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It is not possible to verify the correct operation of automated driving
functions in public road traffic, as the scenarios required for this do
not or rarely occur in the real world. For testing software stacks in
automated vehicles, IPG Automotive presents a virtual test driving
solution based on the results of the Pegasus projects.

I Today, it is recognized that auto-
mated driving functions cannot be ade-
quately tested and validated using real-
world test driving only. The required
critical scenarios are not or infrequently
available in real-world traffic and can
rarely be modeled. In addition, they may
be dangerous for people and material
involved. What is more, real-world sce-
narios can not be reproduced exactly,

which makes it impossible to obtain
comparable test results.

One solution is virtual test driving.
Using a simulation platform such as
CarMaker from IPG Automotive, it is pos-
sible to improve software stacks of Auto-
mated Vehicles (AVs) with scenario-based
testing. This involves the software part of
the driving functions that need to be vali-
dated in a variety of relevant scenarios.
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SCENARIO-BASED TESTING

Scenario-based testing is a test method
for virtual test driving that was estab-
lished by the Pegasus family of projects.
In simulation, this method contributes
significantly to reducing the test effort by
mainly analyzing the scenarios relevant
for the driving function instead of deter-
mining a certain number of required test
kilometers [1]. The majority of scenarios
can be simulated, and only few tests have
to be performed on proving grounds or in
the field. The remaining real-world test
drives primarily serve to validate the sim-
ulation results. A seamless process from
simulation to proving ground and field
tests is always ensured.

The test method presented here uses
a digital twin of the physical prototype,
the so-called virtual prototype. It com-
prises models of all relevant systems
and subsystems of the real vehicle. A
validated vehicle dynamics model that
translates the steering and acceleration
requirements of the driving function into
movements forms the basis for the model
of the automated passenger car. Driving
states close to physical limits demand a
particularly high modeling quality. Espe-
cially for motion control testing, a realis-
tic vehicle model is of great importance.
The vehicle model is completed by differ-
ent sensor models from suppliers. Stan-
dardization activities, such as the Open
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FIGURE 1 Layers L1 to L6 in the scenario model (© IPG Automotive)
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Simulation Interface (OSI) [2], are sup-
posed to facilitate their integration.

The traffic situations or test scenarios
can be divided into six layers, FIGURE 1.
They may have static or dynamic prop-
erties and can also contain digital infor-
mation. The first layer, the road, includes
the basic elements such as the course
of the road and the number of lanes.
The second layer, the road features,
describes the road infrastructure and
the static objects. The third layer com-
prises the temporary impact on scenar-
ios, for example due to a construction
site. In the fourth layer, dynamic objects
such as other road users are defined.
The environmental conditions such
as rain are described in the fifth layer.
Finally, digital information such as V2X
information or maps are included in the
sixth layer [3].

If the simulation platform is able to
model these layers in a realistic way,
the main task is to develop an efficient
method for generating relevant test sce-
narios. They are categorized into logical
and concrete variants. Logical scenarios
are described in an abstract manner, for
example with maneuver sequences such
as lane changes or accelerations. How-
ever, they do not define concrete charac-
teristics of parameters such as velocity
specifications or distances. Ranges with
minimum and maximum values indicate
these parameters.
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DEVELOPMENT SIMULATION AND TESTING

For concrete scenarios, individual
values are selected from these ranges
for clear indication of the characteristics.
This reduces the effort in scenario gene-
ration because a multitude of concrete
scenarios can be derived from a single
logical scenario.

FUNCTIONAL DESCRIPTION

Just like in real-world testing, simulation
needs preparation in order to obtain pre-
cise results and a sufficient test scope
coverage. Prior to testing a software
stack for AVs via simulation, it needs to
be integrated into simulation. The stack
is built of various modules, FIGURE 2.

In the first module, perception of the
environment is done using sensors (cam-
era, radar, lidar and GPS in particular),
and localization is realized via HD maps
and, if necessary, V2X functions. By
comparing the sensor data with informa-
tion from the HD maps, the ego position
can be determined with an accuracy of a
few centimeters, which allows the gener-
ated environment model to be precisely
located on the map.

The next steps, covering the second
and third modules, are decision-making
(prediction) and trajectory planning
based on the navigation task, the driv-
ing task and the generated environment
model. Then, necessary decisions are

Perception and
localization

Sensors ((( .

calculated, such as lane choice or turn-
ing maneuvers. Based on the traffic situ-
ation, trajectory and velocity planning is
carried out to optimize target values such
as safety, comfort and energy efficiency,
for example.

Finally, in the fourth module, the gen-
erated target trajectory is implemented as
precisely as possible. The motion control
calculates a sensible distribution of con-
trol variables to the different actuators -
mostly including drive and braking as
well as steering functions. Additionally,
information on the load condition or the
road surface can be identified by this
module and sent back to the planning
module. This prevents the generation of
target trajectories that are critical on a
physical level due to the impact of envi-
ronmental conditions such as rain.

INTEGRATION INTO SIMULATION

In order to create a closed loop, various
input and output interfaces need to be
set up depending on the focus of the test,
which have to be filled and read out by
the simulation. The end-to-end or full
system test is closest to test drive on real-
world roads. Sensors generate raw data
(camera images, lidar point clouds, etc.)
for the input interface. The output inter-
face in turn provides steering torque and
acceleration requirements as well as the

AV software stack

FIGURE 2 Schematic of the software stack for automated vehicles with four modules (© IPG Automotive)
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position of accelerator pedal and brake
pedal. In case an error occurs during
testing, only limited conclusions can be
drawn with regard to the source because
the entire range between input and out-
put interface needs to be considered as

a source of error.

Functional decomposition represents
another test method [1]. It enables individ-
ual modules of automated driving func-
tions to be analyzed independently dur-
ing testing and validation, which reduces
the relevant parameters in the scenario
description. Depending on the area of
application, different requirements that
allow for simplification result from this
process. One aspect that can be simplified
is the detailed modeling of the static envi-
ronment because of its low significance
for tests regarding trajectory planning and
motion control, TABLE 1. This makes identi-
fying sources of errors much easier: It is
possible to check directly if the perception
module works accurately by comparing
the knowledge about detectable objects
(ground truth) to the objects that are cur-
rently being detected. This can also be
applied to other areas, such as testing dif-
ferent trajectories for motion control. In
this case, it shows right away if the trajec-
tories are not driven as required.

By defining the so-called Operational
Design Domain (ODD), the parameters
and their spaces under test can be lim-
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Layer in the Full system

Parameter (excerpt/example) scenario model Perception Trajectory planning Motion control (end-to-end)
Bend 1 X X X X
Traffic lights 2 X X - X
Speed sign 2 X X - X
Road side structure and vegetation 2 X - X
Object on the road 3 X X - X
Load condition 4 X X X X
Distances to other vehicles 4 X X - X
Vehicle color 4 X - X
Time of day 5 X - X
Friction coefficient 5 - - X X
Desired speed 6 - X X X
TABLE 1 Comparison of example parameters and their influence on the system under test (© IPG Automotive)
ited further. This domain pre-defines the system does not have to take into function. It defines circumstances such
the conditions under which the system account intersections, traffic lights, etc. as the condition of the road surface and
has to function accurately. If the ODD The definition is based on the list of re- other road users, as well as specifica-
is restricted to highways, for example, quirements - the specifications - of the tions on speed ranges and system hand-
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FIGURE 3 Exemplary process in order to shorten software development cycles (© IPG Automotive)

overs to the driver. It is also important
to test entry into and exit out of the
defined ODD for necessary driver hand-
overs and takeovers.

As soon as the technical requirements
to test a large number of scenarios are
met, the definition is followed of how
high the level of granularity is for the
parameters to be tested and their combi-
nations. Due to the fact that parameter
grading increases the testing effort for
full-factorial tests exponentially, efficient
methods are required to explore the
parameter space and to perform many
tests in a short amount of time.

AGILE SOFTWARE DEVELOPMENT

The driving force behind the current
transformation of development processes
in the automotive industry toward agile
working is the desire to be able to release
multiple wireless software updates Over-
the-Air (OTA) during a product lifecycle.
The software development cycles are
hence drastically shortened. The process
may look as shown in the following ex-
ample, FIGURE 3: At the end of a workday,
the software development team adds the
improved code to the version manage-
ment system. An automation server such
as Jenkins then compiles the most recent
software status and subsequently per-
forms module and system tests in full
vehicle simulation. A list of test cases
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that need to be performed is generated
and distributed on the preferred comput-
ing platform. Optimally, all tests are run
overnight to have access to the results
and automatically generated reports the
next morning.

There is a range of options for simula-
tion scaling to allow a shortening of the
test cycles. For maximum performance,
CarMaker is able to compute many pro-
cesses in parallel - locally or in the cloud
- with High-performance Computing
(HPC) clusters. On the one hand, multiple
GPUs can be used for a virtual prototype
to enable real-time capability for HiL
tests, even with a high number of detailed
sensor models. On the other hand, par-
allelization can be used for single test
drives: Similar to the real world, a great
number of (virtual) prototypes is tested
in parallel to collect as many data as pos-
sible in a short amount of time. This
method allows for close-to-perfect scaling
and represents a suitable approach for
large test catalogs and plenty test kilome-
ters. It should be noted that generally only
perception and localization tests require
GPU-based sensor models and detailed
3-D environments. Hardware require-
ments follow this logic to perform simula-
tion in HPC and cloud environments. Test-
ing of the planning function and motion
control can ususally be performed without
GPU support, since they typically process
the information coming from the percep-
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tion module on the object level. The simu-
lation platform can provide object lists
efficiently with simplified, phenomeno-
logical models or idealized models.

As soon as the software works the
way it should, the deployment step may
be introduced automatically: The most
recent software status is distributed
OTA to the vehicle fleet in the field.
During usage, new insights are con-
stantly being gained, which in turn are
incorporated into the further develop-
ment of the system.

SUMMARY AND OUTLOOK

At this point in time, there is no stan-
dardized and generally accepted process
to validate systems of automated driving.
But the technical barriers to computer
simulation that existed until recently
have been broken down for the larger
part of the parameter spaces in the mean-
time. The limits of what can be achieved
with simulation are being pushed further
and further. As an open integration and
test platform, CarMaker has all necessary
tools to perform virtual test driving with
automated driving functions efficiently.
The main focus for further virtualiza-
tion of the development process is more
and more shifting toward methodology.
The test scopes and the number of rele-
vant parameters are too large to carry out
full-factorial test plans in a sufficiently
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short amount of time. In fact, intelligent
strategies for parameter space exploration
are now required to ensure test scope
coverage and to be able to put out safety
statements. For a generally accepted
safety statement on automated driving
functions, a consistent understanding of
simulation application in the industry is
necessary. The currently active research
projects of the Pegasus family, SET
Level [4] and VVM [5], will provide
more answers to these questions.
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