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Abstract—The advent of wireless communication for vehicles
paves the road for a bounty of cooperative applications: The most
interesting being cooperative safety awareness. By exchanging
information vehicles can become aware of each other and prevent
dangerous situations that can lead to crashes either by early
warning drivers or by automatic vehicle control, a solution
particularly appealing for self-driving cars. While research on
vehicular safety mainly focuses on vehicle-to-vehicle safety, we
can exploit communication to implement applications aimed at
protecting vulnerable road users, such as pedestrians or cyclists.
In this paper, we start by exploiting a probability framework
for estimating the likelihood of collision between a vehicles
approaching an intersection and a cyclist, in light of the feasibility
of communication between the two. On top of this framework,
we design a simple application that, under certain conditions,
informs the car driver (assumed to have to yield precedence) of
the possible collision. We model the reaction of the driver to the
warning and analyze possible benefits and drawbacks of such an
application. The contribution is not the application itself, which is
obvious, but the insights in the results in light of communication
capabilities and human reaction that provide a specific set of
aspects that should be considered in the design of such a safety
system.

I. I NTRODUCTION
Vehicular communication is fostering a wide range of
research ideas that span from safety to efficiency, as well as
comfort-oriented applications. Starting from the last category,
we can list examples such as automatic toll collection, service
announcements, and multimedia content download [1]; in
practice, all the services that can improve the experience of
drivers and passengers without a special focus to the vehicle
itself. Efficiency applications, instead, focus on reducing travel
times and fuel consumption, saving money and reducing carbon
footprint of vehicles. Examples of these applications include
optimal speed advisory systems for traffic lights [2], virtual
traffic lights [3], and platooning [4]–[6]. Safety, however, is
probably the main driver toward the development of cooperative
vehicular applications, as there is a huge accident and death
reduction potential.
The list of proposed vehicular safety applications is very
large and includes traffic signal violation, cooperative forward collision warning, and emergency electronic brake
lights to name a few [7], [8]. An important application,
especially in urban environments, is intersection collision
warning/assistance [9], [10]. The aim of the application is
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to mitigate the effects or, if possible, completely avoid an
accident at an intersection due to human mistakes or traffic
violations. Its importance is fundamental, as the majority of
urban accidents happen near or at an intersection.
Vehicular applications initially focused on car-to-car safety
only, but there is no doubt that vulnerable road users such
as pedestrians or cyclists are those who more often suffer
fatal or serious injuries when involved in an accident: Car
passengers are protected by the vehicle itself (chassis, safety
belt, airbags), while pedestrian and cyclists are simply exposed.
To have an idea of the problem, out of 5.9 million crashes in
the European Union in 2013, 2.6 million involved pedestrians
and cyclists [11].
For these reasons, in this paper we focus on an intersection
collision avoidance application for cyclists. Inspired by the
work in [12], which focuses on car-to-car collision avoidance,
we analyze an intersection collision avoidance system aimed
at protecting cyclists from vehicles that may collide with
them. We adapt the concept of collision probability in [12]
to model T-shaped intersections, that are very common in
areas where a bike lane on a major urban road intersects a
residential road. We model misbehaving car drivers that, while
approaching the intersection, ignore a cyclist right-of-way due
to, for example, a large object obstructing the line of sight.
In this scenario, we analyze the collision rate without and
with a warning application that exploits Bike-to-vehicle (B2V)
communication to warn the driver about a possible collision. We
model drivers’ reaction time to the warning, investigating the
benefits and drawbacks of such an application under different
parameters, obtaining interesting and useful insights for a realworld implementation.
The main contribution of this paper is the analysis of the
opportunity and timing of warning of the application in a
scenario that takes into account most of the real constraints of
a real scenario.
II. BACKGROUND AND R ELATED W ORK
Besides passive safety measures such as helmets, lightreflective clothes, and front and back lights that tries to avoid
accidents or reduce their effects, we also find active safety
systems installed in commercial cars. Some examples include
autonomous emergency braking, which exploits a radar, a
lidar, or a camera to detect objects in collision course and
autonomously brake the car [13].

Figure 1: T intersection layout with blind zone problem.

While these systems can already reduce the risk of a collision
or its consequences, they have an intrinsic limitation, which is
their field of view. Sensor-based solutions become ineffective
when there is no line of sight between the vehicle and the
object in the collision course.
As an example, take the situation depicted in Figure 1. The
picture represents a T intersection where the main road is the
one going top to bottom and then turning to the right, indeed a
left turn for a bike following the blue line trajectory. Vehicles
coming from the left should give the right-of-way to bikes
on the bike-lane of the main road. This layout is dangerous
because the driver of a vehicle coming from the left might
think of being on the main road just because it is straight, or
simply being distracted by whatever reason. Such a mistake
can be mitigated by sensor-based safety applications, but not
when an object obstructs the line of sight: in this case sensors
are no better than human eyes.
The alternative to pure sensor-based solutions is cooperation
by means of communication. By actively exchanging data,
vehicles and other road actors can get informed about each
others’ presence, preventively compute the risk of a collision,
and, if needed, take countermeasures.
Classical Vehicle-to-vehicle (V2V) applications consider the use of an IEEE 802.11-based technology (i.e.,
IEEE 802.11p [14]) as safety mainly requires local communication. In addition, other technologies such as Visible
Light Communication (VLC) [15] or 4G cellular (Long Term
Evolution (LTE)) [16] have been proposed for the purpose. In
this paper we consider classical V2V using IEEE 802.11p.
In the literature we find some bicycle safety-related projects
that investigated the issue of vulnerable road users. One is the
WATCH-OVER project [17], which focused on several aspects
concerning the protection of vulnerable road users. The project
investigated different scenarios, technologies, algorithms, and
applications.
Another project is VRUITS [18]. This project also identified
and investigated critical scenarios for vulnerable road users,
showing that intersections are the most dangerous accident
locations, especially in poor visibility conditions. In addition,

the project took into account the human factor, e.g., developing
intelligent traffic signals that take into account the time required
to cross a street or an intersection.
BikeCOM [19], instead, focuses more on the development
of communication strategies for cyclists and vehicles based
on smartphones. The aim of the developed application was
to establish a B2V connection between smartphones used in
vehicles and by vulnerable road users to exchange safety related
information.
Finally, we have the PROSPECT project [20]. The project
is still ongoing and focuses on the development of active
safety systems implementing independent emergency braking,
focusing on better detection algorithms as well.
In this paper, rather than using an experimental approach, we
focus on modeling. In particular, we model the misbehavior of
vehicle drivers approaching an intersection as depicted in Figure 1. Position, speed and acceleration data are shared between
cars and bikes using IEEE 802.11p, and the collision probability
between a vehicle and a bicycle in a T-shaped intersection is
computed extending [12]. Based on this probability, we define
a threshold-based mechanism to inform the driver of the car
about the incoming bicycle in collision course, simulating its
reaction to the warning. We then study the impact of choosing
different probability thresholds and distances to the intersection
for issuing the warning.
III. P ROTECTING V ULNERABLE ROAD U SERS
A. Computing a Collision Probability
We extend the formulation of collision probability presented
in [12] to include a T-shaped intersection. The whole formulation of the collision probability can be found in [12]. For our
purposes it is sufficient to know that the concept of collision
probability considers all possible trajectories that the the car and
the bike can take while approaching the intersection exploiting
the data shared via communication. The fraction of trajectories
that led to a collision over all trajectories gives the probability
of collision.
The computation considers the following parameters of
two vehicles A and B approaching the intersection: speeds
(vA , vB ), current distance to the intersection of the paths
(dA , dB ), maximum acceleration and deceleration (aAmax ,
aAmin , aBmax , aBmin ) and current acceleration (aA , aB ). The
distances dA and dB define the distance traveled by vehicles
following their paths to the center point of intersection of their
routes. These paths are not necessarily straight lines and depend
on the topology on the roads leading to the junction. Based
on these parameters, we can reconstruct all possible feasible
trajectories and we compute the probability of collision based
on how many of those overlap.
For the sake of completeness, we briefly list the formula for
computing the probability of collision Pc :
   
Z amax
Z amax
dA
dB
Pc =
p(aB )
p(aA )coll(vA  , vB )daA daB
amin
amin
aA
aB
(1)

The formula, given the initial distance to the intersection and the
speed of the vehicle, computes all possible trajectories obtained
by choosing an acceleration in the range [amin , amax ] and check
whether they would lead to a collision or not. In addition, the
formula weights each single trajectory with the probability of
choosing that specific acceleration. The computation can thus
be customized by using different probability models.
To test for collision we check whether the two vehicles are
inside the potential collision area at the same time, and this
is done by computing the time at which a vehicle enters and
leaves the collision area (te and tl , respectively). The enter and
leave times can be computed by considering the distances on
the trajectory that correspond to the points where the vehicle
enters and leaves the collision area (see Figure 2 for a graphical
explanation). We can define these distances as de and dl , and,
as originally done in [12] by solving the following equation
a
de/l = t2e/l + vte/l
(2)
2
we can compute te and tl as
√ 2
(
v +2·a·de/l
, if v 2 + 2 · a · de/l ≥ 0
−v +
a
(3)
te/l =
∞,
otherwise
Equation (3), however, considers also cruising speeds which,
especially for a bicycle, would be impossible. Differently
to [12] we introduce a limit on the maximum speed reachable
by vehicles and bikes. In particular we assume maximum
speeds va = 72 km/h and vb = 50 km/h for cars and bicycles,
respectively. To account for maximum speeds we need to
change Equation (3). First, we compute the time at which the
vehicles reaches the maximum speed, i.e.,
(
vmax −v
, if a > 0
a
(4)
tvmax =
0,
otherwise
Then we compute the distance covered by the vehicle while
reaching the maximum speed and the remaining distance to
travel as
a · t2vmax
, dafter = de/l − dvmax .
(5)
2
Finally, we can compute te and tl accounting for maximum
speed as
(
te/l (Equation (3)), if te/l ≤ tvmax
te/l =
(6)
tvmax + dvafter
,
otherwise.
max
dvmax = v ·

The final point is defining the distribution for the probabilities
p(aA ) and p(aB ) in Equation (1). In this work we draw the
probability of acceleration from a triangular distribution having
the minimum and maximum values set to amin and amax , and
the mode set to the current acceleration.
B. Modeling Car Drivers’ Behavior
We consider the driver of the car to be the only actor in
the scenario that can prevent the accident. The biker continues
straight through the intersection because of the right of way
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Figure 2: An example of identification of de and dl positions
for both vehicles on the intersection.
and it is the driver of the car, who receives a waning from the
application and has to brake to avoid it.
We perform the analysis using the Veins vehicular networking framework [21], which couples the OMNeT++ network
simulator with the SUMO vehicular mobility simulator. SUMO
includes behavioral models that implement traffic rules, such
as right of way, but it does not model “mistakes” and it is
completely accident-free. To our purposes we need to modify
the behavioral model, in this case the Intelligent Driver Model
(IDM), to ignore traffic rules. This is done by disabling right
of way rules when the vehicle is within a few meters to the
intersection.
In addition, we model the reaction of the driver to warnings
issued by the system. The bike periodically sends packets
including its own position and speed. At each received update,
the vehicle computes the collision probability Pc and informs
the driver if Pc is above a certain threshold and if the vehicle
is within a certain distance to the intersection. The rationale of
the distance threshold is to limit the number of false positives,
which can give the driver the impression that the application
is not working. Both probability and distance thresholds are
object of study in this paper.
When a warning is notified to the driver, the latter reacts by
decelerating with maximum deceleration amin down to a stop.
We also consider a reaction time of 1 s, so the driver does not
immediately starts braking when receiving a warning.
IV. P ERFORMANCE E VALUATION
As anticipated in Section III-B we used the Veins vehicular
networking simulation framework to analyze the performance
of the proposed collision avoidance system in terms of safety.
The simulation code is available upon request from the authors.
First, we run a set of simulations where car drivers ignore
the right of way and our collision avoidance application is
disabled. This enables us to obtain collisions between vehicles
and bicycles. In a second set of runs we enable our safety
application measuring again the number of collisions.
In the simulation we inject pairs of cars and bicycles with
randomized characteristics (Table I) to obtain a wide range of

Table II: Communication parameters.

Density (%)

100

Safe Pass
Crash
Near Miss

80
60
40
20
0
0.0

0.2

0.4

0.6

0.8

1.0

Pc
100
Density (%)

Figure 3: Distribution of computed collision probabilities 5 m
from the intersection, safety system disabled.
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Parameter

Value

Path loss model
Frequency
Bandwidth
Bit Rate
Transmit power
Noise floor
Minimum sensitivity
PHY model
MAC model
Beacon rate

Free space (α = 2.0)
5.89 GHz
10 MHz
18 Mbit/s
20 mW
−110 dBm
−89 dBm
IEEE 802.11p
1609.4 single channel (CCH)
5 Hz

Safe Pass
Crash
Near Miss

60

situations, which include safe passes, near misses, and actual
40
crashes. Near misses are a special kind of safe passes where
20
the bike and the car get very close to each other. In this context,
0
with “very close” we mean 2 m.
With respect to communication, we consider an
0.0
0.2
0.4
0.6
0.8
1.0
IEEE 802.11p network. Although it is not yet clear
Pc
which kind of communication technology will support safety
applications for vulnerable road users, we can assume this Figure 4: Distribution of computed collision probabilities 20 m
will be a local network available on user smartphones, from the intersection, safety system disabled.
such as Wi-Fi, LTE Direct, or 802.11p. In the context
of the paper, however, the technology is irrelevant as our
intersection. In this scenario the collision avoidance assistance
contribution is more application-oriented, and considering
system is disabled.
realistic communication as well as the effects of impairments
The histogram shows a clear separation between probabilities
is out of our scope. For the sake of completeness, Table II
computed during safe pass and crash scenarios. In particular,
lists communication parameters used in the simulation.
Pc for safe passes is always smaller than 0.25, while crashes
Finally, we study the behavior of the system under different
result in values of Pc larger than 0.5, with some rare cases
triggering conditions, in particular by choosing different collibelow 0.4. The distribution of values for near misses is more
sion probability thresholds and different minimum distances to
“widespread”, ranging from 0.1 to 1.0. In the majority of the
the intersection. With respect to the probability threshold we
cases, however, near misses result in values of Pc larger than
consider the full range, i.e., from 0 to 1, while for distances to
0.9.
the intersection we consider the range between 21 m and 14 m,
This first observation shows that Pc correctly classifies
in steps of 1 m. In total, we simulate 850 approaches per each
intersection approaches, but it does not give a feeling about
set of parameters. We choose the parameters to intentionally
how effective it can be in reducing intersection collisions. In
design dangerous intersection approaches that can lead to a
this first example Pc is computed 5 m to the intersection, where
collision, a condition that is necessary for the evaluation of the
a collision might already be unavoidable. By taking the same
system. Collision rates thus are not comparable to real-world
measure 20 m from the intersection, however, the results change
situations.
substantially (Figure 4). In particular, the range of Pc values
Table I: IDM parameters for bicycles and cars used in the shrinks, becoming no larger than 0.7. In addition, values of Pc
for safe passes and crashes overlap, indicating that using Pc
evaluation.
as input for a collision avoidance system is not a trivial task,
Parameter
Cars
Bicycles
as we can easily produce false positives and false negatives.
amin (m/s2 )
U (−6.5, −8.8)
U (−2.8, −3.5)
Figure 5 explains the large difference between Figures 3
2
amax (m/s )
U (2.8, 3.5)
U (1.2, 1.5)
and 4 by plotting the evolution of Pc as function of the distance
vmax (m/s)
U (8.5, 17)
U (4.5, 5.5)
v (m/s)
U (0, vmax )
U (0, vmax )
to the intersection for three intersection approaches, two of
which led to a safe pass while the third to a crash. The plot
shows that, 30 m from the intersection, distinguishing between
A. Collision Probability Overview
the three situations is hardly possible, because of the large
The first step of our evaluation is reasoning on the behavior range of possible decisions that can still be made by the driver.
of the collision probability, easing the performance analysis For one safe pass (green dash-dotted line), Pc raises until 30 m
of the application. Figure 3 shows the histogram of computed to the intersection, where it finally drops to 0 20 m to the
Pc values when the car is between 5 m and the center of the intersection, correctly identifying the absence of risk. For the
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Figure 5: Evolution of the collision probability for three
different intersection approaches.
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Collision rate

we increase the Pc threshold above 0.2, the application starts
to loose performance approaching the no-assistance collision
rate for a Pc threshold that depends on the minimum warning
distance.
For shorter minimum warning distances, instead, the behavior
changes. First we see that the collision rate for a Pc threshold of
0.0
0.1
0.2
0.3
0.4
0.5
0.6
0.7
0 is not null, and the reason lies behind the fact that the vehicle
Pc threshold
might not have enough braking distance to stop or avoid the
biker. In fact, as we increase the Pc threshold, the collision rate
Figure 6: Collision rates as function of different Pc thresholds
decreases before converging to the no-assistance collision rate.
and different minimum distances to the intersection.
While this might seem non intuitive, the explanation is fairly
simple. In some cases, by informing the driver we actually
second safe pass (blue dashed line) Pc is still comparable to cause a collision, which would not happen otherwise because
the crash approach up until roughly 20 m to the intersection, the car would have crossed the intersection before the bike.
This shows a fundamental issue of these safety systems, that
where it starts dropping to 0. The crash approach correctly
is when and if to inform a driver at all. The graph suggests that
computes a Pc value of 1, but only in the last 10 to 5 m.
Figure 5 thus shows that the design of such an application the vehicle should never be in a situation where nothing can be
is non trivial, and can easily lead to misjudgement, and thus done anymore, or where the situation can be made worse. The
system should not be responsible for accidents, but it should
false positives or false negatives.
only avoid or mitigate them. This suggests that warnings should
B. Intersection Collision Safety Evaluation
not be triggered in such cases, but this statement is very difficult
The choice for investigating warning notifications distances to judge from a social and legal point of view. In addition,
between 21 m and 14 m is motivated by the results in here we do not consider the impact force, which could also
Section IV-A. In this range, indeed, the computed collision be an interesting metric of evaluation. In any case this aspect
probability becomes meaningful and can be exploited by the must be accounted for in the design of safety systems.
safety system. In this section we thus study the reduction in
The final question regarding the results in Figure 6 is the cost
collision rates, as well as the balance between false positives of having no crashes. For large minimum warning distances
and false negatives. The reader should bear in mind that the and low Pc thresholds we completely avoid crashes, but, as
results in this section do not represent the ground truth of what Figure 7 shows, the rate of false positives is high. The Figure
is achievable by an intersection collision avoidance system and also shows that instead false negatives can be reduced to zero
that they depend on our specific implementation and modeling. maintaining the threshold Pc large enough. To evaluate false
The results represent food for thoughts for the development of negatives, we compute the amount of approaches that led to a
this kind of systems.
crash or a near miss but where the warning was not issued to
Figure 6 shows the collision rate as function of different the driver. The graph shows a high false positives rate, which
Pc threshold and minimum distances to the intersection. For is clearly an undesired feature in terms of marketing, as users
the sake of comparison, we also plot the collision rate for the experiencing large false positives rates might think the system
approaches where the assistance application is disabled, which, does not properly work and disable it. However, we have to
in this particular setup, is around 22 %. For large minimum keep in mind that these results have been obtained simulating
distances (between 21 m and 18 m) and low Pc thresholds only dangerous situations. Indeed, if we consider a rate of safe
(up to 0.2), the application results in no crashes at all. As to dangerous situation of 100 to 1 (very reasonable, otherwise

accidents would happen by the day to every one of us) and
a 20% of false positives, this means that there is one false
positive every 500 times a car intersects with a bike on a T
shaped intersection, which is probably acceptable to users.
Depending on design goals, the Pc threshold can be tuned
accordingly. We can choose to minimize the false positives rate
while having no collisions at all, minimize the combination
of false positives and false negatives, or minimize the false
positives rate while keeping false negatives within an acceptable
bound. For example, in this particular case setting a Pc
threshold of 0.3 maintains the false positives rate below 20 %
and the collision rate (Figure 6) around 10 % halving the
number of collisions.
In conclusion, this evaluation highlights challenges and
potentials of collision assistance systems showing that, during
the design phase, we should also take into account social and
legal aspects, and not only focusing on maximizing the safety
gain.
V. C ONCLUDING D ISCUSSION AND F UTURE W ORK
This work presented a preliminary study on the applicability
of vehicular communication for protecting vulnerable road
users through an intersection collision avoidance application.
We adapted the concept of collision probability in [12] to a
T-shaped intersection and exploited it to issue collision warning
to a driver. We modeled the misbehavior of a car driver and
his/her reaction to a warning issued by the assistance system to
discover some fundamental properties that should be accounted
for in the design phase.
We showed that there are some fundamental issues to be
addressed. In particular, we need to carefully choose the
conditions for triggering a warning, in terms of collision
probability and distance to the intersection. A low collision
probability threshold can drastically reduce the collision rate,
but at the cost of high false positives rate. In addition, the
safety application should inform the driving within a reasonable
distance to the intersection, so that there is still the possibility
of avoiding a collision.
The next steps include a more realistic modeling of both car
drivers and cyclists. Simulation is an effective mean to study
the impact of these applications on the safety of road users,
but the results must be built upon realistic and credible models.
This can be done for instance by considering reconstructions
of real world accidents (to model misbehaving drivers) and by
experimenting the human reaction to warnings while driving.
Improving the model with real data we can disregard the
trajectories that are improbable, improving the estimation of
the collision likelihood.
On top of the models and the best practices presented in
this work we can start designing effective applications aimed
at improving the safety of vulnerable road users.
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