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ABSTRACT Classical approaches for testing of automated driving systems (ADS) of SAE levels 1 and 2
were based on defined scenarios with specific maneuvers, depending on the function under test. For ADS
of SAE level 3+, the scenario space is infinite and calling for virtual testing and verification. The biggest
challenge for virtual testing methods lies in the realistic representation of the virtual environment where
the ADS is tested. Such an environment shall provide the possibility to model and develop vehicles, objects,
control algorithms, traffic participants and environment elements in order to generate valid and representative
test data. An important and crucial aspect of such environments is the testing of vehicles in a complex traffic
environment with a stochastic and realistic traffic representation. For this research we used a microscopic
traffic flow simulation software (TFSS) PTV Vissim and the vehicle simulation software IPG CarMaker to
test ADS. Although the TFSS provides realistic and stochastic behavior of traffic participants, the occurrence
of safety-critical scenarios (SCS) is not guaranteed. To generate and increase such scenarios, a novel stress
testing method (STM) is introduced. With this method, traffic participants are manipulated in the vicinity
of the vehicle under test in order to provoke SCS derived from statistical accident data on motorways in
Austria. Using the co-simulation between IPG CarMaker, PTV Vissim and external driver models in Vissim

are used to imitate human driving errors, resulting in an increase of SCS.

INDEX TERMS Automatic testing, autonomous vehicles, scenario generation, ADAS.

I. INTRODUCTION

Testing of ADS using TFSS is an inevitable part of virtual
testing procedures. The demand on test kilometers empha-
sized in the works of [1], [2] and the simulation-based testing
in complex virtual environments with objects, traffic, pedes-
trians, etc., is needed for valid and representative simulation
results. The literature in virtual testing is mainly focused on
scenario-based testing presented in [3]-[5], where SCS are
based on a-priori knowledge coming from accident research,
field operational test and expert knowledge. However, if a
new system with high complexity is introduced, new fail-
ures could emerge. The presented STM inherently includes
new SCS based on stochastic virtual testing. New failure
patterns related to the specific ADS function are detected and
could even serve as a source of knowledge for scenario-based
testing. In [6], a framework for testing of ADS includ-
ing a calibrated traffic flow model (TFM) for testing and
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generation of SCS on motorways has been presented. This
simulation framework combines a vehicle simulation soft-
ware IPG CarMaker with the TFSS in Vissim. This frame-
work provides a calibrated traffic flow model (TFM) and a
possible testing environment to verify the results of the STM.
The TFM is behavior-based and the movement is stochastic
and unpredictable with regards to the paths and decisions of
traffic participants. As for this paper, we focus on motorways,
SCS (e.g. collisions, near-collisions or accidents) have not
occurred frequently in the used co-simulation. The reason
is the lack of errors in vehicle guidance executed by TFSS,
whereas those occasionally occur in manually driven vehi-
cles. Therefore, the presented STM is used to increase the
number of SCS for virtual scenario-based testing where TFM
are considered in the simulation e.g. in [7]-[9]. To avoid
this lack of errors, statistical accident data from Austrian
motorways provided from [10] were examined for accident
types that occur most frequently. These accident types were
classified to longitudinal and lateral accidents and used for
STM. Based on this examination, the traffic participants are
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manipulated to provoke SCS in the vicinity of the vehicle
under test. This can be done by using the external driving
model interface of Vissim described in [11] and [12]. The
interface provides the possibility to implement driver models
with defined driving behavior using external driver models
implemented by a dynamic link library (DLL) provided in
Vissim.

The stress testing approach in stochastic virtual ADS test-
ing is a development tool addressing many issues related to
automated vehicle guidance, such as velocity control in ACC
and AEB, LKA and automated lane change but also more
complex issues such as time delays [13] and actuator failures
as well as network attacks [14]. The verification of the STM
method will be examined by comparing simulation results
with and without using the STM.

Il. SIMULATION ENVIRONMENT

A. CO-SIMULATION BETWEEN CarMaker AND VISSIM
The simulation environment is based on the co-simulation
framework presented in [6] and [15]. This framework com-
bines Matlab/SIMULINK and a co-simulation between IPG
CarMaker and Vissim. In this context, IPG CarMaker is used
for the implementation of the automated driving functions
and sensor models for simulating machine perception as well
as the visualization of simulation test runs. Additionally,
it provides a complex multi-body vehicle model for a detailed
representation of the ego-vehicle dynamics, as it is neces-
sary in the non-linear region such as emergency braking or
skidding. The traffic is generated by Vissim which uses a
microscopic, behavioral and time step-oriented traffic flow
simulation model introduced in [11] and [16]. The term
“microscopically” refers to each driver-vehicle unit which
can be modelled individually and therefore each vehicle has
an individual driving behavior by assigning a specific set of
behavior-related parameters in the driver models of each of
the vehicle unit driving through the road network. For this
paper, a calibrated TFM from [6] was used. The calibration
is based on traffic measurements on macro- and microscopic
level on the official test road for automated driving in Austria
called ALP.Lab. The description and introduction to this test
road is presented in [17].

B. EXTERNAL DRIVER DLL IN VISSIM

The manipulation of the surrounding vehicles for the STM
is carried out by replacing internal driving behavior mod-
els with user-defined models. The DLL software framework
implemented in C++- is presented in detail in [18]. In order to
achieve this, defined scenarios described in the sections I1I-D
and III-E are implemented in a DLL. During the simulation,
Vissim calls the DLL code for each affected vehicle in each
simulation time-step to determine the behavior of the vehicle.

IIl. STRESS TESTING METHOD

A. ACCIDENT DATA BASE

In order to provoke representative stress situations, a statisti-
cal database of accident data from the Austrian motorways
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TABLE 1. Two accident classes with the defined types of the accident.

Accidents with only one party involved

Type Description
1 Leaving the road on the right
2 Leaving the road on the left
3 Leaving the road by a lane intersection or road exit
4 Reverse driving or turn around
5 Downfall of or in the vehicle
6 Collision with an object
7 Other accidents with only one party involved

Accidents with two or more parties involved
Type Description

1 Collision during overtaking
Lane changing with and without collision
Collision with a moving vehicle
Collision with a stationary vehicle due to traffic
Collision at an intersection
Collision due to reverse driving
Collision due to get into the lane
Other accidents with one-way traffic

00| | O\ | K| W o

TABLE 2. Relevant accident types used for the STM.

Lateral Longitudinal
Collision with a moving vehicle X -
Collision with a stationary vehicle X -
Lane Change with collision - X
Lane Change without collision - X

was used to define maneuvers which are provoked in the
surrounding area of the vehicle under test. Accident data has
been provided by Statistics Austria and contains all accident
data between 2009 and 2018. The classification of motorway
accidents as defined by Statistics Austria can be found in [19].
In this paper, we focus on those classifications that are most
likely to occur. Two very dominant accident classifications
with their accident types are shown in Tab. 1. The total
number of accidents caused by the types presented in Tab. 1
is shown in Fig. 1. These two accident classes, accidents with
one party involved and accidents with two or more parties
involved, are the most frequent on Austrian motorways and
they comprise 94% of all motorway accidents from 2009 until
2018. From Fig. 1 it is obvious that traffic accidents where
one party is involved are significantly higher and therefore,
they were handled in more detail. In Fig. 2, the clusters of traf-
fic accidents with one party involved on Austrian motorways
are depicted. Based on these clusters, the four most frequent
accidents types are chosen and are relevant for the STM.
By abstracting these accident types in longitudinal and lateral
types we define four relevant scenarios for STM, which are
shown in Tab. 2.

B. TEST METHOD DESCRIPTION

The general procedure of the STM is depicted in Fig. 3.
Figure 3 shows that outputs of the STM are concrete sce-
narios which could complement the accident database and
can be used for parameter identification as in [20] and [21].
Concrete scenarios are well described in [22]. The parameter
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FIGURE 1. Comparison of Accidents with only one party involved and
accidents with two or more participants.
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FIGURE 2. Accidents with one party involved on Austrian motorways with
the clusters: (1) Collision during overtaking (2) Lane change with and
without collision (3) Collision with a moving vehicle (4) Collision with a
stationary vehicle due to traffic (5) Collision at an intersection (6)
Collision at an intersection (7) Collision due to reverse driving (8)
Collision due to get into the lane (9) Other accidents with one-way traffic.

identification and methods for concrete scenario genera-
tion are not part of this paper. The traffic participants of
the surrounding area of the vehicle under test are manipu-
lated to provoke scenarios using maneuvers based on sce-
narios from Tab. 2. This maneuvers are called stress test
events (STE).

C. STRESS TESTING FOR LONGITUDINAL SCENARIOS

In order to provoke STE in longitudinal direction, traffic
vehicles T;; as depicted in Fig. 4 will be manipulated in a
defined manner.

The index i € {1, 2, 3} represents the considered traffic
vehicle column (TVC) andindex j € {1, 2, 3} the lane number
of the traffic vehicle. These two index definitions are used
in further equations and matrices. According to Fig. 4 the
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FIGURE 4. Relevant traffic vehicle the 3 lane configuration of the STM.

TVCs represent the locations of actual traffic vehicles in
front of the EGO vehicle within a defined distance interval
and 3 columns. The manipulation process for longitudinal
STE:s is carried out in such a way that the vehicle decelerates
as described in section III-D. The distances to each dkTV € with
k € {1, 2, 3, max} depend on the safety interval times (SIT)
t; and current EGO vehicle speed vg, and are calculated
as in (1). The dependence on the EGO vehicle speed makes
them variable during the simulation and adjustable with the
SIT ¢
dlVC =veeotd, k €{1,2,3, max) 1)
In Fig. 4 a 3-lane traffic configuration is presented, the
same procedure is defined for 2-lane roads. Mandatory for
the STM is the definition of distance matrices D!’ for 2 and
D’ for 3 lanes. The upper indices /2 and /3 of the matrices
represent highways sections with 2 lanes and 3 lanes, respec-
tively. The matrices are defined in (2).

2 din dip di3 2x3
D" =" ’ ° | e IR
|:d2,1 dry dr3

, dig dip di3
D' = |d1 drp da3
dz1 dip  d3j3

e IR>3 )
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TABLE 3. Definitions of required implementation steps for STM.

Step 1 | Traffic event matrix (TEM)
Step 2 | Event trigger conditions
Step 3 | Event counter

Step 4 | Scenario time frame

Step 5 | Storage of vehicle states

They represent the distance from the EGO vehicle to each
target vehicle in the TVC column and they are calculated as
in (3).

d;, ij = TJ Sego 3
In (3) seq0 represents the EGO vehicle position and s . the
position of the traffic vehicle. The distance matrices are cal—
culated continuously during the simulation and are used for
further steps of the STM.

To implement the STM in Vissim using the described
external driver DLL, the steps from Tab. 3 are defined and
implemented. In the context of this work an event represents
a maneuver which is provoked to bring the EGO vehicle in a
stress condition. How these events are defined is described in
the following steps.

Step 1 (Traffic Event Matrix (TEM)): Depending on the
number of road lanes we differentiate between two TEM
which are defined in (4).

612 el2 12
2
B’ — 121 122 123 c IR2%3
i i i
e e e
2,1 2,3 2,3
s 3 &
€1 €12 61 3
3 3 3
E, = el2 1 elz 3 e2 5| € IR3*3 “)
3 3 3
[ €31 €33 €33

The matrix coefficients e . and e . are Boolean values and
they define whether a car isina certam TVC or not see Fig. 4.
The calculation of the matrix entries e and e 1n (5) is done
by checking if the entries of dlstances matrlces D2 and D%
in (2) are in the range of distances dkTV ¢

1, leVC < d,'yj < dZTVC
12 3 1, dzTVC < d,"j < dTVC (5)
—=e.. =
Cij ij TVC . TVC
L, d3"" <dij < dy
0, otherwise

d”( = 69m (1“ ¢ =89m dVC =120m

mas

AV = 34m

(L] (T2 Lane,
Eg “ -li Lanes
Lanes

di1=5dm=e; =1

:1.,170 '1."1:] . .

dio=TIM=¢e15=1 :>Egj%: 010
=1 101

ds3=110m = e35 = 1

FIGURE 5. Example of calculating a TEM using a random traffic event.

TABLE 4. Requirement for the combination matrices CLZ and Ci,’.

Requirement 1 | Triggering of target vehicles 75 ; can only be

carried out in TVC column.

Requirement 2 | The manipulation of traffic participants is trig-
gered if the target vehicles T; ; a laying on
the same lane as the ego vehicle, no matter on
which TVC it occur.

Requirement 3 | More then one target vehicles can only be trig-

gered if the second or third target vehicle are in
the same TVC column.

Requirement 4 | The triggered longitudinal STE start first with
the triggering of vehicles in the first TV Cy
column, then the second TV C5 and then third
TV C3 column. After reaching a certain num-
ber of events in one column, these events are

not triggered anymore.

TABLE 5. Comparison matrix entries for 2 lane highway.

Cl12 1 Cl122 Cl12,3 C122, 1 61223 Cl223
ckl1 X X X X X
ckl1 X X 1 X X
ckl X 1 X X X X
czlx 1 X X 1 X
clx X 1 X X X
Cz| X X 1 X X 1
cl X X X 1 X X
czlx X X X 1 X
czlx X X X X 1

Based on the TEM defined in (4) the combination matrices
are defined in (6).

An example how of a random traffic event in Fig. 5 shows
how the TEM is calculated. In the simulation the TEM is
calculated continuously until a trigger condition is executed.

Step 2 (Event Trigger Conditions): As we consider lon-
gitudinal stress maneuvers in this chapter, the events which
are triggered are braking maneuvers (BM). These BM are
divided in two braking categories which could be triggered
for the STM. The detailed definition of the BM is described
in section III-D.
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The matrices Ci} and Cf}

represent relevant traffic condi-
tions which should be tested for two and three traffic lanes,
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TABLE 6. Comparison Matrix entries for 3 lane highway.

TABLE 7. Vehicle states and parameters which are saved if a STE occur.
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Sego Position of the ego vehicle

Vego Velocity of the ego vehicle

Gego Acceleration of the ego vehicle

s,L-T : Position of all traffic vehicles

vlfj. Velocity of all traffic vehicles

azi. Acceleration of all traffic vehicles

d; All entries of the D2 and D3 matrices
distance | Driven distance of the ego and traffic vehicles
time Simulation time

Cls
Cls
Cls
C
cf
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C
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respectively. The index g represents the number of relevant
braking combinations. For the triggering of braking maneu-
vers, the combination matrices in Tab. 5 and Tab. 6 are rele-
vant for the STM. Entry 1 means the car was on this position
and an event has occurred, so the car should start braking.
Entry X could be 0 or 1 but the vehicles on this position
will not brake. According to these tables, the combination
matrices are examined by satisfying the requirements form
Tab. 4. The braking maneuvers will be triggered only if in
at least one TVC column a traffic vehicle occur and only
in a situation when the traffic vehicle is located in the same
lane as the ego vehicle. By comparing the event matrices Elf
or El; with the combination matrices C;z and Cf; an event
is triggered if the matrix entries match. The event shown in
Fig. 5 would yield to the matrix entries shown in (7).

Eb = (1) i 8
b=
10 1
x 1 X
Ch=|x 1 X
X X X
el =e)==cip =0, )

If such a event occur, the trigger time f;gger is saved and an
event counters nZ and nZ are incremented.

Step 3 (Event Counter): Each event which occurs is
counted by incrementing the trigger counter nZ or n?t
To make sure that all events happen at least a certain number
of times a maximum number of occurrences n/}** during
a simulation run is defined and is used as parametrization
parameter of the STM. That means, if a certain combination
from the matrices Clq2 or C? occur n**-th times they will not
be triggered any more during a simulation run.

Step 4 (Scenario Time Frame): Each detected scenario by
the STM is saved within a certain time frame. This time frame
is defined by the trigger time fyggr, the upper frame limit
tupper and lower frame limit ¢4y, . The upper- and lower-time
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frame limits can be adjusted and together with the trigger time
Irigger they represent the scenario time frame #y..pe Shown
in (8).

®)

Step 5 (Storage of Vehicle States): In case that a scenario
is detected all data listed in Tab. 7 will be saved for further
analysis. The stored data will contain all vehicles in the
scenario time frame fs.ene. This includes only the relevant
vehicles depicted in Fig. 4.

tirigger — tiower < Iscene < ltrigger + Lupper

D. ACCELERATION AND DECELERATION BEHAVIOUR
In Tab. 2, longitudinal scenarios with a stationary vehicle
in front are relevant scenarios for the STM. These types of
accidents can be caused by full braking maneuvers or sudden
speed reductions on the motorway. The type of accidents
where a vehicle is approaching an existing crash will not
be considered since this type of accidents is exhausted in
various research and industry works in the field of active
safety systems. For more details about active safety systems,
see [23]-{27]. Considering that, braking behavior of vehicles
during the simulation has a significant impact on the validity
of the results of the STM. As described in section II-B, we use
the external driver DLL in Vissim to redesign the deceleration
characteristics, which will be more effective to improve the
realistic simulation of the vehicle. Majority of studies in
the past have proposed deceleration models, Akcelik and
Biggs suggested non-uniform deceleration rate to describe
a polynomial behavior between acceleration and speed [28].
However, since previous models were limited to the study of
cars and trucks only, dual regime models depict the deceler-
ation behavior of various vehicle types that were proposed
in [29] and [30]. Some studies demonstrate that decelera-
tion profile can be presented using a polynomial fit which
shows that the maximum deceleration typically occurs during
the braking stabilization phase on ESP-equipped cars [32],
therefore, we can simplify the deceleration profile into a
polynomial model. As described above, previous studies have
established that the basic deceleration profiles can be fitted in
a polynomial model, thus the deceleration for different traffic
scenarios needs to be discussed as well.

Current research is more focused on classifying the decel-
eration models and refining the deceleration characteris-
tics for different functions and different scenarios, e.g.
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TABLE 8. Driver braking deceleration model.

TABLE 10. Average deceleration rates by approach speed and speed
during deceleration, table source [13].

Equation Polynomial model is proposed by Akgelik and Approsch Speed
Blggs [31] 40-50 50-60 60-70 70-80 80-90
Speed [ speed Decel speed  Decel speed Decel Speed Decel Speed Decel
. . R L. . R interval | (km/h)  (m/s?) | (km/h)  (ms?) | (kmh)  ms?) | (kmh) (ms?) | km/b)  (mis?)
Deceleration The deceleration is divided into two intervals (knvh)
. .. . - 3 3 3
to represent the different driving behavior, the 1050 | 1405 Tor | wor  vwr | ias  ror | es > | ;09
comfort deceleration interval is defined as [0, S0 | a1 | 3 re | w2 206 | s 1w | s 21
-3.5] m/s2. The driver’s deceleration interval DO | 404067 | dsd6 LI | 53 LTS | s L6 | s 2o
becomes [-3.5, -8.5] m/s? in some emergenc 60-70 o - 6369 058 | 6549 078 | 652 134
gency
situations are described in [37][38] . e ) ' TE 04 B o
Braking time Based on research experiments presented in
[36] the braking time are in the range between ~
10.1s and 17.2s ‘é’ ‘
Braking The average braking distance for different g 0k
distance speed intervals is presented in [36]. =
)
=
g 10 i
5
TABLE 9. ACC braking deceleration model. © _oLu | T | | |
2
: : Q8
Equation Parabolic model E
Deceleration Based on ISO 22179 [33] the average automatic K= 60 |- N
deceleration shall not exceed 3.5 m/s2 when the -
vehicle velocity above 20 m/s and 5 m/s? (aver- 8 40 - |
age value over 2s) when the vehicle velocity is (% 90 L | | | | 1
below 5 m/s.
2 4 6 8 10 12 14
Deceleration The relationships between deceleration, jerk Ti .
gradient value and speed are specified by the ISO 22179 1me 1n s

in [33]. Those specifications are considered for
the calculation of the deceleration gradients for
the STM.

ACC-equipped cars. The deceleration and acceleration gra-
dient rate are strictly limited to meet the requirements of
comfort function as defined in [33]. Unlike the ACC func-
tional features, the driver braking reacts differently to com-
plex traffic conditions and has more variable deceleration
characteristics. With the electrification of vehicles increasing
and the traffic environment becoming more complex, differ-
ent deceleration models need to be classified so that they
can be more relevant to the actual traffic conditions in the
simulation. In general, the average deceleration will be based
on experimental data, taking into account different driving
styles and scenarios. A general conclusion can be drawn from
the experimental statistics under normal driving conditions,
the deceleration rate will not exceed —3.5 m/s2, refer to [34].
To refine the scenario, traffic environment and acceleration
data for different drivers, the deceleration and braking process
is represented using a parabolic model from [35] combined
with a maximum deceleration table, where the deceleration
parameters can be based on different factors (e.g. gender,
traffic flow, traffic conditions, age, etc.). This provides a
reference to calibrate deceleration rate, braking distance, and
duration time. Deceleration behavior model is divided into
two categories. Tab. 8 shows the driver braking model which
is used to simulate the braking characteristics of a real driver,
and Tab. 9 shows the ACC braking model which is used to
simulate the deceleration profile with ACC driving function
activated.
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FIGURE 6. Driver braking relationship between deceleration rate and
speed.

1) DRIVER BRAKING BEHAVIOR

Past studies about driver behavior proposed that vehicle needs
more time and distance to decelerate at high speed. In this
sense, the vehicle deceleration rate at high speed is much
higher than at low speed. In order to cooperate with the
simulation of vehicle dynamic characteristics at high speed,
the deceleration rate is determined according to the speed
range and target speed as an input condition which is shown
in Tab. 10.

The driver braking model using external driver DLL inter-
face is integrated into Vissim for testing. Fig. 6 shows the
acceleration rate and vehicle velocity based on the polyno-
mial model for a vehicle decelerating from the initial velocity
71.03 km/h to final velocity vuq; = 28.67 km/h. The decel-
eration time was set to 12 s and the maximum deceleration
at —1.71 m/s?. The results of Vissim simulation allow the
observation of a slight oscillation around a constant velocity
profile, which also corresponds to the real performance of
the velocity behavior. The profile of driver braking model
will drop rapidly to maximum deceleration in the begin-
ning phase and then gradually return to O with the velocity
decreasing.

2) ACC BRAKING BEHAVIOR

Since ACC is a comfortable longitudinal control function,
the limitations of execution range in [33] are used for the
development and implementation of an ACC braking model.
The deceleration gradient rate is limited in the standard,
as shown in Fig. 7.
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FIGURE 7. Maximum negative jerk.

TABLE 11. ACC braking deceleration model.

Parabolic Equation
y(t) = At? + Bt + C
A= (ap —a1)/8?

B = —-2A6
C=aqg
Parameters Description

Variable | Comments Unit

t Time variable S
ag Initial deceleration rate m/s2
ay Final deceleration rate m/s?
y(t) Deceleration rate m/s?
é Allowed maximum deceleration gradient rate | m/s®

The average rate of deceleration gradient cannot exceed
2.5 m/s> when the speed is greater than 20 m/s and 5 m/s’
when it is less than 5 m/s. The deceleration gradient is
determined based on the initial vehicle speed. The entire
deceleration process is expressed in the form of a parabolic
as shown in Tab. 11.

The implemented ACC braking model in Vissim as
depicted in Fig. 8 shows that the profile is determined based
on the parabolic model. Jerk value is set to —1.5 m/s> and
maximum deceleration to —3 m/s” at the time of simulation.
The initial velocity is reduced from 70.97 km/h to 42.25 km/h
considering the maximum deceleration gradient rate.
In comparison with driver braking model, the deceleration
gradient becomes a key factor to limit ACC deceleration
profile. Therefore, the whole braking process is derived by
a parabolic model.

E. STRESS TESTING OF LATERAL SCENARIOS

The second type of scenario considered for the STM are the
lateral movements of traffic participants. As seen in Tab. 2,
accidents caused by unappropriated lateral behavior of traffic
participants are second dominant in the data base of accidents.
These accidents occur while a traffic participant initiates an
aggressive cut-in maneuver from the left or right sight of a
certain vehicle on road. In our case, the ego vehicle drives
through the traffic and in case a traffic participant is overtak-
ing or driving past the ego vehicle on the left or right lane. The
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cut-in maneuvers which are handled and manipulated by the
STM are depicted in Fig. 9 and 10. The times tlﬁgEl with i €
{1, 2, 3} from Fig. 9 and 10 represent the initialization times
of an aggressive lane change events (LCE). An LCE starts
with initialization time tll;lgEl and ends with the maneuver time
tm. During the simulation, each lane change event is executed
one after the other with interval time tii”;-‘ between two lane
change events. The minimum interval t{"é is set to 5 minutes.
After these 5 minutes the next LCE is executed only in case
a scenario depicted in Fig. 9 and Fig. 10 occur. After the
last initialization time tzl;ngS the events occur again from the
LCE

beginning ¢, . The description of this is shown in Fig. 11.
int

The initialization times lﬁngz and the event times #"; are
variables and can be adjusted within the Vissim interface. The
lane change behavior and maneuver itself is described in the

next subsection.

F. LANE CHANGE BEHAVIOR
The implemented lane change behavior in Vissim is based
on the lane change algorithm described in [39] and [40].
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FIGURE 11. Description of the lane change event occurrence within each
simulation testrun.

Based on this research, the trajectory equation for the lane
change can be derived in the displacement of the vehicle from
the center of the lane in terms of time. The polynomial and
linear equations from 12 are used to determine the lateral
Viar(t) and longitudinal y;ee(2) trajectory, respectively. This
ensures a smooth trajectory and requires only a small number
of points to generate the trajectory. In order to implement this
algorithm in Vissim, a time-based lateral displacement equa-
tion, a time-based longitudinal displacement equation and
acceleration profile are calculated and described in Tab. 12.
To match more realistic lateral scenarios, the acceleration
profile is calibrated with experimental data used in [40].
The entire process of lane change has an acceleration at the
beginning phase and a gradual decrease in speed after the
maneuver is completed. As a result, a sinusoidal function
is involved to present lane change acceleration profile and
shown in Tab. 12.

The result calculated from lateral and longitudinal trajec-
tory equations will be used as a reference to verify that Vissim
output can follow the input commands. As an example, for
a possible lane change scenario, a lane change maneuver is
built with the longitudinal vehicle velocity v,, = 85 km/h.
The total lane change maneuver time is set to t,, = 6 s, which
corresponds to an average maneuver time according to [41].
The lateral displacement yj,(¢) in the Vissim road model
from [6] is h=3.5 m. This represents the distance from one
center line to another. Regarding the longitudinal behavior,
the maximum acceleration value is set to dpqe = 1.2m/s2.
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TABLE 12. Trajectory parameterization of the lane change maneuver.

Lane change trajectory equation
—6h 15h —10h
Lateral Yiat(t) = ( = )t5+(T)t4+( 3 >t3
trajectory tin tm tm
Longitudinal Yiong() = Umt
trajectory
. . 2w
Acceleration a(t) = amaz sin | —t
profile m
Parameters description
Yiat Lateral displacement
Yiong Longitudinal displacement
tm Maneuver time
h Maximum lateral displacement of the vehicle at the
end of the maneuver
Um Mean velocity during lane change maneuver
Amax Maximum acceleration value during lane change
maneuver

TABLE 13. Configuration of the longitudinal driver braking behaviour and
lateral behavior of the STM.

Configuration Parameter Configuration
for longitudinal STM for lateral STM
Parameter Value Parameter Value
131 2s tm 6s
t5 4s Amaz 1.2 m/s?
i3 6s
Vfinal 20 km/h
td 12's
td, mazx -1.7 m/s?

The trajectory equations for this example can be obtained
in (9), (10) and (11).

yiar(t) = —0.00671 + 0.0840r* — 0.28001%  (9)
ylong(t) = 85t (10)

(27
a(t) = 1.2sin <?t> (11D

The comparison between the calculated values yy;; to the
values yl‘{/” set by Vissim using the DLL is shown in Fig. 12.
A minor deviation from the desired values can be observed.
The deviations are caused by Vissim internal cycle times
(min. program cycle 0.5s) and settling times which can-
not be manipulated. For the STM only the cut-in in front
of the ego vehicle is important for the testing process.
After a target vehicle finishes the lane change, the driver
behavior is not controlled by the DLL. The traffic vehicles
continue to drive on the road using internal Vissim driver
models.
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TABLE 14. Comparison of simulation results with and without the STM.

Scenario Numb‘er of detections Number of detections
without STM with STM
Collisions None 625
Scenarios based on Evaluation Metric from [42]
Eventually Critical 937 3257
Very Critical 298 2157

IV. RESULTS

To demonstrate the effectiveness of the STM, the
co-simulation framework developed in [6] is used. The
ego vehicle is an internal IPG Driver which is equipped
with an ACC and automatic lane change algorithm. For the
increase of the number of scenarios relevant for testing of
ADS, the Vissim traffic is featured with the STM using
an external driver model DLL interface. For this purpose,
a Driver Model framework was developed and presented
in [18] to manipulate traffic vehicles in Vissim in order to
provoke critical scenarios. Therefore, two simulation runs
with 5000 kilometers are carried out. The first simulation run
is carried out without the manipulation procedure and the sec-
ond simulation run contains the manipulation according the
presented STM. Critical scenarios which should be detected
and evaluated, collisions and critical scenarios as defined
in [42] are taken to prove the efficiency of the STM. Based
on the data from [42] time-to-brake (TTB) and the requested
acceleration are used to assess the detected scenarios. In [42]
three criticality levels are defined, non-critical, eventually
critical and very critical. One possible and exemplary STM
parameter configuration chosen by the engineer judgment
for this research is defined in Tab. 13. Tab. 14 shows that
the number of detected collisions increased from 59 to 625
on 5000 km. According to the metrics defined in [42] very
critical and eventually critical scenarios increase significantly
compared to the co-simulation without the STM. Other
parameter configurations are allowed and will be used for
parameter studies in future research.

V. CONCLUSION
In this paper we presented a stress testing method
to increase and generate safety critical scenarios in a
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complex co-simulation between IPG CarMaker and PTV
Vissim. Based on statistical accident data for motorways
in Austria, two dominant accident types of scenarios are
extracted and used for the presented method. Using these
accident types, defined maneuvers are provoked by traffic
participants in the surrounding area of the vehicle under test.
The developed stress testing method showed a significant
increase of detected scenarios in the co-simulation environ-
ment and will be used for further research and development.
In addition to manipulating traffic vehicles on the motorway,
a huge potential using the presented method lies in the use for
urban areas where the environment is far more complex than
on motorways.
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