
Automated Driving

Virtual Test of Automated 
Driving Functions
The increasing complexity and variant diversity of automated driving functions can no 

longer be reliably managed by purely requirement-based test methods. In the context of 

its platform for highly automated driving HARRI, Bertrandt is further developing methods 

and tools for scenario-based testing of the corresponding functions and electronics.
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MOTIVATION

Driver assistance systems and automated 
driving functions are increasingly being 
used to improve road safety and to sup-
port the ongoing automation of road 
traffic. The enhanced complexity of 
the underlying electronics and software 
components, agile development methods, 
and the need to reduce the number of 
test vehicles also raise the requirements 
placed on suitable validation methods 
[1, 2]. Conventional test methods that 
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pursue a requirement- based approach 
alone are no longer sufficient to cover 
all of the necessary validation aspects 
concerning function, robustness, and 
safety within shortening development 
cycles. A scenario-based test method-
ology and consequent virtualization 
make it possible to achieve a function- 
independent representation of the test 
conditions and to shift real test activi-
ties toward virtual test locations.

TEST METHODOLOGY

The further developed scenario-based 
test methodology, FIGURE 1, is derived 
from the research findings of the 
 Pegasus project funded by the Ger-
man Federal Ministry for Economic 
Affairs and Energy (BMWi) [3] and 
the normative standards of the Safety 
of the Intended Functionality [4]. The 
main components are functional test 
scenarios that are defined through an 
abstract linguistic description. They are 
parameterized by static information 
such as road geometries and weather 
conditions, as well as dynamic infor-
mation such as maneuver descriptions 
of the ego vehicle and other road users. 
Translation into the universal Open-
Scenario format [5] and the determina-
tion of the para meter spaces result in 
logical scenarios aimed at guarantee-
ing tool-independent usability and 
 transferability between the test loca-
tions. The scenarios are stored in a 
 scenario database, which represents 
a function-independent test catalog.

Based on a criticality assessment,  
an automated test control system selects 
the relevant logical scenarios for the 
respective test focus and generates con-
crete scenarios by assigning specific 
values to the parameter spaces. Once 
the concrete test cases have been 
derived, they are assigned to virtual 
test instances, such as Model-in-the-
Loop (MiL), Software-in-the-Loop (SiL) 
and Hardware-in-the-Loop (HiL) envi-
ronments, or  physical tests in the vehi-
cle. When the test has been completed, 
the test case and parameter spaces are 
evaluated and their criticality is veri-
fied. The test results are stored in the 
results database and, if necessary, addi-
tional concrete scenarios are generated 
by a test re-adjustment in order to itera-
tively ensure that all important areas of 
the test case space have been covered.

SCENARIO MODELING 
AND EVALUATION

The quality of the test results is signifi-
cantly determined by the fact that the 
scenarios cover the relevant test case 
space and are based on valid data that 
reflect the reality on the road. Founda-
tions for this are generic maneuvers 
from everyday road traffic as well as 
 critical situations that are identified by 
evaluating field data or accident data-
bases. The test scenarios are systema-
tically described by using a six-layer 
model according to Pegasus [6], which 

consists of the levels road layout, traf-
fic infrastructure, temporary modifica-
tions and events (for example road con-
struction work), the dynamics of the  
ego vehicle and other road users, envi-
ronmental conditions, and digital infor-
mation (V2X), FIGURE 2. The information 
from the different layers can basically be 
 combined arbitrarily in order to achieve 
a broad variation of test scenarios.

Due to the large number of possible 
scenarios and parameter variations, vali-
dating the complete test case space would 
result in exponentially high efforts, which 
is not feasible with regard to ever higher 

FIGURE 2 Six-layer model according to Pegasus [6] (© Bertrandt)

FIGURE 1 Scenario-based test methodology (© Bertrandt)
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software release frequencies. Limiting  
the test to relevant concrete  scenarios 
requires a criticality assessment that 
focuses the selection and value assign-
ment of the available parameters on the 
parameter range that is of interest for  
the function to be tested. For this pur-
pose, it is possible to use either predic-
tive methods that do not require the test 
case to be carried out, or analyses that 
refine the parameter range as part of a 
test re-adjustment. Criticality measures 
such as time-to-collision, time  -to-brake 
or distance-of-closest-encounter [7] can 
be separately defined for each scenario 
and stored in the scenario database.

A software module was developed for 
the concretization of the test scenarios, 
FIGURE 3. For the initial creation of the sce-
narios, the maneuver description for the 
dynamic road users is superimposed with 
static information from the other layers  
of the six-layer model. In the second step, 
the scenario parameters are combined 
with each other and the sampling rates 
for the respective parameter ranges are 
determined via a probability distribution. 
On the basis of the predictive criticality 
assessment, the relevant critical scenarios 
are identified and the test of the system 
boundaries is focused. Finally, a stochas-
tic variation of the scenario parameters 
ensures that random scatter and devia-
tions, which are unavoidable in real road 
traffic, are taken into account in the test. 
Within the scope of the test re-adjustment, 
a criticality assessment of scenarios that 
have already been tested results in the 
optimization of the dynamic and static 
scenario parameters, depending on how 
reliable the prediction of the scenario criti-
cality proves to be.

VIRTUAL TEST TOOL CHAIN

Despite limiting the validation process 
to those scenarios identified as relevant, 
it is vital to have a test strategy that 
 re  duces the amount of testing required  
in the vehicle and – due to the compu-
tional time necessary for real-time simu-
lation – in SiL and HiL environments to 
the necessary minimum. In fact, the aim  
is to completely virtualize the tool chain 
used, FIGURE 4, and, by transferring the 
testing process to the cloud, to achieve 
parallelization and simulation speeds 
that are faster than real-time.

While the previously mentioned tools 
for the scenario database, scenario con-

cretization, results database, and test 
re-adjustment run on the client PC, the 
computing-intensive components of the 
virtual tool chain can be fully integrated 
into the cloud. Essentially, these compo-
nents are the environmental simulation, 
the simulation of the virtual ECU (vECU), 
and the superordinate test automation.  
In addition to the dynamics of the ego 
vehicle, the environmental simulation also 
covers the virtual traffic environment and 

models for environment sensors (for 
example camera, lidar, radar) which pro-
vide information on surrounding  traffic  
in the form of point clouds, target lists,  
or object lists. The function to be tested  
is integrated via a vECU which allows the 
generation and integration of individual 
control algorithms or software compo-
nents, up to complete ECU architectures 
including the related bus simulation. The 
vECU code is often connected via a func-
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tional mock-up interface. The test automa-
tion controls the simulation of the test sce-
narios and, at the end of the test, also per-
forms the scenario-specific evaluation.

With regard to the functionality and 
maintainability of the tools employed, 
only commercial products were used for 
the relevant components of the virtual 
test tool chain. Two variants were imple-
mented examplarily, which support both 
the Pegasus methodology and, perspec-
tively, OpenScenario in the best possible 
way. On the one hand a homogeneous 
tool chain consisting of the simulation 

and vECU tools ASM, VEOS, and System-
Desk from dSpace is employed, on the 
other hand a heterogeneous combination 
of IPG CarMaker and QTronic Silver. In 
both cases, ECU-Test from TraceTronic 
serves as test automation.

There are different options for deploy-
ment into the cloud. If the tools support 
the use of Docker containers, porting 
from the PC into the cloud environment 
is relatively easy. Alternatively, it is also 
possible to operate the tool chain in a 
virtual machine, where additionally the 
operating system as well as CPU, GPU, 

and memory resources have to be emu-
lated. In both cases, the virtual tool 
chains can be multiplied almost arbi-
trarily and the tests can be parallelized 
due to the scalability of the computing 
resources available in the cloud.

RESULTS

Within the context of the innovation plat-
form for highly automated driving HARRI 
[8] developed by Bertrandt, the virtual
test tool chain described above was used
to test autonomous parking and maneu-

FIGURE 4 Virtual 
test tool chain 
(© Bertrandt)

FIGURE 3 Module for scenario 
concretization (© Bertrandt)
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vering functions. In addition, a proof of 
concept was implemented to test a driver 
assistance function for longitudinal vehi-
cle guidance on freeways. The generic 
scenario catalogs that were created can 
also be used for higher autonomy levels. 
As part of customer projects, the results 
are being used to test predictive safety 
functions and other applications. The sce-
nario description, which is independent 
of the test location, can also be used to 
generate control variables for driving 
robots for physical vehicle tests.

The results to date have shown that 
the scenario-based test methodology is 
more robust than conventional require-
ment-based testing with respect to 
changes to the requirements situation 
and the development process. In spite  
of the reusability of generic test scenar-
ios and the efficient evaluation of test 
results, considerable effort and extent 
of tests are required in order to verify  
the correct operation and safety of auto-
mated driving functions. As functions 
become more complex, this can be 
achieved only by reducing the test sce-
narios on the basis of a criticality assess-
ment and by consequent virtualization. 
Current studies focus on measuring and 
verifying the coverage of all possible test 
scenarios, as well as on enhancing the 
test case creation and evaluation by 
applying additional intelligence.
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