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1. Introduction

Since the second half of the 2010s up to the present day—over the past nearly ten years—
significant changes have taken place in the automotive industry, the societal impact of which is
unquestionable. In addition to the spread of electric vehicles and the smart devices that can be
integrated into them, a wide range of new advanced driver assistance systems have emerged
and become mandatory, substantially enhancing road safety. Furthermore, the broader uptake
of automated vehicles is also expected, as regulatory frameworks, directives, laws, and interna-
tional standards facilitating their approval and entry into service are already on the horizon.
Although considerable progress has been made in this field, it can be stated that, due to the
complexity of their operational conditions, there are still no unified testing and approval proce-
dures for automated vehicles that would support their large-scale adoption, particularly in Eu-
rope.

With my research and the preparation of my dissertation, entitled “Methodology of highly
automated and autonomous road vehicle testing from the perspective of the test track and related
simulation technologies”, I aim to contribute to this domain, in the hope that the methods and
procedures | have developed may assist future testing and approval processes of automated
vehicles.

The present work constitutes the thesis booklet related to my doctoral dissertation, in
which | briefly introduce the background of the research, the theses I have formulated, as well

as my future research plan.

1.1. Research motivation

In 2016, a governmental decision was made to establish a Hungarian automotive proving
ground, the location of which was ultimately selected to be Zalaegerszeg. Since | originate from
the region of Zalaegerszeg, it was of particular significance for me to join the work aiming at
the creation of ZalaZONE already in the early stages of the project. From 2017 onwards, | had
the opportunity to participate in numerous research and development projects related to the
proving ground, through which I gained deeper insights into the challenges associated with the
testing of advanced driver assistance systems (ADAS) and automated driving systems (ADS).
With the help of simulation software applied at the proving ground, | began to investigate var-
ious testing procedures, and I also contributed to the development of the Scenario-in-the-Loop

(SciL) concept [P1]. This experience encouraged me to continue my engineering activities
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along a scientific path as of 2019, when | started to investigate the topic formulated in the title
of my doctoral studies.

Since May 2020, I have continued my work at the proving ground within TUV Rheinland-
KTI Ltd., where my primary responsibility was the establishment of the local branch at Zala-
ZONE and the coordination of the ongoing projects there. Through these tasks, | became more
familiar with the approval and homologation processes of vehicles and gained confirmation that
my research topic may also be relevant from an industrial perspective. An excellent opportunity
in this regard was provided by the Cooperative Doctoral Program (KDP-2021)}, within which
my research work could be aligned with my daily professional responsibilities through the col-
laboration between the company and the university, enabling me to directly utilize the research
results in my everyday tasks. In most cases, the development of new regulations and testing
procedures is also based on scientific research and measurement campaigns, and dedicated
working groups address these topics, for example, within the framework of the United Nations
or the European Union.

As a result, the focus of my research shifted towards type approval and other independent
testing procedures of vehicles, during which | identified several key open issues. In particular,
the testing of various ADAS and ADS functions is highly complex and costly, thus it may be
worthwhile to develop procedures that — by also involving simulation-based methods — can
make the tests more efficient, especially those aiming at functional validation prior to official
approval examinations. Furthermore, as | already mentioned in the introduction, there are still
no internationally harmonized testing and approval procedures for automated vehicles, there-
fore the development of more unified methods could also facilitate this process.

In this context, I carried out my research and prepared my dissertation, in which I sought
to combine both the scientific knowledge gained at the university and the practical experience

obtained from my parallel daily industrial work.

1.2. Objectives

The lack of harmonized testing and approval procedures for automated vehicles hinders their
market entry. Although there are countries where more flexible regulations exist (e.g., the USA,

China), even in these cases a continuous tightening of rules can be observed. In the European

! This doctoral research was carried out within the framework of project no. C1781139with the support provided by
the Ministry of Culture and Innovation of Hungary from the National Research, Development and Innovation Fund, financed
under the KDP-2021 funding scheme
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Union (EU), the practice of type approval is followed, an administrative procedure by which
the transport authority certifies that a vehicle, system, component, or separate technical unit
complies with the relevant regulatory provisions and technical requirements. A synonymous
concept is homologation. Among the countries where this procedure is applied (beyond EU
member states, e.g., Japan, Australia), there are already cases allowing the registration of auto-
mated vehicles (e.g., Germany [1]); however, these regulatory processes are typically complex,
and achieving market entry remains challenging. In most European countries (including Hun-
gary), the more common practice is to obtain permits for public road testing. In Hungary, this
possibility has been included in the KSHEM regulations since 2017—2018 [2][3].

In most cases, neither for operational use nor for pre-market testing use are there harmo-
nized procedures that would reliably ensure a vehicle can be released into public traffic. The
conditions vary case by case across EU member states. Therefore, one of my objectives was to
develop proving-ground-based testing procedures that facilitate the market introduction of au-
tomated vehicles. These procedures are intended to build on established and industry-accepted
test cases, while remaining flexible enough to adapt to automated functions at different maturity
levels.

Another objective of mine was to support the success of ADAS-related type approval
examinations through the development of functional validation methods preceding them. In
many cases, it is during the official procedure that errors or deficiencies are revealed, which
prevent a vehicle from receiving approval for a given function. As a result, further development
and repeated approval testing generate significant additional costs and time losses. In this re-
gard, my goal was to design complex test scenarios that can facilitate functional validation tests
preceding the type approval of advanced driver assistance systems, thereby enabling manufac-
turers and suppliers to obtain a more comprehensive overview of the maturity of their developed
functions through simplified testing procedures before entering the official examinations.

I also aimed to investigate how the SciL concept could be applied within the type approval
examinations of vehicles. As the use of virtual methods is currently only possible to a limited
extent in approval practices, | developed an application framework through which simulation
results can be integrated into approval procedures in a manner that allows bypassing the current

limitations of virtual methods. My theses were formulated along these objectives.
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1.3. Research background

The various highly automated and autonomous driving functions can be categorized according
to the SAE J3016 standard [4], which is detailed in Figure 1. Based on this classification,
ADAS functions are typically assigned to Levels 0, 1, and 2 (marked in blue), and are also
defined in the standard as driver assistance functions, whereas Levels 3 to 5 are referred to as
automated driving functions (marked in green). In my dissertation, | generally use the abbrevi-
ations ADAS and ADS to denote these categories.

SAE SAE SAE SAE SAE SAE
LEVELO"}] LEVEL1T"§ LEVEL2"§ LEVEL3"§ LEVEL 4"} LEVEL 5"
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What does the you are not steering “the driver’s seat”
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You must constantly supervise these support features; When the feature These automated driving features
you must steer, brake or accelerate as needed to requests, will not require you to take
maintain safety over driving

have to do?
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These features These features These features These features can drive the vehicle This feature
are limited provide provide under limited conditions and will can drive the
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do? warnings and OR brake/ AND brake/ conditions are met all conditions
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same time in all
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Figure 1: SAE Levels of Driving Automation™ Refined for Clarity and International Audience, source: [4]

In recent years, the European type approval system has undergone significant transfor-
mation regarding ADAS functions. One of its main catalysts was the adoption of EU Regulation
2019/2144 in November 2019, commonly referred to in the field as the new General Safety
Regulation (GSR) [5]. The regulation introduced the mandatory implementation of ADAS
functions in multiple phases: first for new vehicle types, and from the summer of 2024, for the
majority of newly registered vehicles. As a result, several well-known functions—such as au-
tomatic emergency braking and lane keeping—became mandatory, the full list of which is in-
cluded in the regulation [5]. The associated requirements also define all the testing procedures

necessary from a type approval perspective.
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For ADAS functions, the protocols of the European New Car Assessment Programme
(EuroNCAP) are also widely applied and highly influential, as they contribute to the independ-
ent evaluation of vehicles. While EuroNCAP was previously known primarily for awarding up
to five stars based on crash test performance, today active safety systems are also considered in
the rating.

It is important to emphasize once again that every new vehicle type must successfully
pass most of the listed tests in order to obtain the approvals and ratings required for market
entry. Consequently, any issues discovered at this stage result in significant additional costs and
time losses, since these tests are typically expensive and may take several weeks to complete.

The development of ADS has gained considerable momentum in recent years, increas-
ingly becoming a key element of the future of mobility. Technological progress not only prom-
ises enhanced mobility and reduced environmental impact but also envisions accident-free
transportation. At the same time, societal interest and expectations play an increasingly promi-
nent role, as road safety, efficiency, and sustainability directly affect everyday life. Before in-
troducing advanced automated systems, however, it is essential to define and evaluate their
behavioral competencies. Relevant literature can be found addressing their development, ap-
plicability in transportation, and appropriate testing procedures [6]-[16][P4].

One of the key documents related to the testing and approval of automated vehicles is the
New Assessment/Test Method for Automated Driving (NATM) [17], published by the United
Nations. This framework defines testing and evaluation processes along six pillars: scenario
catalogues, simulation and virtual testing, proving ground testing, public road testing, auditing
and assessment, and in-service monitoring. This approach largely builds upon the methodology
developed in the PEGASUS project, according to which test scenarios can appear at different
abstraction levels (functional, logical, concrete) throughout the development process [18]. In
the conceptual phase, high-level natural-language descriptions are used, whereas during de-
tailed technical development, parameter-space-based definitions are required, and for execu-
tion, test cases must be specified in a precisely defined, standardized data format.

Among the EU regulations, Commission Implementing Regulation (EU) 2022/1426 [19]
is noteworthy as it is the first to provide explicit guidelines and recommendations for the ap-
proval and assessment of automated vehicles. It emphasizes that test cases must be aligned with
the pre-defined Operational Design Domain (ODD) of the given vehicle. Analysis of NATM
and the above EU regulation makes it clear that although several fundamental scenarios have

been defined, the variety of automated vehicles and the theoretically infinite number of possible
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traffic situations make it impossible to create concrete test cases for every eventuality. There-
fore, regulations instead define groups of test cases that cover the ODD of the vehicle. If the
vehicle can safely complete these, it can be reasonably assumed to operate safely within its
intended environment. In general, it can thus be stated that no harmonized, internationally ac-
cepted test case collections or approval procedures yet exist for automated vehicles.

To enable the definition of appropriate test situations nonetheless, numerous scientific
methods and technologies have been developed in the field of test scenario generation [20]-
[27].

As noted earlier, defining the ODD properly is essential for selecting suitable test cases,
and ideally, the Object and Event Detection and Response (OEDR) framework should also be
taken into account. Standardized approaches to describing the ODD already exist, such as SAE
and BSI standards, but even in this field there is no fully harmonized terminology for ODD
elements and related concepts [28][29]. Defining the ODD is typically an iterative process,
which should ideally be carried out in the relatively early stages of automated driving function
design. However, it may need to be refined throughout the testing process, and additional, pre-
viously unforeseen attributes may also need to be defined [30].

Based on the reviewed literature, it is evident that while several useful approaches exist
both for creating test cases and for properly defining the ODD, none truly address how a rela-
tively small number of already industry-accepted test cases could be selected and combined to
create a tailored test case collection for a given automated driving function or vehicle. Such an
approach could provide a reliable measure of the vehicle’s safety level in critical situations,
thereby improving the efficiency of verification tests prior to test-use market entry.

In recent years, simulation-based testing approaches have gained increasing importance
in the development and validation of automated vehicle systems. These methods enable the
identification and analysis of the most critical traffic situations in a safe and controlled envi-
ronment. Simulations not only allow for faster detection and evaluation of potentially hazardous
situations but also make the testing process significantly more efficient and cost-effective [31].

Modern simulation environments, however, must serve not only the replay of test cases.
They should also support the development and fine-tuning of various algorithms—such as those
for vehicle motion control, modeling of other road users (e.g., pedestrians, cyclists), or simula-
tion of infrastructure elements (e.g., traffic lights, sensor networks). In this way, developers can
receive real-time feedback on system behavior and identify potential errors or shortcomings

more quickly [32].
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Thus, simulation is not merely a testing tool but a comprehensive development platform
that enables the integrated evaluation of different components of automated systems. This is
particularly important for future transportation systems requiring high levels of automation,
where real-world testing is not only costly but often risky as well [33].

The application of simulation could therefore offer solutions for accelerating testing pro-
cedures and reproducing extreme situations that cannot be realized in reality. Nevertheless, ac-
cording to both NATM [17] and EU Regulation 2022/1426 [19], simulation still has numerous
limitations when applied in type approval processes.

In line with the above, the focus of my theses and the corresponding research activities
can be summarized as follows:

e Creation of test case collections based on industry-accepted test cases, supported
by a preliminary questionnaire.

e Development of specific testing procedures for functional validation prior to ap-
proval and other assessment examinations.

e Utilization of simulation-based methods (particularly SciL) in type approval pro-

cesses.



2. New scientific results

In this chapter, | summarize the theses | have formulated and briefly outline the approach |

applied to develop them.

2.1. Thesis I.

I developed a methodology that enables the identification, from a database of industry-
applied test case variations, of those covering the Operational Design Domain of a highly
automated or automated vehicle. By executing these test cases, it can be reliably deter-
mined whether the given vehicle is capable of safe operation within its intended environ-
ment.

In the chapter related to this thesis of my dissertation, | present a methodology that allows
the definition and selection of test cases for automated vehicles, with which safety-critical sit-
uations can be examined in a proving ground environment. When defining the test cases, | relied
on existing and industry-accepted testing procedures that are applied in vehicle evaluation (e.g.,
EuroNCAP) or in type approval processes, thereby formulating test cases that can reliably cover
and evaluate the behavior of an automated vehicle in safety-critical situations [P9]. Although
currently only a limited number of standardized or approval-oriented test cases tailored specif-
ically to automated vehicles are available, it can be stated that several ADAS functions exhibit
significant technological and testing-related overlap with automated driving systems. Accord-
ingly, in my work | primarily used industry-accepted ADAS test cases as the starting point. It
is important to emphasize that generating new scenarios was explicitly not an objective of the
methodology, as their parameterization would be highly time- and resource-intensive, while the
number of test cases would increase substantially, rendering the process costly and difficult to
manage.

The steps of the methodology | developed are illustrated in Figure 2. As a first step, |
created a database of more than 1000 test case variations extracted from the aforementioned
regulations, protocols, and standards, which I then processed according to the key aspects rele-
vant for testing. Based on the knowledge gained in this process, as well as my prior industrial
experience [P8], | defined a preliminary set of input parameters that enable the selection of the
most suitable test cases for a given vehicle in the examinations mentioned above. These param-
eters can be determined through a questionnaire | also developed, which is to be completed in

advance by the potential customer or manufacturer. Based on the similarity parameters thus
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defined, I constructed 22-dimensional vectors from both the questionnaire responses and from

each row of the test case variations.
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Figure 2: Process of the developed methodology

To select the most suitable variations for a given vehicle, | compared the questionnaire
vector with each row of the database using Weighted Cosine Similarity (WCS) [34]. Subse-
quently, to further narrow down the set of selected test cases, | developed a method based on
Manhattan and Euclidean distances, which supports the elimination of potentially redundant
variations [35]. | validated the procedure using the properties of existing vehicles and insights
from previous projects.

In my view, the resulting methodology is particularly applicable for pre-market safety
checks of road vehicles—whether for operational or testing purposes—for which neither au-
thorities nor technical services currently have harmonized and efficient solutions. Since such
testing plans are often prepared in an ad hoc manner, relying on engineering intuition and ex-
perience, another objective of mine was to establish a more systematic and scientifically
grounded selection process. It was along this motivation that | developed the methodology re-
lated to this thesis.
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2.2. Thesis Il.

I developed a methodology that enables the selection and combination of test scenario
variations to create complex test scenarios. By applying these scenarios, it can be deter-
mined whether a vehicle equipped with advanced driver assistance systems will comply
with the homologation requirements set by the relevant ADAS regulations or meet the
challenges of other vehicle assessment protocols. In this way, well-founded decisions can

be made before initiating time-consuming and costly test series.

In relation to this thesis, | present a procedure | developed for creating so-called complex test
scenarios, which largely builds upon the methodology and test case variation database intro-
duced in Thesis | [P9]. The aim of the research was to design a testing procedure that accelerates
the functional validation examinations preceding vehicle type approval, while still providing a
reliable and comprehensive understanding of how the vehicle will perform in type approval
tests.

During the process, | reviewed the database of more than 1000 test case variations and
analyzed them according to additional criteria. First, | examined whether a given test case var-
iation primarily challenged the vehicle’s sensor layer or its actuator layer. | then determined the
level of challenge posed to the sensors or actuators by each variation, as well as the practical
complexity of executing the test case. The evaluation system was developed based on objective
criteria, supported by measurement results and testing experience from my previous projects,
and applied on a 1-4 scale.

For filtering the appropriate test case variations, I first selected those associated with the
GSR requirements. Consequently, non-relevant requirements from EuroNCAP protocols or
other standards were excluded. From the remaining test case variations, | initially selected those
that could serve as the basis for the so-called “minimum complex test scenario,” consisting of
the simplest cases. These included test case variations rated with a value of 1 in terms of sensing
or actuation, combined with a complexity rating of 1. Among these, several highly similar cases
were expected; therefore, | applied Euclidean Distance (ED) to eliminate redundancies. | ap-
plied the same method to identify the elements of the so-called “maximum complex test sce-
nario,” which contains the most complex cases. In this case, however, I aimed to select the
highest values for each filtering criterion (sensing, actuation, and scenario complexity). For

sensing, | allowed level 3 values in addition to level 4, and for complexity | also considered

10
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level 2, since the most complex cases in these aspects are mainly found in the EuroNCAP pro-
tocols.

Following the selection process, the chosen test case variations were organized into a
logical execution sequence to form the complex test scenarios. Based on my industrial experi-
ence, several aspects were taken into account, including the choice of appropriate track ele-
ments and measurement techniques, as well as sequencing similar scenarios into series while
preserving the cyclic nature of the testing process.

The developed minimum and maximum test scenarios were then compared with the con-
ventional type approval procedure, and time and cost analyses were carried out to demonstrate
their advantages. The proposed test scenarios have already been partially validated in real-world

projects.

2.3. Thesis Ill.

Building on the Scenario-in-the-Loop architecture, and using a co-simulation environ-
ment created by me, | developed a methodology that offers a novel approach to improving
the efficiency of certain vehicle type approval examinations, by mitigating the current

limitations associated with virtual homologation.

Despite being among the most advanced methods currently applied in the automotive industry,
existing approaches still have numerous limitations, particularly in whole-vehicle testing, prov-
ing ground applications, and in their applicability within type approval processes [36]. To
bridge some of these limitations, the Scenario-in-the-Loop (SciL) framework was introduced,
representing a novel, proving-ground-based testing approach supported by simulation [P1][37].
Through the real-time link between physical and virtual test environments, the framework is
capable of blurring the boundary between the physical and the digital domain [P2][P3][P5][P7].
At the same time, a deeper understanding and further development of the framework requires
the use of input data from real environments, or their generation through simulation tools in the
absence of such data.

The objective of my work related to this thesis was to integrate the SciL concept into the
Simcenter Prescan© simulation environment and to establish a co-simulation framework
through the combined application of IPG CarMaker® and Simcenter Prescan©. During the de-
velopment process, | identified three major shortcomings for which my methodology provides

solutions:

11
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e Although numerous simulation tools are available for vehicle testing, each has different
advantages. Co-simulation makes it possible to combine these strengths; however, inter-
connecting simulation tools and operating them in real time is always a significant chal-
lenge. The solution I developed for coupling the two examined software platforms may
also be useful for other researchers pursuing similar applications.

e Traditionally, simulation is applied before real-world testing. In contrast, | used data de-
rived from physical measurements to construct the simulation framework. This ensures
compatibility between simulation and real testing, while making the simulation environ-
ment more flexible and easier to connect with real test equipment in later phases.

e Although the application of simulations in type approval is still limited, the simulation
framework | developed based on the SciL architecture enables certain steps of the testing
procedures to be made more efficient, thereby achieving significant cost reductions in prov-
ing ground experiments.

In connection with my work, | present the potential applications of simulation in vehicle
testing, followed by the fundamental principles of the SciL framework, and then a detailed
description of its integration into Simcenter Prescan©, which has thus become one of the central
components of SciL. A key element of my methodology is that the first two steps in building
the simulation model environment are the acquisition of real test data and their integration into
the simulation software. Subsequently, I present a control algorithm designed for testing pur-
poses, developed in accordance with the EuroNCAP AEB protocol [38]. As part of this, | cre-
ated a dedicated co-simulation environment by coupling IPG CarMaker® and Simcenter
Prescan© via MATLAB Simulink® [39]. In this setup, Prescan®© served as the platform for
running the control algorithm, while CarMaker® provided the simulated motion signals of the
tested vehicle [P6].

The proposed methodology thus provides a reproducible development environment for
the evaluation of advanced and highly automated driving functions, significantly reducing the
time and cost associated with real proving ground testing. These advantages can also be ex-

ploited in type approval procedures, for which | present a case study in this research.

12
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2.4. Summary and future development opportunities

Due to the close link with my everyday professional work, the research and theses presented in
my dissertation have been strongly focused on facilitating the type approval processes of vehi-
cles. In developing the proposed methodologies and procedures, a key aspect was ensuring their
seamless integration into my industrial work at TUV Rheinland, which was also an important
requirement of the 2021 scholarship program. For the problems | identified, | aimed to provide
practice-oriented solutions grounded in scientific foundations. These problems and my re-
sponses to them can be briefly summarized as follows:

e Creation of test case collections based on industry-accepted test cases to facilitate the pre-
testing and market entry of automated vehicles, for which harmonized procedures are still
lacking.

e Development of specific testing procedures for functional validation prior to approval and
other assessment examinations, with the objective of creating more efficient yet reliable
processes that can lead to significant time and cost reductions.

e Application of simulation-based methods (in particular SciL) in type approval processes,
in a way that mitigates the limitations of virtual methods and also achieves testing time and
cost reductions.

The methods presented in the dissertation—structured questionnaire-based scenario se-
lection and complex scenario generation based on the test case variation database, as well as
the ScilL-based co-simulation framework—enable testing processes to be executed in a more
targeted and cost-efficient manner. The test case selection algorithm (combining WCS, Man-
hattan, and Euclidean metrics) makes it possible to select scenarios most closely aligned with
the functional capabilities of the vehicle, thereby providing relevant feedback to manufacturers
already during the development phase.

Structured scenario selection and the construction of complex test scenarios make it pos-
sible for vehicles to undergo tests during the development phase that anticipate type approval
outcomes. This allows manufacturers to identify critical functions in time and improve compli-
ance through targeted development.

The practical application of the SciL methodology—demonstrated particularly in the test-
ing of the BSIS function—showed that, by integrating real trajectory data into the simulation
environment, critical activation points can be defined in advance, reducing testing time and cost
by up to 40%. This is particularly important in cases where type approval tests require narrow

tolerances and complex synchronization of target objects. Thus, the proposed methods are not

13
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only theoretical frameworks but also practical tools applicable in industrial validation and ap-

proval processes.

The methodologies described in the dissertation also open up several future research op-

portunities, such as:

Expanding the test case variation database by integrating new standards, forthcoming
UNECE/EU regulations, and EuroNCAP protocols (with annual updates if possible). This
would further refine the methodology to enable even more comprehensive and accurate
scenario selection.

Extending the database with rare and extreme cases or conditions (e.g., adverse weather,
poor visibility). These so-called “long-tail” scenarios are critical for robust safety evalua-
tion. Their inclusion, along with performance and incident data collected during real-world
operation, would further improve coverage and relevance.

Applying artificial intelligence to the test case variation database to uncover additional
correlations and increase the efficiency of the developed methods, for example by enabling
adaptive scenario selection tailored more closely to the tested vehicle.

Adapting the methodology to the significantly expanding EuroNCAP functions and sce-
narios (expected already from 2026), thus enabling preliminary validation of new protocols
in a more time- and cost-efficient manner.

Further developing the co-simulation framework and integrating it into type approval pro-
cesses—particularly for functions such as ISA, AEB, or complex test scenarios—thus sup-
porting the digitalization and improved automation of testing while accelerating and reduc-
ing the cost of such procedures.

Overall, | believe that the methods presented in this dissertation not only support current

testing and approval practices but also provide a foundation for future developments. The re-

sults of this research may contribute to making automated vehicles safer, more reliable, and

more rapidly approvable, while reducing testing costs and time requirements. 1 am confident

that the methods and procedures | have developed will also prove useful to others and facilitate

vehicle type approval processes. | am integrating these methods into my daily work and intend

to apply them actively in future projects. The experience gained in this way will hopefully fur-

ther confirm their validity, while the resulting data will be used for their further refinement, the

identification and correction of potential shortcomings, and the development of new proce-

dures.

14
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