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Abstract—In order to significantly reduce the amount of
testing required to validate the behavior of vehicle safety
functions with real vehicles, the scenarios in the simulation
must reproduce the traffic as realistically as possible. For
this reason, a microscopic traffic flow simulation is used.
Since the road users show a perfect behavior by default,
driving errors have to be induced. The necessary
adjustments in the existing driver models are presented
schematically in this paper. These changes in the driving
behavior ensure that some road users cause situations that
are critical for others. Such scenarios are required as input
data for testing vehicle safety functions in a vehicle
dynamics simulation. A decisive factor for the quality with
which a critical situation can be successfully managed by a
vehicle safety function is the trigger time. For this purpose,
approaches are presented for estimating the period in which
a collision can still be avoided by braking or evasive
maneuver. Three intersection scenarios illustrate the
functioning of these criteria. 

For this purpose, realistic test scenarios must first be
generated. This is the only way to ensure that the results
obtained in the simulations concerning the correct
triggering behavior can make a significant contribution to
reducing the test effort required with the real vehicle.
A combinatorial test case generation like in [2]-[4]
creates a large number of scenarios by varying the input
parameters of the vehicle safety function to be validated.
The effort required increases exponentially with the
growing number of influencing factors to be considered.
The immense amount of resulting scenarios contains a
multitude of configurations that can never occur in real
vehicle traffic. Furthermore, it cannot be stated certainly
that the limits within which the variables to be considered
are varied are actually the right ones. Moreover, this
approach can lead to situations in which important
influencing factors are unknowingly ignored and
potentially dangerous malfunctions are completely
overlooked.
An alternative approach that enables the generation of
more realistic test scenarios and which is described in this
paper assumes that these scenarios can be selected
directly from traffic events. For this reason, real vehicle
traffic is modeled in a traffic flow simulation in SUMO
(Simulation of Urban Mobility) [5]. As in real traffic, the
ego-vehicle equipped with the safety function to be tested
moves on the public roads of a city. Due to the driving
errors of the other road users, critical situations arise
there, which have to be mastered by the safety function.
By default, the road users commit no errors, and their
anticipatory driving style avoids critical situations in
advance. Such scenarios are unsuitable for testing a safety
function, which is a key point of this paper, as there is no
need for the function to intervene. For this reason, it is
necessary to include errors into the driving behavior. The
procedure for implementing driving errors is described in
section II.
The criticality of the current traffic situation in SUMO
is identified in [6] using the TTC criterion, which
indicates the time remaining until the vehicles collide if
they behave during this period as in the current time step.

Index Terms—collision avoidance, validation, TTC, TTB,
TTS, traffic flow simulation, driving error

I.

INTRODUCTION

A decisive factor for a successful market launch of
vehicle safety functions is their effective validation.
Because even with today's driver assistance functions,
where the driver is still available as the last fallback level,
testing is already associated with a huge amount of test
kilometers. However, this is by no means comparable
with what will be necessary in the future. Winner [1]
estimates that more than 240 million kilometers will be
required to achieve statistical validation in areas such as
highway traffic alone. In comparison, inner-city
intersections are much more complex, which means that
the necessary test scope will increase significantly. One
method that plays a key role in the future validation of
driving functions is simulation. The reason for this is that
a multitude of critical intersection scenarios can be
generated in which the safety function must be triggered.
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comes to cause exactly these critical situations, which
lead to collisions if the safety function does not intervene
in time. For this reason, the existing driver model, which
is implemented by default in SUMO, must be adapted to
these requirements. The driving behavior in SUMO is
composed of a car-following model, a lane change model
and an intersection model. The modifications described
below affect only a few road users who are randomly
selected by a normal distribution. All other vehicles
behave as before. A validation of the resulting driving
behavior with naturalistic driving data is not performed
here, as this would go beyond the scope of this paper.

However, this is not sufficient for an evaluation of the
triggering time of the driving function to be tested. For
this reason, further criteria are presented in section III.B.
First of all, a prediction is performed which checks
whether a collision of the ego-vehicle with another road
user may occur. In contrast to [7], where only one covehicle is taken into account, all vehicles that are in the
immediate vicinity of the ego-vehicle are considered.
Furthermore, the time remaining to prevent a crash by a
steering or braking maneuver is estimated.
In the traffic flow simulation in SUMO, all vehicles
are only described by their kinematics. However, this is
not sufficient for a meaningful validation of the behavior
of the safety function and the ego-vehicle. For this reason,
a scenario identified as critical by the TTC criterion is
transferred to a vehicle dynamics simulation in CarMaker
where the motion of the ego-vehicle is described by a
spatial vehicle dynamics model. In addition, the egovehicle has a steering and braking system as well as a
powertrain by default. Further vehicle components can
easily be added. To ensure that the scenarios in the two
software tools match, the kinematic data of all road users
in the relevant area and the associated road infrastructure
are transferred from SUMO to CarMaker. Since
CarMaker uses a different modeling approach than
SUMO, the road network must first be adapted
accordingly. In [6] the tool chain of this simulation
environment shown in Fig. 1 is described more in detail.

A. Car-following Model
The Krauss model [9], which SUMO uses as default to
describe the traffic in a lane, is based on the idea that a
vehicle must always keep such a large distance from
another vehicle in front so that a collision can be avoided
at any time even if the latter performs an emergency stop.
This approach cannot be used here, since exactly these
scenarios should occur. In the Intelligent Driver Model by
Treiber [10], a vehicle reacts in time to an approaching
obstacle and reduces its speed accordingly. This also
contradicts the objective of causing critical situations.
In this paper, the Wiedemann model [11] is used,
which is similar to human behavior and validated in a
various number of studies [12], [13]. If two vehicles
moving on the same lane are far apart, they do not
influence each other. If the distance decreases, the
relative speed becomes relevant. The range of the
transition from free driving to consciously influenced
driving depends on two normally distributed parameters.
These are the driver's need for safety, which determines
the safety distance to be maintained, and the ability to
estimate the traffic situation correctly. If the two
parameters have an unfavorable combination, the rear
vehicle adapts its speed to that of the vehicle in front only
after a delay. This reduces the distance between the
vehicles and thus the braking distance available to the
rear vehicle if the front vehicle brakes hard. This makes
rear-end collisions much more likely. In addition, road
users who have correctly anticipated the situation but do
not brake in time due to an excessively long reaction time
are also included in this approach.

Figure 1. Toolchain of the simulation environment

The other road users who are in the immediate vicinity
of the ego-vehicle are detected by sensors that have a
limited range and aperture angle. Based on these data the
criteria 𝑇𝑇𝑆 and 𝑇𝑇𝐵 are calculated in MATLAB.
Furthermore, the triggering behavior and the performance
of the safety function are evaluated there. In the period
before the driving function is triggered, the ego-vehicle in
CarMaker is controlled in the same way as by the human
driver in terms of specifying the accelerator and brake
pedal position as well as the steering wheel angle. An
MPC controller generates these input data based on the
vehicle trajectory and the speed curve.
II.

B. Lane Change Model
The main idea of the lane change model in SUMO is
that a vehicle performs an intended lane change only if
there is a sufficiently large gap on the target lane. It must
be larger than the minimum distance that a vehicle
following another one must keep according to the carfollowing model. If a vehicle following on an adjacent
lane has a lower speed, there are no restrictions when
changing lanes. If, however, it is faster than the vehicle in
front, either the process is aborted or the vehicle behind
cooperates by adapting its speed and distance accordingly,
in order not to hinder the lane change. To ensure that
critical situations occur, some vehicles are supposed to
make mistakes. These road users are then no longer able
to estimate the distance to the others correctly or do not
pay attention to the traffic on the adjacent lanes. This

DRIVING ERRORS

The traffic flow simulation in its original application
aims at testing the performance of the road infrastructure
during traffic disruptions such as road works or traffic
jams [8]. This is only possible if the road users obey the
traffic rules, do not perform risky maneuvers and
intuitively adapt their behavior to that of others. To
prevent a scenario from becoming critical for the egovehicle, others slow down in time or change lanes
accordingly. However, this behavior is unsuitable when it
©2020 Journal of Traffic and Logistics Engineering
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means that a vehicle that intends to change lanes will not
abort the process even if it is risky. Furthermore, a
vehicle will cooperate too late or not at all, if it cannot
realize that this is necessary. Finally, a too long reaction
time after recognizing a situation can become dangerous
for other road users, because the necessary actions are
started too late. Besides cognitive errors, a conscious
decision can also cause a critical situation. Although the
approaching vehicle is recognized correctly, the decision
is made to change lanes. Furthermore, not all vehicles
will reduce their speed to assist others in performing their
planned driving maneuvers.

III.

Criteria such as 𝑇𝑇𝐶 (Time-to-Collision), 𝑇𝑇𝐵 (Timeto-Brake) and 𝑇𝑇𝑆 (Time-to-Steer) have proven to be
useful in evaluating criticality on country roads and
highways on which road users move in one direction [14].
However, they are not easily applicable to intersection
scenarios, since the collision point can lie anywhere on
the contour of the co-vehicle, in contrast to rear-end and
frontal collisions. The reason for this is that without
knowledge of the exact crash configuration, it is not
possible to calculate how far the vehicles can still move
until a collision occurs. The same applies to the lateral
motion, which is required for an evasive maneuver in the
context of the calculation of the 𝑇𝑇𝑆. For this reason, the
motion of all vehicles in the road section to be analyzed is
predicted in this paper within a time horizon 𝑡𝑝𝑟𝑒𝑑 . In [7],
the prediction uses an unscented Kalman filter to analyze
intersection scenarios where only the behavior of the egovehicle and one co-vehicle are considered. In complex
situations, however, there are other road users in the
intersection, which must also be taken into account.

C. Intersection Model
The first two models are well suited for describing the
driver's behavior on country roads and highways. In cities,
however, a large number of critical scenarios occur in
intersection areas. For this reason, additional adjustments
have to be made in the third submodel. The right before
left rule, traffic signs and traffic lights define which road
user has priority at an intersection. If traffic lights do not
control the traffic, SUMO gives the right of way to the
vehicle that arrives first. Each traffic participant informs
the entry link of the following intersection about the
planned time of arrival and the estimated speed from the
current perspective. Based on this information, the time
occupancy of each single connection between an
incoming and an outgoing lane can be determined. In
addition, each entry link knows not only its own
occupancy but also that of the lanes, which have a higher
priority due to the right before left rule, the turning
sequence or traffic signs. When a vehicle reaches an entry
link, it is calculated whether there is a conflict with a
vehicle on a higher priority lane for the time it would take
to cross the intersection. If access is denied, the speed is
to be reduced, priority is to be given to that road user and
a new request is to be made in the next time step. If, on
the other hand, it is possible to enter, the speed of the
vehicle must be adapted to that of the road users who are
already in the intersection. Furthermore, the carfollowing model is now decisive for the driving behavior.
If an intersection is equipped with a traffic light system,
this system will prioritize the lanes.
In order to generate critical situations in the described
model, corresponding errors must be integrated into the
driving behavior. Some vehicles then show a disturbed
perception of the distance to the next intersection and
thus may not be able to stop at a red traffic light. As a
result, they enter the intersection without permission. In
addition, some vehicles notice too late that the traffic
light has already switched from green to red. Therefore,
the vehicles cannot brake in time. At intersections
without traffic lights, either it is not recognized that
someone else has the right of way, or the vehicle
continues its own maneuver despite the knowledge,
because it assumes that the time interval until another
vehicle arrives is long enough. If the permission to enter
the intersection has been granted, there are vehicles that
do not adapt their speed to that of those who are already
there and which must therefore be given priority.
©2020 Journal of Traffic and Logistics Engineering

EVALUATION OF THE CRITCALITY

A. Collision Detection
The prediction with a time increment ∆𝑡 considers only
those vehicles in the current time step that are in the
immediate vicinity of the ego-vehicle. The distance must
not exceed a distance of 𝑣𝐸𝑠 ∙ 𝑡𝑝𝑟𝑒𝑑 depending on the
speed of the ego-vehicle 𝑣𝐸𝑠 . The kinematic data of all
road users in this region are retrieved in SUMO via the
TraCI interface. In CarMaker, however, these data are
measured by the sensors of the ego-vehicle. Since these
sensors have a limited aperture angle and range it may
happen that not all vehicles can be detected. In addition,
the road users are supposed to move on tracks that
correspond to the course of the road section. This means
that the orientation 𝜓𝑘 (𝑖) of the 𝑘-th vehicle is already
given. Thus, it can only move tangential 𝑠𝑘 and normal
𝑛𝑘 to the respective trajectory as seen in Fig. 2. The
motion of the entire vehicle is therefore described in a
simplified way by a point mass. Based on these
assumptions, the motion of the kinematic reference points
of all 𝐾 road users at the prediction time step 𝑖 is to be
determined. Therefore results for the speed and the
position of the 𝑘-th vehicle:
𝑣𝑘𝑠 (𝑖) = 𝑣𝑘𝑠 (𝑖 − 1) + 𝑎𝑘𝑠 ∙ ∆𝑡

(1)

𝑣𝑘𝑛 (𝑖) = 𝑣𝑘𝑛 (𝑖 − 1) + 𝑎𝑘𝑛 ∙ ∆𝑡

(2)

𝑠𝑘 (𝑖) = 𝑠𝑘 (𝑖 − 1) + 𝑣𝑘𝑠 (𝑖 − 1) ∙ ∆𝑡

(3)

𝑛𝑘 (𝑖) = 𝑛𝑘 (𝑖 − 1) + 𝑣𝑘𝑛 (𝑖 − 1) ∙ ∆𝑡

(4)

The accelerations of the vehicle 𝑎𝑘𝑠 and 𝑎𝑘𝑛 are
supposed to be constant. The shape of a road is described
in SUMO by a polygon course. A linear progression is
assumed between the reference points. To determine the
global position of the point 𝑷𝑘 , which is described by the
vector 𝒓𝑘 , first the two points along the road are
identified between which the vehicle must be located
according to 𝑠𝑘 and the length of the single road
segments. Then, by linear interpolation, the point 𝑷𝑘0 is
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calculated at which the vehicle would be located if it had
no lateral displacement with respect to the centerline of
the lane. To finally obtain the position vector 𝒓𝑘 , the
point 𝑷𝑘0 is shifted by 𝑛𝑘 ∙ 𝒆𝑛 in normal direction.

determined. Algorithm 1 calculates in each time step the
distance that the ego-vehicle has to swerve to the left and
right to avoid a collision with the critical co-vehicle. The
coordinates describing its contour represent the columns
of the matrix 𝑯. First, the difference vector between each
point of the contour of the co-vehicle and a point of the
ego-vehicle's front is calculated. For an evasive maneuver
to the left, the point 𝑹𝐸 (𝑘) must be used, because it is
located rightmost. Similarly, for a motion to the right, the
point 𝑸𝐸 (𝑘) is decisive. The scalar product of this vector
with the lateral direction vector 𝒆𝑙𝑎𝑡 yields the required
displacement at the respective point of the vehicle
contour. To generate an evasion trajectory, only the
maximum distances to the left and right are necessary,
since only these avoid a collision with the entire contour.
Fig. 3 shows such a configuration in which the necessary
distance 𝑠𝐿 for an evasive trajectory to the left has been
identified.

Figure 2. Prediction of the motion along the road course

The vehicle contour is assumed rectangular, as shown
in Fig. 3. Furthermore, the kinematic reference point is
located in the middle of the front of the vehicle. The four
corner points can be specified using the vehicle's length
𝑙𝑘 and width 𝑏𝑘 :
0
0
𝑸𝑘 = 𝑷𝑘 + 𝑨𝑘 ∙ [𝑏𝑘 ]
𝑹𝑘 = 𝑷𝑘 + 𝑨𝑘 ∙ [ 𝑏𝑘 ]
−
2
2
−𝑙𝑘
−𝑙𝑘
𝑺𝑘 = 𝑷𝑘 + 𝑨𝑘 ∙ [ 𝑏𝑘 ]
𝑻𝑘 = 𝑷𝑘 + 𝑨𝑘 ∙ [ 𝑏𝑘 ]
−
2
2
Here the rotation matrix reads
cos(𝜓𝑘 ) − sin(𝜓𝑘 )
𝑨𝑘 = [
].
sin(𝜓𝑘 ) cos(𝜓𝑘 )

(5)

Figure 3. Lateral displacement for an evasion to the left

Algorithm 1. Minimum lateral shift

(6)

corner points of ego-vehicle’s front 𝑸𝐸 and 𝑹𝐸 ,
orientation of the ego-vehicle 𝜓𝐸𝑐𝑟 , matrix of the
contour of the co-vehicle 𝑯, position of the egovehicle 𝒓𝐸𝑐𝑟 at collision time, number of
prediction times steps 𝑛𝑝𝑟𝑒𝑑 , lateral safety
distance 𝑑𝑆
Output: lateral motion to the left 𝑠𝐿 and to the right 𝑠𝑅 ,
target points of the evasion trajectory 𝑷𝐿 and 𝑷𝑅
1: 𝒆𝑙𝑎𝑡 = [− sin(𝜓𝐸𝑐𝑟 ) cos(𝜓𝐸𝑐𝑟 )]𝑇
2: 𝑠𝐿 = −∞
Input:

Using a GJK algorithm [15] it is checked whether the
vehicle contours of two or more vehicles intersect within
the prediction horizon. If this is the case, the 𝑇𝑇𝐶 is
calculated from the prediction time step 𝑖𝐶 where a
collision occurs first
𝑇𝑇𝐶 = 𝑖𝐶 ∙ ∆𝑡.

(7)

B. Criticality Measure
After a collision has been detected within the
prediction horizon, criteria must now be defined which
indicate how long it is possible to wait before triggering
the safety function until a collision can no longer be
avoided. On the one hand, the speed of the ego-vehicle
can be reduced so that the vehicles with which a collision
has been detected can continue driving unhindered. On
the other hand, the critical area can be bypassed by an
evasive maneuver. For this purpose, the necessary lateral
offset must first be calculated. Therefore, a second
prediction with a new horizon 𝑡𝑝𝑟𝑒𝑑𝑆 is performed for the
motion of the co-vehicles starting at the time of collision.
In the following, it is assumed that the evasion trajectory
of the ego-vehicle in the collision area is parallel to the
track on which a crash with another vehicle has been
predicted. For that reason, the minimum lateral
displacement necessary to avoid a collision with all road
users within the whole prediction horizon is to be
©2020 Journal of Traffic and Logistics Engineering

3:

𝑠𝑅 = ∞

4:

for 𝑘 ← 1, 𝑛𝑝𝑟𝑒𝑑 do

5:

for 𝑛 ← 1,4 do

6:

𝑑𝐿 = 𝒆𝑇𝑙𝑎𝑡 ∙ (𝑯(: , 𝑛) − 𝑹𝐸 (𝑘))

7:

if 𝑑𝐿 > 𝑠𝐿 then

8:
9:

𝑷𝐿 = 𝒓𝐸𝑐𝑟 + (𝑑𝑆 + 𝑠𝐿 ) ∙ 𝒆𝑙𝑎𝑡

10:

end if

11:

𝑑𝑅 = 𝒆𝑇𝑙𝑎𝑡 ∙ (𝑯(: , 𝑛) − 𝑸𝐸 (𝑘))

12:

if 𝑑𝑅 < 𝑠𝑅 then

13:
14:
15:
16:
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𝑠𝐿 = 𝑑𝐿

𝑠𝑅 = 𝑑𝑅
𝑷𝑅 = 𝒓𝐸𝑐𝑟 + (−𝑑𝑆 + 𝑠𝑅 ) ∙ 𝒆𝑙𝑎𝑡
end if
end for

17:

end for

18:

return 𝑠𝐿 , 𝑠𝑅 , 𝑷𝐿 , 𝑷𝑅
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The algorithm for calculating the path of the evasion
trajectory, which is presented in section III.C, requires the
target points 𝑷𝐿 and 𝑷𝑅 in addition to the orientation
𝜓𝐸𝑐𝑟 of the ego-vehicle at the predicted collision time.
These points result from the lateral displacement of the
predicted crash position of the kinematic reference point
𝒓𝐸𝑐𝑟 to the left and right. The distance that the egovehicle has to move laterally is composed of 𝑠𝐿 or 𝑠𝑅 and
a safety distance 𝑑𝑆 , which the ego-vehicle should keep
to the obstacle during the evasion maneuver.
When determining the correct reaction to handle a
critical scenario, the last possible time at which a
collision can still be prevented by a braking or evasive
maneuver is of decisive importance. For this reason,
triggering criteria need to be defined. In this paper this is
done exemplarily using the criticality measures 𝑇𝑇𝐵 and
𝑇𝑇𝑆 . The time required for swerving depends on the
lateral distance to be covered, the current speed 𝑣𝐸𝑠 and
the maximum yaw rate 𝜓̇𝑚 that can be reached due to the
dynamic limits of the vehicle
𝑡𝑆𝐿 = √

2 ∙ 𝑠𝐿
𝑣𝐸𝑠 ∙ 𝜓̇𝑚 (𝑣𝐸𝑠 )

𝑡𝑆𝑅 = √

2 ∙ 𝑠𝑅
.
𝑣𝐸𝑠 ∙ 𝜓̇𝑚 (𝑣𝐸𝑠 )

If, on the other hand, a front or side crash occurs, as
shown in Fig. 4, the braking maneuver should ensure that
the co-vehicle can pass before the ego-vehicle reaches the
critical area. The minimum distance 𝑠𝑚𝑖𝑛 that the covehicle must travel is composed of its length 𝑙𝐶 and a
component 𝑠𝐵 resulting from the intersection of the egovehicle's contour at the time of the collision with the
predicted motion of the co-vehicle afterwards
𝑠𝑚𝑖𝑛 = 𝑙𝐶 +

𝑇𝑇𝑆𝑅 = 𝑇𝑇𝐶 − 𝑡𝑆𝑅 .

𝑡𝑃 =

𝑣𝐸𝑠 − 𝑣𝐶𝑠 + 𝑇𝑇𝐶 ∙ (𝑎𝐵 − 𝑎𝐶𝑠 )
.
𝑎𝐵 − 𝑎𝐸𝑠

(8)

𝑇𝑇𝐵 = 𝑡𝐺 +

√(𝑎𝐵 − 𝑎𝐸𝑠 )2 ∙ 𝑡𝐺2 − 𝑞 ∙ (𝑎𝐵 − 𝑎𝐸𝑠 )
𝑎𝐵 + 𝑎𝐸𝑠

where 𝑞 ≔ 2 ∙ 𝑣𝐸𝑠 ∙ 𝑡𝑃 + 𝑎𝐵 ∙ 𝑡𝐺2 − 𝑎𝐸𝑠 ∙ 𝑇𝑇𝐶 2

(9)

(12)

(13)
(14)

C. Collision Avoidance
After time criteria have been defined in the previous
section, that indicate how much time remains until a
collision can no longer be avoided by a braking or
evasive maneuver, an avoidance strategy is presented in
the following. The associated pseudo code is listed in
Algorithm 2. This enables a decision to be made as to
which of the two maneuvers is best suited to solve the
critical situation with regard to the space required and the
other road users. The safety function should be triggered
as late as possible. If the 𝑇𝑇𝐵 is longer than a threshold
𝑡𝑚 when having decided to brake, no execution takes
place in the current time step. The same applies to the
value of the 𝑇𝑇𝑆𝐿 or 𝑇𝑇𝑆𝑅 in case of swerving.
The necessary lateral motion determined in section
III.B must not exceed the distances of the ego-vehicle to
the road boundaries 𝑑𝐵𝐿 and 𝑑𝐵𝑅 during an evasive
maneuver. If there is not enough space left, this maneuver
cannot be executed and an emergency braking must be
initiated. Otherwise, the occupancy of the lanes in the
relevant area by other road users is checked in the second
step. To avoid new critical situations by this maneuver,
there must be a sufficiently large speed-dependent gap
with the limits 𝑑𝐶𝑟 and 𝑑𝐶𝑓 . If the required gap cannot be
guaranteed at the current time, the relative velocity of the
vehicles must also be considered more closely. If a covehicle is on an adjacent lane behind the ego-vehicle, its
speed 𝑣𝐶𝑟 must be lower. Similarly, a co-vehicle in front
with the speed 𝑣𝐶𝑓 must not be slower. If both the gap
and the speed criterion cannot be met, there is nothing
else left to do except to perform an emergency braking.

(10)

Figure 4. Predicted configuration of a head-on collision
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2
−𝑣𝐶𝑠 + √𝑣𝐶𝑠
+ 2 ∙ 𝑎𝐶𝑠 ∙ 𝑠𝑚𝑖𝑛
.
𝑎𝐶𝑠

The ego-vehicle covers the distance to the collision
point in the time 𝑇𝑇𝐶. If, however, an emergency braking
is initiated at time 𝑇𝑇𝐵, the period until the predicted
collision point is reached is extended to 𝑡𝐺 = 𝑇𝑇𝐶 + 𝑡𝑃 .
Thus, the 𝑇𝑇𝐵 is defined as follows

By reducing the speed of the ego-vehicle, a collision
between the road users can be avoided. Depending on the
relative orientation of the vehicles at the current time
Δ𝜓 = 𝜓𝐶 − 𝜓𝐸 , one of the approaches presented below is
used to calculate the duration of the necessary braking
maneuver. If the difference angle is less than 90°, the
situation can be managed by the ego-vehicle adapting its
current speed 𝑣𝐸𝑠 to that of the co-vehicle 𝑣𝐶𝑠 . Assuming
that braking is performed with maximum deceleration 𝑎𝐵
this yields to
𝑇𝑇𝐵 =

(11)

The time 𝑡𝑃 , which the co-vehicle needs to move the
distance 𝑠𝑚𝑖𝑛 , is

The time that can still be waited until a collision can no
longer be avoided by an evasive maneuver to the left or
right results in
𝑇𝑇𝑆𝐿 = 𝑇𝑇𝐶 − 𝑡𝑆𝐿

𝑏𝐸
2 .
cos(𝛼)

𝑠𝐵 +
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Algorithm 2. Decision maker

only possible in the chain joints. The maximum possible
deflection between two links ∆𝜓𝑚𝑎𝑥 corresponds to the
maximum yaw rate at the respective speed.

lateral motion to the left 𝑠𝐿 and to the right 𝑠𝑅 ,
distance to road boundaries 𝑑𝐵𝐿 and 𝑑𝐵𝑅 , position
of ego-vehicle 𝑠𝐸 , speed of ego-vehicle 𝑣𝐸𝑠 , time to
brake 𝑇𝑇𝐵, time to steer 𝑇𝑇𝑆𝐿 and 𝑇𝑇𝑆𝑅 , gap on
the adjacent lane with limits 𝑑𝐶𝑟 and 𝑑𝐶𝑓 , speeds of
vehicles on adjacent lane 𝑣𝐶𝑟 and 𝑣𝐶𝑓
Output: reaction to manage the critical situation 𝑟𝑒𝑎𝑐𝑡
1: 𝑟𝑒𝑎𝑐𝑡 = 𝑛𝑜𝑛𝑒
2: if 𝑠𝐿 < 𝑑𝐵𝐿 then
3:
if 𝑑𝐶𝑟 < 𝑠𝐸 < 𝑑𝐶𝑓 and 𝑇𝑇𝑆𝐿 < 𝑡𝑚 then
4:
𝑟𝑒𝑎𝑐𝑡 = 𝑠𝑤𝑒𝑟𝑣𝑒 𝑙𝑒𝑓𝑡
5:
else if 𝑣𝐶𝑟 < 𝑣𝐸𝑠 < 𝑣𝐶𝑓 and 𝑇𝑇𝑆𝐿 < 𝑡𝑚 then
6:
𝑟𝑒𝑎𝑐𝑡 = 𝑠𝑤𝑒𝑟𝑣𝑒 𝑙𝑒𝑓𝑡
7:
else if 𝑇𝑇𝐵 < 𝑡𝑚 then
8:
𝑟𝑒𝑎𝑐𝑡 = 𝑏𝑟𝑎𝑘𝑒
9:
end if
10: else if 𝑠𝑅 < 𝑑𝐵𝑅
11:
if 𝑑𝐶𝑟 < 𝑠𝐸 < 𝑑𝐶𝑓 and 𝑇𝑇𝑆𝑅 < 𝑡𝑚 then
12:
𝑟𝑒𝑎𝑐𝑡 = 𝑠𝑤𝑒𝑟𝑣𝑒 𝑟𝑖𝑔ℎ𝑡
13:
else if 𝑣𝐶𝑟 < 𝑣𝐸𝑠 < 𝑣𝐶𝑓 and 𝑇𝑇𝑆𝑅 < 𝑡𝑚 then
14:
𝑟𝑒𝑎𝑐𝑡 = 𝑠𝑤𝑒𝑟𝑣𝑒 𝑟𝑖𝑔ℎ𝑡
15:
else if 𝑇𝑇𝐵 < 𝑡𝑚
16:
𝑟𝑒𝑎𝑐𝑡 = 𝑏𝑟𝑎𝑘𝑒
17:
end if
18: else if 𝑇𝑇𝐵 < 𝑡𝑚
19:
𝑟𝑒𝑎𝑐𝑡 = 𝑏𝑟𝑎𝑘𝑒
20: end if
21: return 𝑟𝑒𝑎𝑐𝑡
Input:

Figure 6. Pyramid algorithm

A so-called pyramid algorithm calculates how far a
chain link is actually deflected within the left and right
turn. This is because the yaw rate between the links can
only change by a fixed value, which must be smaller than
the maximum yaw acceleration of the ego-vehicle. To
create an s-bend, the difference between the orientation of
the ego-vehicle at the current time 𝜓𝐸 and the orientation
of the target trajectory 𝜓𝐸𝑐𝑟 is needed first. This
difference angle forms the core of the first pyramid,
which is shown in green in Fig. 6. Successively, elements
are added to this pyramid and to a second pyramid
representing the counter-steering, until the necessary
lateral motion to the target point 𝑷𝐿 or 𝑷𝑅 is reached.
IV.

TEST SCENARIOS

The trajectory of an evasion or braking maneuver is
generated based on trajectory chains [16]. During a
braking maneuver, the ego-vehicle remains on its current
path. Only the velocity along this curve is reduced until
either standstill is reached or the co-vehicle has passed
the area previously identified as critical. After that, the
safety function is no longer activated and the vehicle can
accelerate again to its initial speed.

The criteria for triggering collision avoidance
functions presented in the previous sections will now be
illustrated by means of three intersection scenarios. The
safety function is triggered as soon as at least one of the
values of 𝑇𝑇𝑆𝐿 , 𝑇𝑇𝑆𝑅 or 𝑇𝑇𝐵 falls below the critical time
threshold 𝑡𝑚 , which is 0.05 s in this paper. According to
Algorithm 1, the type of maneuver 𝑛𝑜𝑛𝑒 , 𝑏𝑟𝑎𝑘𝑒 ,
𝑠𝑤𝑒𝑟𝑣𝑒 𝑙𝑒𝑓𝑡 or 𝑠𝑤𝑒𝑟𝑣𝑒 𝑟𝑖𝑔ℎ𝑡 depends both on the
available space and on which criterion has undershot the
threshold.
TABLE I shows the speeds of the ego-vehicle and of
the critical co-vehicle at the time the safety function is
triggered. Furthermore, the distance between the two
vehicles at the time of triggering and their minimum
distance within the entire scenario are also listed there.

Figure 5. Evasion trajectory

TABLE I. KINEMATIC DATA OF THE SCENARIOS
Number of scenario

If, on the other hand, an evasive maneuver is chosen, a
new trajectory with the orientation 𝜓𝐸𝑐𝑟 must be created
running through either 𝑷𝐿 or 𝑷𝑅 . These target points are
calculated in Algorithm 1. After the ego-vehicle has
bypassed the obstacle, a second chain is created to ensure
that it returns to the originally planned path. The
procedure for creating these trajectories is described in
[15] and [16]. An evasion trajectory, as shown in Fig. 5,
has the shape of an s-bend and consists of a left and a
right turn as well as a straight line in between. In the
concept of a trajectory chain, the trajectory to be created
is divided into segments with a speed-dependent length of
𝑣𝐸𝑠 ∙ ∆𝑡. Within a chain link, the orientation is constant.
Changing the orientation relative to the previous link is
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1

2

3

Velocity ego-vehicle [km/h]

48.509

52.841

52.961

Velocity co-vehicle [km/h]

22.585

30.816

31.445

Distance when triggering [m]

7.950

22.068

27.897

Minimum distance during
maneuver [m]

0.685

2.570

1.511

In the first two traffic situations, shown in Fig. 7 and
Fig. 11 a black vehicle changes from a secondary road to
a main road ignoring the right of way of other road users.
The white ego-vehicle is initially on the right lane of a
main road. A few meters in front of it is a red vehicle on
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the middle lane. Additionally, a green vehicle drives in
the opposite direction.
In each time step, the ego-vehicle predicts within the
time horizon 𝑡𝑝𝑟𝑒𝑑 = 2 𝑠 its own motion and that of the
other road users, having a maximum distance of 𝑣𝐸𝑠 ∙
𝑡𝑝𝑟𝑒𝑑 from the ego-vehicle. In the traffic flow simulation
in SUMO, all vehicles in the road network have access to
the complete kinematic data of all road users and the
entire infrastructure at each time step. However, this does
not represent the real traffic. For this reason, only the
information about objects located within a radius of 100
m from the ego-vehicle is used. In the vehicle dynamics
software CarMaker, on the other hand, only kinematic
data are used to calculate the criticality, which can be
measured with the sensors in the ego-vehicle. The range
and aperture angle of these sensors are limited. In both
simulation environments, the vehicles can only move
along and perpendicular to fixed tracks during the
prediction, as already mentioned in section III.A.

Figure 8. Predicted collision with a black vehicle turning right
(Left: whole prediction, Right: collision time step)

A. Black Vehicle Turning Right
The prediction in a time step ends either when the
prediction horizon is reached or immediately if a collision
with another vehicle is detected. In the scenario shown in
Fig. 7, a black vehicle turns right from a side road into
the main road. It disregards the right of way of the white
ego-vehicle. After a collision has been detected within the
prediction horizon (cf. Fig. 8), a second prediction of the
motion of the co-vehicles, which starts at the predicted
time of collision, determines the necessary lateral motion
to avoid a collision. Fig. 9 shows that both the middle and
the right lane can be used for an evasive maneuver,
because the red vehicle is far ahead of the ego-vehicle.
Since the ego-vehicle collides with the rear of the black
vehicle, equation (10) needs to be used to calculate the
time required for braking. The time course of the criteria
𝑇𝑇𝑆𝐿 and 𝑇𝑇𝐵 in Fig. 10 illustrates that an evasive
maneuver can be started much later than an emergency
stop, because 𝑇𝑇𝑆𝐿 falls below the threshold 𝑡𝑚 only
after 1.2 s. For this reason, an evasive maneuver is
performed in this scenario. The corresponding trajectory
is also shown in Fig. 9. The criterion 𝑇𝑇𝑆𝑅 is not used in
this scenario, since the ego-vehicle is already on the right
lane. Over time, there is an increase from 0.8 s to a
maximum at 1.1 s. The reason for this is that the egovehicle already reacts to the co-vehicle. The deceleration
of about 3m/s^2 is not sufficient to prevent a collision
which can only be avoided by the intervention of the
safety function.

Figure 9. Black vehicle turning right: Prediction to find to lateral
distance for swerving and the evasion trajectory

Figure 10. Black vehicle turning right: Remaining time to trigger

B. Black Vehicle Turning Left
In contrast to the first scenario, the black vehicle in Fig.
11 now turns left into the main road. The prediction in
Fig. 12 shows that the white ego-vehicle collides almost
vertically with the driver's side of the black vehicle. For
this reason, equations (11)-(14) must be used to
determine the time required for the necessary braking
maneuver. To determine 𝑇𝑇𝑆𝐿 and 𝑇𝑇𝑆𝑅 , a prediction of
the motion of the co-vehicles, which starts at the time of
collision, is performed in the same way as in the first
scenario. Swerving is not possible here because, as seen
in Fig. 13, the turning black vehicle blocks all lanes. It is
also not possible to switch to the opposite lane, since the
green vehicle is already in the relevant area. For this
reason, the situation can only be solved by a braking
maneuver. The same result is obtained when considering
the temporal courses of 𝑇𝑇𝐵 and 𝑇𝑇𝑆𝐿 (cf. Fig. 14). Due
to the motion of the black vehicle perpendicular to that of
the white ego-vehicle, the time for the necessary lateral
motion is significantly longer than the duration of a
braking maneuver.

Figure 7. Right turn of the black vehicle in CarMaker
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Figure 11. Left turn of the black vehicle in CarMaker

Figure 15. Left turn of the green vehicle in CarMaker

Figure 12. Predicted collision with a black vehicle turning left
(Left: whole prediction, Right: collision time step)

Figure 16. Predicted collision with a green vehicle turning left
(Left: whole prediction, Right: collision time step)

Figure 13. Black vehicle turning left: Prediction to find to lateral
distance for swerving
Figure 17. Green vehicle turning left: Prediction to find to lateral
distance for swerving

In the temporal course of the criticality measures in Fig.
18 it is noticeable that at the beginning the 𝑇𝑇𝑆𝐿 is
considerably longer than the 𝑇𝑇𝐵. The reason for this is
that the black vehicle is initially identified in the
prediction as the one with which a collision could occur.
Since it approaches the ego-vehicle from the right, the
critical situation can be solved by an evasive maneuver.
From 0.1 s on, however, the time course of the two
criticality measures changes in such a way that a collision
with the green vehicle is now considered more likely. As
this vehicle is moving perpendicular to the trajectory of
the ego-vehicle, the evasive maneuver must be started
much earlier than braking.

Figure 14. Black vehicle turning left: Remaining time to trigger

C. Green Vehicle Turning Left
As in the two previous scenarios, the white ego-vehicle
and the red co-vehicle drive straight ahead on the main
road in Fig. 15. The black vehicle turns right into the
main road. The green vehicle turns left into the secondary
road. The latter two vehicles ignore the right of way of
the other two ones. The prediction of the motion of the
road users shown in Fig. 16 detects a collision between
the white ego-vehicle and the green co-vehicle. From the
prediction of the motion of the co-vehicles after the
predicted collision time in Fig. 17, it can be concluded
that the critical situation can only be solved a braking
maneuver, as the green vehicle blocks all lanes.
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Figure 18. Green vehicle turning left: Remaining time to trigger
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V.

TEST SCENARIOS

This paper presents criteria to identify critical
situations in a traffic flow simulation and to evaluate the
triggering decision of a vehicle safety function. To ensure
that collisions between the traffic participants can occur,
changes must first be made in the driver model in SUMO.
In each time step, the ego-vehicle in SUMO and
CarMaker predicts its own and the other road users'
motion. If there is an overlapping of the vehicle hulls, this
scenario is considered relevant for the test of the safety
function in CarMaker. The
,
and
criteria
determine when the safety function must be triggered at
the latest and which maneuver should then be performed.
To further illustrate the presented approach, the
procedure is applied to three intersection scenarios. The
tool chain presented in [6] together with the criteria from
the present paper can be used in future work to perform a
large-scale validation of vehicle safety functions with
realistic scenarios. For this purpose, the
criterion is
used to select those scenarios from the urban traffic that
would end in a collision if the safety function did not
intervene. The triggering behavior can be assessed by
comparing the
and
with the actual triggering
times. In addition, the performance of the safety function
in handling the critical situation can be evaluated based
on the criteria presented
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