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Abstract: Due to the short range of the sensor technology used in automated vehicles, we assume that
the implemented driving strategies may initially differ from those of human drivers. Nevertheless,
automated vehicles must be able to move safely through manual road traffic. Initially, they will
behave as carefully as human learners do. In the same way that driving-school vehicles tend to
be marked in Germany, markings for automated vehicles could also prove advantageous. To this
end, a simulation study with 40 participants was conducted. All participants experienced three
different highway scenarios, each with and without a marked automated vehicle. One scenario was
based around some roadworks, the next scenario was a traffic jam, and the last scenario involved a
lane change. Common to all scenarios was that the automated vehicles strictly adhered to German
highway regulations, and therefore moved in road traffic somewhat differently to human drivers.
After each trial, we asked participants to rate how appropriate and disturbing the automated vehicle’s
driving behavior was. We also measured objective data, such as the time of a lane change and the time
headway. The results show no differences for the subjective and objective data regarding the marking
of an automated vehicle. Reasons for this might be that the driving behavior itself is sufficiently
informative for humans to recognize an automated vehicle. In addition, participants experienced
the automated vehicle’s driving behavior for the first time, and it is reasonable to assume that an
adjustment of the humans’ driving behavior would take place in the event of repeated encounters.

Keywords: marking automated vehicles; automated vehicles—human drivers interaction; mixed
traffic; explicit communication; external human-machine interface

1. Introduction

BMW has announced that the first highly automated vehicles (AVs) will be integrated into road
traffic by 2021 [1]. It can be assumed that, initially, level 3 functions [2] will be available on highways.
At the beginning, there will be several situations where the implemented driving strategy of an AV
differs from that of a human driver. These include, in particular, situations where anticipatory driving
is required, such as waiting for large gaps or reacting to missing traffic signs (e.g., changes in the speed
limit). These atypical driving strategies could lead to confusion and distrust by other human road
users (HRUs) [3]. One way of counteracting the confusion of HRUs is the clear identification of AVs,
e.g., through special marking or additional light signals.

One argument for marking AVs, besides the positive marketing effect, is an increased
understanding of larger gap sizes or ambiguous driving strategies [4]. One argument against
marking is that the compliant behavior of AVs could lead to unwanted external interference [4].
For example, pedestrians could step onto the road, as they could be sure that the AV will brake [4].
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Similar markings already exist for several types of vehicle, e.g., driving-school vehicles [5].
Those vehicles can be marked when they are being used for lessons to draw the attention of the
surrounding traffic to the presence of the learner driver [5]. For example, in Austria and New Zealand,
when driving at the age of 17, a clearly visible sign must be attached to the vehicle [6,7]. This allows
other drivers to adjust their driving behavior to the learner driver and, if necessary, maintain a greater
than usual distance from the vehicle, or overtake quickly.

In a study to evaluate the influence of marked AVs on human drivers, drivers encountered
an AV that was either marked, not marked, or wrongly marked, in different highway scenarios [8].
The authors asked participants to rate the perceived safety, risk, and how pleasant it was to encounter
the AV. Objective driving data were recorded during the simulator study. The results show that human
drivers evaluate encounters with AVs independent of the marking [8].

Moreover, the critical gap acceptance and the perceived safety of participants crossing a road in
front of an AV is not affected by the vehicle’s driving mode (manual vs. automated) [9]. A comparable
result was found in the study by Rodríguez Palmeiro [10]: even if participants noticed that the vehicle
had an automated-driving sign, and they were subjectively influenced by feeling less safe and more
doubtful, the objective behavior of participants did not change [10]. In addition, Faas, Mathis and
Baumann [11] recommended providing—as a minimum—information for the pedestrians on the
vehicle’s status, so as to increase trust, perceived safety and to improve the road user experience.

Although few studies exist that have investigated the marking of AVs as such, there is currently
increased research into visual external human-machine interfaces (eHMIs) for AVs, used to communicate
explicitly with other HRUs [12]. Even though the focus of eHMIs is on other communication content,
they result in additional marking of the AV. Light strips (e.g., [11,13,14]), displays (e.g., [9,15–17]) and
projections (e.g., [18]) have primarily been used to communicate intentions to pedestrians (e.g., [13–15])
or human drivers (e.g., [16,19]). Cyan is recommended for eHMIs as it is a highly visible color and has
no specific association in road traffic contexts [11,18,20,21]. Therefore, it seems to be well-suited to
represent AVs [20].

The current results indicate that eHMIs improve the interaction between pedestrians and
AVs [15,17] and increase the perceived safety and comfort of participants [22,23]. However, with regard
to pedestrian–AV interaction, projections and eHMIs on wheels should be avoided, whereas eHMIs on
roofs, windscreens or grilles work quite well [23]. In addition, it was found that eHMIs are useful for
human driver–AV interaction, whereby displays are recommended rather than projections [16].

However, there are also results which indicate that the interpretation of eHMIs by pedestrians
is sometimes ambiguous [14] and suggest that pedestrians make their decision to cross the road
depending on the AV’s driving behavior [24–27].

2. Objectives

When integrating AVs into traffic, communication might differ from situation to situation
depending on the communication partner, such as pedestrians or human drivers [28]. As mentioned,
there will be situations where the AV’s driving strategy differs from that of human drivers. It can be
assumed that these driving strategies can only be adapted with improved technology and algorithms.
For as long as better technology cannot be implemented, consideration should be given to mark AVs.
Such markings can be used by drivers to identify AVs and adapt their driving behavior if necessary.
The aim of the study is to investigate whether marking the vehicles with a cyan LED strip in the upper
part of the rear window as AVs (Figure 1) results in differences in the drivers’ behavior and subjective
evaluation in situations where it can be expected that an AV’s driving strategy will deviate from that of
a human.
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After welcoming the participants, they had to sign a declaration of consent. They were then 

asked to fill out demographic questions on a tablet and take a seat in the driving simulator in order 

to adjust the driver’s seat and mirrors. Participants were introduced to the simulator, and experienced 

the driving simulation during a familiarization drive. All participants experienced six trials in 

random order. Each trial consisted of one of three different highway scenarios in which the driver 

encountered an AV (see Section 3.4.1). After each trial, participants were asked about the surrounding 
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Figure 1. Marked automated vehicle with a cyan LED strip in the upper part of the rear window in the
driving simulation.

3. Method

3.1. Preliminary Study: Interview with Driving Instructors

In order to obtain an initial impression of the effects of vehicle marking, we posted a question
in two Facebook online groups for German driving instructors. We asked for their experience of
marking their driving schools’ vehicles. We received 53 responses sharing different impressions. Of
the 53 responses, it was possible to analyze 40 answers, as the others did not discuss the topic of
marking driving school’s vehicles. Altogether, 20% of the driving instructors mentioned that they do
not experience differences in the behavior of surrounding traffic while driving a marked driving-school
vehicle, compared to driving a vehicle without markings. In total, 27.5% are in favor of marking
and 52.5% prefer not being identified as a driving-school vehicle. Reasons mentioned for preferring
markings are the greater consideration demonstrated by other road users (10%), less honking (12%),
and more acceptance from others (5%) (Figure 2). However, other driving instructors perceive less
consideration from other road users when they see such markings, along with riskier behavior by the
same (for example, not adhering to appropriate distances when cutting in and out during overtaking;
27%). In their opinion, others honk more (3%) if they recognize a driving-school vehicle. Therefore,
from their perspective, it is more relaxing (23%) to drive without markings.
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Figure 2. Attitude towards the marking of driving school vehicles.

To evaluate whether marking AVs also leads to differing opinions, we conducted a driving
simulation study. The ethics committee of the Technical University of Munich approved this study.
The corresponding code is 448/19 S.

3.2. Procedure

After welcoming the participants, they had to sign a declaration of consent. They were then asked
to fill out demographic questions on a tablet and take a seat in the driving simulator in order to adjust
the driver’s seat and mirrors. Participants were introduced to the simulator, and experienced the
driving simulation during a familiarization drive. All participants experienced six trials in random
order. Each trial consisted of one of three different highway scenarios in which the driver encountered
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an AV (see Section 3.4.1). After each trial, participants were asked about the surrounding traffic (see
Section 3.5.1). At the end of the study, we asked about the attitude towards marking AVs. With
the exception of the demographic information, the experimenter gathered the information via oral
questions and responses.

3.3. Apparatus

The basis of the static driving simulator (Figure 3) was a BMW 6 series mockup. A 6-channel
projection system provided a realistic driving environment, with a refresh rate of 60 Hz. Three projectors
were used for the 180◦ front view, and three projectors for the rear view (side and rear mirrors). We used
the driving simulation software SILAB 6.5 of the Würzburg Institute for Traffic Sciences GmbH [29] and
logged the driving data with 240 Hz. A 6-channel noise simulation completed the driving simulation.
A freely programmable instrument cluster was used as human-machine interface. A tachometer
and a speedometer were implemented for displaying driving-relevant information in this study. No
additional advanced driver-assistance systems were used.
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3.4. Independent Variables

We implemented a 3×2 within-subject design with three different scenarios on a three-lane highway
(Figure 4), each with and without a marked AV. In all trials, participants started from a highway rest
area and drove manually on a highway at a maximum speed of 130 km/h. The participants were
instructed to adhere to the German highway regulations, in particular driving in the right lane, except
when overtaking. To keep participants in the right lane, we implemented a high traffic density with a
speed of 144 km/h in the middle lane at the beginning of all scenarios.

After a short time, an AV appeared in front of the participants in the right lane. The AV was
either marked as such or looked like a manual vehicle. In all scenarios, the AV adhered strictly to the
highway regulations and stayed in the right lane in front of participants. The appearance of the AV
indicated the beginning of one of three different scenarios (Figure 4).

3.4.1. Scenarios

Roadworks

Participants drove through roadworks where a speed limit of 60 km/h was applicable. The
scenario started at the end of the roadworks. There was no sign to inform drivers that the 60 km/h
limit no longer applied. Therefore, the AV remained at 60 km/h, whilst all vehicles in the other lanes
accelerated to 100 km/h (Figure 4a).

Traffic Jam

During the second scenario, a traffic jam occurred on the highway. The vehicles drove at a speed
of 30 km/h in the left lane and in the middle lane. The vehicles in the middle lane used the large gaps
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to cut in front of the AV. The AV had a speed range of 15 to 40 km/h while maintaining a minimum gap
of 5 seconds to the vehicles cutting in. Since the ego vehicle drove behind the AV, the participant had
to brake in accordance with the AV (Figure 4b).

Lane Change

The AV used the indicator to signal to change lanes from the right to the middle lane in the third
scenario. The vehicles on the middle lane were traveling at a speed of 130 km/h, and at 140 km/h in
the left lane. However, the gaps between the vehicles on the target track were too small for the AV’s
algorithm to conduct a lane change and the AV stayed in the right lane. As a result, the AV drove at a
varying speed of between 110 and 120 km/h (Figure 4c).
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3.4.2. Marking the AV

In every scenario, a different vehicle type was used, so that participants could not recognize the AV
immediately (Figure 5). The vehicle size was kept as constant as possible and the vehicle colors were
kept unobtrusive (Figure 5). The participants experienced all scenarios with and without a marked
AV. We marked the AV with a cyan LED strip in the upper part of the rear window that was visible
to the participant when they followed the AV (Figures 1 and 5) [11,18,20,21]. We used an LED strip
since it is less costly and easier to integrate into common commercial vehicles, compared to display or
projection systems.
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3.5. Dependent Variables

3.5.1. Subjective Data

The questionnaire was divided into three parts. In the first part, we surveyed demographic
information such as age, sex, kilometers driven per year and the attitude towards the development of
AVs on a five-point Likert scale (1 = very positive to 5 = very negative).

The second part of the questionnaire comprised five questions and was repeated after each trial.
The first question asked about the surrounding traffic (Did you notice anything particularly positive or
negative about the surrounding traffic?). With these questions, we aimed to find out whether participants
recognized any different driving behavior in scenarios where the AV is not marked. The next questions
enquired about conformity to the participants’ expectations (Did the vehicle in front behave as you would
have expected? and How should the vehicle have behaved to meet your expectations?). In addition, two
further items were rated on a five-point Likert scale to investigate the driving behavior of the vehicle
in front. With the first item, we measured, with regard to rationality, the perceived appropriateness of
the driving behavior (How appropriate was the driving behavior of the vehicle in front?; 1 = inappropriate to 5
= appropriate) [31]. With the second item, we measured, with regard to emotionality, the perceived
disturbance caused by the vehicle in front (How disturbing was the driving behavior of the vehicle in front?;
1 = disturbing to 5 = not disturbing) [31].

After all trials—in order to compare the objective driving data with the subjective perception—we
asked the participants how they reacted when the vehicle in front was marked as an AV. In addition, we
wanted to find out how people would react in real traffic situations. Therefore, we asked participants
how they would behave in real traffic if they were to encounter an AV (which behaved as experienced
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in the simulation). Finally, we evaluated whether and for what reasons human drivers would like AVs
to be marked as such.

3.5.2. Objective Data

We counted the number of lane changes conducted by the participants in overtaking the AV. The
time between the start of the scenario and the completion of the lane change was calculated, to assess
whether the AV’s marking led to earlier overtaking. The lane change was considered to be completed
when the vehicle’s center of gravity crossed the lane marking.

To evaluate whether participants kept a greater safety gap to the AV, the minimum time headway
(THW) of each participant was calculated for the period that the participant followed the AV in the
same lane. THW is calculated using the distance of the AV to the human driver (xAV-EGO) and the
speed of the driver (vEGO) according to [32], see Equation (1).

THW =
xAV−EGO

vEGO
(1)

3.6. Participants

Altogether, 40 participants were recruited via postings at the Technical University of Munich and
received compensation. This sample did not consist of the driving instructors from the preliminary
study. Due to simulation sickness, we had to exclude two participants. In total, we analyzed 38
participants (24 male, 14 female) with a mean age of 29.63 years (SD = 9.58 years). The participants had
had their driver’s license for an average of 12.13 years (SD = 9.37 years) and drove on average 7997.37
km per year (SD = 7535.95 km per year). Their attitude towards AVs was rather positive (Mdn = 2).
This attitude was based, among other things, on the expectation of increasing road safety, improved
traffic flow, and more comfort, but also on personal enthusiasm for the topic (Figure 6).
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Figure 6. Attitude towards automated vehicles.

3.7. Analysis

We had some lags in the simulation, especially in the Traffic Jam scenario. Due to the technical
problems, we had to exclude 20 trials from the subjective data and 25 trials from the objective data. In total,
208 trials were analyzable. Data were analyzed using Matlab, SPSS, and Excel. The Bonferroni correction
was used for all statistical tests and the p-values were compared with a corrected alpha of 0.017.

The subjective data were ordinal scaled variables. Hence, two non-parametric Wilcoxon tests
were calculated for both dependent questionnaire items.

The time elapsed until participants changed lanes in the Roadworks scenario is not normally
distributed (marking: W(27) = 0.91, p = 0.02, no marking: W(24) = 0.88, p ≤ 0.01). However, for the
Traffic Jam scenario, the time elapsed until participants changed lanes is normally distributed (marking:
W(14) = 0.88, p = 0.06, no marking: W(15) = 0.90, p = 0.08). In addition, the Shaphiro–Wilk test showed
no significant departure from normality for the time elapsed until participants changed lanes in the
Lane Change scenario (marking: W(16) = 0.95, p = 0.47, no marking: W(15) = 0.90, p = 0.09). As a result,
we calculated one Wilcoxon test for the Roadworks scenario, and two t-tests for the other two scenarios.
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The Shaphiro–Wilk test showed a significant departure from normality for the THW in the
Roadworks scenario (marking: W(37) = 0.78, p ≤ 0.001, no marking: W(38) = 0.61, p ≤ 0.001). The THW
for the Traffic Jam scenario (marking: W(29) = 0.94, p = 0.12, no marking: W(27) = 0.92, p = 0.05), and
the THW for the Lane Change scenario are normally distributed (marking: W(36) = 0.97, p = 0.31, no
marking: W(36) = 0.96, p = 0.13). Therefore, we calculated one Wilcoxon test for the Roadworks scenario,
and two Wilcoxon tests for the other two scenarios.

The open questionnaire items were evaluated descriptively.

4. Results

4.1. Subjective Data

We wanted to find out, whether marking an AV influences drivers. However, we found no
significant differences for the item How appropriate was the driving behavior of the vehicle in front?
(Roadworks: z = −0.26, p = 0.79, n = 37; Traffic Jam: z = −1.00, p = 0.32, n = 25; Lane Change: z = −0.76,
p = 0.45, n = 38; Figure 7), and for the item How disturbing was the driving behavior of the vehicle in front?
(Roadworks: z = −0.94, p = 0.35, n = 37; Traffic Jam: z = −1.36, p = 0.17, n = 25; Lane Change: z = −0.34,
p = 0.73, n = 38; Figure 8).
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In addition, the open questions illustrated that marking the vehicle does not affect the perception
of the surrounding vehicles. For the Roadworks scenario, participants expressed incomprehension that
the vehicle in front drove with only 60 km/h even after the roadworks. The vehicle in the Traffic Jam
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scenario was criticized for letting other vehicles merge in front of it. For the last scenario, Lane Change,
participants mentioned that the vehicle flashed but did not change lanes and that the vehicle lost speed
trying to change lanes. For all scenarios, the aspects were named with and without a marking of the
vehicle in front.

Moreover, no descriptive differences were found for the expected driving behavior between the
scenarios where the AV is marked or not (Table 1). For the Roadworks scenario, participants expected
the perceived AV’s driving behavior in 48% (marking: 46%, no marking: 50%) of all cases. Over 60% of
all participants wished that the AV would have accelerated again after the Roadworks, regardless of the
marking. One participant in the Roadworks scenario with the marked vehicle and two participants in
the analogous scenario with the unmarked vehicle mentioned that the AV drove as expected because
of the lack of the appropriate road sign. For the Traffic Jam scenario, nearly 76% of all participants
(marking: 81%, no marking: 70%) expected the driving behavior. Those who had expected other
driving behavior wished for a smoother driving style without letting as many vehicles merge. For
the Lane Change scenario, only 26% (marking: 32%, no marking: 21%) of all participants expected the
observed AV’s driving behavior. Regardless of the marking of the vehicle, 80% wanted the AV to
change lane or to switch off the indicators (27%) and accelerate once again (18%).

Table 1. Assessment of the expected driving behavior.

Roadworks Traffic Jam Lane Change

Marking No Marking Marking No Marking Marking No Marking

Behavior as Expected 45.9% 50.0% 80.6% 69.2% 31.6% 21.1%
Behavior not as Expected 54.1% 50.0% 19.4% 30.8% 68.4% 78.9%

However, even if the marking had no influence on subject’s ratings, 66% would prefer AVs to
be marked (Figure 9). The other 34% do not want the vehicle to be directly identified as automated
(Figure 9). Participants preferring AVs to be marked argued that it is easier to assess the AV’s driving
behavior (41%) and to adapt their own behavior to the new road user (e.g., greater gaps, increased
attention; 22%). Another 15% would like to have marking in order to increase acceptance, and 15%
mentioned that the AV is a role model, because it complies with the German highway regulations. In
addition, 7% would like markings only as additional information. Reasons mentioned against marking
the AV include that it is a normal road user (20%) and should not attract attention (33%). Another 27%
mentioned that the potential for abuse is too high due to the marking and 20% were afraid that the
uncertainty in road traffic will become too great (Figure 9).
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At the end of the study, we asked participants how they reacted when seeing an AV in the
simulation. Altogether, 50% of all participants mentioned that they behaved as usual, whereas others
raised their attention levels (10%), drove more carefully (8%), and/or kept a greater distance (5%).
Another 8% had higher confidence in the vehicle, because it adheres to German highway regulations
(Figure 10).
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Figure 10. Participants’ mentioned behavior in the driving simulation scenarios and assumed behavior
in real-world scenarios.

Nevertheless, in real traffic, only 18% of all participants said they would behave “normally”.
Another 24% would drive more carefully, 16% would raise their attention level, and 14% would
keep a greater distance and drive more defensively. Another 14% said they would follow the vehicle
and orientate themselves to the driving behavior of the AV, because it adheres to German highway
regulations. However, another 8% would overtake the AV quickly and 6% would behave in a more
risky manner than usual, because the AV drives in an error-free way (Figure 10).

4.2. Objective Data

Altogether, participants changed lanes in 55% of all trials. The most lane changes happened in
the scenario Roadworks (marking: 73%, no marking: 63%), followed by Traffic Jam (marking: 48%, no
marking: 56%), and Lane Change (marking: 44%, no marking: 42%; Table 2). However, we found no
tendency that marking the AV influences the frequency of lane changes on a descriptive level (Table 2).
We also found no significant differences in the time elapsed until the lane change was conducted
(Roadworks: z = −1.48, p = 0.14, n = 21; Traffic Jam: t(10) = −1.26, p = 0.24; Lane Change: t(8) = −0.21,
p = 0.84; Figure 11). In addition, the presence of markings had no significant influence on the THW in
any of the three scenarios (Roadworks: z = −0.52, p = 0.60, n = 37; Traffic Jam: t(24) = −0.16, p = 0.88; Lane
Change: t(34) = −0.54, p = 0.59; Figure 12).

Table 2. Number of lane changes over all trials.

Roadworks Traffic Jam Lane Change

Marking 27 (73.0%) 14 (48.3%) 16 (44.4%)
No Marking 24 (63.2%) 15 (55.6%) 15 (41.7%)
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5. Discussion

The aim of the study was to determine the influence of marking AVs on human drivers in three
scenarios, in order to deduce whether markings should be implemented for AVs.

The results illustrate that marking AVs does not influence the driving behavior of human drivers
and their subjective rating. This confirms the results of Kühn, Stange and Vollrath [8]. It is possible that
the driving behavior itself is sufficiently informative in order to be able to recognize an AV. This is also
consistent with the statements of Kühn et al. [8], who mentioned that drivers have a fairly accurate
idea of how AVs will behave in situations on highways where interaction with other HRUs is required.
Another aspect could be that drivers can deal with ambiguous driving strategies of other drivers and
have already learned to compensate for such behavior by, for example, increasing the gap to the vehicle
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in front or by overtaking. Rodríguez Palmeiro [10] already stated that the driving behavior of the AV is
more important than external signs in pedestrians’ deciding whether or not to cross the road.

Although no significant differences were found in participants’ ratings, the majority of participants
preferred the AV to be marked. Due to the marking, they could assess the AV’s driving behavior and
adapt their own driving behavior accordingly. In addition, most participants mentioned that they
behaved normally in the simulation, but when encountering an AV in real traffic, they would behave
more carefully with increased attention levels. Therefore, it can be assumed that a study involving
encounters with AVs in real traffic might lead to different results.

However, this study only examined the encounter with a single AV in three selected scenarios.
The drivers experienced the AV’s driving behavior in every scenario for the first time. Therefore, it
might be difficult to adapt their driving behavior to the AV without knowing what the AV is going to
do next. It is reasonable to assume that an adjustment of human driving behavior would take place
in the event of their repeated encounters with AVs. This also explains the participants’ preference
for marked AVs, as it enables drivers to recognize the AV at an early stage, and adapt their driving
behavior accordingly. Therefore, it might be useful to investigate long-term effects in a further study.
In addition, the effects of age and gender should be evaluated.

Besides the result that the marking had no influence, we found descriptive differences—dependent
on the given scenario—for the number of lane changes and the time participants needed until they
changed lanes. The Roadworks scenario showed the highest number of lane changes in the shortest time
passed. This may be due to the large speed difference of the AV compared to the vehicles in the middle
lane (60 to 100 km/h) in relation to the other scenarios (Traffic Jam: 15–40 km/h to 30 km/h; Lane Change:
110–120 km/h to 130 km/h). Based on these results, more scenarios should be investigated in future studies.

Due to technical issues in the Traffic Jam scenario, the simulation did not run smoothly, therefore
participants’ driving behavior might be influenced. As a result, absolute values can only be interpreted
with caution. Nevertheless, the comparison between the scenarios with and without a marking is
still possible.

6. Conclusions

As a general conclusion, it can be stated that the marking of an AV made no differences to human
drivers in terms of their driving behavior and their subjective ratings. It seems that drivers can
compensate for AVs’ driving behavior, whereby they do not require the AV to be identified as such.
Nevertheless, the participants indicate that they prefer to be able to distinguish AVs from other vehicles.
However, this study did not address the long-term effects, which may affect the results, and should be
investigated in future studies.
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