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The five levels of automated driving defined by the SAE are well 

established in the automotive industry. Until a certain level, driving 

functions require the intervention of the human driver in specific 

situations. The control handover from the system to the driver is 

assured by the so-called handover function. IPG Automotive uses 

the example of an automated lane keeping system to show how 

simulation supports tests of this type of function.

g When defining the different levels 
of automation, SAE level 0 corresponds 
to no automation at all. Level 1 describes 
systems that are able to assist drivers 
temporarily with individual task, for ex­
ample through cruise control. Level 2 
covers Advanced Driver Assistance Sys­
tems (ADAS) that can partially take over 
tasks such as keeping the vehicle in the 
lane. However, the full responsibility for 
the vehicle rests with the driver. Level 3 
defines highly automated driving func­

tions, for example an Automated Lane 
Keeping System (ALKS). Under certain 
conditions, such as on roads similar to 
freeways, the system can take over longi­
tudinal as well as lateral control of the 
vehicle. Nevertheless, the driver needs 
to be able to take back control quickly 
if necessary. From level 4 onwards, the 
vehicle can navigate traffic on its own 
until the defined operational design 
domain is to be left. From this point 
on, a human driver takes over control. 
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Level 5 represents the highest SAE level 
and describes autonomous driving under 
all conditions, FIGURE 1.

HANDOVER FUNCTION

The handover function models the re­
quest of the system to the driver to take 
control over the vehicle. The handover 
takes place over a defined period of time. 
In addition to the activation and deac­
tivation of the automated driving func­
tion by the driver, there are also hand­
over requests triggered by the system for 
which diverse preconditions need to be 
fulfilled. To activate ALKS it is thus nec­

essary that the driver is seated with the 
seatbelt fastened. If these conditions are 
not met, the handover function is trig­
gered. Similarly, requirements for the 
deactivation of the driving function by 
the system exist. It has to be made sure 
for example that the deactivation is per­
formed willingly by the driver and that 
the driver can ensure lateral control [1].

Requests for takeover may be based  
on planned or unplanned events, FIGURE 2. 
A planned event can be the required 
handover due to the route, for example 
before exiting a freeway. An unplanned 
event is a situation that could not have 
been foreseen such as poorly visible 

lane markings. Even if one of the  
activation requirements is not met  
anymore, a takeover request may oc­
cur for example when the belt buckle  
is opened. If the driver fails to react to 
the takeover request, the system per­
forms a Minimum Risk Maneuver (MRM). 
This kind of maneuver aims at safely 
bringing the vehicle to standstill on 
the emergency lane.

While the system is active, the driver 
can intervene in the vehicle guidance at 
any time: The driver’s request has prior­
ity over the automated driving function. 
To prevent accidental deactivations, a 
certain threshold in terms of force and 

Level 0

No automated
driving functions

Level 1

Assistance
systems

Level 2
 

ADAS

Level 3
 

Highly
automated driving,
e. g. on highways

Level 4
 

Fully
automated driving

Level 5
 

Autonomous
driving

Driver has full
control at all times

Driver can 
temporarily take
 feet off pedals,

for example cruise 
control

 

Driver can 
additionally

temporarily take 
hands off steering

wheel, for example lane
keeping assistance

Driver has to be
prepared to take
back control at

all times

Driver no longer needs
to be able to take 

control at short notice

Driver is no longer
necessary. Vehicle

can drive under
all conditions

Automated driving levels (SAE J3016)

Responsibility

Driver Driver and vehicle Vehicle

FIGURE 1 Overview of the different SAE levels (© IPG Automotive)

FIGURE 2 Planned handover leaving the highway (left), unplanned handover due to fog (right), visualized in MovieNX (© IPG Automotive)
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time needs to be exceeded during steer­
ing input. Acceleration and brake inter­
ventions follow a similar procedure: If 
a brake intervention leads to a higher 
delay than planned by the function, the 
handover process is initiated automati­
cally. When intervening via the accelera­
tor pedal, the handover is only initiated 
if the provisions for ALKS in terms of 
distance, speed, etc. are not violated.

SIMULATION MODELS  
FOR THE TEST

To test a handover function in simula­
tion, the first step is to integrate it into 
the simulation platform. Accordingly, 
different requirements exist for the 
model environment. Depending on 
the simulation environment different 
numbers of vehicle components, the 
driver and environment need to be 
modeled, FIGURE 3.

One precondition for the steering 
model is the option to intervene via 
an electric actuator and driver model. 
Another requirement for powertrain 
and braking models is that they allow 
for input from the driver and the func­
tion while the remaining vehicle dynam­
ics model needs to reproduce the vehicle 
handling realistically, also in physi­

cally complex situations. For the envi­
ronment simulation, it is necessary to 
be able to model relevant parts and 
scenarios of the predefined operational 
design domain. Moreover, a scenario 
description to model the situations and 
state transitions under test is required. 
The integration of the automated driv­
ing function must also be able via 
sensor models.

In the Model-in-the-Loop (MiL), Soft­
ware-in-the-Loop (SiL) and Hardware- 
in-the-Loop (HiL) test environments, 
no real driver is involved in the test. To 
model the actions of a real-world driver, 
the simulation platform must impera­
tively include a suitable driver model. 
The driver model IPGDriver is able to 
operate the vehicle in the virtual envi­
ronment and take control over all driv­
ing functions. The driver model either 
completes a predefined driving maneu­
ver or drives the vehicle autonomously 
in traffic. When the assistance function 
takes over the driving task, the driver 
model is instructed to partially or fully 
hand over control of the vehicle. When 
the driving task is handed over to the 
driver model, IPGDriver can in turn take 
control. One option to extend the tests to 
a wider range of users is to adapt the re­
action time as well as the driver type. 

Furthermore, the driver model can be 
extended by an additional model to sim­
ulate driver presence and attentiveness.

The actual driving function is rely­
ing on input from the sensors to pro­
vide all environment information in a 
suitable level of detail. Depending on 
the test case, different sensor models 
fit in simulation. Ideal sensor models 
provide a list of relevant detected 
objects. The required information is 
extracted directly from the simulation 
model (ground truth). This enables a 
technology-independent ideal environ­
ment recognition. Neither the sensor 
physics are taken into account, nor do 
sensor-typical errors figure in the object 
list. These models are especially well 
suited for requirement analysis and 
ensure an accurate input to the function. 
The function in turn can thus be tested 
for requirement-compliant operation.

Phenomenological sensor models also 
provide an object list. In this case, the 
information is enriched with physical 
effects and/or technology-specific errors 
instead of purely extracting ground 
truth. A realistic object list is hence gen­
erated for the chosen sensor technology. 
These sensor models allow to simulate 
sensor-typical faults as well as to test 
function boundaries. This is crucial 

FIGURE 3 Basic functionalities of the open integration and test platform CarMaker (© IPG Automotive)
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for the handover function, as this can 
define the limits of the function. 

Physical sensor models on the contrary 
provide input data for the perception algo­
rithms of the sensor, such as lidar point 
clouds. Due to the fact that these models 
are the input for the ECUs, they require 
the use of a physical or virtual ECU. 

TEST ENVIRONMENTS  
AND USE CASES

There are suitable test environments for 
every stage of the development process 
[2]. The first environment model-in-the-
loop integrates the model of a function 

into a virtual vehicle and tests it in si­
mulation. The test with reference to the 
system or subcomponent requirements 
enables users to detect and fix errors  
in the functional models early on. The 
monitoring of the limits of the opera­
tional design domain and the driver 
availability as well as necessary warning 
times of the handover function can thus 
easily be checked. The handover and 
takeover process can be modeled and 
analyzed in suitable test scenarios [3].

In the advanced development process, 
the functional models are translated 
into ECU codes. Virtual testing of the 
code without hardware in a closed loop 

is called SiL. The purely virtual test 
environment and associated scalability 
enable to test the real software of an 
automated driving function or individ­
ual modules thereof. Hence, the hando­
ver function can be tested in a variety 
of scenarios which guarantees a large 
test scope coverage and thus functional 
validation. One example for handover 
functions in the field of SiL is the veri­
fication of safety mechanisms.

HiL focuses on the real ECU code but 
also on the real ECU. The hardware 
under test at this development stage is 
often only available to a limited extent 
and the test effort as well as the costs in 

FIGURE 4 Steering test bench with driver-in-the-loop extension (© IPG Automotive)
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comparison to SiL tests increase drasti­
cally. Therefore, the focus lies on exam­
ining the bus communication between 
ECUs as well as the performance of the 
vehicle network. Exemplary for the han­
dover function is testing the ECU jointly 
with the steering control unit, the steer­
ing actuator or the real steering at a test 
bench. An electric motor generates the 
steering torque of the driver model here.

Driver-in-the-Loop (DiL) implements 
a real driver into the test environment. 
This allows to gain important insights in 
terms of system properties and vehicle 
behavior at a much earlier stage of the 
development process. It is also possible 
to monitor the attentiveness of the driver 
and to analyze the extend of control that 
the driver has over the function as well 
as the driver’s subjective feeling. Due 
to the fact that the driver only has little 
time to react in case of a handover, a 
clear presentation in the HMI is abso­
lutely crucial. At this point an escala­
tion of the warning levels can be tested 
as well. As the tests are performed in 
a controlled test environment such as a 
driving simulator, FIGURE 4, a variety of 
different test drivers can perform them. 
This enables a representative modeling 
of the target group. In respect of hando­

ver functions, hazard analysis and risk 
management are therefore possible.

The last stage before the complete 
vehicle test in the real word is vehicle- 
in-the-loop (ViL). The physical vehicle 
prototype moves on a real proving 
ground and is integrated into a virtual 
environment which is transferred to real-
world ECUs or sensors. The driver can 
perceive the effects of the ADAS func­
tions in interaction with each other  
and in combination with the real vehi­
cle dynamics. The vehicle movements 
additionally allow the driver to ana­
lyze the comfort of the function subjec­
tively. This is also a safe option to test 
critical scenarios. The transition from 
the controlled environment in the simu­
lator to the physical vehicle oftentimes 
changes the risk assessment because 
the centrifugal forces can be perceived 
in a realistic way and the subjective 
feel is closer to the real driving opera­
tion of the vehicle.

SUMMARY AND OUTLOOK

For driving functions of SAE level 3, 
handover functions must be introduced 
in the event of system failures or system 
boundaries being exceeded. To test 

these functions simulation solutions 
are indispensable. They allow for a 
short time-to-market and low costs. 
The driver is already part of the process 
at an early stage of development in a 
risk-free environment while the levels 
of realism are increased step by step. 
The test group of potential drivers can 
also be extended. This is decisive for 
the successful operation of the hand­
over function as well as for the customer 
acceptance of the SAE level 3 driving 
function or ALKS and has to be applied 
to the development process more than 
ever with regard to future SAE levels.
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