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Real-time Simulation of
Physical Multi-sensor Setups

Development and testing of autonomous vehicles requires new approaches. A powerful virtual vehicle
development environment has to provide realistic models of all relevant subsystems as well as

a real-time simulation of autonomous driving with several physical sensor models. IPG Automotive
describes how multi-GPU parallelization can help achieve the required computing efficiency.

DEVELOPMENT ENVIRONMENT vehicles of SAE level 4 or 5 are com- able 360° view and also a redundancy in
FOR AUTONOMOUS VEHICLES monly equipped with 20 to 30 different order to ensure faultless functioning of an
sensors, ranging from cameras, lidars, autonomous vehicle. It is common sense
Autonomous driving poses an enormous and radars to ultrasonic technology [1]. in the industry that it is not possible to
amount of new challenges, in particular Such a large constellation of different develop and test autonomous vehicles with
for automotive developers. Autonomous sensors is required to generate a reli- so many sensors and complex software
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stacks purely by means of conventional
real test driving. For every one million of
real-world miles on public roads, Waymo
has driven one billion simulated miles [2].
A comprehensive and scalable simula-
tion platform that allows virtual vehicle
development is of utmost importance.
Virtual vehicle development is based
on a virtual vehicle prototype, a com-
plete model of a physical vehicle that
exhibits realistic behavior and includes
corresponding models of all relevant
physical components. During Hardware-
in-the-Loop (HiL) tests, real physical
hardware components are integrated in
a virtual vehicle prototype, making the
real-time capability of a virtual vehicle
development environment indispensable.
The virtual vehicle prototype moves
within a simulated 3-D environment,
which allows the interaction of the physi-
cal vehicle to be realistically modeled
with the real world. Virtual sensors model
the perception of the 3-D environment
and provide input for further object
detection, sensor fusion, motion plan-
ning and control algorithms. Therefore,
a flexible and powerful virtual vehicle
development environment must support
a multi-sensor setup of a typical autono-
mous vehicle in an efficient way. Perfor-
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mant simulation of realistic multi-sensor
setups often requires the usage of multi-
ple Graphics Processing Units (GPUs) in

order to enable accelerated computation

of sensor simulation as well as to satisfy
real-time constraints of HiL tests.

SENSOR SIMULATION IN
THE AUTOMOTIVE FIELD

The automotive perception sensors
that are required to detect the envi-
ronment can be either active or pas-
sive in nature. Active perception sen-
sors actively transmit waves and use
received waves to gain information on
the environment. Typical examples of
active perception sensors are ultrasonic,
radar and lidar sensors. Passive percep-
tion sensors do not actively emit energy
into the environment for perception
and rely on external radiation sources;
a typical example being a camera.

PURPOSE-DRIVEN FIDELITY
FOR SENSOR MODELING
Depending on the development phase
or the use case, certain models of a
vehicle’s components can be highly
detailed, while others can be mapped
in a more simplified way to ensure the
highest possible performance. To follow
this approach of purpose-driven fidelity,
the modeling of perception sensors can
be implemented using three different
sensor model classes: ideal, phenome-
nological and physical [3], FIGURE 1.
Ideal sensor models provide a list of
relevant detected objects. The informa-
tion required for this is directly extrac-
ted from the simulation model (ground
truth), enabling a technology-indepen-
dent ideal detection of the environment.
Here, the sensor physics are not consid-
ered, nor are sensor-typical errors mod-
eled in the object list.
Phenomenological sensor models also
provide an object list. In this case, the
information is enriched with physical
effects and/or technology-specific errors

Reality

Ideal sensor models

Phenomenological
sensor models

instead of conducting pure ground-truth
extraction. Doing so results in a realis-
tic object list for the chosen sensor
technology.

The purpose of physical sensor models
is to provide input data for the sensor’s
perception algorithms. These may be
image data for camera simulation or lidar
point clouds. For the generation of these
raw signals, detailed physical effects as
well as the geometry and material prop-
erties of the objects need to be taken into
account. Physical sensor models are the
most realistic and naturally the most
computationally expensive sensor mod-
els. In the open integration and test plat-
form CarMaker, physical sensor models
are termed Raw Signal Interfaces (RSIs).
CarMaker makes use of the accelerated
power of GPUs for efficient real-time sim-
ulation of RSI sensor models, which is a
focus of this article.

PHYSICAL MODELING

OF ACTIVE SENSORS

Physical sensor models of active sen-
sors are often based on a raytracing
approach. This approach has been
applied to various fields, including
visualization, acoustics and wireless
communication, where a propagation
of waves in a 3-D environment has to
be simulated [4]. The goal of raytracing
is to calculate the propagation of waves
using discrete rays and their reflections
in the 3-D environment in order to com-
pute the amount of energy that is re-
ceived by a receiver after being trans-
mitted from a transmitter. The interac-
tion with the environment can have
damping effects on the propagated
waves based on the material proper-
ties and the wave frequency.

The RSIs simulated in CarMaker use
the raytracing approach to model active
sensors: The Ultrasonic RSI simulates
the propagation of mechanical sound
pressure waves through the virtual
scenario. The Radar RSI simulates the
propagation of electromagnetic waves,

Physical sensor models

Complexity

FIGURE 1 Purpose-driven fidelity approach for sensor modeling (© IPG Automotive)
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FIGURE 2 Physical sensor model simulation in CarMaker: received Radar RSI rays (blue), received
Lidar RSI point clouds (yellow), received Ultrasonic RSI rays (orange) (© IPG Automotive)

and the Lidar RSI simulates the propa-
gation of light. For each received ray,
the energy attenuation due to multi-
path propagation is taken into account.
The Lidar RSI is typically much more
computationally expensive compared
to Radar or Ultrasonic RSIs, simply
based on the ratio of the number of
returned rays from these different sen-
sor technologies. The Lidar RSI produces
a comparatively large amount of sensor
data calculated on a GPU.

It is possible to model different types
of a certain sensor technology, but also
to alter the accuracy of each simulated
sensor by varying multiple RSI para-
meters, such as field of view, range or
number of rays. Naturally, parameteri-
zation has a direct impact on the per-
formance, that is, the required compu-
tational resources.

PHYSICAL MODELING

OF A CAMERA

Although the raytracing approach can
also be used for the modeling of a cam-
era sensor, due to the enormous com-
puting effort it is currently hardly possi-
ble in real time, making this approach
unsuitable for virtual vehicle develop-
ment. Thus, a much faster approach
called rasterization is often taken to
render 2-D images from 3-D scenes for
physical modeling of a camera. The
general idea behind 3-D rasterization

is the rasterization of triangles to solve
the visibility problem [5].
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The Camera RSI in CarMaker can sim-
ulate different lens types, distortions and

noises that a typical camera sensor will

face in real life. Here as well, the param-

eterization of a Camera RSI has a direct
impact on the performance. For instance,
a high-resolution camera generates a
large amount of data that still has to be
downloaded from the GPU and further
processed. In addition, fisheye cameras
have considerably higher GPU usage

compared to regular cameras, due to
the necessity to render several images
with different camera orientations that
subsequently get stitched together to
a single distorted fisheye image.

PARALLELIZATION APPROACHES

It follows from the complexity described
above that the simulation of autono-
mous vehicles with multiple sensor set-
ups can benefit substantially from the
use of multi-GPU parallelization. The
parallelization can be achieved in differ-
ent ways. It is possible to complete paral-
lel calculations on a computer equipped
with multiple GPUs as well as to deploy
several computers within a network and
distribute the computational load among
their GPUs. The highest performance is
achieved with high-performance comput-
ing clusters that are capable of complet-
ing parallel calculations of a very high
number of processes. Using CarMaker,
this is possible both locally and in the
cloud, for instance with Microsoft Azure.

For real-time simulations, not only the
number of available GPUs plays a role,
but also the way the GPUs are connected
to the main computer. Automotive sen-
sors are typically simulated on separate
GPUs and produce a large amount of data.
This simulated sensor data typically needs
to be passed to the main computer for

FIGURE 3 Four Camera RSls: regular lens on the front (a), back (b), right (c) and left (d) of the vehicle
(© IPG Automotive)



FIGURE 4 Four Camera RSls: fisheye lens on the front (a), back (b), right (c) and left (d) of the vehicle
(© IPG Automotive)

further processing or sensor data fusion,
resulting in a very large network load.
Poor network connections can thus hin-
der the real-time capability of a system
even when large numbers of GPUs are
available. Hence, special care should be
taken for the way the graphics cards are
connected to the main computer as well
as for the distribution of computational
loads among several graphics cards.

REAL-TIME SIMULATION
OF A MULTI-SENSOR SETUP

In CarMaker, the main simulation pro-
cess simulates the ego-vehicle on a Central
Processing Unit (CPU), while the physical
sensor models of CarMaker are simulated
in separate processes. This allows for an
easy distribution of the sensor calculation
workload among several GPUs. The avail-
able GPUs, also connected within a net-
work, can be conveniently added via a
graphical user interface in CarMaker.
Thus, the physical sensor model
simulation is performed on a GPU and
the results are forwarded to the CPU
for further processing. A single GPU
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can perform calculations of three to
four RSI sensors, depending on the
type of sensor and the parameteriza-
tion, before being limited by computer
buses attaching the GPU to the CPU.

As stated above, a typical sensor setup
of an autonomous vehicle of SAE level 4
or 5 can have 20 to 30 various sensors.
A setup provided in [6] with eight short/
long-range radar sensors, eight short/
long-range lidar sensors, eight cameras
as well as twelve ultrasonic sensors for
park assist applications is taken as an
example. Such a setup typically requires
at least eight graphic cards to run the
simulation in real time. FIGURE 2 shows
the visualization of a physical sensor
model simulation of active sensors from
the above-mentioned setup. FIGURE 3 and
FIGURE 4 show a camera simulation of
the same scenario, with FIGURE 4 show-
ing the fisheye lens simulation.

If there is no large number of high-end
GPUs available, the parameterization of
RSI sensors can be scaled down (such as
camera resolution, number of traced rays)
or a real-time constraint can be relaxed

and the simulation can still be performed.

Moreover, taking the purpose-driven
fidelity approach, it is possible to use ideal
or phenomenological sensor models when
the computation of physical sensor mod-
els is either unfeasible due to hardware
limitations or perhaps not necessary.

SUMMARY AND CONCLUSION

The development and testing of auton-
omous vehicles requires new flexible and
efficient approaches, such as the use of
a powerful virtual vehicle development
environment. Such a simulation envi-
ronment not only has to provide realistic
models of all relevant subsystems, but
also be computationally efficient, in
order to enable real-time simulation of
autonomous driving with multiple phy-
sical sensor models. The computational
efficiency can be reached by utilizing
multi-GPU parallelization.

By employing such a simulation envi-
ronment using the advantages of multi-
GPU processing, it is also possible to
automatically simulate multiple test
catalogs, with billions of kilometers [2],
scenario variations, but also rare cor-
ner cases in a closed-loop control. This
allows the entire autonomous driving
software stack or just parts of it to be
tested to ensure the correct function of
all subsystems involved and ultimately
the safety of an autonomous vehicle.
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