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Abstract: With regard to autonomous driving, on-road projections cannot only be used for communi-
cation with the driver but also with other road users. Our study aims to investigate the distraction
potential for other road users when on-road projections (e.g., for driver assistance) are used to com-
municate with the driver of the projecting vehicle. We perform this investigation in a blind study with
38 test persons who are overtaken six times on a constant motorway section by the projection vehicle.
The distraction potential is examined with an eye-tracking system, which detects the direction of
the subjects’ gaze. In addition, the subjects’ physiological perception of the headlight projection is
recorded with a questionnaire afterward. Several test subjects looked at the projection for less than
one second, which is well below the critical threshold for the distraction of 1.6 s. In the interviews, on
the other hand, only one of the 38 test persons stated that a projection on the road was recognized.
For the examined scenario, it is therefore deduced that on-road projections with the selected symbol
shape and brightness do not lead to critical distraction.

Keywords: DMD; on-road projection; driver assistance system; eye-tracking; autonomous driving;
test person study; high-resolution headlamp; light-based communication; distraction; gaze time

1. Introduction

Distraction and inattention are of great importance for road safety. It is estimated that
driver inattention is involved in almost half of all accidents in the US [1]. Many studies ex-
amine distraction in the traffic environment for general as well as specific situations [2–17].

On-road projections are an upcoming technology to assist the driver in critical situ-
ations and enable communication between autonomous driving vehicles and other road
users [18–35]. Initial studies show that on-road projections increase road safety for drivers,
especially for inexperienced ones [36–39]. For example, the projection of guidelines im-
proves the centering of the car on the lane [22]. Krahnstöver’s “fishbones” are another
example of road projections designed to enable communication with both the vehicle driver
and other road users [35].

Currently, some Mercedes-Benz and Audi vehicles are available in the U.S., EU, China
and Gulf States that may project lines, such as guidance lines in road work scenarios, sym-
bols, such as directional symbols for lane correction when leaving a lane, and animations,
such as light shows when opening and closing the vehicle [40–44].

This potentially creates a conflict between targeted communication with drivers or
other road users and unintentional distraction of other traffic participants. Because people
in road traffic are trained to perceive potential dangers even peripherally [45]—projections
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for drivers of other vehicles can fall within the corresponding field of vision and accordingly
can lead to noticeable distraction.

1.1. State of the Art

In addition to the aforementioned studies that point out the benefits of on-road pro-
jections for drivers, the impact on other road users is also part of investigated [46–51].
These studies are often based on a relatively small number of participants. Frequently,
the experimental conditions are insufficiently specified or the studies take place in arti-
ficially generated scenarios, so that they can only be transferred to real traffic situations
with reservations.

In the study by Jahn and Neumann [49], a construction site situation with two lanes is
recreated on an unlit, closed test track. Nineteen test persons are driving on the right lane
through the construction site several times while being overtaken on the left by a projection
vehicle. The distraction potential is analyzed based on the driver’s eye movements using
an eye-tracking system. The duration of gaze fixations on the left lane is significantly
higher with activated on-road projections than without. Overall, the duration of gaze
aversion from one’s own lane is not rated as critical. This is supported by an additional
collection of subjective data with the help of a questionnaire. In a study by Polin and
Khanh [50], statistically verifiable differences in the gaze behavior of other nearby car
drivers are demonstrated in various traffic situations in which a test vehicle projected
various symbols onto the road. These distractions are also classified as non-critical.

1.2. Definition of Distraction

In the following, distraction is defined according to Regan et al. as the presence of too
many competing activities, so that safe driving is not possible [52]. The various sources of
distraction can be divided into four basic types, namely visual, auditory, biomechanical
and cognitive distraction according to the European Commission [53]. Thereby, secondary
tasks, such as other visual tasks, are associated with high risk [54], as the driver receives
most of the information in road traffic through the eyes [55].

The duration of a distraction is used in the literature [56–60] as a major criterion to
evaluate the risk for traffic safety. In comparatively older literature sources, two seconds
are used as a threshold value for a critical distraction for glances away from the road [56,57].
Klauer et al. [58] show that there is no significant effect below two seconds of distraction
compared to normal “baseline driving”, where the gaze is mainly directed at the traffic in
front of the driver. In contrast, glances away from the road lasting longer than two seconds
almost double the risk of an accident relative to “baseline driving”. A more recent simulator
study by Horrey and Wickens [59] shows that looking at objects inside the car for more than
1.6 s significantly increases the accident rate due to distraction. According to Theeuwes [60],
glances that are not directed at the traffic for more than 1.6 s are also critical. In the context
of this study, glances away from one’s own lane that last longer than 1.6 s are assessed as
distractions. This corresponds to the more critical of the two literature values. On the other
hand, only glances longer than 120 ms in a specific area are considered in the evaluation to
ignore so-called fly throughs according to DIN EN ISO 15007-1 [61].

Drivers attempt to compensate for distracted driving by reducing speed [9–12], in-
creasing distance to the preceding vehicle [13–15] and neglecting other driving tasks such
as looking in the rearview mirror [16,17].

According to Stutts et al. [1] and Oviedo-Trespalacios et al. [62], various age groups
differ in their distraction behavior, so the age of the test subjects should cover as wide
a range as possible.

2. Study Design

In contrast to existing studies, the distraction potential of on-road projections in
realistic traffic situations and with a bigger pool of test persons are being investigated.
Taking into account possible influencing factors, this chapter develops a suitable test
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scenario to evaluate the distraction potential. For this purpose, an appropriate test route
and questionnaire are designed to answer the following questions:

Before knowing the study purpose (Part I)

How long do test persons look at the projections?
Is there a difference in the gaze behavior between static and dynamic projections?
Do the test persons consciously see the projections?

After being told the study purpose (Part II)

How well is the projected symbol perceived by the test persons?

Figure 1 shows various factors influencing the study, divided into six categories as
an Ishikawa diagram [63]. For reproducible study results, it is essential to exclude as many
influencing factors as possible, to keep them constant, or at least to limit them.
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Figure 1. Ishikawa diagram on main factors influencing subject studies in the traffic area.

2.1. Environment

The study takes place in road traffic in order to determine the distraction potential of
the on-road projection as realistically as possible.

In order to achieve sustained visibility of the projection in moving traffic, both the
projection vehicle and the subject vehicle drive in the same direction. This way, we create
a critical situation that might lead to long distraction times. This requires a multi-lane road
outside of town to avoid disturbing ambient light sources. The visibility duration depends
on the differential velocity. The subject is overtaken by the projection vehicle, as this is
an easier driving task for the subject than overtaking by themselves (Figure 2). Subjects
can more easily turn the attention away from their own lane and perceive the projection.
With this scenario we minimize the potential risk for other road users.
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Figure 2. Symbol projection for overtaken vehicles.

The study is carried out on a German motorway (right-hand traffic) in a section of
the A2 between B6/A2 Garbsen slip road (point S in Figure 3) and Lauenau exit (point
T1). This motorway section has three lanes in each direction and a traffic guiding system
that allows a maximum speed of 120 km/h from starting point S over point T1 to point
5. In case of extraordinary incidents such as traffic jams or accidents, the speed limit is
reduced. Points 1, 3, 4 and 6 are service areas. Points 2 and 5 are motorway exits where
a quick turning maneuver is possible. In this way, the test track offers six places where the
projection vehicle can depart after an invented overtaking maneuver in order to get behind
the test vehicle without being seen. For each test drive, a randomly generated sequence
of symbol projections (2× off, 2× static and 2× dynamic) is determined. The test drive
ends at point 6, as shown in Figure 3, and the interview is conducted with the test person.
Results are presented in Section 3.
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Figure 3. Driving route from the study for the test drive, map data from [64].

This is followed by the second part of the test drive, in which the situation is resolved,
and the test person learns about the projection vehicle. The study is continued with
four more overtaking maneuvers (orange points in Figure 3), in which the test person is
overtaken alternately with static and dynamic projection to compare both projection types
with each other. To ensure that the projection is recognized, the subject is informed about
each overtaking maneuver. After the ride, another short interview takes place in which the
test person evaluates the distraction of the static and dynamic projection.



Appl. Sci. 2021, 11, 12030 5 of 18

The road surface in the test section offers various types of asphalt. To ensure sufficient
visibility of the projection, test drives are not carried out in adverse weather conditions
such as rain, snow and fog, or when the road surface is wet. The earliest start time for
the study is the beginning of nautical twilight (the sun is at least 6◦ below the horizon).
With a clear sky and full moon, a maximum ambient illuminance of about 0.3 lx occurs.
This way, the projection appears clearly visible to the driver of the projection vehicle. This
choice of test scenario ensures that the test person can see the light projection reproducibly.

For the scheduled test, other non-involved vehicles are advantageous so that the
projection vehicle does not receive the sole attention of the subject. If the test person
is being overtaken by many passive vehicles, gathered information can later be used as
a reference value for the gaze time. However, the traffic density should remain low so
that all scheduled overtaking maneuvers can be performed. In order to avoid traffic jams,
the tests take place outside of rush hours. An increased traffic volume during the holiday
season, due to special transports or police operations cannot be avoided.

2.2. Subject Vehicle

Two different SUVs are used as subject vehicles. Before the actual test drive begins,
all test persons are allowed to drive the test vehicle for ten minutes in order to get used
to the car and the implemented measurement equipment. The experimenter sits in the
back seat and occasionally gives driving instructions, such as setting a speed for certain
sections of the route. For the study the test person drives with a constant speed of 100 km/h
(±5 km/h) on the right lane of the three-lane motorway (speed limit 120 km/h).

2.3. Projection Vehicle

The projection vehicle, which is commercially available in luxury class cars, is equipped
with a DMD-based projection system. The projection system is integrated into the head-
lamp. The projection vehicle overtakes the subject vehicle with a constant speed of
115 km/h (±5 km/h) in the adjacent lane, which gives an average differential speed
of approximately 15 km/h.

The light projection is operated by a co-driver in the projection vehicle, who also
manually activates and deactivates it in order to model the dynamic projection.

2.4. On-Road Projection

In order to obtain a sufficiently large database for a statistical evaluation of the ex-
periment, it is necessary that only one projection symbol (for this study an excavator) is
selected. For the dynamic projection, a frequency of roughly 1 Hz with 0.5 s dark time
is chosen. Besides this, symbol, activation time, position and size of the projection are
kept constant.

The luminous intensity of the black-and-white-projection is also fixed, the resulting
contrast on the street surface varies depending on the ambient conditions. In order to
determine typical values for this contrast, it is measured with a luminance camera on
a closed-off country road between 10 p.m. and midnight on new, dry asphalt. The test
vehicle is positioned in the left lane at the same forward position as the subject vehicle (see
Figure 4), statically simulating an overtaking situation.

The maximum illuminance created by ambient light (without projection) is 0.28 lx.
The luminance of the projection is measured both from the viewpoint of the driver of
the projection vehicle and from the viewpoint of the test person in the other vehicle.
Between the bucket and the cab of the projected excavator, a minimum luminance of
approx. 0.1 cd/m2 is achieved, while the maximum luminance in the cab is 1.8 cd/m2.
Hence, the DMD headlamp achieves a maximum light-dark contrast according to DIN EN
ISO 15008 of 18:1 for the excavator symbol.

When the low beam of the projection vehicle is switched on, the minimum luminance
increases to 1.6 cd/m2 and the maximum luminance to 3.0 cd/m2. This reduces the
maximum contrast of the projection symbol to 1.875:1.
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Figure 4. Position of the two vehicles when taking luminance images.

From the perspective of the test vehicle, the maximum luminance is 3.1 cd/m2 when
both vehicles have activated the low beam. The minimum luminance is at 2.0 cd/m2,
resulting in a contrast of 1.55:1.

2.5. Human

People of different ages, driving experiences and gender are selected as test persons in
order to obtain a representative average of road users. All subjects receive an information
sheet (see Figure A1 in the Appendix A) before driving to take part in the study with the
same prior knowledge to ensure comparability of the results. Before driving, it is checked
in the interest of road safety whether the test person has sufficient vigilance and wears
a visual aid if this should be necessary.

A total of 39 subjects participates in the study, 15 are female and 24 are male. The age
varies between 19 and 69 years, and the mean age is 30.2 ± 11.3 years. The subjects are
living in Germany for at least a few years, are used to Latin letters and Arabic numerals and
read texts from left to right. All these aspects are important when it comes to interpreting
the potential perceived projection. The annual driving performance varies between less
than 1000 km and around 60,000 km, with an average of 10,218 km.

It must be ensured that the subjects do not know in advance what the actual goal of
the study is. Such prior knowledge would influence the behavior of the test persons during
the study and thus distort the measurement results. Therefore, a different goal is presented
when communicating the study to the test persons, which should not lead to a conscious
or unconscious falsification of the real study result by the test persons. For this reason, the
measurement of the adaptation time of the pupils at different glare levels is specified as the
study objective. This as well explains the use of the eye-tracking system.

2.6. Human Reaction

The reactions of the subjects can be deduced from the changes in blood pressure,
pulse or eye movements. Strong steering movements, as well as significant acceleration
or deceleration, may also represent possible reactions to road traffic. For this study, the
subjects’ eye gaze behavior is considered to be the crucial reaction since glances away
from their own lane are evaluated as potential distractions. This aspect can be measured
reliably with an eye-tracking system. The eye-tracking system uses a Dikablis Glasses 3
with Ergoneers’ D-LAB measurement and analysis software. For a largely automated
evaluation, which is as independent as possible from the head movements of the subjects,
QR-code similar squares are used as static markers in the test vehicle (see Figure 5). In this
way vehicle-related areas of interest (AOI) can be defined for the evaluation process.
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Figure 5. Eye tracking recording from the subject vehicle with six areas of interest (AOI) and glowing
QR-code similar squares for eye-tracking calibration.

3. Study Results

The results of the main study are divided into two experimental parts. In the first part,
the test persons are not informed about the on-road projection. In the second part, they are
made aware of each individual overtaking maneuver of the projection vehicle.

3.1. Part I

A total of 39 subjects participated in the study. For one subject, the gaze data cannot be
used due to a faulty calibration of the eye-tracking system. Only the overtaking maneuvers
are examined according to the following definition: While the test person is being overtaken
by the projection car, the projection car’s headlamps are visible to the test person in the
left exterior mirror (blue box in Figure 5). As the distance between both vehicles decreases,
one headlamp disappears in the mirror. This moment is taken as the starting point for the
evaluation period. The overtaking maneuver is considered to be completed as soon as the
rear of the projection vehicle has passed the left A-pillar of the test vehicle from the driver’s
point of view. Typically, when maintaining the differential speed of 15 km/h, this takes 6 s.

Some overtaking maneuvers cannot be carried out due to the traffic situation or
technical difficulties, so in total, 221 overtaking maneuvers are carried out, of which 76 are
with dynamic projection, 74 with static projection and 71 without projection.

Figure 6 shows the relative number of glances to the individual areas of interest (AOI).
The glances at the red AOI “projection area” (see Figure 5) are divided into glances at the
projection vehicle itself and glances in front of it when a projection is switched on. In the
second case, looking at this area offers the possibility to see the on-road projection.
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With dynamic projection, 430 glances from 38 test persons are recorded during the
overtaking maneuvers. The highest proportion of glances is clearly on the own lane. Six test
persons look in front of the projection vehicle and potentially see the projected pattern (in
total seven glances). The gaze duration of these seven glances ranges from 125 ms to 867 ms
with an average of 323 ms (see Figure 7), and, with the exception of the most extended
gaze, between 125 ms and 340 ms.
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While static projection, four out of 395 glances in front of the vehicle are recorded
from three persons (glance durations between 272 ms and 886 ms, average 492 ms).

The distraction potential can be classified as non-critical overall. On the one hand, the
gaze times are significantly shorter than even the more critical literature value of 1.6 s on
distraction defined in Section 1. On the other hand, no conspicuous feature (e.g., steering
behavior, acceleration and leaving the lane) in the driving behavior of the test persons
is visible.

The first part of the experiment ends with a questionnaire (see Figures A2 and A3
in the Appendix A) in which 37 out of 38 subjects state that they did not notice any light
projection. Only one subject stated that he noticed two overtaking maneuvers with static
projection. During the first overtaking maneuver with static projection, this subject looked
at the projection for 886 ms and 272 ms during the second overtaking maneuver. The
projection vehicle, on the other hand, is noticed by some subjects, mainly because of the
license plate from a remote location in Germany and the luxury vehicle class. With this
information, the questions about the first part of the experiment (compare Section 2) can
now be answered:

How long do test persons look at the projections?
Based on the eye-tracking data, 11 glances of 8 different test persons are directed at

the projection on the street. This is a percentage of 1.33% out of a total of 825 glances. The
duration of the glances at the projection is in the range of the duration of the glances at
the interior, the overtaking projection vehicle and the exterior mirror (see Figure 7). The
duration of the glances is well below the value for critical distraction. The maximum glance
duration at the on-road projection measured in this study is 886 ms.

Is there a difference in the gaze behavior between static and dynamic projections?
The number of glances for dynamic projections is higher than for static ones. This

might indicate a higher distraction potential of dynamic projections. For a more reliable
evaluation of this connection, a study with an increased number of participants is necessary.
The average duration of glances at dynamic and static projections, however, is comparable.

Do the test persons consciously see the projections?
Of 38 test subjects evaluated, one states that he has seen the projection (in this case

static) in the real traffic situation. However, the symbol itself is not identified.
From this first part, we conclude that the visual attractiveness of the investigated

projections is low in real traffic situations. Based on this data, no evidence for a critical
distraction of other road users is given. However, further studies are recommended in
order to evaluate the influence of significantly higher symbol contrasts and larger or
colored symbols.

3.2. Part II

As described in Section 2.1, the test persons are informed about each overtaking
maneuver in the second part of this study. From the 38 test persons, two data sets are not
available. Another test person changes the sitting position so much during the overtaking
maneuvers that an evaluation of the gaze data is also not possible. Therefore, 35 data sets
are evaluated.

While the definition of the starting point of an overtaking maneuver remains un-
changed compared to the first part of this study, the end is individually adapted to the
gaze behavior of the subject due to the more extended fixation of the projection compared
to Part 1. An overtaking maneuver is considered complete when the driver no longer
looks in front of the projection vehicle. According to this definition, an average overtaking
maneuver takes about 8 s in this part. A total of 140 overtaking maneuvers with 70 static
and 70 dynamic projections each are evaluated.

In the first part, the red AOI (see Figure 5) is subdivided into glances at the projection
vehicle and glances at the on-road projection since the dominant portion of the glances is
directed at the projection vehicle. In this second part, it is the other way around, so this
subdivision of the red AOI is not necessary.
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The gaze behavior changes significantly when an overtaking maneuver is indicated
compared to the first part, as shown in Figure 8. The number of glances at the projection is
now comparable to the number of glances at the own lane.
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Figure 8. Relative number of glances during overtaking maneuvers.

An average gaze of a subject at the projection lasts 1083 ms. The longest uninterrupted
look at the projection is measured with 6.85 s. Some subjects compensate the distraction by
reducing their speed, especially during long gaze periods. After each passing maneuver,
the questions of the questionnaire regarding the noticeability of the projection are asked
again. The dynamic projection is evaluated by the subjects as better noticeable than the
static one (see Figure 9 left, where 7 stands for a high noticeability).
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Figure 9. (Left) Boxplot of the noticeability of the projections evaluated by the subjects. (Right) Num-
ber of subjects who assigned the projection to an object category.

Furthermore, it can be stated that no significant information transfer takes place
through the projection. Only two test persons were able to identify the excavator symbol
correctly, and four test persons were at least able to recognize a vehicle. Seven test persons
interpreted the projection as numbers or letters. In Figure 9 right, half a person has been
added to the categories vehicle and letter/number, since one person do not decide whether
the recognized projection should be a letter or a vehicle. The remaining 25 test persons
were unable to identify the excavator symbol, even approximately (see Figure 9 right).

With this information, the following question about the second part of the experiment
(compare Section 2) can now be answered:

How well is the projected symbol perceived by the test persons?
All test persons stated that they can perceive the projection. However, only two test

persons were able to identify it as an excavator. Four to five other test persons still
recognized a vehicle (compare Figure 9 right).
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On average, the dynamic projections are rated one scale level better than the static
projections on a score of one to seven. From the second part, it can be concluded that the
projected light is visible to other road users, but information transfer to them is practically
non-existent due to a lack of recognition of the correct symbol. The study shows that
dynamic projections are slightly more noticeable than static ones. In further research, it is
useful to consider if there is a difference in identifying the symbol whether the projection is
static or dynamic.

4. Discussion

The visual attractiveness of the investigated on-road projection is low in real traffic
situations if the subjects are not made aware of the projection. Possible reasons are, on the
one hand, that the symbol contrast from the test person’s point of view is low (compare
Section 2.4). On the other hand, the viewing angle of the projection is not optimal for the
test subject, so that it is difficult to identify the symbol.

The evaluated projection system is intended as an assistance system to communicate
with the driver of the projection vehicle. With the given contrast, the projected light is visible
for other road users, but there is nearly no transmission of (correct) information. Further
studies should consider whether, and, if so, under which boundary conditions, a potentially
dangerous misinterpretation of the on-road projection is possible. Furthermore, it can be
deduced from our study that the projected symbol needs to be made much more visible if
a specific communication with other road users is intended.

It should also be taken into account that the results are based on only one test ve-
hicle, which overtakes the test person every four minutes on average. Introducing such
a projection system in a volume model could have an impact on road safety as then street
projections are seen more often. If the surrounding road users get used to this function,
as is the case with the wiping indicator, for example, this will not necessarily impair road
safety. In the case of light projection, there will be separate symbols for different situations,
which may differ for individual car brands or models. This can result in significantly longer
viewing times when trying to identify a projected symbol correctly.

5. Conclusions

The distraction potential of on-road projections is investigated in a test person study.
For this purpose, relevant influencing factors are analyzed, and a suitable test scenario is
developed. Thirty-eight test persons drive the same motorway section without knowing
that they will be overtaken several times by a projection vehicle. The distraction potential
is examined with an eye-tracking system, which records the direction of the subjects’ gaze.
In addition, the subjects’ perception of the headlight projection is recorded by means of
a questionnaire. In order to be able to guarantee sufficiently long visibility of the symbol
projection, the differential speed of both vehicles is set to approximately 15 km/h. In the
first part of the study, several subjects look at the projection with a duration of less than
one second, which is well below the critical threshold for the distraction of 1.6 s. In the
interviews, on the other hand, only one of the 38 test persons states that the projection on
the road is recognizable.

The study does not give a hint for critical distraction of the investigated on-road
projection. For this selected scenario, it is therefore deduced that on-road projections
with the selected symbol do not lead to critical distraction for the test persons when they
are being overtaken. For significantly larger symbols or higher symbol contrasts as well
as different driving situations, further investigations are required. This also applies for
projections with text, in color, different flashing frequencies, or any combination of this, as
well as the introduction of such a system into a volume model.

A cross-manufacturer information policy about these systems, the functions and
projection symbols can help other road users to quickly get used to the functions and
reliably recognize the displayed symbol with its meaning. In addition, the symbols for
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different situations should be clearly distinguishable and be designed in a similar way
across manufacturers.

In a subsequent part of the study, the test persons are informed about the projection
vehicle. When directly looking at the projection, the test persons rate the noticeability of the
dynamic projection higher than the static one. However, most test persons do not identify
the projected symbol correctly, therefore communication with other road users regarding
autonomous driving is not reasonably possible with the tested system.
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Figure A1. Translated information sheet.
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1. Did you feel safe during the ride? 
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Figure A2. Translated questionnaire for the first part.
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2. Did you see a dynamic projection? 
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Please rate the dynamic light projection: 

On a scale of 1 to 7 (I perceived the projection as: 1: Very unnoticeably 3: Rather 
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