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Simulation of Sensor Clusters
for Real-time Sensor Fusion Tests

The trend towards automated driving results in increasingly extensive and complex sensor con-
figurations in vehicles. Testing driving functions solely in real-world traffic is not a feasible option
anymore due to the increased effort involved in real-world data capture as well as the introduc-
tion of functions in various markets with different requirements. In this article, IPG Automotive
describes efficient solutions to develop perception modules and to test advanced driver assis-
tance systems and automated driving functions.
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Chassis and
powertrain

I To ensure that automated driv-
ing functions work as desired, differ-
ent software modules are developed
and tested, FIGURE 1. The first module
comprises perception and localization
and applies different sensor technolo-
gies such as camera, radar, lidar, ultra-
sonic, GNSS or HD maps. They capture
the environment and enable self-local-
ization with high precision. Based on
the navigation task and other parame-
ters, the planning module takes deci-
sions for driving maneuvers and calcu-
lates a target trajectory. These parame-
ters encompass the current environment
captured by the perception as well as
weather conditions, dynamic boundary
conditions and ride comfort. The third
module includes vehicle motion control.
This module implements the target tra-
jectory in a precise, comfortable, and
safe way with the support of available
actuators such as steering, drivetrain
and brake.

Proving ground and field tests always
test the entire automated driving func-
tion system, from sensor data recording
to motion control. In simulation-based
tests however, in addition to full sys-
tem tests, options to test individual mod-
ules independently are available as the
simulation program can provide suitable
information for individual interfaces of
the respective modules at all times.

SIMULATION OF SENSOR CLUSTERS

Raw sensor data provide the basis to
test individual perception applications
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FIGURE 1 Schematic structure of an automated vehicle (© IPG Automotive)
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as well as the complete system. High
demands are made to the level of real-
ism and detail of synthetic sensor data.
The detailed Physical Sensor Models in
the simulation environment CarMaker
are available for all current technologies
applied for environment recognition in
the vehicle: camera, radar, lidar and
ultrasonic. The simulation of raw sen-
sor data allows to test perception algo-
rithms and the complete signal chain
up to sensor fusion, object tracking

and the generation of the environment
model. The models deliver input data
for the sensor’s perception algorithms,
for example image data for camera simu-
lation or a point cloud for lidar simula-
tion. When generating raw signals, the
material properties of objects as well as
detailed physical effects in signal propa-
gation are considered.

The parallel simulation of multiple
sensors, which are required for the de-
velopment of automated driving func-
tions, is called sensor cluster simulation.
To enable it, data is generated using per-
formant computers with powerful GPUs.
Multiple GPUs are usually required to
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meet the storage and simulation speed
requirements, for example for real-time
simulation on Hardware-in-the-Loop (HiL)
test benches. The necessary number of
GPUs depends on the size of the sensor
cluster as well as on the resolution of
the individual sensors - for example, the
number of camera pixels, lidar points or
the extent and width of the radar field

of view. This ensures a powerful sensor
simulation also for driving scenarios in
complex 3-D environments.

The hardware solution SensCompute
provides the required GPU computing
power for the sensor clusters. The scal-
ability of the GPU configuration and
the intuitive distribution of sensor mod-
els to different GPUs enable the simula-
tion of any sensor cluster in real time
and even in multiple real-time speed in
many cases, which significantly short-
ens test processes, FIGURE 2.

GENERATION OF
SYNTHETIC DATASETS

Pure perception tests often use the
open-loop approach, which replays

360° camera

FIGURE 2 Distribution of the sensor models to different GPUs (© IPG Automotive)
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sensor data recordings from the real
world. The objects recognized by the
perception module are compared to
the objects that the perception module
should recognize, the so-called ground
truth. The ground truth as well as the
sensor data furthermore also provide
the basis for the training process of
neural networks. It is generated manu-
ally or in part up front with the sup-
port from Artificial Intelligence (AI).
This process however is error-prone
and time-consuming. Additionally,
sensor data in the real world cannot
be recorded as desired because traffic
situations and ambient conditions can-
not fully be controlled and the process
behind it is expensive and tedious.

At this point, simulation offers sup
port by generating synthetic sensor
datasets. This allows enriching real
datasets with synthetic parts, for exam-
ple when specific data are inadequately
represented and can only be collected
in the real world with high effort or
not at all. Even if zero recorded data
are available, simulation can be helpful:
as no suitable physical experimental
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FIGURE 3 Components of a generator for synthetic sensor datasets

(© IPG Automotive)

vehicles exist in early development
stages, simulation allows to generate

a basic dataset for training and testing.
Another significant advantage is the
fast adaptation to new situations. If for
example a new category of road users,
such as electric scooters a few years
ago, is established, it can quickly and
easily be integrated into the training
dataset using simulation.

Finally, synthetic sensor data offer
the advantage of directly available
ground truth in simulation since the
state of the simulated environment is
known at any time in its ideal and error-
free form. Depending on the require-
ments, the resulting accurate annota-
tion can be saved automatically as 2-D
or 3-D bounding box and as pixel-accu-
rate semantic segmentation. The anno-
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tated object classes are freely configu-
rable and can be adapted to specific
project demands.

When carrying out the simulation,
sensor data from the entire cluster
including the associated annotations
for the individual sensors are saved in
a consistent dataset, FIGURE 3. In appli-
cations in which raw data from multiple
sensors are fused directly, this is also
valid for the complete environment
model. As there is no industry stan-
dard for object classes, it is possible
to define them according to the require-
ments. Therefore, only the necessary
annotations are generated and addition-
ally, known classifications such as
KITTI, CityScape or user-specific styles
can be defined. The memory rate of the
sensor data and the associated annota-

tions are freely configurable, too. This
generator for synthetic datasets can
run in parallel in the cloud on docker
containers to be able to generate large
amounts of data in a brief time.

SENSOR CLUSTER SIMULATION
IN FULL SYSTEM TESTS

To make sure that the virtual proto-
type actually follows the trajectory
planned by the autonomous driving
function, the closed-loop approach is
required for full system tests instead.
The generated signals for vehicle con-
trol are implemented using a vehicle
dynamics model and the vehicle motion
is simulated in a physically correct way.
For the vehicle position, the respective
new sensor data can then constantly be
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FIGURE 4 Real-time simulation environment for automated driving functions including the perception module (© IPG Automotive)

calculated in regular time intervals.
Analogous to real-world traffic, virtual
road users can react to the vehicle tested
in simulation, which creates a realistic
model of a test drive.

The closed-loop simulation can be per-
formed as Software-in-the-Loop (SiL) or
HiL simulation. As powerful hardware is
needed to process the extensive sensor
setup required for an autonomous vehi-
cle, HiL setups are often used for end-to-
end testing. The main requirement for
HiL simulation is the calculation of all
components in the simulation chain in
hard real time for precise system reac-
tions. The CPU-based part in simula-
tion, or rather the full vehicle simula-
tion CarMaker, the rest bus simulation,
and the IO for the Electronic Control
Unit (ECU) of the autonomous driving
function, is performed on an Xpack4
real-time system, FIGURE 4. This example
applies a cycle time of 1 ms for vehicle
dynamics simulation.

Sensor simulation is the GPU-based
part of simulation. Multiple GPUs are
used simultaneously and mapped by
one or multiple SensCompute units.

The simulation is performed with a
cycle time that corresponds the sensors
to be mapped, for example the frame
rate of the camera. Generally, this cycle
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time is at least one order of magnitude
higher than the one from the vehicle
dynamics simulation. As the level of
detail and realism in sensor simulation
should be as high as possible, it still is a
technical challenge to provide new sen-
sor data in time during a sensor cycle.
Balancing the available GPU computing
power and the level of detail in simula-
tion according to the real-time require-
ments is thus decisive.

The direct input of sensor data into
the ECU is then taking place via one
or more units of the hardware solu-
tion SensInject, which was developed
specifically for this purpose. With it,
the imager emulation and serializa-
tion of sensor data for camera sensors
for instance can be performed using
the Gigabit Multimedia Serial Link
(GMSL). The setup is flexibly expand-
able according to the integration test
bench approach, with brake or steering
test benches as well as driving simula-
tor setups for example.

The simulation-based validation of
automated driving functions is thus
enabled on the target hardware and
where applicable also interacting with
further interconnected subsystems in
the vehicle. Generally, this is the last
step before the software is tested in the

physical vehicle prototype on the prov-
ing ground and in the field. The main
advantage of HiL simulation is the option
to test with a large share of physical
hardware, fully reproducibly in com-
plex scenarios and independently from
the location and ambient conditions.

SUMMARY

Soon, simulating complete sensor clus-
ters will play a key role in the develop-
ment and test cycles of automated vehi-
cles. The use of synthetic datasets in
addition to the data recorded in the
real world enables quality enhance-
ments as well as time and cost effi-
ciency. This is valid for the percep-
tion system itself and for full system
validation on HiL test benches.

The combination of the simulation
software CarMaker, the sensor simu-
lation platform SensCompute and the
real-time solutions Xpack4 and Sens-
Inject offers a continuous and expand-
able real-time simulation environment.
It saves considerable time by virtualiz-
ing and reusing models and scenarios.
At the same time, the physical sensor
and vehicle dynamics simulation results
in a high level of realism in synthetic
sensor data and virtual test driving.

www.springerprofessional.com/automotive




THE WORLD'S LEADING
AUTOMOTIVE MAGAZINES IN ONE PACKAGE.

Access to the online specialist articles archives

Keyword Search in the e-magazines
Interactive animations and editorial videos

4 D 4 N

ATZ ‘ | - electronics ™
g1 .
W\
‘// b AN | | o
5 y Failsafe Electronics
i " g Will Pay off
=
: /ﬁ ' %’5'%@@8
« in ﬁé\;
iﬂ;

Electnflcatlon and

.....

_\\\\\\\\\\\\\\\\\\\\\\\ \\q
T e easaaa—" | Gaees
\ RNRNNERNEN TN NN N SN esy!
BN N NSNS S ST B
NSO oY B
ANERNEENEN N NN N S Y
\X\\\\\\\\\l‘\
&\x &\ \x \ ‘\ X\\ oy \\\\\\\\\\?\\\‘l’
N
BRBEE S m :
\ L

ey

L . . . . . s e R T e GGG RN
...................

-----

‘‘‘‘

WATCH UUR VIDEO AND GET TO LEARN MORE:- :
www. atz magazme com/automotlve package \\

OEMs Suppliers . Service . Universities
providers



