
Simulation and Test

Due to their repetitive tasks, forklift trucks present a high poten-

tial for automation. Their operation does not require approval for 

road use and the challenge of road users in public traffic does 

not need to be considered. IPG Automotive provides an overview 

of the challenges for sensor simulation that arise in this field and 

how to overcome them.

g Forklift trucks are mostly operated 
in closed, controlled areas on company 
grounds. Their task is to lift and precise­
ly transport heavy loads over usally com­
paratively short distances. To increase 
their efficiency and safety, it is possible 
to automate these tasks. 

With a variety of fitted sensors, forklift 
trucks can navigate autonomously, rec­
ognize obstacles, and perform tasks with­
out human intervention. However, this 
significantly increases the complexity in 
testing and validation of the respective 

functions. The functions need to interact 
among themselves as well as in the con­
text of the full vehicle. The full system 
thus needs to be considered as a whole 
in realistic scenarios.

THE ROLE OF SIMULATION

Since automated driving functions must 
operate accurately in a broad spectrum 
of different scenarios, many tests need to 
be performed in the development process 
for validation. Therefore, full validation 
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Simulation and Test

in real-world test driving can only be 
accomplished to a very limited extent.

Adapting existing development pro­
cesses and establishing new develop­
ment approaches is hence inevitable 
in many cases. An efficient solution is 
virtual test driving, which has become 
indispensable in vehicle development. 
The open integration and test platform 
CarMaker enables seamless development 
and testing of driving functions in all 
imaginable scenarios up to the validation 
in the full vehicle already at very early 
development stages, FIGURE 1. 

ENVIRONMENT PERCEPTION FOR 
AUTOMATED FORKLIFT TRUCKS

Just like on public roads, reliable recog­
nition of the environment is one of the 
biggest challenges for transportation 
on company grounds. In this context, 
environment recognition is essentially 
required for three tasks. One, automated 
forklift trucks need to localize them­
selves in their environment, meaning 
that they need to sense their position 
in relation to the available driving and 
working space. Two, vehicles need to 
recognize the goods to be transported 
and detect their target location. Three, 
for safety reasons, it is crucial that per­

sons or movable objects in the driving 
and working space are always detected. 
Unexpected obstacles may under no 
circumstances lead to the malfunction 
of the system; a collision with persons 
must be prevented in every case. 

Depending on the sensor technology, 
the environment is recognized in a way 
that is typical for the respective technol­
ogy, FIGURE 2. To ensure reliable percep­
tion, a combination of multiple sensor 
types is used. Recognition in the close 
range typically draws on ultrasonic 
sensors. Their acquisition is affordable 
and they have been tried and tested in 
series for decades. Ultrasonic sensors 
emit acoustic pulses with a variable 
frequency that are reflected by the envi­
ronment. Since they work together and 
are mounted on the vehicle in differ­
ent locations, echoes can be localized 
using triangulation. However, misper­
ceptions are possible if reflections from 
the ground are mistakenly perceived 
as objects. Additionally, insufficient 
echoes from objects due to their geome­
try or surface properties can result in 
unrecognized objects.

For detection in the close and medi­
um range, lidar sensors are applied,  
FIGURE 3. They sense the environment by 
emitting a laser beam that either follows 

a defined aperture angle or rotates by 
360°. Measuring light time-of-flight of 
the reflected point allows to determine 
the distance to it. This results in a 3-D 
point cloud that includes additional 
information about reflection intensity. 
The point cloud is updated multiple 
times per second so that a current envi­
ronment model is available at all times. 

In addition to the systems mentioned, 
cameras are often used. The disadvan­
tage of this technology is that camera 
images do not contain depth informa­
tion, except for stereo or time-of-flight 
cameras. On the other hand, cameras 
often have the advantage of higher 
resolutions and additional color infor­
mation that are used to classify the envi­
ronment and the detected objects. This 
is oftentimes achieved by training AI 
algorithms, which ultimately requires 
a high amount of image data from as 
many different scenarios as possible.

SENSOR SIMULATION

In simulation, sensor models can 
enable the perception of the environ­
ment. But these models need to meet 
various requirements that are extremely 
difficult to fulfill simultaneously. They 
must be performant, but they must also 

FIGURE 1 Representation of an automated forklift in the 3-D visualization tool MovieNX (© IPG Automotive)
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fully model real sensors in a physically 
correct way.

One of the biggest challenges for 
validation of ECUs in automated forklift 
trucks is sensor simulation in real time. 
As already mentioned, multiple sensors 
are usually combined in vehicles, often­
times including lidar, ultrasonic, camera 
and, less frequently, radar sensors. The 
sensor systems collaborate. The fusion 
of the individual sensor signals enables 
automated forklift trucks to perceive 
the environment. With this approach, 
the disadvantages of the individual sen­
sor types can be compensated mutually.

For indoor applications, localization 
also must be covered by the mentioned 
sensor systems since satellite-based nav­
igation systems are not available due to 
their functional principle. One exem­
plary established approach is the Sim­
ultaneous-Localization-And-Mapping 
(SLAM) algorithm that usually works 
based on lidar sensor data [1]. 

For industrial indoor applications, 
challenges arise in this context that can 
be mastered with powerful sensor mod­
els. An example of a typical problem 
are so-called ghost targets that can  
occur on trapezoidal sheet metal walls,  

FIGURE 4. The lidar beam emitted  
by the sensor is reflected multiple  
times on the trapezoidal metal, which  
results in longer time-of-flight and thus 
in a target that seems to be located be­
hind the wall. An algorithm detecting 
walls could be impaired by this effect.  
It is therefore necessary to consider  
this possible error and to model it in 
simulation. 

SENSOR MODELS

The physical sensor models in CarMaker 
are based on ray tracing algorithms and 

FIGURE 2 Camera, lidar and ultrasonic simulation for forklift trucks (© IPG Automotive)

FIGURE 3 Automated forklift with simulated lidar sensor: The point cloud is shown in color according to the intensity of the reflections (© IPG Automotive)
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allow to simulate these phenomena. 
These sensor models offer access to raw 
sensor data, from which the name Raw 
Signal Interface (RSI) is derived. The 
access to raw data allows to model per­
ception algorithms as well as the entire 
signal chain up to the object list in the 
simulation environment. The parameter­
ization considers the material properties 
of the 3-D objects as well as detailed 
physical effects in signal propagation. 

The physical sensor models are com­
putationally intensive and are therefore 
calculated on the host PC’s graphics 
card. This way, it is ensured that the 
simulation also operates together with 
the real-world control units in hard real 
time. Typical scan rates or sample rates – 
around 20 ms – can easily be achieved. 
The virtual vehicle model runs concur­
rently on the real-time system with a 
clock frequency of 1 ms. Just as in the 
physical vehicle, the virtual sensors can 
be connected via restbus to test the bus 
communication as well.

In addition to the physical sensor 
models, CarMaker offers ideal sensor 
models which during simulation allow 
to generate ground truth information 
simultaneously. This is especially useful 
to train perception algorithms that rely 
on so-called labeled data. The targeted 
recognition in a given situation has to 
be communicated to the algorithm in 
training. For example, the position and 
velocity of a person during simulation 
are always known. At the same time, 
the algorithm obtains data from the 
physical sensor model to detect the 
person and can thus increase the ac­
curacy of hits. The sensor data of the 
ideal and physical sensor continue 
to be available after simulation which 
ensures subsequent review as well 
as traceability.

Furthermore, the release of automat­
ed systems requires proof of functional 
safety according to SOTIF for instance 
[2]. Manufacturers of safety-critical 
systems need to prove that the systems 
were developed and tested in accordance 
with state-of-the-art research and tech­
nology and operate as intended. A multi­
tude of test scenarios needs to be consid­
ered, for example collision avoidance 
with a person. 

CarMaker offers a variety of options  
to build 3-D scenarios including different 
objects. The material properties of all 
objects are modeled in a physically cor­
rect way. The 3-D environment is also 
available for the sensor models. As the 
simulation is always deterministic and 
reproducible, a multitude of tests can be 
performed in a short space of time under 
freely configurable conditions. Sources 
of errors can thus be identified in a tar­
geted manner which then allows to fully 
cover scenario catalogs.

As creating scenarios manually 
requires a lot of effort, simulation 
environments, especially in the con­
text of automated vehicles, benefit 
from methods that enable automated 
scenario generation. With CarMaker, 
scenarios can be fully parameterized. 
Referring to the simulation of indoor 
scenarios, this means that the static 
environment such as the width of driv­
ing alleys, the height of hall ceilings, 
or the positioning of pallets can be 
varied automatically. 

Dynamic objects can be parameter­
ized individually as well. If a person is 
to step into the drive path of the vehicle 
for example, the velocity or the person’s 
walking direction can be varied auto­

matically. This results in a large and 
at the same time reproducible test 
scope which can be fully examined. 
The simulation runs at least in real time 
and can at the same time be performed 
with high parallelization. This way, 
thousands of scenarios can be tested 
overnight in order to advance the im­
provement of perception algorithms the 
following day.

SUMMARY

The development of automated fork­
lift trucks is faced with a number of 
challenges, for example when testing 
functions in a variety of scenarios or 
ensuring functional safety. Simulation 
methods represent a suitable solution 
to master these challenges. CarMaker 
provides a powerful test platform for 
all stages of the development process, 
from requirement analysis up to release.
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FIGURE 4 Ghost reflections behind a trapezoidal sheet metal wall (© IPG Automotive)
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