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Abstract

Highly automated and autonomous transport is a technology field that enables safer and cleaner transport and
unburdens the driver from boring and/or error prone driving task. The development of automated transport features
and vehicles will or have already led to new business opportunities in many technology sectors, like sensor
technologies, SW-development or mobility services to name just a few of them. The highly precise sensors and
communication technologies as well as the necessary computing power and algorithms within the vehicle plus the
digital infrastructure that are necessary to realize the autonomous transport are developing very fast. But this goes
also along with new heavy-weight challenges in terms of safety and security aspects. Extensive verification and
validation efforts are necessary to make automated systems at least as safe as human-operated systems are
nowadays.

The ENABLE-S3 project develops verification and validation technologies and methods that will help to tackle
this challenge with reasonable efforts and high coverage of test-cases. 71 partners from different transport sectors
(automotive, aerospace, rail, maritime, farming) and other industries are creating new knowledge in the areas of
testing and simulation methods & technologies as well as the required testing platforms and environments.

Research within ENABLE-S3 focuses on:

- Test and simulation environments supporting open standards (e.g. Functional Mock-up Interface,
OpenSimulationinterface) wherever possible in order to run tests for automated transport seamlessly in
different virtual and semi-virtual environments.

- Open standards for the definition, management and execution of test cases/testing scenarios like
OpenScenario or OpenDrive and their relationship to other existing standards like ASAM-XiL.

- Investigation of testing methodologies which are necessary to reduce the number of test cases
tremendously, among them are DoE (design of experiments), combinatorial testing, FMEA analysis etc.

- Development of sensor models as well as sensor stimuli (physical sensor signal generators).

- Generation of test cases out of existing recorded real-world data.

The developed methods are applied in different industrial use-cases. This paper will give an overview over the
needed building blocks for testing AD functions, including scenario generation, test planning, and test execution
and simulation that were already developed within the ENABLE-S3 project and will finally present a practical use
case and the application of aforementioned methods to an ACC function of a vehicle.

The results gained so far in the project will show that the verification and validation methods combined with
simulation and testing technologies for automated vehicles in transport play a major role in reaching the high safety
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and security levels that end customers and legal authorities will demand for this important technology in order to

get acceptance and in order to provide a great step forward in reducing road fatalities and at the same time also
CO2 emissions.

Keywords: ADAS; Automated driving; Verification & Validation; Test planning, DoE; Scenario generation;
Environment simulation;



Author name / TRA2018, Vienna, Austria, April 16-19, 2018

Nomenclature

ADAS Automated driver assistance systems

AD Automated driving

ADF Automated driving functions

MIL, SIL, HIL, VIL Model (Software, Hardware, Vehicle) in the loop
KPI Key performance indicator

1. Introduction

Technologically the development of automated driving functions is satisfactorily understood and witnessed by
several millions of test kilometres already travelled by automated cars on public roads. The ever-increasing
demand and technological improvements in functionalities are leading to greater safety, lesser accidents as well as
more efficient and environmentally friendly traffic. ADAS systems, and in the upcoming years Automated Driving
Functions (ADF), have - respectively will - slowly become an irreplaceable part of the everyday driving
experience. Nevertheless, Watzenig et al. [4] state that new validation methodologies, procedures, and laws are
needed in order to successfully incorporate emerging technologies into traffic and thus improve safety, reduce
emissions, provide traffic flow optimization and enhanced mobility. Some steps towards this goal have already
been taken. The EU made legal obligations on new passenger cars to include certain safety-related ADAS systems
(EPS, EBA) and the level of automation will further increase in the following years.

However, demonstrating the reliability, safety, and robustness of the technology in all conceivable situations, e.g.
in all possible traffic situations under all potential road and weather conditions, has been identified as the main
roadblock for product homologation, certification and thus commercialization. Winner et al. [5] as well as
Wachenfeld et al. [6] predict that more than 100 million km of road driving would be required to statistically prove
that the automated vehicle is as safe as a manually driven car.

This is not feasible with current verification methods as it would require several years of testing. Therefore,
research is ongoing in several research projects to develop accelerated testing methods. OEMs currently mainly
rely on proving ground or public road testing in order to validate their systems because of the lack of alternatives.
The test scenarios are usually taken from collections generated by engineers, which include the complete scenario
description together with the expected response of the automated system. However, it cannot be proven that all
possible scenarios have been covered. Scenarios on the road are influenced by the behaviour of human drivers,
other traffic participants, changing weather and road conditions, which are all not 100% predictable. Therefore, it
is hardly possible to reliably calculate the test coverage. In addition, proving ground and real world testing is
associated with high costs, low reproducibility and long validation times. Especially reproducibility in a real-world
setup is challenging because of the difficulty to reach correct initialization, exact traffic behaviour, similar environ-
mental influences, and so on. Furthermore, safety is a very important aspect and further limitations arise because
some test cases could be dangerous or even impossible to be carried out by human drivers. All these limitations
add up and influence the overall time needed to successfully validate an ADAS or ADF function.

New approaches are needed to reduce the effort required by today’s state-of-the-art practices by orders of
magnitude in order to become economically acceptable and technically feasible.



Author name / TRA2018, Vienna, Austria, April 16-19, 2018

2. Building blocks for testing highly automated vehicles or cyber physical systems
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Figure 1: Building blocks for testing automated driving

The ENABLE-S3 project with 71 partners from different industries and academia has set itself the goal of
developing a modular verification & validation framework, which consist on the one hand of the validation
methodologies (including the test scenarios) and on the other hand of the validation platform (or tools) that is
needed to carry out the tests that are needed. The methods and platform shall be developed along selected so called
use-cases (like for instance a highway-pilot). As a result of the analysis and requirement elicitation in the first
phase of the project, a generic test architecture (compare chapter 5) and the needed building blocks have been
identified to get a common understanding of the challenge and base for discussions and collaboration. Figure 1
shows the main building blocks that are required for testing vehicles with ADAS and ADF functions for automated
driving or highly automated cyber physical systems and shall be introduced shortly in the following paragraphs:

Scenario Generation: One main aspect for a scenario-based validation approach is the generation of respective
testing scenarios which are the basis for creating test cases. Scenarios can be generated either manually or extracted
from real world data. A reuse and therefore data exchange from or with other data sources or projects is also
feasible. The scenarios include static aspects (road, environment / weather conditions, ...) as well as dynamic
aspects (own driving path, other moving traffic participants, ...) and represent every information that is needed to
reproduce a driving scenario in virtual, semi-virtual or real environment in an appropriate form. The scenarios
could also be named test descriptions. However, the scenario information needs to be stored in an efficient way
and format, and need to be transferable into various executable test environments (MIL - model in the loop, SIL —
software in the loop, HIL — hardware in the loop, VIL — vehicle in the loop). If one would like to search in a
scenario database for specific scenarios, there should also be relevant meta data or tagging data stored along with
the scenarios, in order to ease the searching task.

Test execution platform: To make the validation work most efficient, it is expected to execute as many test cases
as possible in pure virtual environments, which is the cheapest way of doing it. One main advantage in virtual
environments is the fact that simulations can be executed faster than real-time and can significantly reduce
validation time. Further there is still no need for expensive prototypes and there are no safety risks for involved
traffic participants that or not real but only virtual. Nevertheless, a complete validation of the vehicle is not feasible
in a pure virtual environment because there is always a lack of simulation accuracy or details to ensure 100%
reproduction of reality. Therefore, various semi-virtual and real world tests are required as well to further close
this gap. As mentioned above a VIL (compare Figure 2) platform could be useful for certain tests that are safety
critical or dangerous for human drivers. In this case the complete vehicle is mounted on a testbed and the
surrounding environment is simulated and physically applied by actuators to the vehicle. I.e. beginning from the
missing torque to the tires of the car which is physically applied by means of e-machines directly mounted on the
axles of the wheel and simulated with the environment simulation software. The same is true for steering forces to
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scenario by means of dynamic data of a scenario (traffic participants). Additionally, the test scenarios need to be
stored along with appropriate meta-information to identify and search the scenarios based on specific attributes.
The test planning engineer needs a functionality to search for specific test scenarios that are optimized or tailored
or just necessary for the test of specific ADF/ADAS functions, so that the selection of appropriate test cases and
scenarios can be done very efficiently.
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Figure 2: VIL vehicle in the loop test platform — also named
DrivingCube™

Test planning: With test planning, we mean the process of selecting and planning the appropriate test cases (test
scenarios) for testing specific ADF/ADAS functions. At this stage of the testing process the decision have to be
made, how many scenarios are selected for the test and how many variations of parameters of the test scenarios
are sufficient. Every identified scenario can be varied by changing parameters (like vehicle velocity, weather
condition, varying number of traffic participants, number of road lines, etc.). This test planning approach needs to
incorporate sophisticated methods to reduce the number of required test kilometres without compromising the test
coverage and therefore accelerate the testing work itself. In order to achieve this reduction a lot of data from real
world traffic observations is needed and needs to be investigated in detail, in order to reliably judge whether the
automated vehicle that is tested with the selected, varied and reduced number of test cases is at least as safe as a
manually driven car. Furthermore, it is necessary to define respective KPIs (key performance indicators) in order
to evaluate the results of a test run based on these KPIs. The defined KPIs must/may cover safety, comfort, or
efficiency criteria.

Database for recorded data: Testing of automated driving functions generates a whole bunch of data, which
needs to be collected and managed respectively. The recorded data can include the vehicle data as well as dynamic
ground truth data - recorded by reference measurement equipment - that is needed to validate the vehicle sensor
perception. This data needs to be stored and linked together in a way that traceability and reproducibility of test
cases is ensured. Coping with the huge amount and variety of data produced by an automated vehicle is still a
challenge that needs further investigation and research activities. Besides the classical time series data there is
additionally data like time stamped object lists coming out of sensors, Video-data, Radar-data and Lidar-data.

Data evaluation and visualization: The last step in this test process is the evaluation and visualization of test
results. The big data amounts in the database need to be analysed, processed, evaluated and visualized, so that a
test engineer can find proofs for correct function or malfunction of the concerned ADAS/ADF vehicle electronics
and software for automated driving. The evaluation process is highly dependent on the respective ADAS/ADF
functions and KPIs and therefore need to be selected carefully.

One of the main challenge throughout this testing process with the current simulation and testing environments
and platforms is the lack of standardization, which makes the development of generic or common testing
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approaches extremely cumbersome. The ENABLE-S3 project therefore promotes the establishment of standards
wherever possible and reasonable.

3. Scenario Generation

In the context of scenarios, we distinguish between two main aspects, the static and the dynamic content, as shown
in Figure 3. The static content covers everything which does not change frequently such as the road network, traffic
signs, buildings, and so on. The dynamic content defines the position and behaviour of all the traffic participants
involved in such a test run, including the own “ego”-vehicle.

Generating scenarios can either be done synthetically (i.e. manually based on engineering methods like FMEA) or
based on recorded data. This is true for static as well as for dynamic aspects. For dynamic aspects, the former one
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Figure 3: Distinction and relationship between static and dynamic aspects of scenarios

e.g. EURO-NCAP test scenarios and reproduce them in a scenario editor. The latter means to mine scenarios from
recorded real world data. This approach will at the end lead to a more complete scenario database, since
observations of the real world are systematically included in the database. Furthermore, this approach gives a good
picture about what actually happens in real traffic. Also, extracting statistics about frequencies of scenarios and
typical parameter values can give a good indication about the probability of certain occurrences in the real world
and thus are an important input in the testing process.

The same is true for static aspects. Virtualizing the real world supports the generation of realistic test environments
and provides a possibility to virtually drive a huge amount of test kilometres before testing in a real environment.
There are two main aspects: First, the logical description of the road including the curvature and elevation of the
road, the lane information including the speed limit/traffic signs and the driving direction on a respective lane.
This information is required for the simulator in order to actually navigate. Furthermore, visual information as
well as information required by other sensors, such as radar sensors, is required. For all of this, it is required to
extract the respective information from the recorded data and give some semantics to it. This means for example
that in order to describe the road curvature it is required to “detect” the road in the recorded data and provide it
with the respective label. The same is true for objects close to the street, which should be perceived by sensor
models. Already this step is tidy and resource intensive since most of it needs to be done manually.

Not everything can be gathered by recorded data. A lot of existing data sources need to be included as well (e.g.
GIS data, map data, pictures, etc.). This means that the various data sources need to be fused in order to get a
comprehensive description of the real world.

Virtualizing recorded data furthermore provides a possibility to “replay” or “re-simulate” a situation experienced
on the road. This might be helpful to reproduce situation where problems occurred after fixing these problems in
the software. Reproducing exactly the same scenario in a real-world environment is almost impossible.

Once the data is captured, it needs to be transformed to a format which is understood by the simulation tool.



Author name / TRA2018, Vienna, Austria, April 16-19, 2018

ENABLE-S3 promotes an open tool environment and work with different simulation tool providers. Thus,
ENABLE-S3 partners prefer tools that support open formats and interfaces, such as OpenDRIVE® and
OpenSCENARIO®.

OpenDRIVE® (see VIRES_OD [2]is an open file format for the logical description of road networks. It was
developed and is being maintained by a team of simulation professionals with large support from the simulation
industry. OpenSCENARIO® (see VIRES_OS[3]) is an open file format for the description of dynamic contents
in driving simulation applications. The project is in its very early stage and is currently not officially supported by
any tool.

The main advantage of a standardized scenario description is the reusability of scenarios in various simulation
environments. This is especially important since the development of a comprehensive scenario database should be
a joint effort by various players. Since each party should still be able to rely on its preferred development and
simulation environment a common format is essential.

4. Test planning

Test planning is an important aspect to reduce the testing effort but guaranteeing the correct behaviour of an
automated driving feature or vehicle. As mentioned before, 100 million km of road driving would be required to
statistically prove that the automated vehicle is as safe as a manually driven car. Most of the time nothing
interesting will happen. In fact, even after driving this huge amount of km it is not assured that all critical scenarios
have been covered. The task of test planning is therefore to take the data available in a scenario database in order
to plan the covered scenarios in a more efficient way. This means that critical or interesting scenarios need to be

Figure 4: Car following a truck and approaching an obstacle

selected and combined without running the same scenario twice.

There are several researchers working on accelerated verification & validation methods, e.g. researchers at the
University of Michigan state that they have developed accelerated evaluation methods that would need only 1000
miles of testing [16].

The scenario generation and selection is one of the most discussed topic in automated driving. When do | have
sufficient number of scenarios or tests, to determine whether my function behaves as expected. Usually this process
is done by defining requirements and accordingly preparing test cases to check each of the requirements. The
problem of automated driving is that requirements are often not complete or even not given or ambiguous. This is
the case because there are too many influencing parameters into a scenario, which could have a significant impact
to a scenario. Just consider a rather simple driving situation (compare Figure 4) of an automated car driving behind
a truck on the highway. Then suddenly it becomes more complicated because a large piece of the load (e.g. a car)
dissolves from the truck in front because it was not well fastened and falls onto the street in front of the automated
car. An intelligent automated car could make an emergency break to stop, before it hits the more or less still
standing obstacle in front of it. However, there could be another truck driving behind this automated car, which is
so heavily loaded that it is not able to break early enough and hit the automated car in front of it with full or only
slightly reduced speed. If the car would be more intelligent, it could decide to make an emergency evasive
manoeuvre instead of a braking manoeuvre to avoid hitting the obstacle and to avoid to be hit by the following
truck. In this case the automated car would have to check also, if the driving path for the evasive manoeuvre is
free (there is another car overtaking on the second lane which might be on the critical path) — and it would have to
check and adapting this continuously, because other traffic participants could also adapt their driving path and
speed when they are watching the situation. With this example one can see that the number of possible expected
reactions of an automated car within a driving scenario might be very hard to specify and hence to cover completely
with appropriate test cases.

The definition of the right parameters and their values for the scenarios is done by corner case identification. The
goal is to run several simulations with slightly different parameter variations in order to identify those cases which
are potentially dangerous or have the potential to end with an accident. The procedure will find cases which can
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either be considered as safe, or which will for sure lead to an accident or which are very safety critical. For the
potentially dangerous scenarios, one cannot make concrete statements just out of the simulation, since there are
introduced uncertainties through the generalized models. These test cases need to be re-tested either in a vehicle
in the loop environment, on a proving ground or on the public road. Therefore, another important output of the test
planning is the assignment of test cases to different testing environments. The goal is to run as many test cases in
purely virtual environment for the reasons mentioned above (cheaper, faster, ...), however, there is always the
necessity for additional tests in mixed virtual/real environment or pure real environment.

4.1 Parameter variations and intelligent reduction of test cases

Scenarios are typically described in a generic way including a set of parameters with a variable value range.
Generating variations of test cases means to generate concrete instances of scenarios by fixing the parameters to
specific values. E.qg. the driving speed of the 3 vehicle in the first lane of Figure 4 could all be set to 95km/h; the
distance of the ego-vehicle from the truck in front could be 80m and the car on the second lane could overtake
with a speed of 105km/h and could be 70m behind the ego vehicle at the moment when the car dissolves from the
truck-trailer in front. Testing all possible combinations of different values for all parameters is extremely time
consuming when the number of parameters is high, since the number of test cases grows exponentially with the
number of parameters. Therefore, it is required to select only the most interesting parameter combinations, e.g. by
applying a DoE approach or combinatorial testing or any other method for intelligent test reduction.

5. Test execution platform - Simulation & Testing Environment

For the execution of test cases within a test execution platform, several technical communication and simulation
aspects need to be fixed as shown in Figure 5. The figure acts as a generic architecture — the “ENABLE-S3 test

Sylte% sta

ACPS CONTROL Commands SYSTEM
SYSTEM DYNAMICS

Command

Commands

Communication link Data stream

INFRASTRUCTURE

Status info

Influences

Influences

ENVIRONMENT

Internal
sensors
feedback

Influences e.g. physical effects

Visual, acoustic, haptic, etc. Information

Figure 5: Generic “ENABLE-S3 test architecture” of the test execution platform

architecture”. The ACPS (automatic cyber physical system, i.e. the automated vehicle in our case) represents the
unit under test. Beside the driver (operator) there is control system and the system dynamics of the vehicle, as well
as the connection to the environmental sensors and the optional communication unit (e.g. G5-communication). In
case the vehicle operates autonomously, the driver is not directly in the loop but gets some feedback from the
automated system. In case the SAE automation level is lower than five, the system needs a hand over functionality
between the driver and the control system. The ACPS control system represents the actual automated driving
function, which is responsible for decision making and trajectory planning based on the information it receives by
the environment sensors. These sensors are required to perceive and virtually represent the environment to be used
as input for the automated driving function in the control system. The system dynamics block is needed to calculate
and simulate the vehicles behaviour dependent on the actuators (engine speed/gas pedal, gear, steering wheel angle,
brake pedal). All that blocks can be available in virtual representation or in real. The same is true for the
environment itself and the communication infrastructure. It is either represented by virtual simulation models of
the environment and the communication infrastructure or in real.

Depending on this representation, the test environment (or test execution platform) is either named MiL (model in
the loop, i.e. when everything is virtually simulated) or HiL (hardware in the loop, i.e. when sensors and or the
control system is in hardware and the rest virtual) or ViL (vehicle in the loop, i.e. the entire vehicle is real on the
test bed and the rest is virtual). Proving ground with special environment and dummy traffic participants
(pedestrians or vehicles made of carton fastened on remotely controlled, moving platforms) complete the test
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execution platforms, before it comes to tests on real roads with real traffic participants. At public roads the
likelihood of failures needs to be already near to zero, otherwise it might get very dangerous in safety critical
situations, even though specifically trained personnel is driving the automated vehicles and can intervene at any
time.
The generic ENABLE-S3 test architecture has been defined in order to make different test set ups with different
tools and different interfaces comparable with each other as a first advantage within the project. This is the best
way of learning from each other, exchanging ideas and best practices with each other or even reusing developed
assets or methods within different use cases. The second advantage of this generic architecture is the sound basis
for standardization activities. If every team within ENABLE-S3 that is working on different use-cases and driving
functions or other automated functions is using the same architecture and interfaces, the basis for standardizing
interfaces, scenarios and other description languages is set.
The most important topics that are obvious for standardization are (compare also chapter 3).

- Scenario description language (e.g. OpenScenario, OpenDrive)

- Interfaces for co-simulation (e.g. OSI = Open Simulation Interface, FMI = Functional Mockup Interface,

ACI = Advanced co-simulation interface)

E.g. the Open Simulation Interface is a specification that aims for a common exchange format for ground truth and
sensor data over an interface.

6. Testing and optimizing the behaviour of an ACC controller

To demonstrate the procedures and building blocks described above, the test planning, execution, analysis and

Figure 6: Scenario for corner case identification of an ACC function

optimization of an ACC controller by means of a simple use-case shall be shown.

It has already been explained in chapter 4 that the corner case identification plays an important role in test planning
and hence test execution. The objective of corner case identification is the identification of relevant test cases for
a given scenario, by varying parameters within appropriate range (i.e. this can also be seen as a sensitivity analysis
of a function or the behaviour of a function in relation to the impact of some parameter variations).

The given ADAS function is an ACC (advanced cruise control) that controls the speed of a vehicle not only to a
fixed set speed value, but also in accordance to the distance and speed of a vehicle in front of the ego vehicle. The
distance and speed is measured by means of a radar sensor (and the corresponding reflection signal) in the ego
vehicle.

The scenario should be given as shown in Figure 6. The green car on the second lane has a given target speed for
the ACC and follows the blue car that is slower than this target speed. Because the third lane is occupied the green
car cannot overtake, but must follow the blue car. It would be interesting to see what happens in the ego car, if the
speed of the blue car changes over time. Is the controller of the ACC implemented in a way that it is safe (i.e. it
keeps a certain distance to the blue car) and it is comfortable as well (i.e. it does not break or accelerate abruptly)?
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Finally, it would be also interesting to see, if the fuel efficiency of the car has a significant dependency on the
controller parameter settings. There is the request, that the fuel consumption shall not exceed a certain value when
accelerating — this usually should go along with the need for a smooth acceleration one could argue. The target
definition — we could call this also KPI (key performance indicator) — therefore consists of expected values for
headway distance of the blue car, maximum acceleration (or jerk) and maximum fuel consumption.

The parameters (tuning parameters) that have an impact to this KPI’s could be identified within 2 categories.
First category are the parameters of the assumed PID-controller for the ACC function that tries to keep the target
speed and keep the minimum distance to the preceding car (headway distance).

Second category are some of the parameters of the aforementioned scenario, e.g. speed of preceding car (speedl),
speed of following ego car (speed?), initial headway distance and others.

To identify the sensitivity of the KPI’s in relation to the tuning parameters a reference speed profile of the
preceding car shall be given (compare Figure 7). This could be the output of an observation measurement on a
public road.

Sensitivity analysis
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Figure 8: Parameter sensitivity of 10 tuning parameter with respect
to 4 given KPI's

The test planning for the given ACC example was finally created with an interactive DoE approach (COR DoE,
[9]) with 10 tuning parameters of the second category (since it was not clear from the beginning, how many
parameters could have a significant influence to the KPI’s on the one hand and the parameters of the PID controller
should be fixed in first iteration and varied in an outer loop on the other hand, in order to find the best parameter
combination of the PID controllers separately from the first analysis). 4 KPI’s have been measured to identify the
impact of the tuning parameters. The parameters of the PID controller have been varied in an outer loop.

The initial test design of 40 test runs was online automatically adapted to 520 test runs to get reliable sensitivity
models in the area of interest. Figure 8 shows the Relative Significance Indicator (RSI) for the 4 KPIs with respect
to each of the 10 investigated tuning parameters. The RSI is a statistically calculated value normalized between
zero and one that indicates the influence of each of the 10 tuning parameters to the 4 KPI’s. The higher the value
of the respective KPI for a specific tuning parameter, the higher is the influence of this tuning parameter to the
value of the KPI. The calculation of this influence was done by means of a Robust Neural Network (RNN, [14])
that is able to statistically evaluate the influence of input parameters to output of the neural network.

The first 5 parameters in this example have a considerable influence on the overall behaviour of the ACC function
with regard to the chosen KPI’s. For the outer loop of optimizing the parameters of the PID controller, the first 5
parameters have been varied and the rest of the 5 parameters have been kept constant.
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Without describing the well-known “model based tuning process” in detail [11, 12, 13], Figure 9 shows the final
result of the of the optimized ACC-controller: The upper two signals represent the preceding and ego vehicles
velocities respectively. The preceding vehicle’s velocity profile was fixed for the whole tuning task and the ego
vehicle’s ACC controller was optimized in order to assure that the safety, fuel consumption and comfort KPIs are
met. The next two signals represent the road elevation profile and the clearance between the ego and the preceding
vehicle. We can see that the controller settings are chosen in such a way that robustness is assured and out-side
disturbances coming from the road elevation are successfully handled. Finally, the two remaining signals represent
the accelerator and brake pedal position percentages, and we notice that the controller settings minimize the
braking energy and jerk, leading to a very efficient and comfortable ride.

For the evaluation of the optimized controller settings, we compared the behaviour and consumption of the ego
vehicle with respect to the preceding vehicles’ velocity profile. The controller was able to achieve approximately
18% decrease in fuel consumption whilst still maintaining a smooth and safe ride and keeping the headway distance
within the requested safe limits.

7. Summary

The paper gives an overview about the building blocks that are involved for the verification and validation of
highly automated vehicles and highly automated cyber physical systems. Some of these building blocks have been
described in more details in order to give the reader the chance to get insights into the complexity of the
development and testing process for automated vehicles. The applied methods and results gained so far in the
project lay the basis for further investigation and collaborations in this sophisticated technology field. It can be
expected that only common efforts of many different stakeholders — from OEM’s to suppliers, SW-industry,
technology providers and academia, as well as legal authorities and certification organizations — will finally lead
to automated vehicles and cyber physical systems that are at least as save as human operated vehicles and CPS —
and may even go beyond that. The presented example also shows that developing and testing of these complex
systems are often interwoven with each other and make things even more complex. But there is a high chance that
combining and adapting well proven and existing V&V methods with new methods and technologies developed
within this and other research project will provide effective means to tackle the problem and make huge steps
forward in the direction of self-driving cars.

To enable the collaboration of the involved stakeholders it is also a prerequisite to establish sufficient standards
that allow the exchange of ideas and methods amongst each other. For the exchange of models, testing scenarios,
testing methods, sensor models, stimulation devices and test execution platforms, standardized interfaces,
description languages and standardized exchange formats are needed.

This will have to be driven and supported not only by the 71 partners of the ENABLE-S3 project, but needs
common efforts and motivation of the whole industry that deals with highly automated systems. Highly individual
and isolated approaches will most likely fail to succeed in this ground-breaking new field of technology.
However, this project and many other ongoing joint research project show that the industry, academia and legal
authorities are well aware of this potential risk and are willing to cooperate on a broad basis, share their insights
and know-how and work together in a good spirit.

This common work will finally help to achieve the vision of safer and cleaner transport that is highly or fully
automated.
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