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ABSTRACT
To reach the goal of zero traffic fatalities a year, one building block is
the proposition to develop advanced assistance systems for vulner-
able road users (VRUs) such as bicyclists. We focus on the dooring
problem, i.e., car doors being opened inattentively in the way of an
approaching cyclist. We extended our vehicle to everything (V2X)
communication-enabled virtual cycling environment for dooring
experiments. Our system extends toolkits that are widely used in
the V2X research community. We showcase how such a system
may be used to realize and evaluate distributed algorithms for VRU
safety solutions such as dooring prevention.

CCS CONCEPTS
• Networks → Application layer protocols; Network simu-
lations; •Human-centered computing→ Empirical studies in
HCI .
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1 INTRODUCTION
Wehave seenmany new advanced driver assistance systems (ADAS)
appearing. Here, V2X communication-based safety solutions show
great promise, and they are getting even more relevant in beyond-
5G and now 6G networks [4]. So far, a lot of research focus lies
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Figure 1: Painted bike lane overlapping with the door zone
of parked cars.

on ADAS for motorized vehicles. However, research on developing
assistance systems specifically for cyclists and pedestrians is still
lagging behind. In the near future, it could become commonplace
to find bicycles with integrated sensors and V2X capabilities, which
would make the implementation of distributed ADAS for VRUs
possible. As one of several other critical building blocks, such assis-
tance systems for VRUs will hopefully get us closer to the goal of
Vision Zero, i.e., zero people suffering severe injuries in traffic.

In this paper, we concentrate on safety systems for bicyclists and
how to evaluate these safely in empirical studies. One big problem
standing out for bicyclists in particular is dooring, which happens
when a car occupant opens a door at the same time as a cyclist is
about to pass the vehicle with a short distance as demonstrated
in Figure 1. Prevention techniques include behavioral advice for
both car occupants and cyclists, infrastructure, as well as a limited
number of upcoming assistance systems based on local sensor data.
We give an overview of some of these techniques in Section 2.2.

The next step is to integrate V2X communication between cars
and bicycles into warning features for both car passengers and
cyclists, or temporary automatic door-blocking features. This idea
has, for instance, been explored in the Safety4Bikes project [10]. In
particular, it has been suggested to extend the IEEE 802.11p proto-
col and integrate VRUs into context awareness messages (CAMs)
transmitted between vehicles. Before testing such safety-critical
assistance systems on the road, it is helpful to conduct experiments
in a safer virtualized environment, e.g., using the virtual cycling
environment (VCE) [5].

We study the dooring problem in more depth and suggest V2X-
based solutions. For this, we integrated a dooring scenario into
the VCE for safe studies of V2X communication-based dooring
solutions.
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Our main contributions can be summarized as follows:
• We highlight the dooring problem and the need to work on
a bidirectional coordination between bicyclists and cars;

• we extended our V2X communication-enabled VCE for door-
ing studies; and

• we showcase how to realize and evaluate distributed algo-
rithms for VRU safety solutions such as dooring prevention

2 THE DOORING PROBLEM
2.1 Problem Formulation
The dooring problem occurs when a car occupant opens a car door
and when a cyclist, intending to pass the car closely, has no time
to brake and no time or no space to evade said door, resulting in
a crash. As an example, traffic violating behavior when entering
or exiting a vehicle was the third most common recorded cause of
bicycle accidents in Berlin in 2021 when the accident was caused by
another road user.1 Reducing the risk of dooring would therefore
have a significant impact on bicycling safety.

Potential causes may be categorized by:
(a) A person opening the vehicle door is obliged to check for

other road users.
(b) Cyclists are advised to keep at least 1m distance from stopped

vehicles. Not doing so may lead to the cyclist being partially
blamed for the crash in Germany.2

(c) Observing this rule is often not possible when using the
available and sometimes mandated cycling infrastructure.

If bike lanes are designated immediately adjacent to parking lots as
shown in Figure 1, cyclists are forced to choose between risking a
dooring accident, not using the bike lane, or only riding on the outer
edge of the bike lane, and as a consequence subjecting themselves
to illegal close passes [14].

2.2 Identification of Bicyclists and Crash
Prevention Techniques

There are several ways to reduce the risk of dooring. A common
recommendation is for car occupants to use the Dutch Reach,3 i.e.,
to open the left door with the right hand and vice versa, so as to
force oneself to turn to look over one’s shoulder. Another way is to
address the infrastructural issues above, for example by prohibiting
road-side parking and by adequately separating bike lanes from
door zones. Prosecuting illegal parking and too-close overtaking
would allow cyclists to feel safer when keeping the recommended
distance from parked vehicles.

Since changing road infrastructure and educating both drivers
and cyclists will take time and political initiative, advanced as-
sistance systems may offer valuable safety improvements in the
interim. Most dooring-related ADAS efforts have so far primarily
been made for cars. Car manufacturers have begun to implement
warnings for approaching cars when people reach for the door, an
early example being the exit warning systems of Audi or Mercedes.4

1Road traffic safety report for Berlin, 2021, https://www.berlin.de/polizei/_assets/
aufgaben/anlagen-verkehrssicherheit/verkehrssicherheitslage_2021_in_berlin.pdf
2Court ruling OLG Jena, Az. 5 U 596/06, 2008
3https://www.dutchreach.org/dooring-problem-prevalence/
4https://www.audi-technology-portal.de/en/electrics-electronics/driver-assistant-
systems/audi-a4-exit-warning-en, https://moba.i.mercedes-benz.com/baix/cars/

Recently, Hyundai5 and Ford6 presented blocking doors partially or
wholly as a dooring prevention measure. It has also been proposed
to warn cyclists of opening doors using light signals on or near the
car [15]. Bicyclists can be identified directly by RADAR, LiDAR, or
ultrasound; as well as video-based solutions.

There are very few publications about technology-based bicycle-
side accident mitigation systems. Mellinger and Weißmann [9]
compiled an overview about the recent work in this field. Studies
involving a pedelec were conducted both on testing grounds and in
real traffic to evaluate haptic warnings from a V2X communication
system. The bicyclist and the car driver were warned by different
modalities based on their locations, which were transmitted from
a smartphone to a centralized server. The authors note that the
determination of position was erratic, which may be improved with
local positioning systems. Oczko et al. [10] likewise report positive
user feedback on V2X-based haptic warnings for cyclists.

2.3 V2X-Based Safety Systems for VRUs
V2X communication is going to be implemented in more and more
cars in the coming years, among other purposes also for new ADAS
such as preventing lane merging accidents through cooperative
driving or to support platooning [8]. If this technology is going
to be present in a large fraction of motorized vehicles, we may
consider using a portion of the same exchanged messages also as
VRUs, for example to make drivers more aware of our presence or
to receive warnings of hazardous situations. This communication
can be achieved by using CAM beaconing, for example.

While camera-based assistance systems for cyclists may already
be implemented without the requirement of sufficient V2X market
penetration, V2X communication has the potential to cover danger-
ous situations that are still out of view for the cyclist, thus giving
road users more time to react [5]. In the dooring context, a camera’s
view may be obstructed by other parked vehicles, for example.

Even though V2X communication in the context of VRUs is still a
growing area of research, some notable work has already been done.
One important question, for instance, is which communication tech-
nology to use that would lend itself to mass adoption among both
cyclists and drivers. Bluetooth Low Energy (BLE) is one promis-
ing option, which allows for connectionless communication via
advertising beacons, is already available on most available smart-
phones, and which has been proposed for V2X communication in
the past [1]. In the future, cellular device-to-device communication
may become another viable option.

It has been proposed to use V2X communication to connect cy-
clists for the formation of bicycle platoons [3]. In this particular
case, the authors use the IEEE 802.15.4 standard to coordinate a
cooperative adaptive cruise control (CACC) system in both interac-
tive and non-interactive simulations. Besides cyclists, cellular V2X
communication has also been proposed for warning pedestrians for
example of drivers exceeding the speed limit [7]. Such a systemmay
remain useful even as intelligent speed assistance (ISA) systems
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work.html
6https://media.ford.com/content/fordmedia/feu/de/de/news/2020/02/27/ford-
entwickelt-technologie--um-fahrrad--und-autofahrer-vor-door.html
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recently became mandatory in new cars in the European Union,
since these systems are explicitly not equivalent to speed limiters,
such as those in electric scooters and bicycles, and allow drivers to
override them.7

Accidents caused by truck drivers turning right at an intersec-
tions are a common risk of severe injury or death. In these situa-
tions, V2X communication may help by using regularly emitted
beacon signals with the position, heading, and speed of each vehi-
cle. Baqer and Krings [2] explore the possibility that such signals
may temporarily be blocked, which they show can be mitigated by
extrapolating future positions of both vehicles using dead reckoning.

With regards to safety systems that protect against dooring,
V2X communication has already been a consideration, for example
in [13]. The focus of said publication is on the effectiveness and us-
ability of different dooring warning signals implemented in a smart
bicycle helmet for a simulation environment, while assuming that
the necessary V2X infrastructure is already present. According to
the results, the most effective method is using a head-mounted dis-
play in combination with auditory cues to notice the danger as early
as possible and to have time for performing evasive maneuvers.

3 TOWARDS EMPIRICAL STUDIES
It is important to assess the performance of ADAS in terms of
improved safety, usability, and reliability. Especially for safety-
critical systems, it is important to ensure that no participants will be
harmed in these assessments. We now introduce a simulation-based
approach with a human in the loop [5] for empirical studies.

These studies should not only assess dooring accidents but also
those cognitive processes that are involved in cycling behavior or ac-
cidents. One such fundamental process is attention [11]. Attention
is a very limited resource and has to be carefully divided among the
many competing stimuli and tasks that people constantly encounter
and solve: A lack of focused attention is among the important risks
for accidents, viz., an important factor in safe driving [12]. This
question is of high relevance for ADAS, and all the more so because
all ADAS bind a certain amount of attention.

3.1 Virtual Cycling Environment
The virtual cycling environment (VCE) [5] is a simulation frame-
work that allows for developing and analyzing V2X-based assis-
tance systems for cyclists in an interactive human-in-the-loop en-
vironment. It connects SUMO8 for the simulation of road traffic
and Veins9 for the simulation of any modern V2X communication
protocol with a real-time component in the form of a bicycle on a
training stand. Participants of an experiment can ride this bicycle
and in this way interact with a representation of the simulation
in Unity 3D that is shown to them either on a monitor cave or
with VR glasses. We later extended the physical bicycle in the VCE
with vibration motors in the handle bar for haptic signals to enable
a comparison of subjective effectiveness of visual, acoustic, and
haptic warnings [10].

7https://road-safety-charter.ec.europa.eu/resources-knowledge/media-and-
press/intelligent-speed-assistance-isa-set-become-mandatory-across_en
8https://www.eclipse.org/sumo/
9http://veins.car2x.org/

Figure 2: In-game / in-simulation dooring scenario

The earlier VCE [6] was extended considerably to create a more
realistic and more complex driving environment (see Figure 2).
Parking lanes were added on the designated route of the cyclist and
occupied by parked cars, which were semi-randomly spaced and
angled. These cars are used for the dooring events. Additionally,
different building types, vegetation, construction sites, and other
everyday elements of streets were added. There was constant traffic
on the lane next to the bicycle lane to prevent participants from
sheering into the car lane. This would otherwise have allowed them
to avoid dooring altogether.

3.2 Realizing and Evaluating Distributed
Algorithms

For a successful dooring prevention ADAS, a multitude of station-
ary cars and mobile bicycles have to be able to communicate and
cooperate. This requires an appropriate choice of hardware, com-
munication technology, and software.

On the one hand, hardware needs to be able to be integrated
both in cars and with bicycles. Especially in the latter case it is
important for widespread adoption that such hardware is inexpen-
sive, light-weight, low-power, or ideally already available in the
smartphones that most people already own. On the other hand, the
communication technology to be used for dooring warnings should
be reliable, low-latency, and have sufficient reach to give cyclist
and car occupant time to react.

We consider it an important question for further research where
and on which device or devices computations will be made. While
it might be possible to design light-weight protocols for dooring
prevention that will already have a large impact on safety, there may
come a point where machine learning would promise even larger
safety gains at the cost of higher computation requirements. Cyclist
trajectory prediction could be one such example. In such a case, we
will have to decide whether to do (re)computations on an integrated
bicycle computer, on a smartphone, in the cloud, or distributedly
in the local environment. The first two options come with the
drawback that cyclists would need to invest in sufficiently powerful
hardware and that algorithms are more constrained by batter drain.
Cloud computations may introduce delays that might be too high
in safety-critical applications. Distributed local computing needs
sufficient market penetration, but otherwise has the potential to
avoid these drawbacks.

In order to find (a) a communication technology to reduce the
risk of dooring and (b) one or more ADAS that work well with
actual human beings, we may employ a set of simulation tools. For
investigating (a) in isolation, a simulator like OMNeT++ is typi-
cally a good choice, and when used with Veins and SUMO it is also

https://road-safety-charter.ec.europa.eu/resources-knowledge/media-and-press/intelligent-speed-assistance-isa-set-become-mandatory-across_en
https://road-safety-charter.ec.europa.eu/resources-knowledge/media-and-press/intelligent-speed-assistance-isa-set-become-mandatory-across_en
https://www.eclipse.org/sumo/
http://veins.car2x.org/
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Figure 3: Architecture of the VCE for evaluating distributed
ADAS for dooring warnings

possible to take road mobility into account. Combining these tools
with the VCE opens up the possibility to experiment on (b) or even
to investigate (a) and (b) in conjunction. The example shown in
Figure 3 assumes the following steps: The first event (1) is the open-
ing of any car door in the simulation. This event can be triggered
based on a given probability and the position of the ego vehicle.
When the application in a car notices that one of its doors is about
to open, a beacon can be transmitted using V2X, which we simu-
late in OMNeT++ and Veins. Under ideal simulated circumstances,
this warning is then received by the approaching bicycle in step
(2), which is running its own independent Veins application. This
received warning is then forwarded to the human in the loop in
step (3). Here the warning may trigger a visual or audible alarm,
haptic feedback, or any other conceivable safety mechanism like au-
tomatic emergency braking, for example. Similarly, a car occupant
can be warned not to open their door if beacons of an approaching
cyclist are being received.

A tool like the VCE offers further flexibility of the research ques-
tions that we can ask due to its modularity. Most components shown
in Figure 3 are actually optional; for example, simulations may be
run with or without car traffic (SUMO), with a single interactive
user or with the multi-user interface, over the internet or locally, on
a real bicycle on a training stand or simply with keyboard controls.

4 OPEN ISSUES AND CONCLUSION
Vulnerable road users (VRUs) are often not considered in modern
ADAS-based safety solutions. We concentrate on bicyclists and
one particular problem, which is widespread particularly in city
environments, namely dooring. Dooring remains an open issue
and, despite the efforts from the automotive industry to provide
initial safety solutions, it is continuing to cause many accidents on
the road. Existing solutions focus on sensor-based bike detection
combined with audiovisual notifications to the driver or passenger,
sometimes even with automated blocking mechanisms preventing
the door from opening in a safety critical situation. Sensors like
cameras, radar, and lidar all have two key issues: they require line of
sight to the bicyclist and they work from the car’s perspective only.
V2X-based solutions would overcome some of these deficiencies.
The technology is inherently bidirectional and can warn both the
people in the car as well as the bicyclist.

We presented a general overview to the problem. Our main
contribution, however, is on concepts and mechanisms to study the
effectiveness of safety solutions for bicycles – using dooring as a
prime example. The evaluation of such solutions is quite complex.

Empirical studies are recommended from the psychology domain.
Experimenting on the road using real bicycles, however, is too
dangerous.We introduce an experimental setup based on simulation
to overcome these limitations. We believe that our work particularly
supports distributed V2X-based safety systems, since the simulation
environment is well-suited for this purpose.
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