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Abstract

Validation is the central activity in product engineering and
a means to gain knowledge about a System-in-Develop-
ment. Especially for ADAS — Advanced Driver Assistance Sys-
tems, validation is of particular importance to ensure driv-
ing safety and driving comfort. Complexity and connectivity
of modern mechatronic systems like ADAS demand for new,
model-based approaches for development and validation.

This contribution presents a model-based framework, con-
sisting of methods and model interfaces, to enable automa-
tion and traceability of validation activities in product engi-
neering. Therein, validation is regarded in the understanding
of the IPEK-X-in-the-Loop-approach. The framework allows
to connect models from different sources to support the for-
mulation and assessment of validation goals as well as au-
tomating validation activities. Like this, a closed-loop to sup-
port the planning of validation activities, performing of tests
and feedback and traceability of test results to the develop-
ment of the product is established. The presented frame-
work describes methods and interfaces for models to be
used and can thus be used for a multitude of models and
validation environments from different sources. In this con-
tribution, the framework is exemplarily applied for validation
activities for ADAS, more precisely for AEB — Autonomous/
Advanced Emergency Braking systems.

Keywords — Automated Driving, Validation, Model-Based
Systems Engineering (MBSE), X-in-the-Loop (XiL)

1INTRODUCTION AND MOTIVATION

Validation is the central activity in product engineering and
the central means to gain knowledge about a SiD - Sys-
tem-in-Development as well as to detect errors and flaws
early in the product development process [1, 2]. In this un-
derstanding, validation is not only an activity of analysis of a
current state of a product. In addition, validation serves to
concretize and expand goals and requirements for a prod-
uct. As a consequence, validation must not be regarded as
a closed phase at the end of a product development pro-
cess but rather needs to start in early phases of a product
development process and needs to be performed continu-
ously into later phases of the product lifecycle [3].

Especially for ADAS — Advanced Driver Assistance Systems,
validation is of significant importance as ADAS actively in-
tervene in driving functions and thus have an influence on
driving safety and comfort. On the one hand, ADAS may
support in avoiding accidents like rear-end-collisions. On the
other hand, malfunction of ADAS may lead to additional ac-
cidents, especially if drivers rely on their functionality. In ad-
dition, even if safe functionality of ADAS is ensured, their in-
tervening in driving functions impacts driving comfort which
might be a factor for buying decisions of potential custom-
ers.

The development and validation of ADAS, similarly to oth-
er modern mechatronic systems, is subject to rising system
complexity and connectivity, internally and in relation to fur-
ther systems. In order to cope with this complexity, new

development approaches are necessary. Model-based ap-
proaches like MBE — Model-Based Engineering and MBSE
—Model-Based Systems Engineering are widely regarded as
promising approaches to cope with complexity in product
engineering. Model-based approaches aim at replacing the
use of a multitude of unstructured and unconnected text
documents for information management with central, inter-
connected models.

This contribution aims at supporting a continuous validation
concept in a model-based approach - clarified for ADAS.
The result presented in this work is a model-based frame-
work, consisting of modeling methods and description of
model interfaces. The framework supports at establishing a
traceability between models from different sources like re-
quirements- and system models in the understanding of
MBSE or simulation models as part of validation environ-
ments. With the framework, the goal-oriented formulation
of validation objectives is supported. The model-based ap-
proach helps to gather interconnected information to act as
a consistent background and decision support for the selec-
tion or development, respectively, of appropriate test cas-
es and validation environments for the formulated valida-
tion objective. In addition, the framework enables to integrate
virtual or mixed virtual-physical validation environments in
the understanding of the IPEK-X-in-the-Loop-approach (cf.
[4]). In this way, an automation of validation activities is sup-
ported. In addition, with the help of the developed frame-
work, results from validation activities can be fed back into
requirement- and system models in the understanding of
MBSE to support assessment of their impact and concretize
product goals and requirements. Hence, seamless valida-
tion in different phases of a product development process
and for different maturity levels of a product and different
validation environments can be enabled.

2 STATE OF RESEARCH AND RELATED
WORK

2.1 Validation in Product Engineering and
the IPEK-X-in-the-Loop-approach

Validation, as the central activity in product engineering, has
a decisive role for a successful product in the market (cf. [1,
2, 4]). Validation is defined by the VDI standard 2206 as "[...]
testing whether the product is suitable for its intended pur-
pose or achieves the desired value” [5, p. 39]. In addition to

validation, verification is defined as “[...] checking, whether
the way in which something is realized [...] coincides with
the specification [...]" [5, p. 38]. Thus, validation can be re-

garded as including verification and explicitly adding the
consideration and evaluation of stakeholder expectations
and -needs (cf. [4]). In this understanding, validation, in con-
trast to verification, is often not formally feasible and thus
needs to be methodically supported (cf. [4]).

Only by validation, knowledge evolves in the product devel-
opment process [1, 2]. Thus, validation enables to detect de-
viations from stakeholder expectations but also errors and
flaws in the current state of the product. As a consequence,
validation must not be regarded as a separated phase in the
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Figure 1: IPEK-XiL-approach and its relation to the product development process (adapted from [8])

product development process [3, 4]. A continuous validation
concept is required, starting in early phases of the product
development processes and continuing over the whole prod-
uct lifecycle (cf. [3, 4]). Especially in early phases, validation
offers a significant lever for product costs as costs and effort
to eliminate errors significantly rise the later they are detect-
ed and processed in the product development process (cf.

(6)).

In order to gain meaningful insights about a SiD, validation
activities always need to be performed in a suitable valida-
tion environment taking into account the residual system/
parent systems of the SiD as well as system users and the
system environment [4]. Approaches to integrate a (sub-)
system in an overall system are already being described by
approaches such as Model-in-the-Loop (Mil), Software-in-
the-Loop (SiL) or Hardware-in-the-Loop (HiL) (cf. [4, 7]). The
IPEK-X-in-the-Loop (IPEK-XiL) approach integrates those ap-
proaches and expands them regarding the requirements of
amechatronic system development with involved stakehold-
ers of multiple (engineering) disciplines [4]. In the under-
standing of the IPEK-XilL-approach, all (models of) the SiD,
the rest-vehicle system, the stakeholders of the system and
the environment, can be realized in a physical, virtual, or
mixed physical-virtual form [4]. The selection of the suitable
models for the validation environment is driven by the test
cases and the appropriate validation objectives for a specif-
ic validation activity [8]. The validation objective in turn is di-
rectly derived from (stakeholder) needs and knowledge gaps
in the product development process [8]. Thus, statements
regarding the results from validation activities should always
be formulated with regard to the respective validation ob-
jective [8]. The described dependencies are schematically

displayed in Figure 1.

2.2 (Model-Based) Systems Engineering

Product development nowadays faces challenges of arising
complexity and interdependency of systems. This is driven
by increasing customer demands, especially regarding sys-
tem functionality and reliability. At the same time, custom-
ers are expecting safe systems and have an increasing focus
on environmental impacts. [9]

Traditional Systems Engineering approaches are usually doc-
ument-based, meaning, that the information about a system
is spread over a multitude of documents that are often just
loosely or not at all connected (cf. [10]). In order to cope with
this complexity and address the shortcomings of docu-
ment-based development approaches, model-based ap-
proaches like Model-Based Engineering (MBE) and espe-
cially Model-Based Systems Engineering (MBSE) are being
used (cf. [11]).

MBE appears to be not unambiguously defined but in gen-
eral stands as an umbrella term for different model-based
approaches in product development like Business Process
Modeling (BPM), the use of simulation models and MBSE
[12,13].

Following the definition of INCOSE - the International Coun-
cil On Systems Engineering, MBSE can be described as “[...]
the formalized application of modeling to support system
requirements, design, analysis, verification and validation
activities beginning in the conceptual design phase and con-
tinuing throughout development and later life cycle phases
[...]" [14, p. 15]. Hence, MBSE approaches aim at replacing
the multitude of unlinked documents with one or few cen-
tral, traceable system models [10].



When referring to MBSE approaches, three aspects, also re-
ferred to as “the three pillars of MBSE" have to be regard-
ed integratively [15]:

e The modeling language, defining elements and relations
that can be used for modeling,

e The modeling method, describing activities and steps,
how modeling is performed,

¢ The modeling (software) tool, i.e. the environment, in which
modeling is performed.

While there is a multitude of modeling methods described
in literature (see e.g. [16]) and several software tools for mod-
eling available on the market (see e.g. [17]), SysML —the Sys-
tems Modeling Language [18] is prominently used as a lan-
guage for modeling in the context of MBSE [15].

2.3 ADAS/AD Validation

The automation of driving functions is finding its way into
more and more vehicles, even in low-price segments [19].
ADAS - Advanced Driver Assistance Systems do not only
aim at increasing the comfort for a driver but can also ame-
liorate driving safety [20, 21]. Concerning driving safety, rear-
end collisions are among the most frequent accidents [22].
Those collisions are often caused by driver distraction or mis-
judgment [22].

Two ADAS that could potentially avoid rear-end collisions
are Adaptive Cruise Control (ACC) and Autonomous/Ad-
vanced Emergency Braking systems (AEB). ACC is a system
for the automatic regulation of driving speed based on the
traffic situation. AEB describes a system that monitors a
driving situation and automatically initiates a braking ma-
neuver in case of emergency. [23]

As ADAS actively intervene in driving situations and (at least
partially) take driving duties from a driver (cf. [23]), a special
focus has to be given to their validation. Therein, require-
ments and validation needs for ADAS may originate from
legislation, consumer associations like EuroNCAP and man-
ufacturer specific requirements to satisfy their user needs
[23].

In order to be able to develop and validate ADAS cost-effi-
ciently, the ,From-Road-To-Rig" approach is being applied
more and more. In this approach, the knowledge gain is shift-
ed forward from expensive road tests to (partially) virtual en-
vironments, thus saving prototypes and increasing the num-
ber of possible tests for validation [24]. Such virtual
environments are used, for example, in the context of vali-
dation activities in the understanding of the IPEK-XiL-ap-
proach (see paragraph 2.1). Due to this development, the
planning and coordination of test cases and validation en-
vironments early in the product development process is be-
coming increasingly important. Therefore, the use of MBE
approaches holds great potential.

3 RESEARCH QUESTIONS AND AIM OF
WORK

As described in paragraph 2.1, validation is the central ac-
tivity in product engineering. A continuous validation con-
cept, starting in early phases and continuing over the prod-
uct lifecycle, is required. The importance of validation is
especially prominent in the development of ADAS, as those
systems actively intervene in driving functionality and thus
have a major impact on driving safety. The complexity of
ADAS and their implementation in vehicles demands new,
model-based validation approaches. The work presented in
this paper thus investigates two research questions:

1. How can a generalized framework be created that sup-
ports continuous validation in the development of ADAS
and is flexibly adaptable for different validation objec-
tives?

2. How can different manifestations of mixed physical-virtu-
al validation environments in the understanding of the IP-
EK-X-in-the-Loop-Approach be integrated in the model
framework?

The focus of the work presented here is on the methodical
foundations and exemplary implementations of the frame-
work. However, the optimization of the individual models
used in the framework is not in the scope of this work and is
regarded in further works.

4 APPROACH

The developed model-based framework is schematically dis-
played in Eigure 2. The framework consists of methods and
model interfaces and describes a generalized approach to
enable automation and traceability of validation activities.
Therein, the framework bases on existing work from the au-
thors for automating validation activities in the context of
ADAS (cf. [25]). The framework can be described as consist-
ing of three pillars (schematically separated by the dashed

lines in Figure 2):

e Arequirements- and system model in the understanding
of MBSE,

* An automated environment for test planning and analysis
of test data,

e The virtual, physical or mixed physical-virtual validation
environment in the understanding of the IPEK-XiL-Ap-
proach.

The focus of this contribution lies on methods and the defi-
nition of interfaces between the three pillars. By a clear defi-
nition of those methods and interfaces, the framework may
be used with a multitude of models created in various soft-
ware-tools. However, the detailed (software-)
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implementation and optimization of the individual models
is not the focus of this contribution.

The next paragraphs will discuss the individual pillars in more
detail.

4.1 Requirements- and system model in
the understanding of MBSE

The pillar requirements-/system model of the framework,
describes SysML models in the understanding of MBSE. In
the context of the framework, those models serve two pur-
poses: Firstly, the modeled and therefore traceable informa-
tion about system requirements, use cases, system design
etc. serve as a consistent basis for planning test cases and
test environments. Secondly, results from validation activi-
ties can be fed back into those models to assess the impact
of those results and plan further steps in a product develop-
ment process. A methodological approach and realization
in SysML to support those two activities is described by Man-
del et al. [26].

4.2 Test planning- and analysis environ-
ment

In this contribution, the authors use a federated modeling
approach for the test planning- and analysis environment.
In a federated (MBSE) modeling approach, models from dif-
ferent expert tools are linked together instead of using a sin-
gle but unspecialized software tool [27, 28]. To realize the
environment, the tool ModelCenter by Phoenix Integration
is used as an integration platform [29]. ModelCenter allows
to couple models from different sources like e.g. Matlab/
Simulink [30] as well as a roller test-bench environment to a
SysML-model in the understanding of MBSE. Like this,

automated chains with parameter exchange of the models
can be set up and analyzed.

In the test planning- and analysis environment, model pa-
rameters for maneuvers / test cases (e.g. velocity profiles for
a vehicle) and the environment (e.g. specifications of the
road) of the SiD are being processed based on the regard-
ed validation objective. The parameters can either be en-
tered manually or generated by methods such as probabi-
listic analysis (e.g. Monte-Carlo-simulation) or design of
experiments. All parameters, are collected in a test run sce-
nario. In order to collect the parameters and translate them
in a form that is readable by the chosen validation environ-
ment (see paragraph 4.3), a Matlab script is used.

The integration of the interface to a suitable validation en-
vironment for the regarded validation goal can be realized
in two ways. Firstly, the framework can be used to build up
an individual test planning and execution environment for
each validation environment using ModelCenter. Secondly,
interfaces to different validation environments can be inte-
grated as alternative paths in a single test planning and ex-
ecution environmenti.e. a single ModelCenter model. Based
on the validation objective, the suited validation environ-
ment and thus the path to use in the model workflow can be
manually chosen.

After performing the tests in the chosen validation environ-
ment, test output data is analyzed and post-processed. This
post-processing may include simple plots or analysis of max-
imum or mean values for certain parameters. A special anal-
ysis case is the feedback of results into the requirements-
and system (SysML) model. With the help of the SysML
model, the test results can be directly compared to mod-
eled requirements. Thus, fulfillment of requirements can be
assessed for the modeled SiD.

After the analysis, the whole process can be repeated e.g.
in the context of an optimization loop or a probabilistic anal-
ysis (e.g. MonteCarlo simulation). The whole process
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performed in the test planning and analysis environment is
schematically displayed in Figure 3.

4.3 Validation environment

As described above, different validation environments can
be used and integrated in the framework. Following the
IPEK-XiL-approach (see paragraph 2.1), a validation environ-
ment is always oriented on the specific validation needs and
validation objective to be addressed. Just like the SiD, vali-
dation environments undergo a development process and
may evolve in parallel with the SiD. Validation environments
considered for the model-based framework can either be in
virtual, physical or mixed physical-virtual form. The valida-
tion environment interfaces directly with the test planning
and analysis environment. Therefore, it has to take the pro-
cessed data of parameters and scenarios as an input. This
means, the preparation of this data from the test planning
and analysis environment needs to be specifically pro-
grammed for each validation environment considered in the
framework. Based on the input, a test run is performed in
the given validation environment. The results from the test
run need to be saved in a file that can again be processed
by the test planning and analysis environment for further
post-processing and analysis.

5 EXEMPLARY APPLICATION FOR AN
ADAS USE-CASE

In the following section, an exemplary Case Study is present-
ed using the developed model-based framework.

5.1 Case Study

The development of automated driving functions, as a driv-
er assistance system or as fully automated driving, involves
a large number of work steps involving very different spe-
cialist domains. For example, initial function prototypes are
created in virtual test environments to test the software for
functional safety. As the software matures, more and more
hardware components, such as sensors and actuators, are
integrated into the tests. Finally, the developers focus on in-
tegration into the overall vehicle, where the application is
tested with regard to the customer experience in addition
to interactions with other vehicle functions.

Throughout all these development stages, evaluation pa-
rameters show the functionality of the new function and thus
document the degree of maturity.

This paper uses the development of an emergency braking
assistant (AEB) system as an example to show how the mod-
el-based framework can be used to assess the fulfillment of
validation needs and thus monitor the degree of maturity of
a system. The following exemplary evaluation parameters
can be used to observe the system behavior over different
validation environments and to analyze compliance with de-
velopment goals, also referred to as KPls — Key Performance
Indicators:
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Detection distance

This value describes the distance at which the system rec-
ognizes an obstacle as such. From this point on, the auto-
mation has time to take steps to prevent a collision. This val-
ue is significantly influenced by the performance of the
sensor system and its evaluation logic.

Deceleration distance

The deceleration distance represents the distance from which
the actuators of the brakes reduce the vehicle speed. Up to
this point, the AEB system has therefore detected the ob-
stacle, assessed the situation in general and evaluated an
intervention by means of deceleration with the appropriate
scope as the necessary reaction.

Maximum deceleration

The maximum deceleration must be interpreted with respect
to two criteria. On the one hand, vehicle occupants perceive
strong, suddenly occurring delays as unpleasant, so that their
build-up within the development must be set to a tolerable
level by application work. On the other hand, collision with
the obstacle can only be prevented by suitable deceleration.
The freedom in designing the maximum deceleration is thus
directly dependent on the detection distance and the de-
celeration distance. The earlier the obstacle is detected, the
more distance is available to reduce the vehicle speed, which
means that a lower maximum deceleration must be effec-
tive.

Residual distance

The residual distance results from the remaining distance to
the obstacle if the vehicle speed could be completely re-
duced before an impact. If the automation has not been able
to do this, the deceleration at contact with the obstacle is
used for the functional evaluation.

5.2 Requirements- and system model

The requirements- and system model for the described case
study is built up using SysML and the software Cameo Sys-
tem Modeler [31]. The focus of the modeled requirements
is on requirements for the ACC and AEB system. As de-
scribed in paragraph 2.3, those requirements may originate
from externally defined regulations (e.g. mandatory stan-
dards) or from stakeholder expectations e.g. regarding driv-
ing comfort. Different modeling methods like e.g. OOSEM
[32] or SYSMOD [33] are described in literature to model the

requirements and establish a traceability to a modeled sys-
tem architecture in SysML. Mandel et al. describe a MBSE
approach, consisting of SysML language extensions, meth-
ods and a framework to explicitly support a continuous val-
idation concept with the help of MBSE [26]. Using the ap-
proach of Mandel et al., validation objectives are modeled
and linked to the already modeled system requirements and
user needs. When planning a test based on a specific vali-
dation objective, the traceability established in the SysML
model following the approach of Mandel et al. allows to au-
tomatically compute an overview of relevant use cases, ele-
ments of the system architecture, requirements, stakehold-
ers and environment systems. Figure 4 exemplarily shows
the computed information that is, based on the modeled in-
formation, relevant for a test “AEB Test_out_of town”. This
information serves as a consistent starting point to develop
appropriate test cases and choose/develop an appropriate
validation environment.

5.3 Automation Process

Based on the information about a test gathered from the re-
quirements- and system model, the test planning takes plac-
es in the test planning- and analysis environment, i.e. for the
work presented in this paper ModelCenter. A pre-defined
ModelCenter component for probabilistic analysis in the way
of MonteCarlo simulation is chosen to compute different val-
ues for input parameters. The input parameters to be var-
ied (e.g. initial distance from a vehicle to another vehicle),
their ranges as well as the analyzed output parameters (e.g.
the residual distance after emergency braking) are chosen
based the information from the requirements- and system
model.

The input parameters are further processed in a script that
generates a driving scenario in form of a file that can be in-
put for the chosen validation environment. The example pre-
sented in this paper bases on the works from Mandel et al.
[25] to compute a simple scenario using a Matlab script. The
SiD, i.e. the vehicle to be investigated, follows a target ve-
hicle on an open, straight road out of town. The target ve-
hicle drives at a constant speed and suddenly brakes at a
certain point in time (see Figure 5). For simplicity of the ex-
ample, the initial speed of the target vehicle as well as the
deceleration of the target vehicle during braking are varied
in the MonteCarlo simulation. The Matlab script then trans-
forms the scenario in an input file for the simulation in the
software CarMaker [34]. The file is then saved on a server.

In order to read the created test run scenario file in a valida-
tion environment, perform the tests and feedback test re-
sults into the test planning and analysis environment, a com-
munication between ModelCenter and the validation
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Figure 5: Exemplarily investigated driving scenario

environment is needed. As described above, the illustrating
example presented in this paper uses CarMaker as the val-
idation environment.

The connection is realized with python scripts to transmit in-
formation over the Microsoft built-in services teletype net-
work (telnet) -client and -server, as well as network protocol.
This allows to access and adjust intranet data, as well as send-
ing information about the test, output quantities, start/stop
commands for the validation and wait for a specific state.

5.4 Validation environment

The validation environment used for the example in this work
is based on the software CarMaker that can either be used
as a virtual simulation environment or included in a mixed
physical-virtual validation environment in the understanding
of the IPEK-XiL-approach. Existing works of the authors show
e.g. how to use CarMaker and a roller test-bench together
[24]. The roller test-bench environment consists of a

total vehicle
on a roller test-bench with CarMaker simulation

ce

(in m)

Cummulative distan

simulation environment with real-time system for a rest-ve-
hicle simulation and a BMWi3 on aroller test-bench (see Fig-

ure 6).

By loading a generated test run scenario file, the setup of
the simulation environment is adapted based on the current
input parameters. Further supporting scripts in the test plan-
ning- and analysis environment allow to change output pa-
rameters to be recorded as well as simulation time. The sce-
nario can run on the real time system with the connection to
the roller test-bench or only in CarMaker as a fully virtual sim-
ulation. Results of a test run in the validation environment
are stored on a server.

5.5 Post-processing

Post-processing of the test results is performed in three dif-
ferent ways. Firstly, ModelCenter offers built-in possibilities
to generate e.g. box-plots or scatter-plots. However, those
plots are of course restricted to the parameters that are var-
ied in ModelCenter.

The validation environment may produce result files, with
many more parameters. Therefore, a second post-process-
ing option, in the form of an additional Matlab script is used
e.g. to draw plots of additional variables (see e.g. Figure 7).
In Figure 7, an AEB scenario is shown with three parameters
over time: acceleration of the investigated car center of grav-
ity, distance to the target vehicle (e.g. determined by a cam-
era sensor) and braking of the braking actors (1 = 100% brak-
ing).

At the beginning of the test, the investigated vehicle, here-
after referred to as ego vehicle, is standing still. After two
seconds, the ego vehicle starts accelerating. The decreas-
ing detected distance to the target after around 7 seconds
leads to a decrease in acceleration and even braking. When
the target vehicle performs a sudden brake after around 29
seconds and the distance to the target is getting very low,
the ego car performs an AEB maneuver. This leads to brak-
ing and high deceleration. Following this maneuver up to a

mono-Camera

stimulation

simulation in Ca

Figure é: Validation environment for ADAS validation
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standstill, the ego car is driving a few more meters until the
scenario is terminated.

As a third way of post-processing, results from the validation
environment are linked back into the SysML-model. In this
way, test results can directly be compared to requirements
in order to check, which requirements are satisfied with the
given test parameters (see Figure 8). In addition, the trace-
ability established in the SysML model can help to identify
requirements, system elements etc. that are impacted by the
test result. Figure 9 exemplarily shows a relation map for the
fed back results from the AEB test. Analysis diagrams of the
SysML-model like Eigure 9 can then help to prioritize and
plan possible targets for following development steps (e.g.
changes on the chosen sensors for the AEB system).

5.6 Application in Matlab environment

As described above, the developed framework can be ap-
plied for different validation environments covering differ-
ent validation objectives. The framework has already been
used in integration with a Matlab Simulink based simulation
environment [35]. The simulation environment manages dif-
ferent scenarios for Adaptive Cruise Control (ACC) and Au-
tomated Emergency Braking (AEB).

For AEB the following scenarios can be realized:

1. Car-to-Car Rear stationary — City
2. Car-to-Car Rear stationary — Urban
3. Car-to-Car Rear moving — Urban

4. Car-to-Car Rear braking — Urban.

The chosen scenario, vehicle parameters, test track param-
eters and further road users’ parameters can be adjusted

Results
MName Initial Value Valus Change Delta  Delta %
4 [B Model
4 3 01_Produkt
4 ) Vehicle
4 = AEB
i rel_dis_min 41,187 25,501 ¥ 15,687 38.08¢
Reguirements
Mame Satisfied Margin
& 4 Req: AEB_res_dis_min v -22 501

Eigure 8: Analysis of requirements satisfaction based on the results from the validation environment
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and thus made available for manipulation in ModelCenter
as the test planning and analysis environment. The model
of the simulation environment consists of a model for data
perception and a controller model. The data perception
model uses vision, radar and the curvature of the test track
to calculate relative velocity and distance to the nearest tar-
get. The controller model has the input parameter relative
velocity, distance and actual velocity. It calculates the set ac-
celeration of the ego vehicle. The used model for the AEB
validation environment is shown in Figure 10. [35]

6 DISCUSSION IN THE CONTEXT OF
THE STATE OF RESEARCH

This contribution builds on existing work for automated val-
idation activities of ADAS, X-in-the-Loop validation and in-
tegration inside a holistic environment (c.f. [25, 36]).

In a previous work, the authors demonstrated the feasibility
of integrating a validation environment for ADAS validation
with requirement- and system models [25]. In addition, the
feasibility of automating validation activities in the devel-
oped environment of multiple models have been described
[25].

In addition to ModelCenter, other existing software tools on
the market aim at integrating different types of (virtual) mod-
els. For instance, the platform Model. CONNECT contains
scenario management, RDE models and provides the inter-
face to real ECU and HilL tests [36].

Existing MBSE methodologies like the SPES framework [37],
SYSMOD [33] or FAS4M [38] with their specific focus in the
fields of embedded systems, general systems design and
mechanical systems design, respectively, build the back-
ground for the MBSE approach used in this paper. Howev-
er, as described by Mandel et al. existing approaches do not
comprehensively target the support of validation in product
engineering, leading to the development of the MBSE ap-
proach used in this paper [26].

The shown approach and model-based framework might
help to automatize validation activities and link different mod-
els together. Scheeren and Pereira conducted an industrial
case study for the combination of Model-Based Systems En-
gineering, Simulation and Domain Engineering in the de-
velopment of Industrial Automation Systems. The authors
conclude by the use of tests, that the projects driven by mod-
els can substantially help overcome the challenges intro-
duced by complexity. However, longer developing time and
errors in linking different tools are challenges to consider
[39]. The authors of this contribution agree, that the effort
to build up the environments should not be neglected. Meth-
ods and processes to continuously evaluate the setup and
use of the described framework based on objectives in the
development and validation of ADAS need to be subject of
future research. With the integration of MBSE in the prod-
uct development process, especially with focus on reuse, the
used models may help in multiple development processes
and in further product generations.

The presented framework follows the concept of a federat-
ed modeling approach (cf. [28]) by allowing the integration
of models of various types and from various sources. Fur-
thermore, results generated by validation activities
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performed in the framework can be seamlessly and trace-
able integrated in a requirements- and system model. Thus,
the framework offers a flexible means to support continu-
ous and traceable validation. The focus of the research pre-
sented in this paper is on the development of the described
framework and enabling the connection of various types of
models from various sources. However, the internal validity
of the models themselves is not part of the presented re-
search.

7SUMMARY AND OUTLOOK

This contribution describes a model-based framework, con-
sisting of methods and model interfaces, to enable automa-
tion and traceability of validation activities in product devel-
opment. Application of the framework to connect
requirements- and system models, a test planning- and anal-
ysis environment and different validation environments with
test-benches is shown. The framework allows to link test re-
sults to requirements and stakeholder needs modeled in
SysML. In this way, a continuous and traceable validation in
product engineering is supported. Linking realtime
test-benches and simulation environments, the framework
enables a need-oriented validation. The framework supports
the validation process in different phases of the product de-
velopment process and uses approaches such as MonteCar-
lo analysis or Design of Experiment and partly automated,
remotely controlled expert tools.

As presented in chapter 6, extensions of the requirements-
and system model (e.g. further integration of descriptions
of the test-benches in the model) and of the validation en-
vironments (e.g. coverage of all scenarios required by norms
and standards) should be considered in further research. Fur-
ther work should also support a fully automated scenario
generation, which is based on ASAM standards OpenX (e.g.
OpenScenario). In addition, the integration of single hard-
ware like a camera test-bench can be realized to achieve
more functionality and a seamless variation between differ-
ent validation environments.
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