler et al., 2018). Using eHMIs in a bottleneck situation 

results in a shorter passing time (Rettenmaier et al., 2019; Rettenmaier, Albers, & 

Bengler, 2020) with fewer crashes (Rettenmaier, Albers, & Bengler, 2020). 
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2.1.2 Negative or No Impact of Explicit Communication 

Besides the positive effects of eHMIs, some studies revealed contradictory results 

and derived less clear or no recommendations for using eHMIs. A study result indicates 

that pedestrians are more likely to stick to their familiar behavior than to use the 

information of an eHMI (Clamann et al., 2017). Furthermore, depending on the location, 

eHMIs remain unnoticed, for example if they are installed behind the AV windshield 

(Miguel et al., 2019). Especially for non-yielding AVs no effect of eHMIs could be found 

(Clercq et al., 2019; Weber et al., 2019). Pedestrians did not feel safer with an eHMI 

(Clercq et al., 2019) and did not understand the AV’s non-yielding intention earlier 

(Weber et al., 2019), as compared to a baseline without eHMI. In addition, the crossing 

initiation of pedestrians was not influenced by the presence of an eHMI (Dietrich, Boos et 

al., 2020). Moreover, an eHMI that increased the understanding of an AV’s yielding 

intention in Germany and the United States, does not necessarily have an advantage in 

China (Weber et al., 2019). 

Furthermore, pedestrians have to learn the meaning of most eHMIs, such as front 

brake lights, smileys, animated LED bands, and symbols, as they are not intuitive 

(Ackermann, Beggiato, Bluhm et al., 2019; Ackermann, Beggiato, Schubert, & Krems, 

2019; Clercq et al., 2019; Deb, Strawderman, & Carruth, 2018; Habibovic et al., 2018; 

Hensch et al., 2020a; Mahadevan et al., 2018). Therefore, intuitive eHMIs are 

recommended to to gain an early understanding of the eHMI by pedestrians and to 

minimize learning effects (Rettenmaier et al., 2019). In addition, LED light bands are not 

advised because pedestrians did not relate the communication with LED light bands to 

themselves (Hensch et al., 2020a). 

There are different opinions as to what should be depicted on eHMIs. While Clercq et 

al. (2019) recommended eHMIs with text, other researchers pointed out that light and 

beep signals were preferred to eHMIs with text (Merat et al., 2018). Moreover, Löcken et 

al. (2019) argued that using text depends on the size of the display. This is in line with the 

results from Rettenmaier, Schulze, and Bengler (2020), who point out that text has to be 

larger than symbols to maintain legibility. In addition, Chang et al. (2018) found a 

positive impact on eHMIs with virtual eyes, whereas Löcken et al. (2019) criticized that 

pedestrians felt more unsafe and did not trust systems with virtual eyes. They concluded 

that virtual eyes may be better than no eHMI, but inferior to other eHMI concepts 

(Löcken et al., 2019). Comparing two eHMIs that communicate the vehicle‘s maneuvering 

intentions by using either something like an indicator, or projecting the AVs path onto 

the ground revealed a positive effect on pedestrians hypothetical crossing behavior for 

the projection (Burns et al., 2019). However, both eHMIs were not free of criticism, as 

trust, acceptance and perceived safety did not differ between both eHMIs and 

pedestrians had to look at the ground and not at the vehicle when deciding to cross the 

road (Burns et al., 2019). The method of projection especially reaches its limits in bad or 

sunny weather conditions (Burns et al., 2019). 

It has been shown that eHMIs as features of the automated system reach a higher 

trust score by pedestrians than the AV as a whole. Thus, an eHMI seems to be interpreted 

separately from the AV by pedestrians. However, the effect is reversed in case of 
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malfunctions: pedestrians perceived the whole AV as faulty and not only the display if the 

eHMI transmits incorrect information. If information was transmitted incorrectly by an 

erroneous eHMI pedestrians’ trust, perceived safety and confidence decreased. However, 

these attributes were quickly recovering. This effect can be seen as an indication of 

overtrust, which is defined as a misjudgment of risk when interacting with a system. 

(Holländer, Wintersberger, & Butz, 2019) 

Furthermore, when evaluating interaction between AVs and drivers negative 

impacts can be found for malfunctions. The subsequent change of intention, as a result of 

a sensor error, caused longer passing times, decreased acceptance and reduced perceived 

usefulness in a bottleneck scenario (Rettenmaier, Albers, & Bengler, 2020). Therefore, an 

eHMI design should avoid misleading information (Holländer, Wintersberger, & Butz, 

2019) and a flawless communication for AVs is required (Rettenmaier, Albers, & Bengler, 

2020). In addition, a training for HRUs is recommended to better understand the 

functions and messages of eHMIs, also with regard to possible malfunctions (Holländer, 

Wintersberger, & Butz, 2019). 

Regarding a marking of AVs as automated, it was shown that the pedestrians’ 

willingness to cross the road (Dey et al., 2019), the critical gap, and the perceived level of 

stress (Rodríguez Palmeiro, 2017) were independent from the driving status (manual vs. 

automated) and the type of marking. However, when pedestrians recognized an AV as a 

self-driven vehicle, the feeling of uncertainty increased, the perceived safety decreased 

and they were more careful (Rodríguez Palmeiro, 2017). In addition, cyclists have more 

confidence in manually driven vehicles than in AVs as they do not expect to be detected 

more often by an AV (Hagenzieker et al., 2020). Therefore, the marking might have 

negative effects on cyclists. Furthermore, no effect was found for the communication of 

the AV’s driving status to other drivers on highways (Fuest, Feierle et al., 2020; Kühn et 

al., 2019). However, if an AV was marked incorrectly, drivers had difficulties attributing 

driving behavior to a human or AV (Kühn et al., 2019). 

2.2 Implicit Communication 

In implicit communication “the practical behavior itself is the message” 

(Castelfranchi et al., 2010, p. 2). This means that by performing actions, messages can be 

sent to a communication partner (Castelfranchi et al., 2010). To refer to the example in 

section 2.1, the driver could drive as far as possible on the right side of the lane and lose 

speed to communicate the intention of turning right. Even if the indicator is missing, the 

driver behind the vehicle would probably understand that the vehicle will turn right. 

Implicit communication therefore tends to convey intentions in an indirect way. 

Pedestrians (Dey & Terken, 2017; Rasouli et al., 2018b), as well as drivers (Dietrich et al., 

2019) mostly use implicit communication. For example, drivers prefer implicit 

communication in bottlenecks to inform other drivers about their intentions (Imbsweiler 

et al., 2017). In addition, drivers using explicit communication to communicate with 

pedestrians can hardly be observed (Lee et al., 2020). 
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Moreover, drivers and pedestrians are able to understand implicit communication, 

even from AVs (Lundgren et al., 2017; Potzy, Feinauer et al., 2019; Potzy, Feuerbach, & 

Bengler, 2019). Therefore, AVs can use implicit communication, e.g., to merge on 

highways (Potzy, Feinauer et al., 2019), or to brake for pedestrians to tell them that the 

AV is yielding (e.g., Dey et al., 2019; Dietrich, Maruhn et al., 2020). Clamann et al. (2017) 

revealed that pedestrians rely on proven strategies, such as driving behavior, rather than 

on eHMIs. Even if research focused on the evaluation of eHMIs, pedestrians mentioned 

that their crossing decision was based on the AVs kinematics (Li et al., 2018). 

Based on the motto "You cannot not communicate" (Watzlawick, 2016), the AV’s 

driving behavior is, in contrast to eHMIs, constantly observable by HRUs as long as there 

is no visual impairment. Therefore, AVs have to learn to communicate by using implicit 

communication, such as the driving behavior (Lundgren et al., 2017). Conventional 

driving behavior plays a major role because results showed that pedestrians mistrust 

atypical driving profiles, as compared to conventional driving profiles (H. Schmidt et al., 

2019). 

Pedestrians use the driving behavior, e.g., speed, position of the vehicle, and the 

distance between the AV and the pedestrian (Burns et al., 2020; Li et al., 2018; Rasouli et 

al., 2018a; S. Schmidt & Färber, 2009) to decide whether they can cross the road. 

Additionally, feeling comfortable is connected to the distance of the AV (Matthews et al., 

2017). An early deceleration is recommended to communicate an AV’s yielding intention 

(Ackermann et al., 2018; Ackermann, Beggiato, Bluhm et al., 2019; Fuest, Maier et al., 

2020; Fuest, Michalowski et al., 2018). Artificial pitches helped to reduce the time 

between a standstill of the AV and the moment the pedestrians enter the hypothetical 

encroachment zone; however, they were rated poorly and some pedestrians interpreted 

the pitch as an emergency maneuver or a defect on the AV (Dietrich, Maruhn et al., 2020). 

Pedestrians perceive an AV as very polite if it decelerates to a standstill, in this case all 

pedestrians crossed in front of the AV (Moore et al., 2019). 

On highways with dense traffic, drivers expect an efficient lane change from AVs 

with a small time headway when merging in front of the driver (Potzy, Feinauer et al., 

2019). This decreases the disturbance and increases the acceptance and the 

predictability of the AV’s intention (Potzy, Feinauer et al., 2019). A strong deceleration to 

the target gap is suggested to inform other drivers of a lane change (Potzy, Feuerbach, & 

Bengler, 2019). The strong deceleration is, besides a speed reduction and fast reaction 

times, observed as most cooperative (Kauffmann, Naujoks et al., 2018). Additionally, a 

merging vehicle is perceived as more cooperative, when it uses an early longitudinal 

acceleration when beginning the lane change (Kauffmann, Winkler et al., 2018). 

In particular, the published studies give recommendations for driving profiles. 

Negative aspects are seldom discussed in the papers. Therefore, a chapter with negative 

aspects of implicit communication is not included in the thesis. 
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2.3 Summary of Communication in Road Traffic 

Both implicit and explicit communication can be used to communicate an AV’s 

intention to pedestrians and drivers. It seems that pedestrians prefer proven methods, 

i.e., the driving behavior instead of eHMIs to decide whether they can cross a road 

(Clamann et al., 2017). Research also indicates that marking an AV or additional 

communication through eHMIs is not required to transmit communications to other 

HRUs because the driving behavior is sufficient (Moore et al., 2019). When using eHMIs, 

it must be ensured that malfunctions do not occur or at least that their influence will not 

lead to accidents. It is also important to ensure that eHMIs are understood by all HRUs. 

Previous study results indicate that most eHMIs are not intuitively understandable 

(Ackermann, Beggiato, Bluhm et al., 2019; Ackermann, Beggiato, Schubert, & Krems, 

2019; Clercq et al., 2019; Habibovic et al., 2018; Hensch et al., 2020a). However, eHMIs 

could be useful as a secondary information channel (Li et al., 2018). In addition, results 

illustrate that it is possible to shorten HRUs’ decision times through eHMIs. 

Nevertheless, since the employed driving profile has not been published in all 

studies so far, it is possible that eHMIs only compensate for a poor driving profile. 

Besides these facts, researchers cannot ignore the importance of designing the AV’s 

driving behavior, as it is constantly observable by HRUs in case there is no visual 

impairment. Therefore, before designing eHMIs, an AV’s driving behavior for different 

traffic situations has to be evaluated. For this reason, the thesis uses the driving behavior 

when comparing different methods. As a result, recommendations for AV’s driving 

behavior will be derived. 
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3 Methods 

Several methods are used to design and evaluate AVs’ explicit and implicit 

communication in order to communicate intentions to HRUs, particularly pedestrians or 

drivers. Therefore, the chapter focuses on the description of the advantages and 

disadvantages of methods (Table 3.1.) that are used to evaluate the AV’s communication 

to pedestrians and drivers. Other methods, such as bicycle simulators, augmented reality, 

and cave automatic virtual environment (CAVE) studies are not considered, as there is 

little literature regarding the AV’s communication available. 

For each method, the three quality criteria should be applied: objectivity, reliability 

and validity. Especially for the WoZ method special requirements must be met in order to 

fulfill these criteria. A test is objective if the result is independent of the investigator 

(Bengler, 2015). Thus, in a WoZ setup, the results need to be independent of the driving 

wizard (Müller et al., 2019). Reliability describes the accuracy of a measuring instrument 

(Bengler, 2015). One possibility to determine the reliability is the retest method 

(Sedlmeier & Renkewitz, 2011). For the WoZ approach, this means that the wizard needs 

to reproduce the driving profile in every trial (Müller et al., 2019). Validity is given when 

a test measures the dimension that it intends to measure (Sedlmeier & Renkewitz, 2011). 

Transferred to the WoZ approach, this means, i.e., that participants believe they 

encounter a “real” AV (Müller et al., 2019). A distinction can be made between internal 

and external validity. External validity refers to the transferability of the results (Vollrath, 

2015). Internal validity exist when the effect can be unequivocally attributed to the 

influence of the independent variable (Vollrath, 2015). Thus, the groups studied may 

differ only in the independent variable and confounding variables can be excluded 

(Vollrath, 2015). The quality criteria are interdependent: without objectivity, high 

reliability cannot be achieved, and reliability is the prerequisite for validity (Sedlmeier & 

Renkewitz, 2011). A validation of the method is not performed within the scope of this 

thesis. However, it is examined whether the participants perceive the simulated AV as 

real. 

3.1 Image 

Images without moving elements are an economical way to evaluate communication 

of AVs with pedestrians by collecting first impressions for early-stage design concepts 

(Fridman et al., 2019; Fuest, Schmidt, & Bengler, 2020). The concepts, such as altered 

eHMIs, can be designed and easily edited to different vehicle types by using computer 

software. Therefore, a large amount of eHMIs concepts (Fridman et al., 2019; Yang, 

2017), marked AVs (Hagenzieker et al., 2020), and different vehicle types (Dey et al., 

2019) can be evaluated without risk and within a short amount of time. In addition, 

different driver states, e.g., sleeping, reading, or paying attention, were pictured and 

participants assessed their willingness to cross the street (Lundgren et al., 2017). When 

using images in an online survey, a large group of participants worldwide can evaluate 

the different communication concepts at low cost (Rice et al., 2017; Wright, 2005). 

However, participants as well as external influences cannot be controlled and therefore 
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the validity (Farmer, 1998) and reliability of online studies might be comparatively low. 

In addition, the perception of eHMIs via images may differ from the perception in reality. 

Particularly, as reliability in online studies is comparatively low if the conditions are not 

the same for all participants (e.g., different displays with dissimilar resolutions, and/or 

distraction by background noise). 

Participants might be able to imagine themselves in different situations, when 

showing them images of these situations. This can be, e.g., used to evaluate pedestrians’ 

crossing behavior by asking participants to imagine how they normally react in a 

situation with a specific vehicle’s driving behavior (Fuest, Maier et al., 2020). However, 

their answers can differ from their real behavior, as images are not immersive. Therefore, 

the application is limited, as driving behavior cannot be visualized. 

The evaluation of use cases, with surrounding traffic, distraction or visual coverings, 

is not possible using images. Due to this reason and the limitations of an image setup, a 

final validation of design concepts in another setup is needed before integrating such 

concepts in traffic. 

3.2 Video 

As compared to images, videos have the advantage that driving behavior can be 

visualized. However, it remains unclear to which extent the visualized driving behavior 

differs from the perception in real traffic (Petzoldt et al., 2018). Just like images, videos 

are cost-efficient, risk-free, less immersive (as compared to VR, WoZ or experimental 

vehicle setups), and can be made available to participants using online surveys. 

A distinction can be made between different types of videos. While in some 

approaches the videos were recorded in traffic or on test tracks to ensure a realistic 

environmental setting (e.g., Ackermann et al., 2018; Ackermann, Beggiato, Schubert, & 

Krems, 2019; Beggiato et al., 2017; Dey et al., 2017; Fuest, Schmidt, & Bengler, 2020; Song 

et al., 2018), other approaches used videos recorded in VR (e.g., Fuest, Schmidt, & 

Bengler, 2020). In addition, it is possible to analyze videos of real traffic scenarios 

collected during a study (Cœugnet et al., 2019), through traffic monitoring, or on 

YouTube (Brown & Laurier, 2017) to gather information about the interaction between 

vehicles and passengers, as well as the interaction between vehicles and other drivers. 

There are also differences in how often participants are allowed to watch the video 

sequence. In some studies, participants were allowed to watch the videos as often as they 

wanted (Ackermann, Beggiato, Schubert, & Krems, 2019; Li et al., 2018) whereas in other 

studies the video was presented only once to the participants (Dey et al., 2017, 2019; 

Fuest, Schmidt, & Bengler, 2020). 

Videos are already used to assess hypothetical crossing behavior of pedestrians 

depending on different AV’s driving profiles (e.g., Ackermann et al., 2018; Ackermann, 

Beggiato, Bluhm et al., 2019; Dey et al., 2019; Fuest, Schmidt, & Bengler, 2020) or eHMIs 

(e.g., Ackermann, Beggiato, Schubert, & Krems, 2019; Chang et al., 2018; Eisma et al., 

2020; Li et al., 2018; Petzoldt et al., 2018; Song et al., 2018). 
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3.3 Virtual Reality 

A CAVE or a head-mounted display can be used for a VR setup. Visualizing a traffic 

situations in a VR setup is more immersive (Löcken et al., 2019), as compared to videos 

or images. In addition, pedestrians perceive the displayed environment as relatively 

realistic (Deb et al., 2017; Löcken et al., 2019). Results from Deb, Strawderman, and 

Carruth (2018) demonstrated that pedestrians react in VR as they would in real traffic 

when crossing a road. The pedestrians’ walking speed matched their speed in real traffic 

(Deb et al., 2017). Moreover, it was shown that the perception of distance and subjective 

danger by a Segway in VR and real spaces did not differ (Iryo-Asano et al., 2018). 

However, there are also results that suggest that the perception in VR differs from real 

values (Bhagavathula et al., 2018; Schneider et al., 2021). The results from H. Schmidt et 

al. (2019) demonstrated that VR can be used to evaluate AV’s driving behavior: 

pedestrians reacted with confusion and mistrust to atypical driving profiles, as compared 

to conventional driving profiles. It can be assumed that a VR simulator is a valid method 

to evaluate pedestrians’ road crossing behavior (Deb et al., 2017). 

In addition to the advantage that a realistic behavior can be reproduced in VR, it is 

risk-free (Burns et al., 2020; Deb et al., 2017) when evaluating high-risk situations 

because pedestrians never encounter a real vehicle. Another benefit is the controlled 

environment, which enables a high reliability for VR studies (Deb et al., 2017). Just like 

video or image setups, a study design can be implemented relatively cost-efficient (Burns 

et al., 2020; Deb et al., 2017). Only, a one-off investment in the required technology must 

be made. In addition, a short amount of time is needed to evaluate different driving 

profiles or eHMIs in altered trials (Deb et al., 2017). Depending on the study design, not 

much space is required for the VR setup and it can be easily transported and reinstalled 

elsewhere (Weber et al., 2019). However, the space requirement changes as large 

laboratories must be available if pedestrians are asked to cross a virtual road (Deb et al., 

2017). Additionally, the movement in VR can lead to simulation sickness (Deb et al., 

2017) and the perception in VR using a head-mounted display seems to deviate from real 

values for the estimation of speed (Bhagavathula et al., 2018). 

Within the last years, an increasing number of VR studies have been conducted to 

evaluate the influence of AV’s driving behavior (e.g., Burns et al., 2020; Dietrich, Maruhn 

et al., 2020; Fuest, Maier et al., 2020; Jayaraman et al., 2018; H. Schmidt et al., 2019) or 

eHMIs (e.g., Böckle et al., 2017; Chang et al., 2017; Clercq et al., 2019; Deb, Strawderman, 

& Carruth, 2018; Holländer, Colley et al., 2019; Holländer, Wintersberger, & Butz, 2019; 

Hudson et al., 2019; Weber et al., 2019) on pedestrians. 

3.4 Driving Simulator 

While VR studies focused on the communication between AVs and pedestrians, 

driving simulator studies were used to design the communication between AVs and 

drivers. Similar to VR, driving simulator studies are highly immersive; however, this 

depends on the simulator being static or dynamic (Kantowitz, 2011). In addition, also the 

investment in the technology (and if necessary in the license) has to be made. The 
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perception of speed in the simulator varies from the perception in reality (Hurwitz et al., 

2005). As compared to experimental vehicle studies, situations can be evaluated, just like 

in videos and VR, risk-free for participants, even if safety-critical situations are evaluated. 

However, participants need a familiarization phase, as the motion in the simulator differ 

from real vehicles (Greenberg & Blommer, 2011). As a result, simulator sickness might 

occur (Allen et al., 2011). As in VR studies, conditions can be kept constant and thus high 

reliability can be achieved. 

Two scenarios have been investigated so far: lane changes (Kauffmann, Naujoks et 

al., 2018; Kauffmann, Winkler et al., 2018) and encounters in bottlenecks (Rettenmaier et 

al., 2019; Rettenmaier, Albers, & Bengler, 2020). For this purpose, drivers encounter an 

AV that merges lanes with different driving profiles (e.g., Kauffmann, Naujoks et al., 2018; 

Kauffmann, Winkler et al., 2018) or use eHMIs to communicate the AV’s intention (e.g., 

Rettenmaier et al., 2019; Rettenmaier, Albers, & Bengler, 2020). In addition, driving 

simulator studies were used to evaluate the influence of marking AVs on highways (e.g., 

Fuest, Feierle et al., 2020; Kühn et al., 2019). 

3.5 Wizard of Oz 

Before implementing explicit or implicit communication into AVs it seems useful to 

evaluate concepts and driving profiles in real traffic or on test tracks. Since AVs and 

underlying algorithms are under development AVs can only be used for research 

purposes to a limited extent (Bengler, Omozik, & Müller, 2020). A possible solution is a 

WoZ approach. The WoZ paradigm was already applied to investigate the human–

computer interaction with not fully developed systems (Fraser & Gilbert, 1991). 

Examples are intelligent tutoring systems (Bengler, Omozik, & Müller, 2020), and speech 

systems (Fraser & Gilbert, 1991). In those approaches, the investigator was hidden from 

the users and simulated the system (Fraser & Gilbert, 1991). This enables parallel 

technical development and validation of the systems (Bengler, Omozik, & Müller, 2020). 

In addition, WoZ vehicles are already used to investigate the interaction between 

driver assistance systems and the driver inside the vehicle (G. Schmidt et al., 2008). 

Rothenbücher et al. (2016) were some of the first researchers who used WoZ vehicles to 

simulate an AV and evaluated the reaction by pedestrians. Seat covers are used to hide 

the driver from the outside perspective (Figure 3.1 (a); Currano et al., 2018; Fuest, 

Michalowski et al., 2018; Fuest, Michalowski et al., 2019; Fuest, Schmidt, & Bengler, 2020; 

Joisten et al., 2020; Moore et al., 2019; Rothenbücher et al., 2016). Other WoZ approaches 

used a right-hand steered vehicle (Figure 3.1 (b); Habibovic et al., 2016; Habibovic et al., 

2018; Lagström & Lundgren, 2015), or a joystick, which was controlled by the co-driver 

(Rodríguez Palmeiro, 2017). Results demonstrated that pedestrians do not notice the 

driver under the seat cover (Dietrich, Boos et al., 2020; Rothenbücher et al., 2015) or that 

the AV is operated by the person in the right-hand seat (Habibovic et al., 2016; Habibovic 

et al., 2018). Therefore, the method has been recommended to examine the AV–

pedestrian interaction (Rothenbücher et al., 2016). 
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(a) (b) 

Figure 3.1 Wizard of Oz approaches: (a) seat cover (Fuest, Michalowski et al., 2019, p. 3955);      

(b) right-hand steered vehicle (Habibovic et al., 2016, p. 33). 

The WoZ approach has the advantage that pedestrians behavior can be observed in a 

natural environment in contrast to images, videos or VR setups (Rothenbücher et al., 

2016). This contrasts with the high cost of resources, such as the vehicle, the objective 

data measurement, a trained driver, and if necessary the test track (Fuest, Schmidt, & 

Bengler, 2020). Another disadvantage of WoZ studies in real traffic is the low reliability 

as confounders cannot be controlled, as it is not possible to recreate the same scenario 

for all participants (Deb et al., 2017). This can be prevented if studies are conducted on 

test tracks. However, it is difficult for the driver under the seat cover to stop at the same 

point in every trial (Moore et al., 2019) and it is unclear to what extent a driver can 

replicate driving profiles. Since it is a real vehicle with a driver, the method is not risk-

free. 

In recent years, the method has gained more popularity and is used to assess driving 

behavior (e.g., Currano et al., 2018; Fuest, Michalowski et al., 2018; Fuest, Michalowski et 

al., 2019; Moore et al., 2019; Rodríguez, 2017; Rothenbücher et al., 2016) and eHMIs 

(Clamann et al., 2017; Habibovic et al., 2018; Hensch et al., 2020b; Joisten et al., 2020; 

Mahadevan et al., 2018; Matthews et al., 2017). 

3.6 Experimental Vehicle 

Since AVs are still under development and driving on public roads without a (safety) 

driver is still prohibited by law (Federal Ministry for Digital and Economic Affairs, 2020), 

the evaluation of communication by using “real” AVs is difficult to realize. Besides WoZ 

vehicles, experimental vehicles can be used in real traffic and on test tracks to design 

communication. This approach requires an experimental vehicle and technical expertise 

to implement the driving profiles and eHMIs. Therefore, this method is very cost-

intensive. In addition, also on test tracks, a safety driver is needed to intervene in an 

emergency situation in order to not endanger participants. Since it is not foreseeable 

whether pedestrians as participants would spontaneously step onto the road in order to 

test the AV, communication with pedestrians has so far only been tested rudimentarily at 

low speeds (5.4 km/h (Burns et al., 2019), or 20 km/h (Miguel et al., 2019)). 

Experimental vehicles were also used to evaluate the interaction between AVs and 

drivers (Potzy, Feinauer et al., 2019; Potzy, Feuerbach, & Bengler, 2019). Comparatively 
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low speeds of 30 km/h and 50 km/h were chosen for these studies and both were 

conducted on a test track (Potzy, Feinauer et al., 2019). As a backup, a safety driver was 

in the vehicle (Potzy, Feinauer et al., 2019). Just as for the WoZ method, reliability is low 

as there is no controlled environment for real traffic studies.  

Driving behavior (e.g., Potzy, Feinauer et al., 2019; Potzy, Feuerbach, & Bengler, 

2019) and eHMIs (e.g., Burns et al., 2020; Miguel et al., 2019) can be assessed using 

experimental vehicles. 

3.7 Summary of Methods 

The advantages and disadvantages of the methods influence the choice of method 

depending on the research question. As this thesis focuses on the AV's driving behavior, 

images are not further examined. Images are unsuitable for the evaluation of driving 

profiles and rather used for the pre-selection of eHMIs (section 3.1). In addition, driving 

simulator studies are excluded for the thesis, as these studies focus on the AV’s 

communication with drivers and not with pedestrians. Furthermore, an experimental 

vehicle was not available. Thus, videos, VR and WoZ setups were used in this thesis. 

In addition, the study results presented in chapter 2 give the impression that the 

choice of method affects the results. Especially in video studies, it is possible that driving 

behavior cannot be clearly perceived by pedestrians and eHMIs reduce this perception 

effect (Petzoldt et al., 2018). This assumption is supported by the fact that most positive 

effects for eHMIs were found in video and VR studies, whereas in WoZ studies eHMIs 

have a less positive influence on the pedestrians’ willingness to cross the road (Fuest, 

Schmidt, & Bengler, 2020). In contrast, it can be seen that the pedestrians crossing 

behavior is influenced by the driving behavior of the AV across all methods (Fuest, 

Schmidt, & Bengler, 2020). 

In order to ensure the comparison of the study results, it is necessary to evaluate 

whether these differences are independent of the chosen method as it is otherwise 

difficult to derive conclusions about driving behavior or eHMIs. While first research 

findings suggest that VR and WoZ study results are valid in comparison to reality, there 

are no studies reviewing the validity of videos in the field of automated driving. However, 

as results differ, it remains unclear whether perception in VR and videos varies from the 

perception in reality. Therefore, a comparison between videos, VR, and WoZ setups were 

conducted to fill this research gap and to give recommendations which method should be 

used to evaluate the communication of an AV. Since different types of videos exist 

(section 3.2), two different types of videos were used for the comparison of methods: 

videos showing a WoZ vehicle and videos showing a VR vehicle. 
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Table 3.1 Advantages and Disadvantages of Methods. 

Methods Advantages Disadvantages 

Image 

• cost-efficient (Rice et al., 2017; Wright, 2005) 
• usable for an online survey (Rice et al., 2017; Wright, 2005) 
• high reliability of laboratory studies 
• little knowledge required to edit images 
• risk-free 
• used for evaluating: 

o early-stage eHMI concepts (e.g., Fridman et al., 2019; Yang, 2017) 
o marked AVs (e.g., Hagenzieker et al., 2020) 
o different vehicle types (e.g., Dey et al., 2019) 
o driver state (e.g., Lundgren et al., 2017) 

• perception may vary from the perception in reality 
• low validity (Farmer, 1998) 
• low reliability of online studies 
• evaluation of driving behavior only in a rudimentary manner 

(Fuest, Maier et al., 2020) 
• only for an initial impression (Fuest, Schmidt, & Bengler, 

2020) 
• not immersive 
• evaluation with use case (with surrounding traffic, distraction 

or visual coverings) not possible 

Video 

• cost-efficient 
• usable for an online survey 
• high reliability of laboratory studies 
• driving behavior can be visualized 
• risk-free 
• used for evaluating: 

o eHMI concepts (e.g., Chang et al., 2018; Eisma et al., 2020; Li et al., 
2018; Petzoldt et al., 2018; Song et al., 2018) 

o driving behavior (e.g., Ackermann et al., 2018; Dey et al., 2019; 
Fuest, Schmidt, & Bengler, 2020) 

• perception may vary from the perception in reality (Petzoldt 
et al., 2018) 

• low reliability of online studies 
• less immersive 

Virtual 
Reality 

• relatively cost-efficient: technology must be purchased once (Burns et 
al., 2020; Deb et al., 2017) 

• immersive (Deb et al., 2017; Löcken et al., 2019) 
• high reliability (Deb et al., 2017) 

• .valid method to evaluate road crossing behavior (Deb et al., 2017) 
• easily transported and reinstalled elsewhere (Weber et al., 2019) 
• risk-free (Burns et al., 2020; Deb et al., 2017) 
• used for evaluating: 

o eHMI concepts (e.g., Böckle et al., 2017; Clercq et al., 2019; 
Holländer, Colley et al., 2019; Hudson et al., 2019) 

• perception vary from the perception in reality (Bhagavathula 
et al., 2018; Schneider et al., 2021) 

• can lead to simulator sickness (Deb et al., 2017) 
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Methods Advantages Disadvantages 

o  driving behavior (e.g., Burns et al., 2020; Dietrich, Maruhn et al., 
2020; Fuest, Maier et al., 2020; Jayaraman et al., 2018; H. Schmidt et 
al., 2019) 

Driving 
Simulator 

• highly immersive (Kantowitz, 2011) 
• risk-free 
• high reliability 
• used for evaluating: 

o eHMI concepts (e.g., Rettenmaier et al., 2019; Rettenmaier, Albers, 
& Bengler, 2020) 

o marked AVs (e.g., Fuest, Feierle et al., 2020; Kühn et al., 2019) 
o driving behavior (e.g., Kauffmann, Naujoks et al., 2018; Kauffmann, 

Winkler et al., 2018) 

• cost-intensive(technology, license, technical support) 
• perception of speed vary from the perception in reality 

(Hurwitz et al., 2005) 
• familiarization phase necessary (Greenberg & Blommer, 2011) 
• can lead to simulator sickness (Allen et al., 2011) 

Wizard of Oz 

• can be used to simulate an AV (Dietrich, Boos et al., 2020; Habibovic 
et al., 2016; Habibovic et al., 2018; Rothenbücher et al., 2015) 

• evaluation in real traffic (Rothenbücher et al., 2016) and on test 
tracks 

• used for evaluating: 
o eHMI concepts (e.g., Clamann et al., 2017; Habibovic et al., 2018; 

Hensch et al., 2020b; Joisten et al., 2020; Mahadevan et al., 2018; 
Matthews et al., 2017) 

o driving behavior (e.g., Currano et al., 2018; Fuest, Michalowski et 
al., 2018; Fuest, Michalowski et al., 2019; Moore et al., 2019; 
Rodríguez Palmeiro, 2017; Rothenbücher et al., 2016) 

• cost-intensive(vehicle, measurement of objective data, trained 
driver, and if necessary a test track) (Fuest, Schmidt, & 
Bengler, 2020) 

• low reliability (in a in real traffic study) (Deb et al., 2017) 
• reproducibility of driving behavior (Moore et al., 2019) 
• not risk-free 

Experimental 
Vehicle 

• evaluation in real traffic and on test tracks 
• used for evaluating: 

o eHMI concepts (e.g., Burns et al., 2020; Miguel et al., 2019) 
o driving behavior (e.g., Potzy, Feinauer et al., 2019; Potzy, 

Feuerbach, & Bengler, 2019) 

• cost-intensive (e.g., vehicle, test track, safety driver) 
• (safety) driver as backup (Federal Ministry for Digital and 

Economic Affairs, 2020) 
• technical expertise necessary 
• low reliability (in a in real traffic study) 
• not risk-free 
• studies so far only at low speeds (Burns et al., 2019; Miguel et 

al., 2019; Potzy, Feinauer et al., 2019; Potzy, Feuerbach, & 
Bengler, 2019) 
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4 Metrics 

Across all published studies evaluating the influence of communication between AVs 

and pedestrians, different metrics are used to compare driving profiles and eHMIs. Those 

metrics are based on objective and subjective data. Besides this, a distinction can be 

made between quantitative and qualitative data. Quantitative data are related to a 

measurable quantity and standardized (Przyborski & Wohlrab-Sahr, 2014). In contrast, 

qualitative data are related to the quality of the content and reconstructive (Przyborski & 

Wohlrab-Sahr, 2014). While quantitative methods empirically investigate hypotheses, 

qualitative methods are used to generate hypotheses or theories (Przyborski & Wohlrab-

Sahr, 2014). As this thesis focuses on the investigation of hypotheses (chapter 6), this 

chapter emphasizes on objective and subjective quantitative data. 

4.1 Objective Data 

All metrics calculated from the objective data use a motoric reaction from 

pedestrians to compare AVs driving profiles or eHMIs. Therefore, the metrics can be 

assigned to the motor processor as part of the Model Human Processor (Figure 4.1; Card 

et al., 2008). 

 
Figure 4.1 The Model Human Processor based on Card et al. (2008). 

In the human being, a stimulus is recorded by the sensor systems of the body, such 

as the visual or auditory system. The stimulus is examined in the perceptual processor 

for known patterns. Therefore, beside the sensors, the perceptual system includes 

associated buffer memories, such as the visual and the auditory image store. 

Subsequently the stimulus is processed in terms of content in the working memory as 

well as in the cognitive processor and in the long-term. A motor process can 

Eye movement
= 230 | 70~700| ms

Perceptual Processor

= 100 | 50 ~ 200| ms

Cognitive Processor

= 70 | 25 ~ 170| ms

Motor Processor

= 70 | 30 ~ 100 | ms

Visual Image Store

= 100 | 50 ~ 200| ms

Auditory Image Store

= 100 | 50 ~ 200| ms

Working Memory

Long-Term Memory
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subsequently take place. For all processes different amounts of time are needed, 

depending on the stimulus. (Card et al., 2008) 

This process can be transferred to the pedestrian’s decision to cross a road. The 

pedestrian perceives a stimulus from the traffic situation. However, the stimulus depends 

on the quality of the virtual and physical environments (Schneider & Bengler, 2020), such 

as daytime, e.g., dusk might impair the visual system (Ackermann, Beggiato, Bluhm et al., 

2019; Beggiato et al., 2018). The pedestrian compares the stimulus with already 

experienced situations and based on the previous knowledge the best alternative action 

will be deduced. For example, the pedestrian perceives a decelerating vehicle and, based 

on previous experience, expects the vehicle to yield and therefore, to be able to cross the 

road safely. The output of those processes can be measured in different ways: using 

questionnaire items, pressing a button when a decision is made, or asking pedestrians to 

cross a road whenever feeling safe to do so. 

In most studies, participants were asked to press and/or hold a button. For example, 

participants were asked to press the spacebar on a keyboard (Eisma et al., 2020) or a 

handheld button (Clercq et al., 2019) and hold the button as long as they felt safe to cross 

the road (Burns et al., 2019; Clercq et al., 2019; Eisma et al., 2020). The longer 

participants kept the button pressed, the better the eHMI (Eisma et al., 2020) or the 

driving profile. In another setup, participants were asked “to press a key at the last 

moment, when they would cross the street comfortably” (Beggiato et al., 2018, p. 1076). 

However, this cannot be used to analyze responses of participants to non-yielding AVs 

(Eisma et al., 2020). A non-yielding driving profile can also not be reviewed for studies in 

which the participants were asked to press the spacebar, as soon as they recognized a 

deceleration of the AV (Petzoldt et al., 2018). Asking the participants to press a button as 

soon as they recognize changes in the AV’s driving profile (Ackermann et al., 2018; 

Ackermann, Beggiato, Bluhm et al., 2019) helps to analyze both driving profiles: yielding 

and non-yielding. After pressing the button, participants have to specify, whether they 

noticed the vehicle accelerated or decelerated (Ackermann et al., 2018; Ackermann, 

Beggiato, Bluhm et al., 2019). However, this metric cannot be used to evaluate a driving 

profile without speed changes. 

Besides the question how long participants need to recognize changes in the AV’s 

driving profile, other research focuses on the question whether and at what time 

pedestrians felt safe enough to cross the road. Therefore, different studies asked 

participants to press the spacebar (Song et al., 2018) or the button on the handheld 

controller (Chang et al., 2017) to indicate that they would cross the road, or even let the 

pedestrian cross the road (Clamann et al., 2017; Mahadevan et al., 2018; Miguel et al., 

2019). The crossing time and error rate can be used to compare different eHMIs (Chang 

et al., 2017). Another possibility is the critical gap acceptance, where participants are 

asked to press a button (Beggiato et al., 2017; Joisten et al., 2020), raise their hand, or 

take a step forward or backward (Rodríguez Palmeiro, 2017) “at the last moment they 

are willing to cross the road in front of the vehicle” (Joisten et al., 2020, p. 253). 

The crossing time (Deb, Strawderman, & Carruth, 2018; Dietrich, Maruhn et al., 

2020; Jayaraman et al., 2018) and error rate (Holländer, Colley et al., 2019) were also 
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used in VR studies in which participants crossed a virtual road by walking. Instead of the 

error rate, H. Schmidt et al. (2019) analyzed the success rate and the number of 

collisions. Deb, Strawderman, and Carruth (2018) additionally measured the waiting 

time, i.e., the time participants waited before entering the crosswalk, which is 

comparable to the crossing time used by Chang et al. (2017), and the decision time 

described by Holländer, Colley et al. (2019) and Holländer, Wintersberger, and Butz 

(2019), as well as the decision phase used by Clamann et al. (2017). The crossing time 

used by Deb, Strawderman, and Carruth (2018) refers to the time pedestrians needed to 

cross the whole road. This is comparable to the metrics used by Jayaraman et al. (2018) 

who used the waiting and crossing time, as well as a distance to collision, a jaywalking 

time and the crossing speed. This example illustrates that different names for the same 

metric exist. Therefore, a precise definition of the metrics used is essential for 

publications. 

Dietrich, Maruhn et al. (2020) and Othersen et al. (2019) measured the Crossing 

Initiation Time to Vehicle Stop which refers to the time difference between the moment 

the AV stood completely and the pedestrian entering an encroachment zone. In the 

encroachment zone the AV’s and the pedestrian’s path would overlap (Dietrich, Maruhn 

et al., 2020). However, this metric can only be analyzed if the vehicle is going to yield. In 

addition, this metric, as well as the crossing time (Deb, Strawderman, & Carruth, 2018; 

Jayaraman et al., 2018) cannot be used in a WoZ setup to not endanger pedestrians when 

they mistakenly want to cross the road. 

4.2 Subjective Data 

Besides the objective data, subjective data were recorded during most studies. 

Participants answered questions regarding the perceived speed of the vehicle (Burns et 

al., 2020), the distance between the vehicle and the HRU (Burns et al., 2020), and their 

willingness to cross the road when a vehicle was approaching (Lundgren et al., 2017; 

Mahadevan et al., 2018). In addition, participants were asked to report the vehicle’s 

intention (Chang et al., 2018; Moore et al., 2019; Zhang et al., 2018) or rate how certain 

they were about their decision to cross the road (Eisma et al., 2020). Participants rated 

how confident they felt with their interpretation of the intention (Habibovic et al., 2018) 

or how confident they felt while they crossed the road (Holländer, Colley et al., 2019). In 

another study, pedestrians rated their hesitations regarding their crossing behavior 

(Miguel et al., 2019). However, a road crossing cannot be implemented in every method 

(chapter 3). Therefore, some researchers cut videos and asked participants if they would 

cross the road at the moment the video stopped (Dey et al., 2017, 2019). 

Questionnaire items with a Likert scale response format were used to evaluate 

eHMIs, such as asking for the recognizability, the unambiguousness, and the intuitive 

comprehensibility of the AV’s message, to evaluate if participants understood the 

message correctly (Ackermann, Beggiato, Schubert, & Krems, 2019). Regarding implicit 

communication, participants assessed their confidence with the vehicle’s behavior 

(Holländer, Wintersberger, & Butz, 2019) and the perceived effectiveness of the 
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communication (Matthews et al., 2017). Moreover, subjective perceptions regarding 

perceived safety (Böckle et al., 2017; Burns et al., 2020; Chang et al., 2017; Deb, 

Strawderman, & Carruth, 2018; Habibovic et al., 2018; Holländer, Wintersberger, & Butz, 

2019; Joisten et al., 2020; Matthews et al., 2017; Rodríguez Palmeiro, 2017; H. Schmidt et 

al., 2019), trust in the vehicle (Burns et al., 2020; Hensch et al., 2020b; Holländer, 

Wintersberger, & Butz, 2019; Jayaraman et al., 2018; Matthews et al., 2017; Nuñez 

Velasco et al., 2019; H. Schmidt et al., 2019), interaction comfort (Ackermann, Beggiato, 

Schubert, & Krems, 2019; Böckle et al., 2017), and interaction quality (Moore et al., 2019) 

were measured. 

In addition, researchers asked participants if they recognized the vehicle as 

autonomous (if not introduced in the study setup) (Moore et al., 2019), about the positive 

and negative aspects of the eHMI (Burns et al., 2019), which eHMI they would prefer 

(Othersen et al., 2019), and what changes they would make (Othersen et al., 2019). 

4.3 Summary of Metrics 

Different objective and subjective data are used to evaluate different eHMIs and 

driving profiles. A motoric reaction is the basis for the objective data. Referring to the 

information process, it can be assumed that the different metrics need more or less time. 

The cognitive process, as described in the Model Human Processor, might be shorter for 

recognizing changes in the driving behavior (e.g., Ackermann et al., 2018; Ackermann, 

Beggiato, Bluhm et al., 2019) and longer for starting to cross the road (e.g., Chang et al., 

2017; Holländer, Colley et al., 2019; Song et al., 2018), or even crossing the road 

completely (e.g., Deb, Strawderman, & Carruth, 2018; Jayaraman et al., 2018). A reason 

might be that stepping on the road while a vehicle approaches has a higher safety risk 

and pedestrians therefore need to be more confident in their decision. As a result, it is not 

possible to compare the absolute values of the metrics from different studies. Moreover, 

not all metrics can be used to evaluate a non-yielding intention or are suitable to be used 

in a WoZ setup. 

In addition, a variety of questionnaire items are used to let participants rate, e.g., the 

driving behavior or the criticality of the experienced situations. However, a clear 

recommendation for appropriate metrics or questionnaire items cannot be derived from 

the study results. 
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5 Derivation of Metrics 

The aim of the thesis is to give recommendations which method should be used to 

evaluate an AV’s driving behavior to communicate a yielding or non-yielding intention to 

a pedestrian. Therefore, a metric is needed that can be used for video, VR and WoZ 

setups. In addition, the metric is intended to be suitable for comparing both yielding and 

non-yielding intentions. It should also be possible to evaluate driving profiles with 

constant speeds. The following metrics cannot be used, due to these requirements. 

Pressing a button as long as pedestrians felt safe to cross the road (Burns et al., 2019; 

Clercq et al., 2019; Eisma et al., 2020) cannot be used as non-yielding intentions are not 

analyzable. Pressing a button when changes in the driving behavior are recognized (e.g., 

Ackermann et al., 2018; Ackermann, Beggiato, Bluhm et al., 2019) cannot be used due to 

the same reason. In addition, pedestrians crossing the road (e.g., Chang et al., 2017; Deb, 

Strawderman, & Carruth, 2018; Holländer, Colley et al., 2019; Jayaraman et al., 2018; 

Song et al., 2018) would endanger pedestrians in a WoZ setup and is therefore excluded. 

The goal of designing AVs’ driving behavior should be to ensure that pedestrians can 

identify the intention of the AV as early as possible. This has the advantage that deadlock 

situations can be prevented. In addition, it can be assumed that pedestrians get used to 

communicating with AVs and adapt their crossing behavior over time. Pedestrians who 

recognize an intention early but do not cross the road because they feel unsure about AVs 

might adjust their behavior if they experience that AVs do not change their intention. 

Thus, at this early stage of research, it is useful not to examine current crossing behavior, 

but to evaluate when pedestrians recognize the intention of an AV. Therefore, a metric is 

needed that focuses on the time pedestrians need to recognize the AV's intention. The 

metric devised for this thesis is called Intention Recognition Time (IRT) and allows for the 

collection of objective data. In order not to endanger participants, they are asked to press 

a button at the moment at which they think they recognize the AV’s intention. 

In addition, two other metrics are calculated using the moment participants think 

that they recognize the intention. First, the gap between the participant and the AV is 

calculated (chapter 9). Second, the driving data are used to analyze the time of decision. 

Therefore, it is calculated how many participants wait to press the button until the AV 

stands completely or passes by (chapter 11). 

After pressing the button, participants are asked additional questionnaire items. The 

first item enquires about the assumed AV’s intention. Using this question the 

misinterpretation rate of intentions can be calculated. It can be assumed that an 

ambiguous driving profile leads to a high misinterpretation rate. This would make it 

possible to detect ambiguous driving profiles and distinguish between ambiguous and 

unambiguous driving profiles. The definition of an unambiguous driving profile is that 

the vehicle’s intention can be correctly communicated to a pedestrian. 

To analyze the criticality of a driving profile pedestrians mention whether they 

would cross the road at the moment they recognized a yielding intention. It poses a 

safety risk, if pedestrians would cross the road when the AV intended to go first (Fuest, 

Schmidt, & Bengler, 2020). Moreover, it is desirable for traffic flow that pedestrians 
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understand the intention correctly at an early stage so that they cross the road before the 

AV stands completely. Besides the mentioned crossing behavior participants rate the 

perceived criticality of the situation by using the criticality scale from Neukum et al. 

(2008). 

In addition, the subjective decision-making reliability is surveyed by asking 

participants to rate their certainty about the AV’s intention (from very uncertain to very 

certain on a five-point Likert scale). Besides having a safe and accident-free driving 

behavior, AVs should also be accepted by other HRUs. The AV’s driving behavior should 

therefore be evaluated in detail. Participants are thus asked to evaluate the driving 

behavior (from very poor to very good on a five-point Likert scale). 

The IRT and the questionnaire items were applied across all studies for the thesis 

and adapted if results suggest changes. Based on the study results, recommendations for 

the metrics and questionnaire items used were derived for further research. 
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6 Objectives and Contributions 

The driving behavior is an essential feature of AVs as it is visible for HRUs as long as 

there is no visual impairment and, in accordance with the principle "you cannot not 

communicate" (Watzlawick, 2016), driving behavior is a permanent means of 

communication. In addition, the overview in chapter 2 suggests that the choice of method 

might influence the results of evaluating the AV’s communication. Besides the variety of 

methods (chapter 3), research also relies on a number of different metrics (chapter 4). It 

remains unclear as to what extent the results of the existing research can be compared, 

due to the varying methods and metrics employed. Therefore, this thesis aims to 

determine which method is best suited to evaluate AV’s driving behavior. To this end, 

video, VR and WoZ setups were compared using the devised IRT metric and 

questionnaire items (chapter 5).  

In order to compare different setups, a traffic situation must be constructed whose 

attributes can be kept constant across all studies. Therefore, a taxonomy of traffic 

situations for the interaction between AVs and HRUs was created (chapter 7) and a 

suitable situation with different value facets was selected. This allowed for comparing the 

methods under exclusion of further disturbing factors. The situation was reviewed in an 

initial VR study and value facets were adjusted because of the results (chapter 8). 

Additionally, the metrics and the created questionnaire were assessed and an item was 

modified due to the findings (chapter 8). Subsequently, it was checked whether metrics 

and questionnaire can be implemented in a WoZ setup and whether the situation used in 

VR can be adapted to reality (chapter 9). In addition, it was necessary to examine to 

which extent driving profiles can be reproduced by a human driver (chapter 10). The 

results of these studies were considered in the comparison of different setups 

(chapter 11). Quality standards for the methods were collected across all studies in order 

to minimize possible weaknesses of the methods. 

In summary, the following research questions are examined in this thesis: 

 What methods can be recommended to evaluate an AV's driving behavior? Which 

quality standards must be fulfilled by the methods and what are possible 

weaknesses of the methods? 

 Can the devised metrics be recommended to distinguish between different 

driving profiles to communicate an AV’s yielding or non-yielding intention? 

 What driving behavior can be recommended for AVs to communicate a yielding 

or a non-yielding intention to a pedestrian? 
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7 Taxonomy of Traffic Situations for the Interaction between 

Automated Vehicles and Human Road Users 

Fuest, T., Sorokin, L., Bellem, H., & Bengler, K. (2018). Taxonomy of Traffic Situations for the Interaction 
between Automated Vehicles and Human Road Users. In N. A. Stanton (Ed.), Advances in Intelligent 
Systems and Computing. Advances in Human Aspects of Transportation (Vol. 597, pp. 708–719). Cham: 
Springer International Publishing. 

As this thesis aims to compare different methods that are used to evaluate AV’s 

driving behavior, a traffic situation is needed whose attributes can be kept constant 

across all studies. Therefore, a taxonomy was created that structures traffic situations in 

attributes and related value facets that influence the interaction between AVs and HRUs. 

Since there is a large variety of situations in road traffic (Klebelsberg, 1982), the 

taxonomy also helps to answer the question whether the designed and evaluated 

communication can be transferred to other traffic situations. 

The taxonomy is clustered in 12 attributes (see left column of Table 7.1.). All 

attributes have belonging value facets. Two of the attributes of the taxonomy are the 

right of way and the AV’s intention regarding the right of way. Both attributes are chosen 

since they influence the expression of the AV (ask for the right of way vs. enforce the 

right of way) and might influence the HRU’s acceptance of the AV. The belonging value 

facets are: AV has the right of way, HRU has the right of way or right of way is undefined. 

The latter can be found in parking or shared space areas. Other attributes are, e.g., the 

HRU character (e.g., pedestrians, bicyclists, and drivers) and their speed (0 km/h, 

4.4 km/h, 17.5 km/h, 30 km/h, 50 km/h, and 130 km/h). 

Based on the taxonomy, a situation for this thesis was built by defining all relevant 

value facets for the attributes (see right column of Table 7.1). A pedestrian was chosen as 

HRU character because the thesis focuses on the communication between AVs and 

pedestrians. In addition, the right of way and the AV’s intention were varied to evaluate if 

the AV’s driving behavior should differ in various right of way situations (chapter 8). In 

addition, different speeds were used (30 km/h and 49 km/h; chapter 8 and chapter 9). 

Besides these attributes, all other attributes were kept constant across all studies to 

reduce potential confounders. During all studies, the view of the AV was unobstructed at 

all times and the pedestrian stood at the roadside while the AV approached from left. 

Table 7.1 Overview of chosen attributes and value facets for the studies of the thesis. 

Attribute Value Facets 

Right of way AV / HRU / Undefined 
AV’s intention regarding right of way Let the HRU go first / AV goes first 
HRU’s intention regarding right of way Not defined 
HRU Character Pedestrians 
Longitudinal distance (Headway) > 10 Meters 
Lateral distance ≤ 3 Meters 
Attention HRU Yes 
Impairment of the HRU’s perception No impairment  
Speed AV 30 km/h / 49 km/h 
Speed HRU 0 km/h 
Driving direction AV Driving forward 
Perspective (from the perspective of the AV) Ahead 
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8 How Should an Automated Vehicle Communicate Its Intention to a 

Pedestrian? – A Virtual Reality Study 

Fuest, T., Maier, A.S., Bellem, H., Bengler, K. (2020). How Should an Automated Vehicle Communicate Its 
Intention to a Pedestrian? – A Virtual Reality Study. In: Ahram T., Karwowski W., Pickl S., Taiar R. (eds) 
Human Systems Engineering and Design II. IHSED 2019. Advances in Intelligent Systems and Computing, Vol 
1026. Springer, Cham. 

To further define the value facets, an initial VR study was conducted to determine 

whether the right of way had an effect on the metrics and questionnaire items. Using the 

software Unity, three situations were implemented with different right of way situations 

in an urban environment. In order to let the AV have the right of way a single-

carriageway with two lanes but without road marking was used in the first scenario. To 

give the HRU the right of way a zebra crossing was added to the road in the second 

scenario. In the third scenario, a parking area was used in a shared space situation, so 

that the right of way was undefined. The AV maintained a constant speed of 49 km/h to 

communicate the non-yielding intention. For the yielding intention the AV decelerated in 

two different ways. In the first driving profile, the AV started to decelerate early at a 25 m 

distance from the pedestrian’s position with at maximum -6 m/s². In the second driving 

profile, the AV started to decelerate late at a 16 m distance from the pedestrian’s position 

with at maximum -11 m/s². The driving profiles were implemented by changing the 

angle of the brake pedal in percentages. 

The results showed a significantly better rating of the driving behavior if the AV had 

the right of way. This was due to the fact that pedestrians perceived a speed of 49 km/h 

in a parking area as too fast. No significant differences between the different rights of 

way were found for the other dependent variables. Therefore, the AV’s speed was 

adapted to 30 km/h and the right of way was kept undefined for further studies. In 

addition, recommendations for AV’s driving profiles were derived. If the AV yields, 

pedestrians preferred that the deceleration starts at a 25 m distance from the HRU’s 

position, instead of a 16 m distance. The AV should come to a standstill at 5 m from the 

HRU’s position. If the AV insists on its right of way it should maintain a constant speed. 

The study further aimed at testing the setup and metrics. The study showed that the 

criticality scale of Neukum et al. (2008) is not applicable for assessing the perceived 

criticality of the situation from a pedestrian’s perspective. Participants mentioned 

problems with the anchor points (e.g. “not controllable”) and in addition, the results 

showed a large deviation in answers. Therefore, the variable was adjusted and a five-

point Likert scale (from very critical to very uncritical) as response format was used for 

further studies. In addition, as already mentioned in section 3.3, the perception in VR 

deviates from real values for the estimation of speed (Bhagavathula et al., 2018). This can 

be confirmed by the study results: a deceleration of -6 m/s² and even -11 m/s² still 

looked like a “normal” braking maneuver. However, comfortable braking for vehicle 

passengers is at a maximum deceleration rate of -3.4 m/s² (AASHTO, 2011). Therefore, 

the results suggest more realistic driving profiles should be implemented for a VR setup. 

A prerequisite for a VR simulator should therefore be that driving data can be 

implemented properly and not by changing the angle of the brake pedal in percentages. 
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Building on the previous results (chapter 8), a shared space situation was used to 

evaluate whether the AV’s driving behavior can be used to communicate intentions to a 

pedestrian in a WoZ setup. Longitudinal and lateral driving parameters were defined to 

communicate one yielding and two non-yielding intentions. Based on human driving 

behavior, the AV decelerated with at maximum -2.4 m/s² starting at a 22 m distance from 

the pedestrian position to communicate the yielding intention. For both non-yielding 

driving profiles, the AV maintained its speed. The difference between the two driving 

profiles was an increased lateral distance of 50 cm towards the center of the road. Since 

one finding from the previous study was that pedestrians expect a reduced speed in a 

parking area (chapter 8), the AV drove with a maximum speed of 28.5 km/h (30 km/h 

indicated on the speedometer). To simulate an AV, the driver was hidden from the 

pedestrians’ view by sitting under a seat cover (Rothenbücher et al., 2016). However, the 

driver used the seat cover in only half of all trials; therefore, it was possible to investigate 

whether the visibility of the driver changes the IRT and questionnaire items. In order to 

assess the driving behavior, the participants were asked to rate the perceived criticality 

on a five-point Likert scale (chapter 8). 

Results showed that the visibility of the driver had no influence on the dependent 

variables. Therefore, it can be assumed that, at a vehicle speed of 28.5 km/h, pedestrians 

focus more on the driving behavior rather than on a possible communication with the 

driver. The misinterpretation rate was low for all driving profiles. Therefore, pedestrians 

confirmed the understandability of all driving profiles used for the study. As the previous 

study showed, the AV should maintain a constant speed if it insists on its right of way. 

However, an additional lateral movement of 50 cm towards the center of the road 

increased the participants’ evaluation of the driving behavior and reduced their 

perceived criticality of the situation. 

The study further showed that the IRT can be applied not only in a VR setup 

(chapter 8) but also in a WoZ setup. However, the IRT and the misinterpretation rate 

showed no significant differences between the different driving profiles used for the 

study. It can be assumed that the IRT is not sensitive enough to differentiate between two 

unambiguous driving profiles. However, the pedestrians’ evaluation of the driving 

behavior and the rating of the perceived criticality were useful for selecting the preferred 

and thus least critical driving behavior. 

The following open issues can be derived from the results. Firstly, it should be 

verified whether participants detect the seat cover. Secondly, it can be assumed that a 

driver is not able to drive a target driving profile without deviations. Therefore, it is also 

important to examine the capability of a human driver to replicate driving profiles. 
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In order to investigate whether participants detect the seat cover and how accurate 

a non-professional driver can follow predefined driving profiles, a WoZ study was 

conducted. Based on the previous findings, unambiguous and ambiguous driving profiles 

for the intentions “Let the HRU go first” and “AV goes first” were used to evaluate 

whether IRT is sensitive enough to differentiate between these strongly disparate driving 

profiles. The AV’s maximum speed was 28.5 km/h (30 km/h indicated on the 

speedometer). This speed was maintained for the “AV goes first, unambiguous” driving 

profile. For the driving profile “AV goes first, ambiguous” a changing speed profile was 

used. The speed was reduced to 15 km/h (indicated on the speedometer) at a 40 m 

distance from the pedestrian’s position. The driver accelerated again to the initial speed 

at a 7.4 m distance. An early acceleration was used for the “Let the HRU go first, 

unambiguous” driving profile: the driver decelerated with at most -1.5 m/s² starting at a 

40 m distance from the pedestrian’s position. The vehicle stood completely at a 7.4 m 

distance from the pedestrian’s position. For the driving profile “Let the HRU go first, 

ambiguous” the driver decelerate with at most-4.1 m/s² starting at a 14.8 m distance 

from the pedestrian’s position. A complete stop was reached at a 4.3 m distance from the 

pedestrian’s position. 

The wizard was a non-professional driver who managed to stay within a tolerance 

limit of ±2 km/h in 84% of the trials. While it was easy for the driver to maintain speed 

using a speed limiter, it was difficult to slow down smoothly over a long period. The most 

difficult part for the driver was to strongly decelerate up to a defined stop line. Therefore, 

more complex driving profiles are harder to follow. 

Results showed that over 85% of the participants believed that they encountered a 

real AV. The seat cover is therefore useful to simulate an AV from the pedestrian 

perspective. Comparing ambiguous and unambiguous driving profiles, the IRT revealed 

only significant differences for the intention “AV goes first”, but not for the intention “Let 

the HRU go first”. It can be assumed that these differences occur due to the design of the 

driving profiles. If the AV brakes late, the intention can only be recognized late, as 

compared to an early braking. Therefore, participants needed more time to correctly 

recognize the intention. 

The results of the study suggest that the AV should change the driving profile in a 

range from 25 m to 8 m distance from the pedestrians’ position to communicate 

intentions as most pedestrians make their decision in this range. The finding of the 

previous studies that maintaining speed communicates best that the AV is not going to 

yield is confirmed by the results. Pedestrians prefer if the AV brakes early when yielding. 

The AV should start to decelerate 40 m away from the pedestrian with at 

maximum -1.5 m/s² to come to a complete stop 7.4 m before the pedestrian’s position. 
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In order to derive which method can be used to evaluate the AV’s driving behavior 

four study setups were compared: a WoZ, a VR setup, and two video setups (one using 

videos from the VR setup and one using videos from the WoZ setup). The driving profiles 

used are described in chapter 10. In real traffic, pedestrians not only have to recognize 

the vehicle’s intention, but also to make a decision whether to cross the road. Therefore, 

the IRT was compared with the metric of the crossing behavior. This comparison was 

only made for the VR setup because pedestrians cannot walk in a video setup and could 

be endangered in the WoZ setup. 

Results demonstrate that the misinterpretation rate was higher for ambiguous 

driving profiles, as compared to unambiguous driving profiles for all four setups. 

Therefore, the metric can be used to distinguish between unambiguous and ambiguous 

driving profiles for all setups. However, a detailed analysis of the misinterpretation rate 

revealed that it is lower for the VR and the video setups, as compared to the WoZ setup. A 

similar result was shown for the pedestrians’ mentioned hypothetical crossing behavior. 

In the WoZ setup, fewer pedestrians would have crossed the road at the moment they 

recognized the AV’s yielding intention, as compared to the other setups. Differences 

between the video setups were also evident, as by far the most participants would have 

crossed the road in the video VR setup for the unambiguous driving profile. The results 

for the mentioned hypothetical crossing behavior for the intention “AV goes first, 

ambiguous” also depended on the type of video: the risk of crossing is underestimated in 

the video VR setup just as in the VR setup, whereas the video WoZ setup could reproduce 

the results of the WoZ setup. In addition, the IRT led to different results across all four 

setups. The metric was able to distinguish between unambiguous and ambiguous driving 

profiles in both video setups. In contrast, in the WoZ and VR setup, differences were only 

evident for the intention "AV goes first" but not for the intention "Let the HRU go first". 

To sum up, the results demonstrate that there are differences between the study setups. 

Particularly for the video setups perception and decision artefacts might occur. 

Results for the comparison of the IRT with the crossing behavior suggest that 

pedestrians assessed driving behavior early, but waited to cross the road until they felt 

confident about their decision. The longer waiting times resulted in pedestrians 

observing the whole driving profile. This led to more correct decisions regarding the AV’s 

intention, as compared to the IRT metric. However, since two participants mistakenly 

crossed the road anyway, the metric is not appropriate for the WoZ setup. 
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12 General Discussion 

In the following chapter, the study results are discussed in order to derive 

recommendations for the methods (section 12.1), metrics (section 12.2), and the AV’s 

driving behavior (section 12.3). In addition, the taxonomy is used to discuss as to which 

extent the results for driving behavior can be transferred to other situations 

(subsection 12.3.3). 

12.1 Comparison of the Methods 

A total of six studies—two video, two VR and two WoZ studies—were conducted for 

this thesis. However, in order to compare the methods the same study design was used in 

four of the six studies. These four setups consisted of a WoZ setup, a VR setup, and two 

video setups, one with videos from the VR setup and one with videos from the WoZ setup 

(chapter 11). Results of the dependent variables (chapter 5) were compared to analyze 

which setup is best to evaluate an AV’s driving behavior. In the following, the results of 

the studies are discussed in relation to findings from other studies. 

To fulfill the quality criterion of objectivity (chapter 3), the instruction and the 

questionnaire were standardized across the studies. In addition, the wizard practiced the 

driving profiles several times before each study and roadside markings helped with 

orientation when to brake or accelerate. Moreover, the same wizard was employed 

across all trials and studies. 

12.1.1 Wizard of Oz 

An AV can be simulated by using a seat cover. Results revealed that pedestrians who 

were not familiar with the technology of AVs did not recognize that a driver was hidden 

under the seat cover (Fuest, Michalowski et al., 2019). This underlines the results from 

other studies that recommend the use of a WoZ vehicle (Dietrich, Boos et al., 2020; 

Rothenbücher et al., 2015, 2016). Therefore, the WoZ setup is valid to simulate an AV. 

A WoZ approach is recommended for detecting ambiguous from unambiguous 

driving profiles (Fuest, Schmidt, & Bengler, 2020). The WoZ setup is suitable to evaluate 

driving behavior as long as the driving profiles are not too similar and differ in at least 

6 km/h over the entire driving profile. This results from the fact that a non-professional 

driver requires a tolerance range of ±3 km/h for each driving profile (Fuest, Michalowski 

et al., 2019). For the comparison of more similar driving profiles the use of an 

experimental vehicle is recommended. 

The reliability depends on the target driving profile, since the wizard can reproduce 

different driving profiles to different degrees of success. A speed limiter should be part of 

the equipment of the WoZ vehicle as it supports the driver to accelerate in a similar way 

over all trials and to maintain speed during the trial (Fuest, Michalowski et al., 2019). 

This is confirmed by the result that that a driver has problems to maintain speed across 

different trials and conditions if no driver assistance system is implemented in the 

vehicle (Rodríguez Palmeiro, 2017). In contrast, the WoZ approach cannot be fully 
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recommended when a smooth deceleration over a longer distance and a deceleration to a 

standstill at a given distance are examined (Fuest, Michalowski et al., 2019). The latter is 

in line with the results by Moore et al. (2019) who observed that the driver had 

difficulties braking at a specific point in all trials. Therefore, it is important to record the 

driving data during the study for control purposes. 

Nonetheless, the WoZ setup is most similar to a real scenario. Therefore, it is 

assumed that the results for the WoZ setup are the most realistic values. In the following, 

the other setups are compared to the values of the WoZ setup due to this fact. 

12.1.2 Virtual Reality 

VR can be used to detect ambiguous driving profiles. This is based on the fact that 

the misinterpretation rate is higher and the crossing rate is lower for ambiguous driving 

profiles, as compared to unambiguous driving profiles (Fuest, Schmidt, & Bengler, 2020). 

However, the misinterpretation rate and the collision risk for the ambiguous driving 

profiles are underestimated in VR, as compared to the WoZ setup (Fuest, Schmidt, & 

Bengler, 2020). This means that ambiguous driving profiles are perceived as less 

ambiguous than they are in reality. In contrast, the mentioned hypothetical crossing 

behavior when the AV intended to yield is overestimated in VR, as compared to the WoZ 

setup. This contrasts with the results of Bhagavathula et al. (2018) who found that 

pedestrians’ crossing intentions did not differ between VR and real environment 

situations. However, the setup was different: participants were asked to assess whether 

they would cross the road at a defined distance of 47.2 m between them and the vehicle 

(Bhagavathula et al., 2018). The vehicle maintained a constant speed of 40.2 km/h and 

did not decelerate (Bhagavathula et al., 2018). This suggests that participants are able to 

estimate distance in VR as well as in reality. That presumption is confirmed by the results 

of Iryo-Asano et al. (2018) who observed that the perception of distance in VR did not 

differ from the perception in real world situations. However, if not only the distance but 

also the deceleration needs to be noticed and interpreted by the pedestrians the results 

between VR and reality differ: intentions were recognized later in VR due to perceptual 

differences, as compared to reality (Fuest, Schmidt, & Bengler, 2020). This leads to the 

assumption that the deceleration is difficult to estimate in VR. The differences in 

perception are supported by the results of the second study (chapter 8). Strong 

deceleration values of -6 m/s² and even -11 m/s² were perceived as a normal braking 

maneuver through the head mounted display (Fuest, Maier et al., 2020). Schneider et al. 

(2021) emphasize this assumption by pointing out that the perceptual accuracy in VR 

does not correspond to perceptual accuracy in reality. In addition, it was shown that 

pedestrians understood the AV’s intention in the WoZ setup earlier than in the VR setup 

(Fuest, 2019). This is in line with the results of Maruhn et al. (2020) who stated that 

participants started to cross the road earlier in a real environment than in an augmented 

reality condition. Therefore, absolute values cannot be transferred to reality. 

As the results indicate that perception of deceleration in VR differs from reality, it is 

important to publish the driving data used. For this purpose, it is essential that an 

implementation with specified driving parameters in the VR simulation is supported. 
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12.1.3 Videos 

Just as for the WoZ and the VR setup, it is also possible for the video setups to 

distinguish between unambiguous and ambiguous driving profiles with the help of the 

misinterpretation rate and the crossing rate (Fuest, Schmidt, & Bengler, 2020). 

Nevertheless, the results are only transferable to a limited extent. The misinterpretation 

rate was lower in both video setups, as compared to the WoZ setup (Fuest, Schmidt, & 

Bengler, 2020). This results from the fact that more participants made their decision at 

an later stage, as compared to the WoZ setup and also as compared to the VR setup 

(Fuest, Schmidt, & Bengler, 2020). This suggests that perception and subsequent 

interpretation of driving profiles in a video setup is more difficult than in a VR setup, and 

also more difficult than in reality. 

Moreover, the results show that the choice of video matters. as, for example, the time 

of decision and the collision risk are influenced by the video type (Fuest, Schmidt, & 

Bengler, 2020). However, a clear recommendation for one video type cannot be derived. 

Using videos from a WoZ setup would be recommended for investigating the crossing 

rate, as the crossing rates for both intentions when using videos from the WoZ setup are 

similar to the results from the WoZ setup (even if large deviations can be seen) (Fuest, 

Schmidt, & Bengler, 2020). This contrasts with the analysis of the time of decision for 

which videos from the VR setup are closer to the results from the WoZ setup, although 

not ideal (Fuest, Schmidt, & Bengler, 2020). 

In addition, depending on the type of video, either a VR environment has to be 

implemented or a wizard has to drive a target driving profile, so the effort required for a 

video study is only slightly less than for other setups. For this reason and due to the 

perception and decision artefacts that occur in video setups, a video setup is not 

recommended for evaluating AV’s driving behavior. 

12.1.4 Limitations of the Comparison 

The investigated methods were compared by replicating the same study design in 

four different setups. However, there are some aspects that could not be kept constant 

across the different setups. 

In the VR setup, the situation was frozen and in the video setups, the videos stopped 

at the moment the participants pressed the button. This had the benefit that pedestrians 

were not influenced by the rest of the driving profile and could relate their answers only 

to what they had experienced. Implementing a freezing situation is much more difficult in 

the WoZ setup. Participants were asked to turn toward the experimenter as soon as they 

pressed the button. The experimenter stood facing away from the traffic situation, so that 

the participants also had to turn around. In addition, the wizard was notified of the 

intention detection by a visual signal and accelerated the vehicle to the initial speed, 

regardless of the original intention of the vehicle (Fuest, Schmidt, & Bengler, 2020). 

Participants were informed that reacceleration was independent of the experienced 

driving profile and should not be assessed. However, based on the Model Human 

Processor it can be assumed that a few milliseconds passed between the perception of the 

visual stimulus by the wizard and the renewed acceleration and that the participants 
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therefore at least noticed the engine noise (Card et al., 2008; Rettenmaier & Bengler, 

2020). Since reacceleration occurred only after participants pressed the button, IRT is 

independent of the influence of further driving. Nevertheless, it could have affected the 

subjective variables, such as the misinterpretation rate or the crossing rate. However, 

since the misinterpretation rates for the unambiguous driving profiles are comparable to 

those from the other setups and the misinterpretation rates for the ambiguous driving 

profiles in the WoZ setup are the highest (over 70%) across all setups, a possible 

influence seems to be very small. 

Another limitation is the missing sound in the VR and video setups. It seems that 

pedestrians perceive a deceleration acoustically by the sound of the engine and the roll 

noises (Dietrich, Boos et al., 2020). However, in the studies published within this thesis, 

only one participant (<1% of all participants) mentioned that the deceleration was 

recognized by the AV shifting down to a lower gear. In addition, since most studies in VR 

and video setups are without sound, it can be concluded that pedestrians do not need the 

engine sound or roll noises to detect the AV's intention (e.g., Ackermann, Beggiato, Bluhm 

et al., 2019; Fuest, Maier et al., 2020; Fuest, Schmidt, & Bengler, 2020). Nonetheless, due 

to the lack of sound it might be that participants need more time to recognize the AV’s 

intention. This could explain why participants waited in the VR and video setups more 

often until the AV came to a standstill or passed by, as compared to the WoZ setup. 

However, this would not explain the differences between the VR and the video setups. It 

is more likely that perception in VR and videos is impaired and therefore participants 

need more time to recognize intentions in those setups, as compared to reality. This 

assumption is underlined by the results of Schneider et al. (2021) who indicate that the 

perceptual accuracy of VR simulators is insufficient to replicate real-world behavior. 

It was not possible to compare the absolute values of the IRT between all study 

setups. This is due to the fact that the videos were recorded manually and the start of the 

video sequences was thus not synchronized. It is also difficult to compare the IRT for 

WoZ and VR setup because the driving profiles could not be fully replicated by the driver 

in the WoZ setup during all trials. However, the limitations for comparing the IRT in the 

WoZ and VR setup are minimal and the results are consistent with findings from other 

studies (Maruhn et al., 2020). Results showed that participants needed more time in the 

VR setup to understand the AV’s intention, as compared to the WoZ setup 

(subsection 12.1.2; Fuest, 2019). This is in line with the result that more participants 

waited to see the whole driving profile in VR, as compared to the WoZ setup. 

Transferring these results, it can be assumed that in the video setups participants needed 

even longer to recognize the AV’s intention. This is based on the fact that even more 

pedestrians waited in the video setups to see the whole driving profile. This suggests that 

the perception of driving profiles in videos is even worse than in a VR setup. 

Further limitations of the method comparison are that type and color of the vehicle 

differed between the different setups. In the WoZ setup, a BMW 2 series (F46, 220d 

xDrive) in dark grey was used, in the VR setup, a BMW 3 series (F30) in silver was 

implemented and also presented in the videos, and for the videos from WoZ setup, a 

BMW 3 series (F31, BMW 320d Touring) in dark blue was used (Figure 12.1). The vehicle 
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types were kept as constant as possible in the two video setups. The same color was not 

available for the simulation. For the WoZ setup, the vehicle had to be changed in order to 

record the driving data during the study. Based on previous studies only differences 

between large vehicles, such as a Ford F150 and a Mercedes Benz Van, and small and 

medium vehicles, such as a Smart, BMW Z4 or BMW i3, were found for the mean feel-safe 

percentages (Clercq et al., 2019) and for reaction time (Ackermann, Beggiato, Bluhm et 

al., 2019) whereas no differences between small and medium vehicles were found for 

both metrics (Ackermann, Beggiato, Bluhm et al., 2019; Clercq et al., 2019). In addition, 

Ackermann, Beggiato, Bluhm et al. (2019) used a Smart Electric Drive colored in white as 

a small vehicle and a BMW i3 in black as a medium-sized vehicle. As the results showed 

no differences for the reaction time between the different vehicles, it can be assumed that 

small differences in size and color of the vehicles used for the studies in this thesis 

(Figure 12.1) did not influence the results. 

 
(a) (b) (c) 

Figure 12.1 Vehicles used as AVs in the different setups: (a) BMW 2 series for the WoZ setup 

(Fuest, Michalowski et al., 2019, p. 3954); (b) BMW 3 series for the VR and the video VR setup 

(Fuest, Schmidt, & Bengler, 2020, p. 5); (c) BMW 3 series for the video WoZ setup (Fuest, Schmidt, 

& Bengler, 2020, p. 5). 

Moreover, a parking area in an urban environment was used for the VR setup, 

whereas the parking area was in a rural environment in the WoZ setup (Figure 12.2). 

However, studies have shown that the level of abstraction of the environment does not 

influence the study results (Angerstorfer et al., 2019; Dönch, 2018). It can be inferred 

from the studies that a very abstracted environment or no environment at all produces 

no differences in results. Based on this, it can be assumed that a rural and an urban 

environment will also not lead to differences in the results. Nevertheless, further 

investigation might be useful. 

 
(a) (b) 

Figure 12.2 Pictures from the video setups: (a) Wizard of Oz; (b) virtual reality (Fuest, Schmidt, & 

Bengler, 2020, p. 5).  
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12.2 Recommendations for Metrics to Evaluate the Driving Behavior 

Objective and subjective data were collected in order to analyze the results and to 

compare the methods. As described in chapter 6, the IRT is used as an objective metric. 

For the subjective data, five questionnaire items regarding the assumed intention, the 

mentioned crossing behavior, the subjective decision making reliability, the evaluation of 

driving behavior, and the perceived criticality were used. 

12.2.1 Objective Metrics 

The IRT was developed to distinguish between different driving profiles. The results 

of the first VR study showed significant differences between the driving profiles for the 

IRT (chapter 8, Fuest, Maier et al., 2020), whereas the results of the first WoZ study 

showed no differences (chapter 9, Fuest, Michalowski et al., 2018). While the driving 

profiles investigated in the VR study differed strongly, they were kept similar in the WoZ 

study (Table 12.1 and Table 12.2). This raised the suspicion that the metric is not 

sensitive enough to distinguish between unambiguous driving profiles, but can identify 

unambiguous from ambiguous profiles. However, this assumption could not be fully 

confirmed during a further verification (chapter 11, Fuest, Schmidt, & Bengler, 2020). 

The results varied between the different setups and AV’s intentions (Fuest, Schmidt, & 

Bengler, 2020). 

In addition, the percentages of participants who waited until the AV came to a 

complete standstill or passed by before pressing the button were analyzed. However, the 

results showed that the metric is not suitable to distinguish between unambiguous and 

ambiguous driving profiles. The results of the WoZ study showed that pedestrians—who 

correctly recognize the intention—made their decision before the vehicle stopped 

completely or passed by. This was independent of the unambiguity of the driving profile. 

(Fuest, Schmidt, & Bengler, 2020) 

A reason for the fact that both metrics are not suitable to analyze AV’s driving 

behavior is the design of the driving profiles themselves. The AV needs different amounts 

of time to drive the same distance due to the altered braking characteristics and 

therefore changing speeds (Figure 12.3). Since the IRT is a reaction time, results are not 

independent of the AV’s driving behavior. Therefore, IRT is only suitable to a limited 

extent for comparing different driving profiles. 
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Figure 12.3 Unambiguous (solid lines) and ambiguous (dashed lines) target driving profiles for 

the intentions “Let the HRU go first” (gray lines) and “AV goes first” (black lines). The driving 

profiles end, when the AV came to a complete stop or passed the pedestrian. 

This is also illustrated by the evaluation of the gap between AV and pedestrian at the 

moment the pedestrian understood the intention (Fuest, Michalowski et al., 2018). The 

problem applies to all metrics that require a time response by the participant to different 

driving profiles, e.g., the detection time (Ackermann et al., 2018; Ackermann, Beggiato, 

Bluhm et al., 2019), identification time (Petzoldt et al., 2018), and also to the crossing 

behavior. Consequently, no significant differences between the unambiguous and 

ambiguous driving profiles were found for the crossing behavior in the VR study (Fuest, 

Schmidt, & Bengler, 2020). The results showed that participants needed less time to 

correctly identify the AV’s intention, as compared to the decision to actually cross the 

road (Fuest, Schmidt, & Bengler, 2020). This might due to the fact that the cognitive 

processor of the Model Human Processor (chapter 4) takes more time when crossing the 

street. A reason might be the higher safety risk when actually crossing, instead of 

pressing a button when recognizing the intention. In addition, also the motor processor 

might need more time when crossing the road. As the aim of a well-designed driving 

behavior is an early identification of the AV’s intention to avoid deadlock situations and 

to give HRUs the opportunity to get used to the driving behavior (chapter 5), the IRT is a 

more appropriate metric to compare different driving profiles, as compared to other 

metrics. This is also due to the reason that the crossing behavior cannot be used to 

analyze a non-yielding intention of the AV. 

12.2.2 Subjective Metrics 

As the IRT alone does not seem to be useful for analyzing different driving profiles, 

subjective data are needed as a complement. Calculating the misinterpretation rate for 

each driving profile helps to distinguish between unambiguous and ambiguous driving 

profiles (Fuest, Maier et al., 2020; Fuest, Michalowski et al., 2018; Fuest, Michalowski et 

al., 2019; Fuest, Schmidt, & Bengler, 2020). Ambiguous and thus less understandable 

driving profiles lead to higher misinterpretations rates (Fuest, Maier et al., 2020; Fuest, 

Michalowski et al., 2018; Fuest, Michalowski et al., 2019; Fuest, Schmidt, & Bengler, 

2020). However, the misinterpretation rate cannot be used to differentiate between two 

unambiguous driving profiles (Fuest, Michalowski et al., 2018). 
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For the VR setup, the misinterpretation rate was also calculated for the moment 

pedestrians started to cross the road. Here, no differences were found for the 

misinterpretation rate when comparing unambiguous and ambiguous driving profiles. By 

waiting longer to cross the road, pedestrians saw more of the full driving profile and 

therefore recognized the intention more often correctly. Nevertheless, two participants 

would have crossed the road by mistake, although the vehicle did not intend to yield. As a 

result, no participant should be asked in a WoZ or experimental vehicle setup to actually 

cross the road. (Fuest, Schmidt, & Bengler, 2020) 

To analyze the safety-criticality of a driving profile, it was calculated how many 

pedestrians mentioned that they would cross the road at the moment they recognized 

the intention. Results showed a higher crossing rate for the unambiguous driving profile, 

as compared to the ambiguous driving profile, when the AV intended to yield (Fuest, 

Schmidt, & Bengler, 2020). In contrast, more pedestrians would have crossed the road by 

mistake when the AV did not intend to yield and drove ambiguously (Fuest, Schmidt, & 

Bengler, 2020). With the help of the mentioned crossing behavior, it is therefore possible 

to identify potentials and weaknesses of driving profiles. 

To ensure that the driving profiles are perceived as non-critical, pedestrians rated 

the perceived criticality for the different driving profiles. In a first step, the situation 

criticality scale from Neukum et al. (2008) was used. Participants were asked to evaluate 

the situation on a scale from zero to ten described as “not noticeable”, “harmless”, 

“uncomfortable”, “dangerous”, and “not controllable” (Neukum et al., 2008). The scale has 

been developed to evaluate the criticality of situations from the driver’s perspective 

(Neukum et al., 2008). However, the pedestrians in the conducted studies stood at the 

roadside and had to recognize the intention of the vehicle (Fuest, Maier et al., 2020; 

Fuest, Michalowski et al., 2018; Fuest, Schmidt, & Bengler, 2020) or were asked to decide 

whether they would cross the road (Fuest, Schmidt, & Bengler, 2020). Therefore, they 

never felt that the situation was “not controllable” as they never lost the controllability, 

or “not noticeable” as they always noticed changes in the AV’s driving behavior. Thus, 

each participant interpreted the scale differently and the results showed a large 

deviation in answers (Fuest, Maier et al., 2020). As a result, the scale was changed and a 

five-point Likert scale was used as response format (chapter 9). The results showed that 

pedestrians perceived the situation as less critical when the AV yielded for them 

(section 12.3, Fuest, Michalowski et al., 2018). Using the item, it is also possible to 

differentiate between unambiguous and ambiguous driving profiles, as pedestrians 

perceived it as more critical if the AV drove ambiguously (Fuest, Schmidt, & Bengler, 

2020). Thus, the results of the perceived criticality confirm the findings of the 

misinterpretation rate. However, the item depends on the personal circumstances. 

Discussions with the participants revealed that they included personal life situations in 

their evaluation, such as walking with their toddler. As a result, the intention “AV goes 

first” poses more potential risk for an accident, as compared to an AV yielding for the 

HRU. Therefore, the misinterpretation rate assesses the actual risk better, but leaves out 

the subjective perspective. Depending on the research question, it should be considered 

whether it is useful to evaluate the perceived criticality. 
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The results of the evaluation of driving behavior showed that the item can 

distinguish between different driving profiles as well (Fuest, Maier et al., 2020; Fuest, 

Michalowski et al., 2018; Fuest, Michalowski et al., 2019; Fuest, Schmidt, & Bengler, 

2020). It was even possible to differentiate between driving profiles with low 

misinterpretation rates (Fuest, Michalowski et al., 2018). This makes it possible to select 

the better rated driving profile among different driving profiles with a low safety risk. 

The subjective decision-making reliability is of limited help in distinguishing 

between different driving profiles. The participants were not in all four setups more 

confident in their decision when confronted with an unambiguous driving profile, as 

compared to an ambiguous driving profile. The added value of the results compared to 

the misinterpretation rate is therefore very low and the item can be omitted. 

12.2.3 Transferability of the Metrics 

The metrics used were developed to enable a distinction between different driving 

profiles that can be used to communicate a yielding or a non-yielding intention to 

pedestrians. In addition, the metrics were intended to evaluate to what extent the results 

of the different setups are comparable with each other. However, the IRT and the 

questionnaire items are not limited to investigate AV’s driving behavior. 

IRT and questionnaire items can also be used to compare different eHMIs (e.g., 

Dietrich, Boos et al., 2020; Weber et al., 2019). It is even possible to analyze the IRT itself 

when comparing eHMIs. The prerequisite for the comparison is that the driving behavior 

will be kept constant and only the eHMI will be varied. First results have shown that with 

the help of the IRT differences can be found between different eHMIs in a VR study 

(Weber et al., 2019). The aim of the studies was to detect the most suitable eHMI. 

Therefore, the correct interpretation of the AV’s intention was used as a metric instead of 

the misinterpretation rate. Both, the IRT and the correct intention rate helped to 

differentiate between different eHMIs (Weber et al., 2019). 

In addition, the metrics and the questionnaire items can be used to evaluate the 

driving behavior and eHMIs in other situations. Using the taxonomy of traffic situations it 

is possible to extend and adapt the situation (chapter 7; Fuest, Sorokin et al., 2018). 

Metrics and questionnaire items were already used in situations with different right of 

ways, AV’s intentions regarding the right of way, longitudinal and lateral distances, as 

well as the AV’s speed (chapter 8 to chapter 11). However, it is also possible to adjust the 

value facets of all other attributes. 
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12.3 Recommendations for the Driving Profile of Automated Vehicles 

Different driving profiles were investigated for the intentions “AV goes first” (Table 

12.1) and “Let the HRU go first” (Table 12.2) in the studies. Both intentions were 

communicated by using driving profiles that differed in longitudinal and, for the 

intention “AV goes first”, also in lateral dynamics. 

Results revealed that pedestrians were able to understand the AV’s implicit 

communication (Fuest, Maier et al., 2020; Fuest, Michalowski et al., 2018; Fuest, 

Michalowski et al., 2019). This is in line with previous findings (Dey et al., 2019; 

Lundgren et al., 2017). For both intentions it can be deduced from study results that the 

AV should communicate the intention at a distance of 8 m to 25 m from the pedestrian’s 

position, as most pedestrians’ intention detections are made in this range (Fuest, 

Michalowski et al., 2019). Changing the intention during or after this range is not 

advisable and leads to a higher misinterpretation rate. In addition, ambiguous driving 

profiles might lead to more accidents because participants do not understand the AV’s 

intention (Fuest, Michalowski et al., 2019; Fuest, Schmidt, & Bengler, 2020). 

12.3.1 Driving Profile for the Intention “AV goes first” 

For the intention “AV goes first”, four driving profiles (Table 12.1) were evaluated 

with two different speeds: 49.0 km/h and 28.5 km/h (30 km/h indicated on the 

speedometer). During three driving profiles, the AV maintained speed, whereas during 

one profile the AV decelerated to 13 km/h and accelerated again at a 7.4 m distance from 

the pedestrian’s position. Furthermore the AV’s lateral position was varied: three driving 

profiles used a constant position, whereas in the fourth profile the AV drove 50 cm 

further towards the middle of the road. 

The results for the evaluation of the driving behavior demonstrated that pedestrians 

preferred a speed of 28.5 km/h when the AV was driving in an undefined right of way 

situation over a speed of 49.0 km/h. A speed of 49.0 km/h was perceived as too fast in a 

parking area (chapter 8; Fuest, Maier et al., 2020). In addition, pedestrians favored a 

constant vehicle speed, rather than a speed reduction followed by an acceleration (Fuest, 

Michalowski et al., 2019; Fuest, Schmidt, & Bengler, 2020). The results regarding the 

lateral position did not show a clear tendency. In the direct comparison, the driving 

profile with the lateral offset towards the middle of the road was rated significantly 

better compared to a driving profile without lateral offset (Fuest, Michalowski et al., 

2018). The driving profile with a speed of 28.5 km/h and without lateral offset was also 

used in three other studies with different setups (WoZ, VR, and videos; Fuest, 

Michalowski et al., 2018; Fuest, Schmidt, & Bengler, 2020). Compared to the results of 

these studies, the evaluation of the driving profile with the lateral offset was not better or 

worse. In addition, the misinterpretation rate was also not lower when the AV drove with 

a lateral offset. The direct comparison of the two WoZ studies also showed that the 

driving profile with the lateral offset was not generally rated better. However, the lateral 

offset increased the safety distance to the pedestrian and thus increased the possibility of 

emergency braking if the pedestrian steps onto the road by mistake. Nevertheless, this 
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driving profile is only practicable if the road is wide enough and there is no oncoming 

traffic. As a result, the lateral offset would not be consistently drivable across all 

situations and could irritate pedestrians. Therefore, a recommendation for lane keeping 

was derived. Further evaluation is encouraged. 

To sum up, the AV should maintain a speed that is adapted to the situation (here: 

28.5 km/h) without a lateral offset to communicate a non-yielding intention. 

Table 12.1 Driving profiles for the intention “AV goes first” (for undefined right of way 
situations). 

Setup Speed Specification Evaluation 

of Driving 

Behavior 

(1 = very poor, 

5 = very good) 

Misinterpretation 

Rate 

VR1 49.0 km/h  2.0 1.6% 

VR3 

28.5 km/h 

 4.0 2.7% 

Video VR3 4.0 2.4% 

Video WoZ3 4.0 7.3% 

WoZ3 4.5 3.2% 

WoZ2 3.0 8.3% 

VR3 

28.5 km/h 

the AV decelerated after 60 m to 

13 km/h and accelerated again at a 

7.4 m distance from the pedestrian’s 

position 

2.0 40.5% 

Video VR3 2.0 27.9% 

Video WoZ3 2.0 31.7% 

WoZ3 2.0 71.0% 

WoZ2 28.5 km/h 
50 cm offset towards the middle of 

the road 
4.0 6.9% 

1Fuest, Maier et al. (2020), chapter 8; 2Fuest, Michalowski et al. (2018), chapter 9; 3Fuest, Michalowski et al. 
(2019), chapter 10 and Fuest, Schmidt, and Bengler (2020) chapter 11. 

12.3.2 Driving Profile for the Intention “Let the HRU go first” 

Five driving profiles with two different speeds—49.0 km/h and 28.5 km/h (30 km/h 

indicated on the speedometer)—were evaluated for the intention “Let the HRU go first” 

(Table 12.2). In all four driving profiles the AV decelerated constantly with different 

decelerations between -1.5 m/s² and -11.0 m/s². The beginning of the deceleration 

varied between 14.8 m and 40.0 m distance from the pedestrian’s position and a 

complete stop between 4.3 m and 9.0 m from the pedestrian’s position. In general, the 

results support the previous finding (Dey et al., 2019; Dietrich, Maruhn et al., 2020) that 

pedestrians understand a yielding intention based on the AV’s braking behavior (Fuest, 

Maier et al., 2020; Fuest, Michalowski et al., 2018; Fuest, Michalowski et al., 2019). 

The comparison of the driving profiles for the yielding intention is more complex 

because the driving profiles differed at various points and were not systematically varied. 

This was due to the fact that the main focus of this thesis is the comparison of methods 

and not the target design of driving profiles. However, when the right of way was 
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undefined and the AV intended to yield the initial speed did not seem to have a strong 

influence on the evaluation and the misinterpretation rate (comparing the speed of 

28.5 km/h and 49.0 km/h). In contrast, the start of deceleration had an influence. Braking 

later resulted in lower ratings. In addition, a complete stop at a 9.0 m distance from the 

pedestrian’s position was rated better than a stop at a 4.3 m distance from the 

pedestrian’s position. Driving with a speed of 28.5 km/h and starting to decelerate with 

at maximum -2.4 m/s² at a 22.0 m distance from the pedestrian’s position—this is 

equivalent to a TTA (time to arrival) of 2.8 s—and a complete stop at a 9.0 m distance 

from the pedestrian’s position was rated best when comparing all driving profiles. In 

addition, the misinterpretation rate was low for this driving profile. The worst rating and 

the highest misinterpretation rate were found for an abrupt and strong braking, i.e., 

decelerating with a maximum of -4.1 m/s² at a 14.8 m distance from the pedestrian’s 

position (TTA = 1.9 s) and coming to a complete stop at a 4.3 m distance from the 

pedestrian’s position. In general, it can be stated that pedestrians prefer AVs to yield for 

them (Fuest, Michalowski et al., 2018). 

Summarizing, to communicate a yielding intention, the AV should decelerate with at 

maximum -2.4 m/s² starting at a 22.0 m distance from the pedestrian’s position and 

come to a complete stop at a 9.0 m distance from the pedestrian’s position when the 

initial speed is 30 km/h (indicated on the speedometer). 

Table 12.2 Driving profiles for the intention “Let the HRU go first” (for undefined right of way 
situations). 

Setup Speed Max. 

Acceleration 

Start of 

Acceleration 

(distance from 

the 

pedestrian’s 

position) 

Complete 

Stop 

(distance 

from the 

pedestrian’s 

position) 

Evaluation 

of Driving 

Behavior 

(1 = very poor, 

5 = very good) 

Misinterpre-

tation Rate 

VR1 49.0 km/h -6.0 m/s² 25.0 m 5.0 m 4.0 4.9% 

VR1 49.0 km/h -11.0 m/s² 16.0 m 5.0 m 3.0 29.9% 

WoZ2 28.5 km/h -2.4 m/s² 22.0 m 9.0 m 5.0 3.6% 

VR3  

28.5 km/h -1.5 m/s² 40.0 m 7.4 m 

4.5 2.7% 

Video VR3 4.0 4.3% 

Video WoZ3 4.0 11.1% 

WoZ3 4.0 0.0% 

VR3  

28.5 km/h -4.1 m/s² 14.8 m 4.3 m 

3.0 29.7% 

Video VR3 2.0 63.6% 

Video WoZ3 2.0 61.5% 

WoZ3 3.5 77.4% 

1Fuest, Maier et al. (2020), chapter 8; 2Fuest, Michalowski et al. (2018), chapter 9; 3Fuest, Michalowski et al. 
(2019), chapter 10 and Fuest, Schmidt, and Bengler (2020) chapter 11. 
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12.3.3 Transferability of the Driving Profiles 

Comparing the investigated driving profiles with driving profiles from other studies 

is difficult for several reasons. Firstly, the driving parameters are not specified in most 

papers. Secondly, the study setups varied. As already assumed in chapter 3, confirmed in 

section 12.1, and shown in the column for the evaluation of driving behavior and 

misinterpretation rate in Table 12.1 and Table 12.2, results largely depend on the setup. 

Since the results of the WoZ study are closest to reality, it is most useful to compare 

the presented results with other WoZ studies. However, there is very little research on 

driving behavior in WoZ setups. Currano et al. (2018) described that the driver was 

trained to “drive in a manner suggestive of how an automated system might drive: slowly 

and cautiously, in a consistent driving style“ (Currano et al., 2018, p. 213). However, 

driving data were not recorded. Similar statements can be made about the study by 

Rothenbücher et al. (2016). The driver was trained to either “accelerate in a safe way that 

would attract attention” (Rothenbücher et al., 2016, p. 798) or to drive “more aggressive 

and ambiguous” (Rothenbücher et al., 2016, p. 799). Specific driving parameters were not 

published and driving data were not recorded. In the experiment of Lundgren et al. 

(2017) the vehicle drove with only 7 km/h either without slowing down or the vehicle 

stopped about 3 m from the pedestrian’s position. The focus of the study was on the 

behavior of the driver, which is why the driving profiles were not further compared. 

Moore et al. (2019) used video data from the outside perspective of the vehicle to analyze 

at what distance the vehicle stopped in front of a crosswalk. Distances from 1 m to 6 m 

were used. Results showed that pedestrians understand the yielding intention better, 

when the vehicle came to a standstill closer to the crosswalk. Pedestrians perceived a 

standstill at a 2 m distance from the crosswalk as most clear (Moore et al., 2019). The 

authors did not specify when the vehicle started braking. 

As the results show, the published driving parameters are not sufficient to derive 

conclusions or to compare data. Transferring the driving data published in the thesis to 

other situations is similarly difficult. This is partly due to the fact that a very reduced and 

unnatural situation was used for the method comparison. One-to-one situations—one 

pedestrian and one AV—rarely exist in reality with the pedestrian waiting at an initial 

distance of 100 m until the vehicle starts to decelerate. However, referring to the 

taxonomy from chapter 7 (Fuest, Sorokin et al., 2018), it can be assumed that the driving 

data can be applied to similar situations as shown in Table 7.1 and by the adaptations 

described in chapter 8. The driving data can be transferred to situations in which the AV 

has an initial speed of 30 km/h and communicates a yielding or non-yielding intention to 

an undistracted pedestrian standing in the AV’s field of view at the roadside in the 

direction of travel (see Fuest, Sorokin et al., 2018). The results of the study in chapter 8 

have shown that the driving profile is independent of the right of way (Fuest, Maier et al., 

2020). Therefore, the driving data can be transferred to situations in which the AV has 

the right of way, the HRU has the right of way, or the right of way situation is not defined. 

It also does not matter whether a passenger is sitting on the driver's seat or whether it is 

empty (Fuest, Michalowski et al., 2018). As already shown, the results are transferable to 

situations where the AV has an initial speed of 49 km/h (Fuest, Maier et al., 2020). For 
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higher speeds outside urban areas, the start of braking must be adjusted depending on 

the initial speed so that the vehicle can come to a standstill in time. At lower speeds a 

later braking and a later standstill also seem to be accepted by pedestrians (Lundgren et 

al., 2017). 

The following assumptions can be made for the transferability of the driving data to 

situations with other value facets, as long as only one value facet is adjusted and all 

others are kept constant. Since the pedestrian was always facing the AV, it can be 

assumed that the driving profile can be used regardless of the approach direction (right 

or left of the pedestrian). This only applies as long as no other vehicle is coming from the 

other direction. A transfer of the driving profile to situations in which communication 

with other HRUs, instead of a pedestrian, occurs might be possible given that all other 

attributes are kept constant. As long as other HRUs, such as drivers and cyclists, are 

standing still during the AV’s communication, the perspective and the perception are 

similar. Only the crossing behavior would presumably change, since particularly drivers 

can accelerate faster than pedestrians. However, it can be assumed that the results 

cannot be transferred to situations in which the HRU is moving. Communication must 

take place later and therefore faster as the AV is only perceived later by the HRU. The 

same applies if there is an impairment of the HRU’s perception, for instance, parked 

vehicles on the roadside. For such situations, it needs to be investigated as to what extent 

the driving profile can be perceived by the sound of the AV’s engine and roll noises. 

However, this problem already exists in today’s road traffic, for instance when 

pedestrians stand between parked vehicles before crossing the road and cannot see 

approaching vehicles. The same applies to distracted pedestrians such as those using 

smartphones. In such situations, pedestrians cannot see the driving profile of the 

approaching AV. More research is needed whether eHMIs, for example with sound, might 

be beneficial in these situations. The situation is different when pedestrians are 

distracted by music through headphones. However, transferability is also not given when 

the driving profile is not viewed from a sideways perspective but frontally, for example 

when the AV has to communicate with another vehicle in a bottleneck. In addition, it is 

not possible to transfer the driving data to smaller longitudinal distances because in the 

published studies the AV starts decelerating at a greater distance. Further studies have to 

be conducted for smaller distances and possibly lower speeds, as otherwise the braking 

distance would be too large (at higher speeds) for the AV to yield. 
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13 Future Work 

The comparison of the methods (section 12.1), the description of the metrics used 

(section 12.2), as well as the description and the transferability of different driving 

profiles (section 12.3) demonstrate that there are still open questions regarding the 

research of evaluating AV’s driving behavior. 

Regarding the comparison of methods, it remains to be verified to what extent the 

use of an experimental vehicle provides advantages as compared to a WoZ vehicle. 

However, there are also additional questions regarding the WoZ vehicle. For example, the 

reproducibility should be further examined. It is necessary to evaluate more precisely at 

which deviations differences in driving profile are perceivable for participants and at 

which point these deviations lead to different results that are relevant for traffic safety. 

This does not only apply to changes in longitudinal driving parameters, but also to a 

lateral offset. The latter has not yet been investigated at all. As mentioned in 

section 12.1.4, a limitation of the method comparison consists in the differences for view 

and sound of participants. While in the VR and video setups the situation froze, 

participants turned to face the experiencer in the WoZ setup. A possible solution might 

be the use of shutter glasses and a noise cancelling headphone. At the moment 

participants recognize the intention and press the button, shutter glasses and headphone 

should suppress view and hearing. 

In addition, for the VR and video setup, it needs to be examined whether and to what 

extent engine sounds could improve the results. It can be assumed that VR technology is 

constantly improving and perception is getting increasingly better. As a result, the 

disadvantages of the VR setup that were pointed out in section 12.1 could become fewer 

with technological development. This needs to be further reviewed. 

Regarding objective metrics, the IRT as well as all other metrics analyzing a time 

response to different driving profiles are not independent of the driving profiles 

themselves (subsection 12.2.1). Here, a metric needs to be developed that analyzes the 

response of pedestrians to the AV’s driving behavior regardless of the duration of the 

driving profile. Since the focus of the thesis was on the comparison of methods and the 

use of the devised metrics, different metrics were not systematically compared. Although 

the crossing behavior was compared with the IRT in the VR setup, a further comparison 

with other metrics (chapter 4) is needed. 

The same applies to the derivation of suitable driving profiles for AVs. Driving 

profiles based on human driving behavior were used for the method comparison. 

However, a systematic comparison is lacking, especially in order to be able to ensure 

transferability to other situations (subsection 12.3.3). It is especially important to 

investigate more realistic situations with multiple road users. One question would be 

whether pedestrians can recognize for whom the vehicle is braking when there are 

several pedestrians at different distances at the roadside. Another question is whether 

the driving behavior is also sufficient when there is less distance to communicate the 

intentions, because another vehicle is driving in front of the AV and blocks the view. 
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As the results of the study comparison (chapter 11; Fuest, Schmidt, & Bengler, 2020) 

showed differences in the variances between the driving profiles and setups, the 

reliability should be further examined. Furthermore, the methods need to be validated 

for the specific use case, as this was not the goal of the thesis. 

Referring to the Sender Receiver Model (chapter 2), it can be stated that it is possible 

that an AV’s intention can be communicated by encoding the message through implicit 

communication. When an unambiguous driving profile is used, a pedestrian can decode 

the message correctly. However, it can be assumed that different environmental 

influences, such as a visual impairment and weather conditions, e.g., fog or rain, generate 

noise. Beggiato et al. (2018) showed that dusk interferes with the transmission and leads 

to more conservative time gaps, as compared to a day condition. However, open 

questions remain, as Ackermann, Beggiato, Bluhm et al. (2019) could not verify this 

effect. For method comparison, metric development, and the evaluation of the driving 

behavior, the Sender Receiver Model has been shown to be sufficient as a first step. 

However, as described in chapter 2, traffic behavior includes a social component 

(Klebelsberg, 1982). This component was illustrated in this research, since the item 

regarding the perceived criticality depends on personal circumstances 

(subsection 12.2.2). Therefore, an extended model of communication should be used in a 

next step. The Four-Sides Model (Schulz von Thun, 2018) can be recommended, as this 

model includes, besides the factual information, a self-revelation, a relationship between 

sender and receiver, and an appeal (Schulz von Thun, 2018). It has to be decided whether 

the AV communicates its driving status (manual vs. automated) at the self-revelation 

level. At the relationship level, the AV uses the information gathered about the particular 

HRU with whom communication is taking place. At the appeal level, it must be ensured 

that the AV does not communicate an appeal, but only its intention (Andersson et al., 

2017; Zhang et al., 2018). Depending on the research question, the four levels must also 

be considered for the pedestrian. Thereby, e.g., pedestrian’s trust in and acceptance of the 

AV and the motivation should be taken into account. 

These open questions need to be addressed before AVs can be integrated into road 

traffic. Otherwise, ambiguous driving profiles could lead to accidents and thus decreased 

acceptance of AVs. 
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14 Conclusion 

Regarding the research question “What method can be recommended to evaluate the 

AV's driving behavior?” it can be stated that it is possible to detect ambiguous driving 

profiles in all setups—Woz, VR and videos—by using the misinterpretation rate and the 

mentioned hypothetical crossing behavior. A VR setup can be used to preselect 

ambiguous driving profiles. However, since the results partly underestimate the 

misinterpretation rate and overestimate the potential of driving profiles, further 

evaluation of the selected driving profiles in a WoZ setup should follow. Since the effort 

of a video study is not in proportion to the limited results, the use of video studies for the 

evaluation of driving profiles is not recommended. Instead, the use of a WoZ approach is 

recommended to evaluate different driving profiles. However, one weakness of the WoZ 

approach is the lack of reproducibility of the target driving profile. This factor needs to be 

considered when choosing the driving profiles to be evaluated. Consequently, driving 

data has to be recorded during a WoZ study. However, a quality standard that must be 

fulfilled for all setups is the precise specification of the driving profile. 

To answer the research question “Can the metrics be recommended to distinguish 

between different driving profiles?” the following advice can be given. The IRT should not 

be evaluated separately, when comparing different driving profiles, as reaction times 

always depend on the duration of the driving profile. In addition, the percentage of those 

participants who waited to press the button until the AV came to a complete standstill or 

passed by cannot be recommended to differentiate between unambiguous and 

ambiguous driving profiles. Results showed that it was independent of the unambiguity 

of the driving profiles that pedestrians made their decision before the AV stopped 

completely or passed by. However, the moment participants recognized the AV’s 

intention is an appropriate time for asking additional questionnaire items. Participants 

should be asked to rate the AV’s driving behavior to differentiate between two 

unambiguous driving profiles. This can be used to ensure that a driving profile is not only 

unambiguous and safe for pedestrians, but is also accepted. In addition, it is 

recommended to enquire about the assumed intention of the AV to analyze the 

misinterpretation rate. This allows for detecting ambiguous and safety-critical driving 

profiles. The same applies to the mentioned hypothetical crossing behavior to analyze 

the crossing rate. This metric cannot only identify risky driving profiles, but also discover 

the potential of unambiguous driving profiles. The two metrics eliminate the need to ask 

participants about perceived criticality. Moreover, it is not necessary to let participants 

rate their certainty about the AVs intention. 

Regarding the last research question “What driving behavior can be recommended 

for AVs to communicate a yielding or a non-yielding intention to a pedestrian?” it can be 

deduced from the results that the AV should communicate its intention at a distance of 

8 m to 25 m from the pedestrian’s position when the initial speed is 30 km/h (indicated 

on the speedometer). For a non-yielding intention, the AV should maintain speed. When 

the AV indents to yield, it should decelerate with at maximum -2.4 m/s² starting at a 

22.0 m distance and a complete stop at a 9.0 m distance from the pedestrian’s position. 
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15 Complementary Studies and Contributor Roles 

In addition to the thesis, further studies have been conducted that were not in the 

main focus of the thesis but nevertheless contribute to the communication between AVs 

and HRUs. Three of the studies focus on the use of explicit communication, and one on 

the abstraction level of the environment. 

Weber, F., Chadowitz, R., Schmidt, K., Messerschmidt, J., & Fuest, T. (2019). Crossing the street across the 
globe: a study on the effects of eHMI on pedestrians in the US, germany and china. In 21st International 
Conference on Human-Computer Interaction, Florida, USA, 26.-31.07.2019. 

The driving profiles from the first VR setup (chapter 8) and metrics were used to 

evaluate two different eHMIs in a VR setup—a light band and a display with icon—in 

three different countries—United States, Germany and China—regarding their impact on 

pedestrians. Instead of the misinterpretation rate, the correct interpretation rate was 

analyzed, as the aim was not to identify the worst eHMI, but the best one. Results 

revealed a positive impact on the correct interpretation rate for the light band in 

Germany and the United States, when the AV intended to yield. In contrast, no impact was 

found for the display. The eHMI showed no positive impact in China. In addition, eHMIs 

deteriorated the correct interpretation rate when the AV did not yield across all 

countries. It can be concluded that eHMIs are not helpful in all conditions and situations 

in which an eHMI improves the communication should be selected carefully. Additionally, 

cultural adaptions have to be evaluated before integrating an eHMI internationally. 

Song, Y. E., Lehsing, C., Fuest, T., & Bengler, K. (2018). External HMIs and Their Effect on the Interaction 
Between Pedestrians and Automated Vehicles. In W. Karwowski & T. Ahram (Eds.), Advances in Intelligent 
Systems and Computing, Intelligent Human Systems Integration (pp. 13–18). Springer International 
Publishing. 

The study focused on the influence of different eHMIs on the pedestrians’ crossing 

behavior. Two eHMIs—one with a command message (Go!) and one with an affirmative 

message (Ok!)—were compared with a baseline condition—showing no eHMI—in a 

video setup. Pedestrians had to decide whether they would cross (by pressing the space 

key on a keyboard) or not cross the road (by pressing no key). Results revealed that 

pedestrians crossed the road more often when the AV was equipped with an eHMI. 

However, no differences were found between the two eHMI message types. 

Fuest, T., Feierle, A., Schmidt, E., & Bengler, K. (2020). Effects of Marking Automated Vehicles on Human 
Drivers on Highways. Information, 11 (6), 286. 

It can be assumed that when integrating AVs in mixed traffic the initial driving 

behavior may differ from manual road traffic. Therefore, marking the AVs as driving 

automatically might be advantageous. To validate this hypothesis, a simulator study was 

conducted. In three different highway situations, drivers encountered an AV driving very 

conservatively and strictly adhering to German highway regulations. The vehicle was 

either marked as driving automatically or drove without a marking. Driving data were 

measured and the time of lane change and the time headway were analyzed. In addition, 

participants had to rate how disturbing and appropriate they perceived the AV’s driving 
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behavior. Results revealed no differences between a marked and a non-marked AV. It can 

be assumed that drivers have compensation strategies to deal with vehicles that drive 

differently. In addition, it seems that the AV’s driving behavior is sufficient to recognize 

the vehicle as automated. Nevertheless, when asking participants directly they preferred 

a marking in order to distinguish between AVs and other vehicles. 

Angerstorfer, J., dem Bruch, L. aus, Nourian, S., & Tannert, I. (2019). Einfluss der Abstraktion von Videos auf die 
Erkennung der Intention automatisierter Fahrzeuge durch Fußgänger [Bericht zum Interdisziplinären 
Projekt; Betreuung durch T. Fuest]. Technische Universität München. 

During this student project, it was evaluated how detailed a scene has to be so that a 

pedestrian is able to recognize an AV’s intention. Therefore, the abstraction level was 

varied. In the first condition, only the vehicle was presented to the participants. In the 

second condition, houses, trees and a road were added to the scene for a lower 

abstraction level. In the study, the AV was represented by an abstract cuboid. In addition, 

it was analyzed whether pedestrians are able to recognize the AV’s intention, when they 

saw the driving behavior from a bird's eye view, as used in driving school questionnaires. 

The driving profiles used in the second WoZ study and in the method comparison 

(chapter 10 and chapter 11) were implemented in VR and videos were recorded for a 

video setup. The dependent variables presented in the thesis were used to analyze the 

influence of the abstraction level and the perspective. The results revealed no differences 

for the abstraction level. However, using the bird's eye view intentions were more often 

interpreted correctly. This could be due to the fact that participants in the bird's-eye view 

need longer to recognize the AV’s intention. Due to the extended IRT, participants 

observed the driving behavior over a longer period of time and were therefore able to 

better assess the intention of the vehicle. 
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Contributor Roles to the Publications for the Thesis 

Fuest, T., Sorokin, L., Bellem, H., & Bengler, K. (2018). Taxonomy of Traffic Situations for the Interaction 
between Automated Vehicles and Human Road Users. In N. A. Stanton (Ed.), Advances in Intelligent 
Systems and Computing. Advances in Human Aspects of Transportation (Vol. 597, pp. 708–719). Cham: 
Springer International Publishing. 

Conceptualization: T.F., L.S., and H.B.; Supervision: T.F., L.S., and K.B.; Visualization: 

T.F.; Writing—original draft: T.F.; Writing—review and editing: T.F., L.S., H.B., and K.B. 

Fuest, T., Maier, A.S., Bellem, H., Bengler, K. (2020). How Should an Automated Vehicle Communicate Its 
Intention to a Pedestrian? – A Virtual Reality Study. In: Ahram T., Karwowski W., Pickl S., Taiar R. (eds) 
Human Systems Engineering and Design II. IHSED 2019. Advances in Intelligent Systems and Computing, Vol 
1026. Springer, Cham. 

Conceptualization: T.F., A.S.M., and H.B.; Data curation: T.F. and A.S.M.; Formal 

analysis: T.F.; Investigation: T.F. and A.S.M.; Methodology: T.F.; Supervision: T.F., H.B., and 

K.B.; Visualization: T.F.; Writing—original draft: T.F.; Writing—review and editing: T.F., 

H.B., and K.B. 

Fuest, T., Michalowski, L., Träris, L., Bellem, H., & Bengler, K. (2018). Using the Driving Behavior of an 
Automated Vehicle to Communicate Intentions – A Wizard of Oz Study. In 21st International Conference 
on Intelligent Transportation Systems (ITSC) (pp. 3596–3601). IEEE. 

Conceptualization: T.F., L.M., and L.T.; Data curation: T.F., L.M., and L.T.; Formal 

analysis: T.F.; Investigation: T.F., L.M., and L.T.; Methodology: T.F.; Supervision: T.F., H.B., 

and K.B.; Visualization: T.F.; Writing—original draft: T.F.; Writing—review and editing: 
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Systems Conference (ITSC) (pp. 3954-3959). IEEE. 

Conceptualization: T.F. and L.M.; Data curation: T.F., and L.M.; Formal analysis: T.F. 

and L.M.; Investigation: T.F., and L.M.; Methodology: T.F.; Supervision: T.F. and K.B.; 

Visualization: T.F., L.M., and E.S.; Writing—original draft: T.F.; Writing—review and 

editing: T.F., L.M., E.S., and K.B. 
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Conceptualization: T.F., E.S, and K.B.; Data curation: T.F..; Formal analysis: T.F.; 
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