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• Implementation of a simulation including visualizations.
• Online study with N=59 participants.
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positive effects regarding mode confusion.
• A tintable windshield was negatively assessed.
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Automated vehicles are expected to communicate with pedestrians at least during the introductory phase, for example, via LED strips, displays, or loudspeakers. While these are added to
minimize confusion and increase trust, the human passenger within the vehicle could perform
motions that a pedestrian could misinterpret as opposing the vehicle’s communication. To
evaluate potential solutions to this problem, we conducted an online video-based within-subjects
experiment (N=59). The solutions under evaluation were mode distinction, vehicle appearance,
and the visibility of the passenger via a tintable windshield. Our results show that especially the
mode distinction and the conspicuous sensor attached to the automated vehicle showed positive
effects. A tintable windshield, however, was negatively assessed. Thus, our work helps to design
eHMI concepts to introduce automated vehicles safely by informing about feasible methods to
avoid mode confusion.

1. Introduction
In unclear traffic situations, pedestrians and drivers today use explicit (e.g., via hand signals) and implicit (e.g., via
deceleration) communication to resolve ambiguities (Lee, Madigan, Giles, Garach-Morcillo, Markkula, Fox, Camara,
Rothmueller, Vendelbo-Larsen, Rasmussen et al. (2021)). With automated vehicles (AVs), current research expects
the AV to substitute this communication (Colley and Rukzio (2020a)). For this communication to be intuitive and
safety-enhancing, numerous modalities and concepts have been proposed (e.g., auditory (Colley, Walch, Gugenheimer,
Askari and Rukzio (2020b)), visual (Mahadevan, Somanath and Sharlin (2018)), or tactile concepts (Mahadevan et al.
(2018)).
However, most of these works neglect the possible and probable presence of users in AVs. These users will engage
in non-driving-related activities (NDRTs) such as sleeping, watching TV, telephoning, and working (Pfleging, Rang
and Broy (2016)). With the advance of NDRTs within the AV (games, leisure, work), a wide range of user movement
is probable. This passenger movement can easily be misinterpreted. Already it becomes obvious that passengers put
their feet out of the window (Edition, 2018, second 3), some played games involving plastic lightsabers (Edition, 2018,
second 78), slept (Edition, 2018, second 86), or clapped (Edition, 2018, second 89). For example, a raised hand, while
intended for greeting a person in a call or on the street, could be misinterpreted as a warning not to cross the street.
Recent work by Faas et al. (Faas, Stange and Baumann (2021); Faas and Baumann (2021)) shows the need to include
status indicators in the external communication, which could reduce or eliminate mode confusion. In the context of
AVs, Cummings and Ryan (2014) define mode confusion as a discrepancy in how the human driver believes the vehicle
to operate and the actual vehicle behavior. Another relevant factor to consider is that prototypes of AVs and eventually
the mass-produced ones do not necessarily resemble current vehicles. For example, the F015 (Benz (2015)) prototype
by Mercedes Benz or the BMW Vision M Next (Group (2016)) look very futuristic and, thus, might have lower mode
confusion potential due to altered mental models regarding their mode of operation (manual vs. automated) (Dey,
Martens, Eggen and Terken (2019)). Also, using additional “conspicuous” sensors such as lidars was already shown to
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affect the external communication of AVs (Ackermans, Dey, Ruijten, Cuijpers and Pfleging (2020)). Finally, one way
to reduce pedestrian-related mode confusion is to block out the passenger, for example, via a tinted windshield.
To evaluate the effect of mode distinction, user visibility, and vehicle appearance and especially their interactions,
we conducted a video-based online study with N=59 participants from the USA.
Contribution Statement: Our findings contribute to the development of communication needs for AVs. Insights
from our online video-based within-subjects study with N=59 participants show that a tintable windshield creates
confusion for pedestrians. While, in line with previous work (Dey et al. (2019)), futuristic-looking vehicles are more
considered automated, the willingness to cross was only significantly improved via a distinctive mode or conspicuous
sensors attached to the vehicle. We conclude by discussing the relevance for eHMI design.

2. Related Work
This work builds on research in the area of external communication of AVs. As mode confusion is evaluated, we
also introduce the terminology and potential measurements and countermeasures.

2.1. External Communication of Automated Vehicles
In manual traffic, traffic-related problems can be overcome via gestures and eye-contact (Rasouli, Kotseruba
and Tsotsos (2017)). External communication of AVs, also called external Human-Machine-Interfaces (eHMIs), is
a proposed solution to enable such communication between a (potentially) driverless AV and vulnerable road users
such as pedestrians or cyclists. While the usage of this necessary explicit communication could be scarce (Lee et al.
(2021)), eHMIs could be required in various scenarios.
eHMIs can be classified based on their modality, message type, and communication location (Colley and Rukzio
(2020b,a)). Colley and Rukzio (2020a) distinguished eight classes of message type, which refers to the information
conveyed by the AV: Instruction, Command, Advisory, Answer, Historical, Predictive, Question, and Affective.
The communication location defines where the communication occurs: on the vehicle, the personal device, or the
infrastructure (Colley and Rukzio (2020a)). Additionally, Situation parameters such as communication relationship
(one-to-one, one-to-many, many-to-one, many-to-many), acoustic noise, or communication partner (e.g., pedestrian
or cyclist) have to be considered (Colley and Rukzio (2020a)). The work on eHMI focused on children (Deb,
Carruth, Fuad, Stanley and Frey (2020); Charisi, Habibovic, Andersson, Li and Evers (2017)), people with vision
impairments (Colley et al. (2020b); Colley, Walch, Gugenheimer and Rukzio (2019a)), mobility impairments (Asha,
Smith, Freeman, Crump, Somanath, Oehlberg and Sharlin (2021)), cognitive impairments (Haimerl, Colley and
Riener (2022)), general pedestrians (Ackermans et al. (2020); Dey, Martens, Wang, Ros and Terken (2018); Löcken,
Golling and Riener (2019); Colley, Bajrovic and Rukzio (2022a)), and bicyclists (Hou, Mahadevan, Somanath, Sharlin
and Oehlberg (2020)). Additionally, the employed technology was also altered, for example, recent work proposed
Augmented Reality glasses-based eHMI approaches (Tabone, Lee, Merat, Happee and de Winter (2021). However,
this would require participants to wear such devices and can, in our opinion, not be seen as a requirement but can only
be used supplementary. Furthermore, eHMIs were proposed for other use cases than street crossing. For example, they
were proposed to aid automated delivery trucks (Colley, Mytilineos, Walch, Gugenheimer and Rukzio (2022b)), to
warn distracted pedestrians (Colley, Li and Rukzio (2021c)), and to personalize an AV (Colley, Lanzer, Belz, Walch
and Rukzio (2021b)).
Recently, the effects of mode distinction and, as a related result, mode confusion were evaluated. Colley,
Wankmüller, Mend, Väth, Rukzio and Gugenheimer (2022c) evaluated which position of the human passenger (driver
vs. passenger position), which information type (intention vs. command), and which activity of the passenger (none
vs. waving vs. gesturing “stop”) lead to mode confusion. Finally, Colley et al. (2022c) propose solutions on the three
levels system, user and pedestrian, and the societal level. On the system level, clearly highlighting the status, the vehicle
appearance, or the blocking out of the user was proposed.
Dey et al. (2019) investigated the effect of vehicle appearance on the willingness to cross. For this, they used a
Renault Twizy. They found that the futuristic appearance did not heighten willingness to cross but actually reduced
it. The authors hypothesize that the appearance “interfere[s] with the cognitive models of pedestrians and make them
more hesitant in a road-crossing context” (Dey et al., 2019, p. 203).
Faas, Mathis and Baumann (2020b) already stated that “status information on the vehicle’s driving mode can be
seen as the most basic information” (Faas et al., 2020b, p. 183). While they did not include a condition solely with intent
or awareness communication, the answers provided by their participants in the post-experimental interview showed
Colley et al.: Preprint submitted to Elsevier
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that nearly 90% want to receive information about the AV’s automated status. Additionally, Faas and Baumann (2021)
found that a status indicator as well as a (simulated) sound have equal effects on subjective measures such as perceived
safety and are, therefore, equally important. Finally, Faas et al. (2021) evaluated the status indicator alongside different
driver’s states (attentive, tinted windshield, distracted). They found no significant effects if the status indicator was
present. Regarding crossing onset times, the authors found no significant differences. Faas et al. (Faas and Baumann
(2021); Faas et al. (2021)) show promising results for the necessity to include a status indicator. Regarding the color
for such a status indicator, turquoise seems to be a sensible color as it is highly visible and does not carry traffic-related
meaning until now (Werner (2018)). Despite this work, the role of the tintable windshield and especially the appearance
of the vehicle was not taken into account in the work by Faas et al.
The final communication implementation in previous work varies strongly. For example, LED strips (Florentine,
Ang, Pendleton, Andersen and Ang (2016); Lundgren, Habibovic, Andersson, Lagström, Nilsson, Sirkka, Fagerlönn,
Fredriksson, Edgren, Krupenia and Saluäär (2017)), displays (Florentine et al. (2016)) or projections (Ackermann,
Beggiato, Schubert and Krems (2019)) have been used. Other concepts include the smartphone of the pedestrian (Mahadevan et al. (2018); Holländer, Krüger and Butz (2020)) or even a physical waving hand mounted on top of
the vehicle (Mahadevan et al. (2018)). Displays are capable to display various messages and include, for example,
anthropomorphic (Semcon (2016)) or text (Colley, Mytilineos, Walch, Gugenheimer and Rukzio (2020a); Colley,
Belz and Rukzio (2021a)). Previous work found that text was least ambiguous (Chang, Toda, Igarashi, Miyata and
Kobayashi (2018); Deb et al. (2020)). Therefore, we employed text to avoid potential confusion based on the eHMI
concept. We believe that with more ambiguous eHMI concepts, mode confusion will increase.

2.2. Mode Confusion
Mode confusion was investigated for aircrafts (Spencer Jr (2000); Degani, Shafto and Kirlik (1996)), flight guidance
systems (Joshi, Miller and Heimdahl (2003)), service robots (Lankenau (2001)), and driver interfaces (Lee, Ahn and
Yang (2014)).
Degani and Kirlik report mode-switches, that is switching the mode of operation from automated to manual flying
or taking over control from an AV during an automated journey, in aircrafts to be intuitive when being user-visible
(e.g., via a display) (Degani and Kirlik (1995)). These automation modes and their switching is comparable to the six
vehicle automation levels (Taxonomy (2014)). Degani et al. (1996) distinguish two mode confusion categories: (1)
misidentifying automation behavior, that is the automation operates differently than the user expects, and (2) wrongly
assuming an automation mode than is actually active. The second is in line with Norman’s definition (Norman (1983)).
Leveson, Pinnel, Sandys, Koga and Reese (1997) identify six problems with mode confusion: Interface Interpretation
Error, Inconsistent Behavior, Indirect Mode Change, Operator Authority Limits, Unintended Side Effects, and Lack of
Appropriate Feedback.
Kurpiers, Biebl, Mejia Hernandez and Raisch (2020) distinguish measuring subjective and objective mode
confusion. Subjective measures provide quick and explicit information. However, they inherently include, for example,
personal bias. Additionally, system misunderstandings can not be directly unveiled as they are per se, not user-visible.
Objective measures include gaze behavior, facial expression, behavior patterns, and engagement in non-driving taskrelated tasks. The foremost interest in mode awareness is, however, in the following behavior alteration (Kurpiers et al.
(2020).
Mode confusion measurement is difficult (Kurpiers et al. (2020)) and, therefore, interviews are often used (Johnson
and Pritchett (1995); Kurpiers et al. (2020)). Other measurements include time to recognize a problematic mode (Johnson and Pritchett (1995)) or having participants determine the system’s current mode (Lee et al. (2014)).
Cognitive load (or lockup) was hypothesized to be associated with mode error by Spencer Jr (2000). As divergent
mode capability assumptions have to be resolved, cognitive resources are necessary. Thus, we assume cognitive load to
increase with mode confusion. Cunningham and Regan (2015) focus on AV driver’s overtrust. However, they determine
trust to be contributing to mode confusion.
With regard to AVs, the passenger within the AV is the main user. However, when including bystanders, as done
in the field of eHMIs, with pedestrians or cyclists communicating with the AV, the pedestrians and other vulnerable
road users (Holländer, Colley, Rukzio and Butz (2021)) become exposed to potential mode confusion issues when the
vehicle state is unclear. For the pedestrian, detailed knowledge about the currently active automation level is irrelevant;
however, the binary information vehicle drives automated vs. vehicle is driven manually (see wrong automation mode
assumption (Degani et al. (1996))) is highly important to avoid that crossing decisions are based on false assumptions.
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3. Experiment
To evaluate the mode confusion and potential countermeasures, we designed and conducted an online video-based
experiment.

3.1. Study Design and Hypotheses
This study investigates the influence of vehicle appearance, mode distinctiveness, and passenger visibility on
pedestrian behavior. These are based on work by Faas et al. (2021) that already included mode distinctiveness and
passenger visibility as well as work by Dey et al. (2019) and Ackermans et al. (2020) who evaluated the vehicle
appearance. With current prototypes having radically different appearances (e.g., Zoox, Mercedes Benz AVTR), we
argue that evaluating the effect of vehicle appearance is crucial for the studied challenge of mode confusion.
However, Faas et al. were, due to their setup, unable to change the vehicle appearance, and Dey et al. as well as
Ackermans et al. did not include the mode distinctiveness or passenger visibility. Additionally, the most important
distinction to previous work is the focus on mode confusion, which was not directly measured. Therefore, this work
provides a holistic approach to these three factors and their interactions.
The research question was:
What impact do the variables Vehicle Appearance, Mode Distinctiveness, and Passenger Visibility have
on (1) cognitive load, (2) trust, (3) attribution of control, (4) perceived safety, and (5) willingness to cross?
To answer this research question, we presented participants with a video-based online study in which they
encountered different AV appearances with an eHMI. These AVs, depending on the condition, showed their automated
mode via a turquoise LED at the top of the windshield (see Figure 1a) and were able to block out the passenger via
opaque windshields, a technology currently under development (LUMINQ (2020)) (see Figure 1a). The appearances
of the vehicles were conventional (modeled after a Passat B6-2006 Variant), the same Passat but with a conspicuous
sensor (see (Ackermans et al. (2020))), and a futuristic AV resembling the F 015 concept by Mercedes Benz as a
surrogate (Benz (2015)). The passenger wore glasses resembling a potential future Augmented Reality headset. To
create confusion, the passenger performed a mid-air selection gesture, which could be mistaken for a “Stop! Watch
out” gesture toward the pedestrian (see Figure 1b and Figure 1c). In all conditions, the eHMI displayed the word
“STOPPING”.
Therefore, we designed our experiment as a 3 (vehicle appearances) × 2 (mode distinctiveness) × 2 (passenger
visibility) within-subjects study.
Our hypotheses (H) were:
• 𝐻1 : Pedestrians’ mode confusion will be reduced with a person not visible, an LED showing the mode
distinctively, or a vehicle appearance indicating the automated nature of the vehicle (see Faas et al. (2021) and
Faas and Baumann (2021)).
• 𝐻2 : Pedestrians’ mode confusion will be reduced with combinations of the person not visible, an LED showing
the mode distinctively, or a vehicle appearance indicating the automated nature of the vehicle.
• 𝐻3 : Pedestrians’ willingness to cross before the AV has stopped will be higher with the better visible changes
to the AV’s appearance.
The hypotheses were only formulated for the mode confusion and the willingness to cross. For the other dependent
variables, the study was exploratory.

3.2. Materials
We modeled a typical scenario in Unity version 2020.3.1f1 (Unity Technologies (2020)) to enable us to evaluate
currently unavailable technology (tintable windows and futuristic vehicle appearances). Before our experiment, we
questioned seven participants in informal interviews regarding the external validity (i.e., how real the videos looked).
Participants were asked to indicate similarity for the aspects Colouring + perspective, Behaviour of the vehicle and
passenger, and Own (hypothetical) behavior in the situations. Based on their responses, we adjusted our simulation.
We repeated this twice until all participants were satisfied. The videos took 13s each and depicted the AV driving
around a curve and then slowing down linearly. The futuristic vehicle emitted a sound closely resembling the BMW
i4 sound by Hans Zimmer1 .
1 https://www.youtube.com/watch?v=JpeukPXMWzA;
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(a) Not visible - distinctive - conventional.

(b) Visible - not distinctive - conspicuous.

(c) Visible - distinctive - futuristic.
Figure 1: Three screenshots of various conditions we used in the online study.

3.3. Measurements
We used the mental workload subscale of the raw NASA-TLX (Hart and Staveland (1988)) on a 20-point scale
(“How much mental and perceptual activity was required? Was the task easy or demanding, simple or complex?”;
1=Very Low to 20=Very High). The subscales Predictability/Understandability (Understanding from here) and Trust
of the Trust in Automation questionnaire by Körber (2019) were used. Understanding is measured using agreement on
four statements (“The system state was always clear to me.”, “I was able to understand why things happened.”; two
inverse: “The system reacts unpredictably.”, “It’s difficult to identify what the system will do next.”) using 5-point Likert
scales (1=Strongly disagree to 5=Strongly agree). Trust is measured via agreement on the same 5-point Likert scale on
two statements (“I trust the system.” and “I can rely on the system.”). Also, participants rated the perceived safety using
four 7-point semantic differentials from -3 (anxious/agitated/unsafe/timid) to +3 (relaxed/calm/safe/confident) (Faas,
Kao and Baumann (2020a)).
On 7-point Likert scales, participants rated whom they believed to be in control (“Control”; 1=Person to 7=Vehicle)
and whom their crossing decision was based on (“Decision Factor”; 1=Person to 7=Display). Agreement to the
statement While the vehicle was communicating, the behavior of the human passenger confused me; “Confusion”
was rated as well as whether the vehicle’s intentions and actions (“vehicle mode clarity”) and of the human user
(“passenger mode clarity”) were clear (each one question; 1=Totally Disagree to 7=Totally Agree). We additionally
showed participants three screenshots of the video per condition: (1) at the beginning of the video, (2) when the eHMI
became visible, and (3) after the vehicle had stopped (these are shown in Figure 1). For every screenshot, participants
rated their willingness to cross (1=completely unsure to 7=completely sure). Driving style was assessed using a single
item (1=completely safe to 7=completely dangerous). Participants also indicated whether they would cross the street
in this scenario during the approach and after the vehicle stopped (boolean; yes/no).
After having seen all videos, participants answered openly posed questions regarding feedback and improvement
possibilities. Additionally, they ranked the scenarios with regards to willingness to cross and confusion. Immersion,
which was used to validate the simulation’s appropriateness and the overall video-based approach, was measured using
the Immersion subscale of the Technology Usage Inventory (Kothgassner, Felnhofer, Hauk, Kastenhofer, Gomm and
Colley et al.: Preprint submitted to Elsevier
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Kryspin-Exner (2013)) showing medium immersion (M=15.91, SD=5.49). Participants also rated the realism of the
videos (“I found the videos realistic”) on a 7-point Likert scale (1=Totally Disagree to 7=Totally Agree), rating the
videos realistic (M=4.74, SD=1.57).

3.4. Procedure
Each session started with the introduction and the agreement of informed consent. The introduction to the study
was as follows (including wording in boldness):
You will see twelve videos of a highly automated vehicle approaching you. Future automated vehicles could have
an attached display, for example, on the grille to communicate with pedestrians. The vehicle steers, brakes, and
accelerates (lateral and longitudinal guidance).
Passengers will be able to engage in every imaginable activity. You are supposed to imagine standing at the curb and
assess whether you would be willing to cross in front of the highly automated vehicle.
Additionally, the mode LED, the tintable window, and the different vehicle appearances were explained. Participants had to indicate their understanding afterward. Then, the videos were presented in randomized order. The
explanations regarding eHMI, autonomous driving mode, mode LED, and vehicle appearance were repeated before
every condition. A session lasted ≈ 35min; participants were compensated with 4.70€.

4. Results
4.1. Participants
Before the experiment, we computed the required sample size via an a-priori power analysis using G*Power (Faul,
Erdfelder, Buchner and Lang (2009)). To achieve a power of .9, with an alpha level of .05, 41 participants should result
in small to medium effect size (0.15 (Funder and Ozer (2019)) in a within-subjects repeated measures ANOVA.
Therefore, we recruited 66 participants via Prolific pre-selected from the USA to avoid confounding variables such
as left-hand vs. right-hand traffic or culture (Rasouli and Tsotsos (2019)). Seven data sets were excluded due to failed
attention checks. The remaining N=59 (27 female, 31 male, 1 non-binary) participants were M=35.00 (SD=11.82)
years old. Participants showed medium Propensity to Trust (Körber (2019)) with a mean of M=2.81 (SD=.63).
Participants reported medium to high interest in AVs (M=3.88, SD=.89), medium belief that AVs will ease their lives
(M=3.63, SD=1.08), and rather believed that AVs would become reality in the next 10 years (M=4.22, SD=1.05)

4.2. Data Analysis
For the factor analysis in the case of non-parametric data, the non-parametric ANOVA (NPAV) as described by
Lüpsen (Lüpsen (2020)) was employed. For post-hoc tests, we used Bonferroni correction. R in version 4.1.2 and
RStudio in version 2022.02.0 was employed. All packages were up to date in February 2022. Effect sizes were
calculated using Rosenthals’s formula (Rosenthal, Cooper and Hedges (1994)) unless stated otherwise. The figures
show the reported main or interaction effect in bold lines and include 95% confidence intervals.

4.3. Perceived Safety, Trust, & Cognitive Load
The NPAV found no significant effects on perceived safety. The mean values ranged between M=0.99 (Tinted
window, not distinctive, futuristic) to M=1.64 (Not tinted, distinctive, conspicuous).
The NPAV found a significant main effect of mode distinctiveness on Understanding (𝐹 (1, 58) = 10.74, p=0.002).
The NPAV also found a significant interaction effect of vehicle appearance × mode distinctiveness × tintable windshield
on Understanding (𝐹 (2, 116) = 3.48, p=0.034; see Figure 2). While Understanding was always higher with a distinctive
mode, the difference with a clear windshield became smaller for the conspicuous and smallest for the futuristic vehicle
appearance. With a tinted windshield, subjective Understanding was almost equal for the conventional and conspicuous
vehicle appearance but lower for the futuristic one when not being distinctive.
The NPAV found a significant main effect of mode distinctiveness on trust (𝐹 (1, 58) = 7.80, p=0.007, r=-0.101,
Z=-2.69). Trust was significantly higher when the mode was shown distinctively via a LED (M=3.56, SD=1.02) than
it not being shown (M=3.46, SD=1.01).
Regarding mental workload, the NPAV found no significant effects. Nonetheless, a few difference almost reached
significance: vehicle appearance (p=0.06, vehicle appearance × mode distinctiveness (p=0.055; see Figure 3a), and
mode distinctiveness × tintable windshield (p=0.053; see Figure 3b).
Required cognitive load was low when the mode was distinctive for all AV appearances. The cognitive load was
higher for the conventional and the futuristic appearance compared to the conspicuous appearance.
Colley et al.: Preprint submitted to Elsevier
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No tinted windshield

Tinted windshield

Understanding

4.0
3.8
3.6
not distinctive
distinctive

3.4
conv. consp.

fut.

conv. consp.

fut.

Vehicle Appearance
Figure 2: IE vehicle appearance × mode distinctiveness × tintable windshield on Understanding.
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Cognitive Load

Cognitive Load
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7.5
7.0
6.5

7.5
7.0
6.5

not distinctive
distinctive

6.0

not distinctive
distinctive

6.0
conventional

conspicuous

futuristic

no

Vehicle Appearance
(a) IE of vehicle appearance × mode distinctiveness.

yes

Tinted Windows
(b) IE of tintable windshield × mode distinctiveness.

Figure 3: Non-significant IEs on mental workload.

4.4. Willingness to Cross
The NPAV found a significant main effect of tintable windshield on willingness to cross in the first screenshot
(𝐹 (1, 58) = 8.38, p=0.005, r=-0.105, Z=-2.79). Willingness to cross in the first screenshot was higher with a distinctive
mode (M=3.81, SD=2.30) than without (M=3.65, SD=2.23).
For the willingness to cross in the second screenshot, the NPAV found a significant effect of tintable windshield
(𝐹 (1, 58) = 8.48, p=0.005, r=-0.105, Z=-2.80). Willingness was higher when the window was not tinted (M=2.96,
SD=1.89) than with it being tinted (M=2.76, SD=1.96).
The NPAV found no significant differences in the willingness to cross for the third screenshot.

4.5. Mode Confusion
The NPVA found no significant effect on confusion (measured via agreement to the statement: “While the vehicle
was communicating, the behavior of the human passenger confused me”).
The NPAV found a significant main effect of mode distinctiveness on vehicle mode clarity (𝐹 (1, 58) = 4.50,
p=0.038, r=-0.078, Z=-2.07). Subjective vehicle mode was clearer with the LED (M=5.66, SD=1.41) than without
(M=5.47, SD=1.44).
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ModeConfusion

No tinted windshield

Tinted windshield
not distinctive
distinctive

4.0
3.5
3.0
2.5
conv. consp.

fut.

conv. consp.

fut.

Mode distinctiveness
Figure 4: Values of mode confusion (lower is better).

For the passenger mode clarity, the NPAV found a significant effect of tintable windshield (𝐹 (1, 58) = 23.55,
p<0.001, r=-0.166, Z=-4.43). Subjective passenger mode was clearer when the window was not tinted (M=4.33,
SD=2.00) than with it being tinted (M=3.24, SD=1.93).

4.6. Attribution of Control, Driving Style, and Decision Factor

Person ¬Control ®Vehicle

Person ¬Control ®Vehicle

The NPAV found a significant main effect of mode distinctiveness on control attribution (𝐹 (1, 58) = 14.79,
p<0.001, r=-0.136, Z=-3.61). The NPAV found a significant main effect of tintable windshield on control attribution
(𝐹 (1, 58) = 24.42, p<0.001, r=-0.169, Z=-4.50).

6.0
5.5
5.0

not distinctive
distinctive

4.5
conventional

conspicuous

6.5
6.0
5.5
5.0
4.5

futuristic

no

Vehicle Appearance
(a) IE of vehicle appearance × mode distinctiveness.

not distinctive
distinctive

yes

Tinted Window
(b) IE of tintable windshield × mode distinctiveness.

Figure 5: IEs on control attribution.

The NPAV found a significant interaction effect of vehicle appearance × mode distinctiveness on control attribution
(𝐹 (2, 116) = 4.80, p=0.010; see Figure 5a).
The NPAV found a significant interaction effect of mode distinctiveness × tintable windshield on control attribution
(𝐹 (1, 58) = 4.29, p=0.043; see Figure 5b).
The NPAV found a highly significant main effect of tintable windshield on decision factors to cross (𝐹 (1, 58) =
52.29, p<0.001, r=-0.229, Z=-6.08). The NPAV found a significant interaction effect of vehicle appearance × mode
distinctiveness on decision factors to cross (𝐹 (2, 116) = 3.83, p=0.024; see Figure 6). The decision was mostly based
on the display when the vehicle’s appearance was conventional or futuristic and there was an LED for distinction.
Colley et al.: Preprint submitted to Elsevier
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Person ¬Decision ®Display

Effects of Mode Distinction, User Visibility, and Vehicle Appearance on Mode Confusion

6.0

5.5

not distinctive
distinctive

5.0

conventional

conspicuous

futuristic

Vehicle Appearance
Figure 6: IE of vehicle appearance × mode distinctiveness on decision factor.

Person ¬Decision ®Display

However, when the appearance was conspicuous, participants reported having based their decision on the display
more if there was no LED for distinction.
No tinted windshield

Tinted windshield

6
not distinctive
distinctive

5

4
conv. consp.

fut.

conv. consp.

fut.

Vehicle Appearance

Figure 7: IE of vehicle appearance × mode distinctiveness × tintable windshield on decision factor.

The NPAV also found a significant interaction effect of vehicle appearance × mode distinctiveness × tintable
windshield on decision factors to cross (𝐹 (2, 116) = 3.64, p=0.029; see Figure 7). With a tinted windshield, the
decision was based more on the display as the person was then not visible. With the tinted windshield, the decision
factor received close values. For the clear windshield, the futuristic vehicle appearance leads to a higher reliance on
the display with the distinctive mode than without.
The NPAV found a significant main effect of vehicle appearance on driving style (𝐹 (2, 116) = 3.13, p=0.047,
r=-0.074, Z=-1.98). However, a post-hoc test found no significant differences. The NPAV found a significant main
effect of tintable windshield on driving style (𝐹 (1, 58) = 5.24, p=0.026, r=-0.084, Z=-2.23). The driving style was
rated as safer (M=2.51, SD=1.60) with a clear compared to a tinted windshield (M=2.78, SD=1.65).

4.7. Decision to Cross
As crossing relies on a boolean decision, we asked participants whether they would cross in front of the vehicle
during the approach and after the vehicle stopped. For the analysis, we employed a generalized linear mixed model
(GLMM) using ML and BOBYQA optimizer. Due to the within-subjects design, we specified the participant as a
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During Approach
Variable
number of answers
shape
conventional
conspicuous
futuristic
mode distinctive
not distinctive
distinctive
Passenger Visibility
Visible
Not visible

After Stopped

Yes

No

Yes

No

70 (29.66%)
89 (37.71%)
77 (32.63%)

166
147
159

219 (92.80%)
223 (94.49%)
220 (93.22%)

17
13
16

130 (36.72%)
106 (29.94%)

224
248

338 (95.48%)
324 (91.53%)

16
30

106 (29.94%)
130 (36.72%)

248
224

325 (91.81%)
337 (95.20%)

29
17

Table 1
Participants’ decision to cross concerning the factors both during the vehicle’s approach and after the vehicle stopped.
Being Visible means that the windshield was not tinted.

random effect in our model, therefore accounting for individual differences. We also report descriptive values for the
crossing decision (see Table 1).
Effects on crossing decision during approach
2.22

Distinctive
2.06

Conspicuous*Tinted
1.90

Conspicuous
1.46

Futuristic*Tinted
1.18

Futuristic

1.11

Futuristic*Distinctive*Tinted

1.08

Distinctive*Tinted
0.85

Futuristic*Distinctive

0.79

Conspicuous*Distinctive*Tinted

0.72

Conspicuous*Distinctive
Tinted

0.35

0.5

1.0

2.0

Odds Ratios

Figure 8: GLMM for the crossing decision during the approach. The odds ratio defines the probability that a participant
would have crossed during the approach of the AV. The odds ratio of 2.22 for the mode distinctiveness shows that the
probability of crossing during the approach was 2.22 times higher compared to the no mode distinctiveness. On the other
end, the probability of crossing during the approach was only 0.35 times as probable when the windshield was tinted.

Regarding Figure 8, the GLMM showed no significant positive or negative effect on the crossing decision during the
approach. However, the mode distinctiveness showed the highest odds ratio (2.22) while tintable windshield showed
the lowest. The combination of Conspicuous × Tinted also showed a relatively high odds ratio (2.06). Therefore,
we assume that the clear and mostly unambiguous nature of the LED and the sensor had the highest impact for the
crossing decision during the approach. Not seeing the passenger, however, lead to reduced willingness probably due
to confusion.
Regarding Figure 9, the three-way interaction between the vehicle appearance futuristic, the tinted windshield, and
the distinctive mode had a significant positive impact on the decision to cross after the approach. However, the high
number of “No” responses (see Table 1) for the decision after the AV stopped and, in general, the three-way interaction,
makes interpreting this effect difficult, which is why we refrain from providing an interpretation. The distinctive mode
alone had a significant positive effect on the decision to cross after the AV stopped. This is in line with the findings for
the decision during the approach.
Colley et al.: Preprint submitted to Elsevier
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Effects on crossing decision after stopped
399.46 *

Futuristic*Distinctive*Tinted
26.16 *

Distinctive

22.84

Conspicuous*Distinctive*Tinted
Futuristic
Conspicuous
Tinted
Conspicuous*Tinted
Futuristic*Tinted
Conspicuous*Distinctive
Distinctive*Tinted
Futuristic*Distinctive

3.08
3.08
0.64
0.51
0.15
0.09
0.06
0.04

0

100

200

300

400

Odds Ratios

Figure 9: GLMM for the crossing decision after stopping. The odds ratio defines the probability that a participant would
have crossed during the approach of the AV. For example, the odds ratio of 26.16 for the mode distinctiveness shows that
the probability of crossing after the vehicle stopped was 26.16 times higher compared to the no mode distinctiveness.

4.8. Reasonability, Necessity, and Open Feedback
After all conditions, participants rated the reasonability and the necessity of the external communication via screen
and the mode distinctiveness on 7-point Likert scales. Both the reasonability (M=5.88, SD=1.27) and the necessity
(M=5.74, SD=1.40) of the external communication were rated high. Participants also rated the reasonability (M=5.95,
SD=1.26) and the necessity (M=5.65, SD=1.28) of the mode distinctiveness highly.
In the open feedback, three participants stated that the gesture of the passenger confused them (e.g., “The hand
signal of the driver, when visible, confused me slightly. It seemed like the driver was signaling, "wait".”). This showed
that our manipulation worked. Three participants were undecided whether tinting the window was a good idea (e.g.,
“ It’s disconcerting not seeing the person, but if I could see they weren’t paying attention that would be disconcerting
too.”, “one thing that I could not stand is the windshield being tinted”). The same participant stated their doubts about
AVs (and computers in general): “Machines/computers malfunction all the time and it’s just not safe to trust it won’t
have an issue.” One participant also stated that the textual message “stopping” was confusing as it was still displayed
after having stopped (“Because the car still said stopping, I assumed that the car had not come to a complete stop at
any point”). Also, another participant stated that the AV could simply have come a halt earlier to avoid confusion.

5. Evaluation of Hypotheses and Discussion
This work presented possible solutions to the problem of mode confusion in AVs with a human user. Based on
previous work (e.g., Faas et al. (2020b)), the solutions on the system level are an easily recognizable vehicle appearance,
mode distinctiveness, and a tintable windshield. With the presented data, the hypotheses can be accepted/rejected as
follows:

5.1. Evaluation of Hypotheses
• 𝐻1 : Pedestrians’ mode confusion will be reduced with a person not visible, an LED showing the mode
distinctively, or a vehicle appearance indicating the automated nature of the vehicle.
With mode distinctiveness and a tintable windshield, participants (correctly) significantly higher attributed
control to the AV. The vehicle appearance showed, however, no significant main effect. Additionally, we could
not show a significant effect of either vehicle appearance, mode distinctiveness, or tintable windshield on the
direct measurement on mode confusion. However, we found that a distinctive mode led to higher subjective
vehicle mode clarity and a tinted windshield led to lower subjective passenger mode clarity Also, we found
various interaction effects, leading us to the conclusion that the factors are, when employed independently, not
able to explain mode confusion satisfactorily. Therefore, we partially reject this hypothesis.
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• 𝐻2 : Pedestrians’ mode confusion will be reduced with combinations of the person not visible, an LED showing
the mode distinctively, or a vehicle appearance indicating the automated nature of the vehicle.
While values were lowest with the futuristic vehicle appearance, with a tinted windshield, and the mode
distinctive (see Figure 4), we could not show any significant IEs on mode confusion or subjective passenger
or vehicle mode clarity. Therefore, we reject this hypothesis.
• 𝐻3 : Pedestrians’ willingness to cross before the AV has stopped will be higher with the better visible changes to
the AV’s vehicle appearance.
No effects with regards to the vehicle appearance were found for the first, second, or third screenshot. Additionally, the GLMM found no significant main effect of vehicle appearance during the approach (see Figure 8) or
after the vehicle stopped (see Figure 9).Therefore, we reject the hypothesis.

5.2. Reducing Mode Confusion
With this experiment, we were able to show that crossing decision depends on a variety of factors, including vehicle
appearance, mode distinctiveness, and tintable windshield. This is in line with previous work showing that conspicuous
sensor (Ackermans et al. (2020)) or a futuristic vehicle appearance (Dey et al. (2019)) altered pedestrians’ willingness
to cross. However, while Dey et al. (2019) employed a small Renault Twizy and, therefore, discussed whether the size
difference to the BMW 3 was relevant to the crossing decision, their data indicate that the size was of little relevance.
Therefore, we conclude that in their experiment, the futuristic appearance had the greatest effect with little to no effect
of size. In line with the work by Dey et al. (2019), our data showed that control was more attributed to the vehicle with
the futuristic appearance, especially with the distinctive mode (see Figure 5b and Figure 5a).
Our data support that the presence of a status indicator (i.e., mode distinctiveness) increases Understanding and
Trust. This mode distinctiveness also increased the willingness to cross and led to a significantly higher attribution
of control to the AV. This increased attribution was also present when the windshield was tinted. However, the other
effects were not present for the other envisioned factors vehicle appearance and tintable windshield. While it seems
logical to simply exclude the passenger from the communication by blocking the view towards the passenger, this
made participants feel uneasy. Also, the futuristic vehicle appearance led to a higher cognitive load when no mode
distinctiveness was present. Our hypothesis 𝐻2 stated that combining the mode confusion countermeasures vehicle
appearance, tintable windshield, and mode distinctiveness would lead to the lowest mode confusion. However, our
data indicate that the mode distinctiveness alone reduces mode confusion best.

5.3. Practical Implications
Our data indicate that for scenarios in which the passenger moves unexpectedly in the AV, it is insufficient to rely
on futuristic vehicle appearance. Instead, mode distinctiveness seems crucial for the pedestrians to understand and
trust an AV. As the inclusion of such a LED light is technologically easy, such a LED light should be included in
the design of AVs. External communication alone seems to be insufficient for conveying that the vehicle is driving
automated. However, our recorded data is based on the precondition that the participants were informed about the
LED’s meaning. Prior work showed that if this is not the case, people can be confused and infer very different
meanings (e.g., warnings or that the vehicle is an emergency vehicle) (Hensch, Neumann, Beggiato, Halama and
Krems (2019)). Therefore, standardization and learning are very important aspects that have to be considered for a
real-world application. Additionally, from the point of view of the pedestrian, tinted windshields should be avoided.

5.4. Limitations
The sample of N=59 participants was recruited from the USA. As culture plays an essential role in crossing
decisions (Rasouli and Tsotsos (2019)) transferability is, therefore, limited. Additionally, the experiment was based on
an online video-based study using a Unity simulation and, therefore, lacked several real-world crossing characteristics.
Video-based studies lack embodiment, a relevant factor for perceived presence in VR (Rogers, Funke, Frommel, Stamm
and Weber (2019)) which was, therefore, proposed to be used in studying AV - pedestrian interaction (Colley, Walch and
Rukzio (2019b)). Additionally, the perceived risk of crossing a road is lower in online video-based studies. However,
we argue that, based on the reasonable Immersion (M=16.33, SD=5.60) and realism (M=4.89, SD=1.33) scores, the
results are valid.
Imagining future AVs was probably not trivial for participants. However, it is likely that some people will be
surprised in their first encounters with AVs, therefore, we argue that the presented scenario depicts a possible realistic
encounter.
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Page 12 of 16

Effects of Mode Distinction, User Visibility, and Vehicle Appearance on Mode Confusion

While Kurpiers and Biebl (Kurpiers et al. (2020)) discourage purely subjective ratings for mode confusion
measurements in AVs, objective measurements are, without generally available AVs, not yet possible. However, when
available, this experiment should be repeated.
While our statistical analysis is valid, some significant results are only marginally significant. Some authors claim
that statistical significance should be switched to p<0.005 (Benjamin, Berger, Johannesson, Nosek, Wagenmakers,
Berk, Bollen, Brembs, Brown, Camerer et al. (2018)). Nonetheless, the current practice remains that a p<0.05 is seen
as statistically significant. Nonetheless, the findings of this work should be validated especially in a real-world scenario.
The alteration of the Passat with conspicuous sensors constitutes a specific design adjustment. Using the F015,
however, only resembles one specific possibility of a futuristic AV design. Other designs as proposed by Zoox or
BMW could elicit different responses. Therefore, the generalization of the findings is limited.

6. Conclusion
Overall, this work evaluated three possible factors that could reduce mode confusion for newly introduced AVs
into traffic with external communication: mode distinctiveness, vehicle appearance, and tintable windshield. Mode
confusion was operationalized via perceived safety, trust, cognitive load, willingness to cross, confusion statements,
and the final decision of whether or not to cross. In an online video-based within-subjects study with N=59 participants,
we found that only mode distinctiveness increased trust and understanding. Vehicles with conspicuous sensors also
received high trust and low cognitive load rating, even without mode distinctiveness. This work helps to overcome
potential challenges arising from the changing role and actions of people in AVs. Therefore, this work helps introduce
AVs safely and adds insights into the required communication design of AVs.
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