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Abstract

The specification of requirements and tests are crucial activities in automotive devel-
opment projects. However, due to the increasing complexity of automotive systems,
practitioners fail to specify requirements and tests for distributed and evolving sys-
tems with complex interactions when following traditional development processes. To
address this research gap, we propose a technique that starts with the early iden-
tification of validation concerns from a stakeholder perspective, which we use to
systematically design tests that drive a scenario-based modeling and analysis of system
requirements. To ensure complete and consistent requirements and test specifications
in a form that is required in automotive development projects, we develop a Model-
Based Systems Engineering (MBSE) methodology. This methodology supports system
architects and test designers in the collaborative application of our technique and
in maintaining a central system model, in order to automatically derive the required
specifications. We evaluate our methodology by applying it at KOSTAL (Tierl sup-
plier) and within student projects as part of the masters program Embedded Systems
Engineering. Our study corroborates that our methodology is applicable and improves
existing requirements and test specification processes by supporting the integrated
and stakeholder-focused modeling of product and validation systems, where the early
definition of stakeholder and validation concerns fosters a problem-oriented, iterative

and test-driven requirements modeling.
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1 | INTRODUCTION

1.1 | Motivation

Connected vehicle systems communicate with changing and evolving
external systems, such as different types of charging infrastructures
or user devices.! This leads to continuously changing requirements.
For example, a vehicle functionality may need to be synchronized
with feature updates of a smartphone app.2 For companies in com-
plex automotive development partnerships this leads to the challenge
that frequently changing stakeholder requirements, which express busi-
ness needs or business goals, must be compiled into high-quality system
requirements and system tests in an iterative system development.? The
decomposition of stakeholder requirements to system requirements
is part of the requirements analysis phase as defined in automotive
standards,* ¢ where the resulting artifact is the system requirements
specification. This specification is a key boundary document’ for subse-
quent system design and validation activities. The validation activities
in turn rely on test specifications as a result of the test design phase.>®
Consequently, system requirements and test specifications determine
the subsequent system design and validation, and hence the overall
system quality. Moreover, they have a high impact on the collabo-
rative development of automotive systems across departments and

companies.3”

1.2 | Problem and previous work

Due to frequent changing stakeholder requirements, practitioners
increasingly fail to specify high-quality system requirements and
tests for complex automotive systems.>? We already addressed this
research gap in previous work and proposed an integrated and itera-
tive requirements analysis and test specification approach to support both
the analysis and specification of requirements and tests in an early
development phasel0-14

Motivated by the test-driven development paradigm,’® this
approach is based on the idea that requirements modeling can be
driven by test cases to create immediate feedback in short iterations
and increase the applicability of formal requirements modeling in
practice. Instead of deriving test cases from system requirements
manually, we use existing stakeholder requirements to generate
acceptance tests that drive the modeling of system requirements.
We introduced this technique as test-driven scenario specification
(TDSS)!1

We found that TDSS can increase requirements quality by automat-
ically identifying contradictions in automotive software requirements
in an early development phase.!l We also found that the auto-
mated test case design improves the existing manual test case design
process.1014 |n addition, we showed that the test case design and TDSS
can be combined in a way that the resulting requirements model is suit-
able to generate Unified Modeling Language (UML) sequence diagrams
to automatically specify functional system requirements.’* Conse-

quently, our technique increases the quality of test and requirements

specifications and is suitable to document complex system interactions
already in the requirements analysis phase.10.1%.14

1.3 | Scope of this work

In our preceding work we considered an isolated development context
with a limited set of automotive system and component require-
ments. In practice, however, development iterations including the
definition and analysis of system requirements are triggered contin-
uously by changing stakeholder requirements.? Consequently, since
requirements and test specifications act as communication interfaces
for the product development,’ it is necessary to also consider dif-
ferent stakeholders, their concerns, and the resulting impact on the
system requirements.

According to Albers et al.,'¢17 validation is the connecting activity
in product development to align stakeholder concerns and the system
in development as well as to gain new knowledge about the system,
which must be recorded in the form of system requirements. Conse-
quently, validation should be performed continuously throughout the
development process and especially in the early development phase.'8

Following this understanding of early and continuous validation,
we use a Model-Based Systems Engineering (MBSE) methodology that
starts with the early definition of validation concerns based on exist-
ing stakeholder requirements and use-cases. In combination with our
TDSS technique, this allows us to verify if each stakeholder require-
ment is modeled sufficiently by one or more system requirements, and
to validate if the resulting system requirements specification fulfills
the identified validation and stakeholder concerns, respectively. In this
way, the specification of system requirements is continuously driven by
validation concerns, and the current knowledge is documented in com-
plete and consistent requirements and test specifications, that can be

derived from a central system model automatically.

14 | Contributions

Following the design science research (DSR) paradigm?2° and based
on our previous work, 191418 our results are composed as a new DSR
artifact which we applied at a Tier-1 supplier company. We make the
following contributions:

* As a first step, we identified relevant system elements necessary
to integrate the TDSS technique into an MBSE process. There-
fore, we focused on the integration of stakeholder concerns and
related stakeholder requirements to express business needs and
goals. In addition, we found that existing MBSE approaches (e.g.,
Holt and Perry?!) must be extended to consider validation concerns
and their dependencies to the system in development sufficiently
(cf. Mandel et al.X8). To address this, we propose an ontology (see
Figure 3) that integrates the concepts presented in ref. [18] for
a comprehensive and continuous validation system modeling. In
this way, the ontology supports both the modeling of stakeholder

concerns and the modeling of distributed validation environments
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as used in the automotive industry. Consequently, we ensure that
the resulting test specification is suitable to validate the identified
stakeholder requirements.

* Second, based on our ontology, we consolidated specific viewpoints
and views to handle the system complexity and support system
architects and test designers in the focused and collaborative system
modeling, by editing specific subsets of the system model depending
on the available information and situation within the development
project. The concrete modeling tasks are defined with a set of activ-
ities that integrate with our test-driven modeling technique (see
Figure 5). The results are implemented as an MBSE framework with
an MBSE tool.

* Finally, we evaluate our modeling and analysis technique with the
help of complex functionality of an on-board charger (OBC) control
unit?? for battery electric vehicles, to investigate if the result-
ing specifications fulfill the demands of automotive development
projects. We demonstrate that the MBSE methodology is suit-
able to process real-world stakeholder requirements. The proposed
method (Figure 5) supports an early structuring of stakeholder
requirements, which enables the definition of validation concerns
already in the requirements analysis phase. We found that this
explicit and early modeling of validation concerns in combination
with TDSS is suitable to provide an orientation for the model-
ing, analysis, and documentation task. Compared to the established
development process at the Tier-1 supplier company, we identified
that our technique is beneficial to plan distributed validation tasks
and align these tasks to specific validation goals. Our validation-
focused MBSE technique improves the state of practice for the
specification of system requirements and test.

1.5 | Outline

This paper is structured as follows: In Section 2 we introduce the rele-
vant context. In particular, we introduce the demands for requirements
and test specifications in automotive development projects. Section 3
introduces our TDSS technique and related work on test-driven model-
ing and MBSE techniques. The developed MBSE methodology including
the ontology, viewpoint and views, and the specification method are
shown in Section 4. The evaluation is presented in Section 5. We

conclude in Section 6.

2 | CONTEXT
2.1 | Automotive ECU development

On a macro-level, automotive Electronic Control Unit (ECU) develop-

123 and the quality of the

24

ment is structured according to the V-mode
resulting artifacts is measured in stage-gate management processes
to ensure that the developed systems comply with high quality and
safety demands. In practice, however, it is increasingly difficult to

h25

follow this plan-driven development approac| since safety critical
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automotive systems are increasingly interacting with external systems
(e.g., charging stations, smart home infrastructure) to provide an inte-
grated functionality.»2 This is leading to frequent changing stakeholder
needs and related requirements updates, since the functionality of
the automotive system must be aligned with other systems devel-
oped independently in other organizations.?¢ As a result, automotive
companies try to adopt agile methods into plan-driven development
environments to decrease the response times on new stakeholder
needs.2> However, recent studies have shown that particularly the
specification of requirements and tests within a more iterative devel-
opment process is challenging, since the analysis and specification
are primarily carried out manually. Combined with frequent change
requests from various stakeholders, it becomes increasingly difficult to
provide complete and consistent specifications in the development of

complex systems.25:27

2.2 | Requirements specification

The state of practice for the specification of ECU requirements is based
on top-down requirements decomposition approaches,?42? where
stakeholder requirements are decomposed to system requirements
that in turn are linked and decomposed to subsystem and compo-
nent requirements. This corresponds to the system life cycle process
defined in 1ISO 15288 for systems and software engineering.%°

Accordingly, stakeholder concerns can be seen as a starting point for
the development task. They comprise needs, wants, desires, expecta-
tions, and preconceived constraints of identified stakeholders.3° These
concerns are determined from the communication with external and
internal stakeholders.%?

Based on the stakeholder concerns and related stakeholder require-
ments specifications, the focus of this article is on the specification
and analysis of functional system requirements that must be col-
lected in a system requirements specification.®%3! The specification and
analysis of system requirements is part of automotive development
processes. These processes must include a requirements analysis
phase with the purpose to “(...) transform the defined stakeholder
requirements into a set of system requirements that will guide the
design of the system”.> As an outcome of this process, it is expected
that a system requirements specification is established, where the con-
taining requirements are analyzed for correctness and verifiability, and
that consistency and bidirectional traceability between system and
stakeholder requirements are ensured.”

Although many different attempts have been made to support this
early requirements analysis phase through formal and model-based
techniques (e.g., Holtmann32 and Greenyer et al.33), the analysis of

functional requirements is still a predominantly manual process.’

2.3 | Test specification

In automotive development projects, requirements-based testing is

the predominant activity to ensure that a test object (e.g., ECU, or
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intermediate stages of partially integrated systems) is compliant with
a test basis (e.g., system requirements specification).8-3

The key boundary document for the testing activities is the test spec-
ification, which acts as a communication interface between different
roles across companies and departments. This test specification is a
complete documentation of the test design, including test cases and the
test procedures for a specific test object.3>

The specification itself is created by test designers. Subsequently,
testers can be seen as consumers that use the test specification as
a basis for the implementation of test automation scripts, or to per-
form manual tests.® Thereby, the implementation highly depends on
specific test environments which must be constantly aligned with the
development progress of the test object.8 In this article, the term test
environment is used to describe hardware, instrumentations, simula-
tors, software tools, and other support elements needed to conduct a
test.17:34

Based on a given test environment, it is necessary that the test
cases are suitable to test the interaction of system items and that the
results are recorded, where a consistency and bidirectional traceabil-
ity between the system architectural design and the test cases, and

between the test cases and test results is established.®

2.4 | Motivating example

As outlined in ref. [1], e-mobility systems will be composed by a large
number of battery electric vehicles, smart charging stations, and infor-
mation systems that interlink the electricity and mobility sector. To
describe these emerging systems, a system of systems (SoS) perspec-
tive can be suitable,*® where systems are developed independently in
different organizations, but provide an integrated functionality.

For the development of single systems and their subsystems (e.g,
battery electric vehicles, ECUs), this SoS context including evolv-
ing interacting systems is especially challenging for the previously
introduced requirements analysis and test specification phases of
automotive development projects.®”~3? The system developer (Tier 1
supplier in the context of this work) must be supported in the modeling
tasks to iteratively respond to changing stakeholder requirements and
deliver complete and consistent specifications.

For example, Figure 1 outlines a battery electric vehicle includ-
ing several ECUs required to realize a charging functionality in an
SoS context. One central ECU is the OBC that converts AC voltage
from the grid into DC voltage of the vehicle’s battery.?? To satisfy the
needs of a global market, it is necessary to support efficient charging
at different power grids in different regions (e.g., three-phase 11 kW
grids in Europe, or single phase charging at 7.2 kW in China). In addi-
tion, different charging standards (e.g., CHAdeMO,*° Chinese GB/T DC
standard*!) must be supported.

This requires that a high technical complexity must be considered
in the requirements analysis phase, and that test specifications exists
that are suitable to automate tests on validation environments that
consider these different types of hardware and software environments

and standards.

Smart Charging Infrastructure

Battery Electric Vehicle (BEV)
Charging -
Station Charging D:\Yeslfmmlgnt
Socket P
amart Onboard-Charger
ome Control Unit (OBC)
HMI
User Control Gateway Battery
Devices Unit Control Management
Unit Control Unit

FIGURE 1 OBCasasystemindevelopmentin an e-mobility
system of systems context. OBC, on-board charger.

Based on this technical background, we use the concrete function
timer-charging to evaluate our approach in Section 5. This function
extends the basic charging functionality of the vehicle to allow users
to configure properties like the expected state of charge (SOC) that
shall be reached at a specific time. Therefore, the OBC of the bat-
tery electric vehicle communicates with internal (Human Machine
Interface (HMI) control unit) or external (smartphone app) user inter-
faces and processes the user input depending on the current charging

environment.

3 | FOUNDATIONS AND RELATED WORK
3.1 | Test-driven modeling

Originally introduced in software development, test-driven develop-
ment aims to shift quality assurance from reactive to proactive work
to support the development of reliable software in a short iterations.>
Following the red/green/refactor mantra, the implementation of a new
functionality starts with writing a test which is expected to fail initially
or which even does not compile (red). The second step covers every-
thing what needs to be done to get this test working (green), which can
be adapted in the third step, for example, by deleting overlaps caused
by the mere execution of the test (refactor).1®

Based on positive findings in the application of test-driven devel-
opment, for example, with respect to error rate, productivity and test
frequency,*? several approaches emerged to use this principle also for
modeling tasks.*3-4°

Although test-driven development in combination with require-
ments modeling seems to be a promising approach to support the
requirements analysis in automotive development projects, the related
work?+4> does not consider a systematic specification of tests to be
used to drive the modeling. In addition, since these contributions rely
on scenario-based modeling, addressing the sampling and coverage
concern?® is necessary but not covered sufficiently.

Consequently, we integrate the systematic test case specification
and scenario-based modeling technique introduced in our previous
work%14 with the newly developed MBSE technique in this project.

This supports the system architect and test designer to identify when
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req. remain to
be modeled

test

I (2) Execute 'passed

(3) Extend (4)
this new ‘es‘ or adapt Execute all
tailed {_Specification tests cases
test:

test case
FIGURE 2 TDSS requirements using the scenario-based modeling
language for Kotlin.1* TDSS, test-driven scenario specification.

(1) Write
anew
test case

&

all tests ™ all req.
passed modeled

a representative set of requirements is modeled for a current prob-
lem/stakeholder concern (sampling), and if an adequate set of test
scenarios exists for requirements validation (coverage).

3.2 | Test-driven scenario specification

To handle complexity and to foster a common system understand-
ing, scenarios are seen as beneficial for requirements engineering and
system validation tasks.*®4” Therefore, in this work, we use scenario-
based techniques for systems and requirements modeling. For systems
modeling, we use scenarios to decompose use-cases, structure stake-
holder requirements, and identify stakeholder and validation concerns.
For requirements modeling we apply the scenario modeling language
for Kotlin (cf. Greenyer®8) to automatically analyze and document
functional system requirements.

To support practitioners in the application of this formal require-
ments modeling task, we introduced the TDSS technique!?® to itera-
tively model single requirements driven by tests, where the ability to
immediately test the modeled requirements brings high confidence
and a feeling of control to the requirements specification and analysis
phase.l!

The TDSS process is illustrated in Figure 2. It starts with writ-
ing a new test case, which is then executed in the second step. If
this test case fails, the formal specification of the system require-
ments is to be adjusted in the third step. Subsequently, the new test
case, along with all test cases from previous iterations, is executed.
This clarifies whether the new system requirement has been correctly
formalized and whether there are any functional dependencies with
existing requirements. If all test cases are successfully executed in this

step, the process concludes with cleaning up the created specifications.

3.3 | Model-based systems engineering

MBSE is regarded as a promising approach to managing system
complexity and overcoming challenges in product engineering.*? As
described by Walden et al., MBSE is the formalized application of
modeling to support engineering activities such as verification and val-
idation over the whole product lifecycle.®? The goal of MBSE is to
replace the multitude of independent documents used in engineering
(e.g., system description documents, requirements and test specifica-
tions etc.) by a central system model.3! In order to develop system
models, different methods and methodologies can be used.>%->2 They
often comprise a process model and activities to achieve a certain goal.

The methods can be divided into generic methods, but also language-

or tool-specific methods (cf. Weilkiens et al.>!). Although extensive
work has been done in the field of architectural modeling in MBSE, the
respondents of various studies still see validation and verification as a
major challenge that has not been covered comprehensively.38>3

As mentioned by Husung et al.,>* different use cases, such as the
definition of verification and validation criteria should be supported
using systems modeling. Currently only a few approaches, such as
the SPES XT modeling framework>> or the object-process framework
by Langford,”® include uses cases for verification and validation in
MBSE modeling. While the SPES XT modeling framework provides
a generic input on how to support validation activities in an archi-
tecture model, the framework does not support specific artifacts
and viewpoints for the continuous support of verification and valida-
tion. The object-process framework>® on the other hand focuses on
process-related aspects without providing an ontology to formalize
information. Another approach that addresses validation in systems
modeling is proposed by Lindeman et al.>” However, this Framework
does not specify methods, viewpoints, guidelines and so forth, to build
up and use a system model in the understanding of MBSE.

Although a few concepts exist, there is a need for action in the use of
an integrated system model for early and continuous support for test
planning and analysis in product development. Especially the detailed
system information consolidated in a system model is useful in the area
of validation planning. For example context information, as mentioned
by Pohl et al.,>> or the detailed interface specification that are spec-
ified in the structural models can be used to plan test environments.
Therefore, in this paper we specifically consider verification and valida-
tion as part of an integrated MBSE approach, which is based on MBSE
concepts as described by Holt and Perry.2! Accordingly, our MBSE
approach consists of three aspects:

* Ontology, for the definition of relevant terms and concepts used for
modeling as well as their dependencies.

* Viewpoints and Views, focusing on specific subsets of the defined
ontology and defining consistent sections thereof based on concerns
of stakeholders of the MBSE approach.

* (Architecture) Framework, assembling and arranging relevant view-
points and the ontology for a given application of the MBSE

approach.

In addition, a complementary method describing how to perform
modeling based on the framework is required. This will ensure a con-
sistent system model is created, which will enable full traceability

capabilities across the architecture and validation artifacts.

4 | MODEL-BASED ANALYSIS AND
SPECIFICATION OF FUNCTIONAL REQUIREMENTS
AND TESTS

Therefore, in this section, we present the three aspects: ontology, view-
points and views, and a specification method for the application of the
MBSE approach.
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FIGURE 3 Excerpt from the ontology developed in the MoSyS research project.

4.1 | Ontology for test-driven analysis of
requirements

Holt and Perry?! describe a general MBSE ontology. However, the
described ontology does not comprehensively enough cover elements
for modeling of verification and validation aspects as needed for the
goal of this work. Mandel et al. specifically investigate relevant ele-
ments for the description of verification and validation activities as well
as their relations to define a (sub-) ontology for an MBSE approach.'®
This ontology is taken as a basis and is further specified in the BMBF-
funded research project MoSyS. Relevant parts of the MoSyS ontology
are used for the approach in this work.

An excerpt of the used ontology is shown in Figure 3. We separate
the single elements of the ontology in the sections Problem Space, Prod-
uct, and Validation System. The central part within the problem space
are stakeholder requirements, that are the starting point for sysetms
engineering activities from a Tierl supplier perspective and for our
specification method (see Section 4.3). These stakeholder require-
ments can be provided by external stakeholders like OEMs, or internal
stakeholders, for example, functional safety, quality, and production
managers, where the resulting stakeholder requirements are based on
specific stakeholder concerns. To support a context modeling, we con-
sider interacting systems from which, in interaction with the stakeholders,
use cases can be derived. The use cases in turn can be concretized by
application scenarios. The information of the modeling within the prob-
lem space s linked to validation concerns to model, where in the problem
space knowledge gaps exists, that need to be resolved by appropriate
validation activities. The dashed lines indicate that validation concerns
are part of the validation system.

The ontology elements for the product modeling are based on
established MBSE approaches (e.g., refs. [21, 50, 51, 55]), where sys-

tem requirements are derived from stakeholder requirements. The
system requirements in turn are used to model the functional archi-
tecture and eventually the logical architecture. Within this article, we
consider system requirements and functions as possible sources of
validation concerns.

The ontology elements of the validation system are essential for our
test-driven modeling and analysis approach. The starting point within
the validation space are the validation concerns, derived from the
problem and solution space. The validation concerns are operational-
ized through validation goals. To create a link from abstract validation
goals to concrete test cases, we use test scenarios as a binding ele-
ment. The element test in turn is a composition of test environment
and test case. The test case leads to a test result and the test environ-
ment is composed of test environment objects, which can be derived
from the logical architecture and the system context of the product and
problem space, respectively. This structure supports the alignment of
modeling activities to conduct a test specification as required in auto-
motive development projects, since the validation concern element is
traceably linked to the elements from the problem space and product
architecture. Accordingly, we can trace back the elements of the val-
idation system based on their connection to the validation concern.
This enables the implementation of specific viewpoints and views for
test-driven modeling and analysis.

4.2 | Viewpoints and views

Viewpoints can be understood as “filters” to show representations of
a system model for sub-sets of the developed ontology (see Figure 3).
In addition, each viewpoint is a blueprint to create one or more

specific views in a (software) implementation of the model. The
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FIGURE 4 Viewpoints to describe the validation system.

viewpoints/views are used to structure the system model. Each view-
point can be used in a variety of modeling activities of the specification
method (see Section 4.3). The viewpoints we applied within this arti-
cle focus on the validation system modeling. In addition, viewpoints
for modeling the problem space and the product are included. The
viewpoints are arranged in a framework of seven layers as shown in
Figure 4, where the uppermost layer includes viewpoints for problem
space modeling, the lowest layer covers viewpoints for product mod-
eling and the remaining layers cover viewpoints for modeling of the

validation system. Each layer contains one or more viewpoints:

» System context and use cases (problem space) supports the mod-
eling of use cases and application scenarios from a stakeholder
perspective, where each use case is based on a specific stakeholder
concern. In addition, the alignment of stakeholder requirements to
the defined application scenarios and context modeling of the sys-
tem in development is supported. Context systems interacting with
the system in development via interfaces on the system boundary
are modeled using the context viewpoint.

» Validation concerns (validation system) contains one viewpoint to
define validation concerns based on the modeling activities within
the problem space, and one viewpoint to provide an overview of
all defined validation concerns including the addressed ontology
elements.

» Validation goals and tests (validation system) contains a viewpoint
to concretize the list of validation concerns with specific validation
goals and related test scenarios. In addition one viewpoint includes
all relevant requirements and system elements that are related to a
validation goal.

» Test cases (validation system) contains a viewpoint to support
the definition/generation of test cases based on given stakeholder

requirements and defined validation goals.

WI LEYJ—7

» Test environments (validation system) contains the viewpoints to
define test environments and model the containing test environ-
ment objects. In addition this layer contains a viewpoint to support
the assignment of tests to specific test environments.

» Test results (validation system) contains viewpoints to derive the
specifications for the implementation and execution of test cases
and test scenarios for the requirements verification and validation.

* System elements (product) is used to add system requirements,
functions, and logical system elements to the system model, as a

result of the test-driven modeling.

4.3 | Specification method

Figure 5 presents an overview of the developed method, comprising
11 individually consistent modeling activities. The goal of the method
is to support system architects and test designers in the iterative and
integrated development of complete and consistent requirements- and
test specifications, that can be used as a basis for the detailed design of
the product and the related validation systems. The modeling method
integrates TDSS and the modeling method according to Mandel et al.8
to support an early and continuous definition of test cases as well as
the specification of requirements. Based on the ontology (Section 4.1)
we propose three methodical blocks with different scopes: modeling of
the problem space, modeling of the validation system, and modeling of
the product.

The arrangement of these methodical blocks is motivated by two
aspects. First, the system requirements and test specification tasks
in automotive development projects are triggered by changing stake-
holder concerns.® Consequently, the subsequent activities for the
validation system modeling in 12 are triggered and defined by chang-
ing system contexts, use-cases, and stakeholder requirements captured in
11. Second, the method builds on the idea of test-driven modeling143
and integrates it with the concept of a continuous validation as a
central development activity to create knowledge about the system
in development.1¢-18 Accordingly, we capture changing stakeholder
informationin 11, derive validation concernsin 12, and use this informa-
tionto consolidate tests in order to drive the formal modeling of system
requirementsin 13.

Specifically, in 12, we derive validation concerns based on stakeholder
use-cases and stakeholder requirements, but considering that system
requirements and other information from previous development iter-
ations may already exist, this information can also lead to validation
concerns (see the dependencies in Figure 3). The defined validation
concerns are the basis to consolidate validation goals and tests. This
activity supports the planning of validation tasks by addressing two
challenges in complex development projects. First, what shall be vali-
dated in the upcoming development iteration? And second, where and
with which resources should this be validated? In complex scenarios it
is necessary to set a focus for the validation, which we do by assigning
concrete validation goals to the list of all identified validation con-
cerns. And since the validation activities are usually distributed across

departments and companies, it is important to consolidate on which
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FIGURE 5
on stakeholder and validation concerns.

test environments which test cases should be executed. In this activ-
ity, this is supported by the ontology element test that binds a test
case with a related test result to a test environment (see the validation
system part of the ontology in Section. 4.1). If the existing test environ-
ments are not sufficient to fulfill the consolidated validation goal, the
activity modeling of test environments can be used to extend or add new
test environments.

These three activities in 12 are the foundation to execute the TDSS
technique, in order to drive the modeling of system requirements and
to automatically analyze if the specified system behavior corresponds
to the stakeholder requirements. This is organized in a verification
and validation path. In the verification path we execute the TDSS
technique as introduced in Section 3.2. As part of TDSS, we gener-
ate test cases for each stakeholder requirement that is relevant for
the current development iteration. In this way, we ensure that each
stakeholder requirement is verified by the right number of test cases
(cf. [10]) within the requirements verification activity. As a result of
the activity model system requirements driven by tests, we get a formal
scenario-based requirements model. Subsequently, we use the valida-
tion path to investigate if the current validation goal is reached with
the current implementation status of system requirements. For this
requirements validation we simulate the system requirements driven by
test scenarios that are aligned to the validation goal (see Section 4.1).

The execution of the individual modeling activities can be done

sequentially from 11to 13, but also in a different order depending on the

1 For details regarding the requirements modeling language please refer torefs.[11, 14, 48].

Integrated product and validation system modeling to obtain consistent and complete requirements and test specifications based

currently available information and situation within the development
project. Each modeling activity is linked to selected viewpoints from
the overview in Figure 4 that support the analysis and syntheses for
the modeling activity. On one hand, the use of iteratively reusable mod-
eling activities can provide users with an intuitive and flexible means
of modeling according to their specific problem situation. On the other
hand, the ontology, viewpoints, and framework provide a structure for
the created system models that can be reused across multiple projects
and support users in navigating the models.

As result of the proposed approach, we iteratively add artifacts
(a.0., test cases, test results, test scenarios, requirements) to our
central system model, where the individual modeling activities are
supported by the views and viewpoints introduced in Section 4.2,
and the single artifacts are related to each other according to the
ontology introduced in 4.1. As a key result of our approach, this
allows us to derive complete and consistent requirements and test
specification from the system model as shown in Figure 11 and
Figure 12.

5 | APPLICATION AND EVALUATION
5.1 | Overview
Figure 6 shows the individual steps we conducted to evaluate our

approach. Within the MoSyS research project, we implemented the

ontology and the consolidated viewpoints and views with the MBSE
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FIGURE 6 Implementation, application and evaluation of the
proposed technique.
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FIGURE 7 Implementation of the central entry point for modeling
activities in IQUAVIS.

tool iIQUAVISZ. Subsequently, we built a modeling framework accord-
ing to the concepts introduced in Section 4. To support system
architects and test designers in performing the proposed method (Sec-
tion 4.3), we implemented a central entry point from which all modeling
activities can be accessed (see Figure 7). Each activity contains links
to the defined system views (see Figure 4) that are needed for the
respective modeling task.®

The evaluation is based on two elements:

First, we applied our approach at our industry partner. To make
the application reproducible, we describe the individual steps in the

2 https://www.isidsea.co.th/iquavis

3 Figure 6 includes links to the used tools to reproduce our results. The tools for the require-
ments modeling and analysis are publicly available. iQUAVIS is not publicly available, but
following the description in Section 4 and the proposed ontology in Figure 3 other MBSE tools
(e.g., Cameo Systems Modeler - cf. [18]) can be used to apply the proposed methodology. A list
of additional tools can be found at: https://mbse4u.com/sysml-tools

WI LEYJ—9

form of a walk-through that follows the individual steps of our method.
The results were discussed with experts at our industry partner and
recorded with the help of an online survey.

Second, we applied our approach within student projects that took
place in the summer term 2022 at dortmund university of applied sciences
and arts as part of the masters program embedded systems engineering*
(2nd semester). At the end of the student projects we conducted an
online survey to record the applicability.

The two elements of the evaluation highlight different aspects. The
walk-through is the foundation to discuss our approach with experts at
our industry partner. We used real-world requirements of a complex
functionality to get reasonable feedback, for example, on problem ori-
entation and modeling depth. The walk-through was conducted by the
authors of this work. In contrast, the student projects focus on smaller
examples, but highlight the applicability of our approach by students
with less MBSE experience. In this way, both the perspective of experts
with extensive experience in system development and novices with less
experience can be captured.

This evaluation framework was considered important because
although experts in the industry provided valuable feedback based
on the walk-through, their input relied on the documented applica-
tion of the MBSE approach. The experts didn’'t independently devise
the solutions. However, to ensure that the approach is applicable
by third parties, the student projects and the feedback gathered
there were crucial. This allows the relevance and applicability to be

demonstrated.

5.2 | Walkthrough

For the walk-through at our industry partner we started with a dataset
of 67 stakeholder requirements. This set of stakeholder requirements
was also the starting point for the development of the timer-charging
function (introduced in Section 2.4) following the established devel-
opment process at the case company. The majority of the available
requirements were functional requirements (57). We identified four
architectural and quality requirements, for example, the tolerance
time of different clock values, or specific components that shall be
considered in the architectural design were specified. In addition, six
requirements specified concrete interfaces to components that were

developed at external development partners.

52.1 | Problem space modeling

We started the application of our method with the modeling activi-
ties within the problem space. First, we scanned the 67 stakeholder
requirements that were provided by one OEM to identify use-cases for
the system in development. This activity was supported by the system
view use cases and application scenarios that was implemented as a tree

structure diagram as shown in Figure 8.

4 https://www.fh-dortmund.de/en/programs/embedded-systems-engineering-master.php
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FIGURE 8 System view to define use cases and application
scenarios based on stakeholder concerns.
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FIGURE 9 Context diagram including the user, interacting
systems, and the system in development.

As a result, we identified the stakeholder concern: as a user | want
to configure the SOC that shall be reached at a certain time, which
we assigned to the use-case: the user configures SOC and departure
time on an HMI. Based on the information given from the 67 stake-
holder requirements, we identified eight application scenarios which
we linked to the use case. In addition to the scenario that describes a
user interaction with the HMI, the identified scenarios also consider
how to handle implausible data and errors in the power supply of the
ECU. A more comprehensive scenario describes how implausible data
leads to a deactivation of the timer-charging functionality that can be
reactivated under specific constraints (self-healing). As a result of the
activities model stakeholder and use-cases and model stakeholder require-
ments, we were able to link all 67 stakeholder requirements to at least
one application scenario.

Based on the identified use-case, we executed the activity model
system context to identify and model all interacting systems that are
required for the identified use-case and the connected application sce-
narios. We identified the OBC as the system in development, and a user
interface, a gateway control unit, and a power supply control unit as inter-
acting systems, which we added to the system model using a context
diagram in iQUAVIS as shown in Figure 9.

5.2.2 | Validation system modeling

As an entry point for the validation system modeling, we used the
resulting tree structure diagrams from the problem space modeling
to define validation concerns and create links between these valida-
tion concerns and elements within the problem space. As a result of
the activity derive validation concerns, we were able to derive the view
shown in Figure 10 from our system model. This view automatically

lists all identified validation concerns (e.g., activation of the timer charg-

ing function) from the model and shows elements that are related, that
is, linked in the model, to this concern. Specifically, we defined that
the validation concerns can directly be rooted to one application sce-
nario and two stakeholder requirements. In addition, the view shows
that more stakeholder requirements are related to the addressed
application scenario but not directly linked to the validation concern.
Consequently, these requirements were shown as potentially relevant.
In addition to the addressed elements and potential relevant elements,
the view also includes test results from previous iterations, that can be
considered when defining new validation concerns.

With the information summarized in the validation concerns
overview (Figure 10) we entered the activity consolidate validation goals
and tests to arrive at concrete test cases and to define how these test
cases contribute to specific validation goals. By applying the test case
generation technique introduced in previous work,%1* we generated
111 test cases based on the 57 functional requirements and added
these test cases to our system model by using a tree structure diagram.
The aim of this activity was to ensure that each stakeholder require-
ment is addressed by the right amount of test cases. Consequently, we
took each requirement and generated the test cases without focusing
on dependencies between requirements. Subsequently, we combined
the available test cases to define test scenarios that considered causal
dependencies between single test cases and in this way addressed
specific validation goals.

In addition to the definition of tests and validation goals, we
explicitly modeled on which environments the tests should be exe-
cuted by entering the activity model test environments. At the case
company, the timer-charging function was validated on two test envi-
ronments that were operated in two different departments. The first
test environment was used for software integration testing and the
second environment was used for system integration testing (cf. to
the ASPICE processes SWE.5 and SYS.4 - see background informa-
tion in Section 2.3). The test environments are in turn composed of
test environment objects (see Figure 3), which we used to model specific
resources (e.g., debug- or CAN interfaces). With this information we
were able to link the different test environments to the already defined
tests. Specifically, one test case required to read back the clock time
that was written to the hardware-timer, which is only possible with
access to internal ECU data. Therefore, we connected the correspond-
ing test to the test environment for software integration testing, which
included the test environment object debug-interface, necessary to read
the internal data.

With executing the activity consolidate validation goals and tests and
model test environments, we created the foundation for the activities
requirements verification and requirements validation. These activities
were based on two separate views, which we derived from our system
model automatically. We used both views for the test-driven model-
ing of system requirements. As a first step we used the view shown
in Figure 11 to model each test case and run the TDSS process (see
Section 3.2).

In this way, we were able to model all functional requirements driven
by test cases, where the overview in Figure 11 includes the stakeholder

requirements (e.g., @req TM_710) which we used for the test case gen-
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L Addressed Elements
Validation Concern R eF;?JIi?(\elr?'lrgnts Test Results
Name Type Name Type

@req TM_708 Stakeholderanforderung not operated
@req TM_710 Stakeholderanforderung not operated
@req TM_770 not operated
the user requests @req TM_712 not operated
tS"SggeCc?jég{%gt.he @req TM_713  |not operated

activation of the timer )
charging function g;%ri?rdett?rie is Szenario @req TM_714  |not operated
transmitted to the @req TM_715 not operated

OBC control unit

@req TM_775 not operated
@req TM_716 not operated
@req TM_717 not operated
@req TM_776 not operated

FIGURE 10 Validation concerns overview including addressed and relevant system elements and test results from previous iterations.

Requirement Test Case
System Test
Test Requirement . Environment T IRER
ID Text ID Description
activate timer charging,
set destination SOC, set
SMLK TM_708.1 T@'\}Ie730téc1ase departure time. The data|SysIT passed
: is transmitted to the
application
don't activate timer
charging, set destination
@test-case SOC, set departure time.
SMLKTM_708.2 1131708 2 The data is not passed
After the customer has activated transmitted to the
the timer chargiggo gnction and set application
the destination and the
@testTM_708  |@req TM_708 | genarture time, the software of the activate timer charging,
OBC shall transmit this data to the Dtest gcglg settddestmgtlont.
application est-case , set departure time.
PP SMLKTM708.3 | 1Mm708.3 The data is not passed
transmitted to the
application
activate timer charging,
o set destination SOC,
test-case don't set departure time.
SMLKTM 7084 11317084 The data is not passed
transmitted to the
application
The software of the OBC must set @test-case set )
the clock time of the Hardware- SMLK TM 710.1 TM710.1 TimerChargingRequest. [SwIT passed
Timer to the time contained in the : Clock time is set.
@test TM_710 |@req TM_710 CAN message
"CanMessageTimerCharging" when| @test-case don'tset
triggered by the signal SMLK TM 710.2 TM710.2 TimerChargingRequest. passed
"TimerChargingRequest" : Clock time is not set.

FIGURE 11 Overview derived from the system model containing all test cases for each stakeholder requirement with the related test

environments and test results.

eration (e.g., @test case TM710.1), and the related system requirement
as aresult of our test-driven modeling (e.g., SMLK TM 710.1). Together
with the linked test results we were able to document that the current
state of the system requirements specification covers each stakeholder
requirement and that each stakeholder requirement is verified.

To additionally answer the question if the previously created spec-
ification was suitable to fulfill the validation goals, we executed the
activity requirements validation based on the view shown in Figure 12.

According to thelist of all identified validation concerns, this view spec-
ified concrete validation goals and their dependencies. For example, for
the first goal it was requested that the user can set the SOC and the
departure time. To reach this goal we defined one test scenario com-
posed of two test cases, that we already modeled in the requirements
verification activity. Depending on the first goal, we specified that the
plausibility of the clock time can be checked as a second goal. And
a third goal specified that if the plausibility check fails, a self-healing
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- . Test
Validation Goal Test Scenario Test Test Cases S Test Result
The OBC can repair a
deactivated timer- self-healing @testTM_712 %}l‘;ﬁtéﬂase SwiT passed
charging function '
The plausibility of @test
g]eecﬂgglli élgne can @testTM_770 TM?%;%E’.‘;G SwiT not operated
plausibility check
User can set SOC and @test-case
departure time @test TM_770 TM770.1 SwiT passed
@test-case
user activates the @test TM_708 TM708.1 SysIT passed
timer charging
function @test TM_710 T@'\}It;s“téc?se SwIT passed

FIGURE 12 Validation goals that are derived from initially defined list of validation concerns. With the help of test scenarios, validation goals

are linked to concrete test cases.

functionality can repair the deactivated timer-charging function. Con-
sequently, with the resulting structure as shown in Figure 12, we were
able to identify which test cases contribute to the respective validation
goal. For the requirements validation, we triggered the previously cre-
ated scenario specification with the test scenarios that were linked to
the consolidated validation goals. In this way we were able to demon-
strate if the implemented systems requirements are sufficient to fulfill

the validation goals.

5.3 | Expert feedback

To conduct the expert feedback, we used the previously described
walkthrough and elaborated the outcome with two senior managers
that were involved in the development of the timer-charging function
following the traditional development process. The expert feedback
was structured with the help of a semi-structured interview. This
interview was based on related work that investigates the accep-
tance of MBSE approaches in general. The different categories of the
questionnaire are based on Mandel et al.>® Basically, we divided the
questions into two categories (cf. ref. [59]). The first category deals
with individual acceptance of our approach, and the second category
includes topics that indicate organizational acceptance. For both the
individual and organizational acceptance, our questions are based on
sub-categories that were identified by related work and can be seen as
fields of action to investigate the acceptance when developing MBSE
methods.’® Table 1 provides an overview of all sub-categories and the
related work from which these categories are derived.

5.4 | Student projects and online survey

In addition to the application at our industry partner, we applied our
technique within three student projects. As part of the masters pro-
gram embedded systems engineering at dortmund university of applied
sciences and arts, 11 students worked on three projects for 1 week.

These projects were coordinated with two industry partners (Kostal,

TABLE 1
the expert interviews, adapted from Mandel et a

Identified categories to structure the online-survey and
|_58

Category - individual acceptance Derived from

Perceived performance of individual users 38,59-62
Intuitiveness of applicability 59

Flexibility and adaptability of the 38,59,61,63,64

methodology

Usability of the modeling tool 38,59,61-63,65

Target vision and modeling procedure clear 38, 63,64
for users
Appropriate level of formalization and 61, 65,66

ontology to support (and not hinder)
communication among users

Category - organizational acceptance Derived from

(Monetary) benefit-cost/effort ratio of 38,59-61, 63
applying the methodology
Teach- and learnability of the methodology 59,61, 67,68
Reusability and extendibility of the method 59,63
and created models
Problem orientation/support in modeling 53,66

the problem space

Two-Pillars). At the beginning of the week, the students defined the
individual projects and the project goals together with Kostal. In
addition, TwoPillars provided an introduction to the modeling tool
iQUAVIS. The modeling approach was introduced with the help of the
example introduced in Section 2.4 and the previously described walk-
through. The complete week was structured in five milestones with
presentations and discussions at the end of each day. At the end of day
1, the students presented their individual project outlines, the focus of
day 2 was on problem space modeling (11 in Figure 5), and days 3 and 4
focused on the test-driven requirements modeling and analysis (12 and
I3 in Figure 5). The last day was used for the final presentations and to

conduct the online survey.
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TABLE 2 Results from the online survey. For each statement, the table shows the number of responses for a choice from 1 (do not agree) to 4

(fully agree).

Identified category

Perceived performance of
individual users

Intuitiveness of
applicability

Flexibility and adaptability
of the methodology

Usability of the modeling
tool

Appropriate level of
formalization and
ontology to support (and
not hinder)
communication among
users

Problem orientation and
modeling depth

Benefit-cost/effort ratio of
applying the
methodology

Teach- and learnability of
the methodology

Reusability and
extendibility of the
method and created
models

Derived statement
| recognize an added value of MBSE for my project

The provided methodology helps me to navigate to the exact
views/activities where MBSE can be helpful in my project

The developed training concept and the application of the
framework help to find a quick start into modeling

With the methodology used, | can quickly and specifically find
the modeling activities and diagrams that are relevant to
my modeling purpose/problem

The modeling activities can be performed flexibly/iteratively
without following a strict waterfall process, thus
supporting a goal-oriented modeling

By using the provided template and the depictions of the
framework, the navigation in the software tool is made
easier

In the provided template and software tool, all functions
needed for modeling in my project are explained and can be
used without extensive training

The model can be used for communication in the team

The model can be used to communicate with external
development partners (supervisor at milestones)

Modeling with given elements (from the ontology) supports
unambiguous modeling and unambiguous communication
in the team

The applied scenario-based modeling has fostered
coordination on expected system behavior within the team

The test-driven modeling and the elements of the validation
system (e.g., validation goals) were helpful to decide what
needs to be modeled and to which extend

When following the test-driven modeling, the resulting
sequence diagrams specified our systems requirements
sufficiently and addressed the identified problem

By targeted guidance to modeling activities and viewpoints
through the methodology, modeling effort can be kept
reasonable in relation to the overall project

The structure of the training is well comprehensible

The application of the method is not limited to a specific
project, it can be applied to different projects

The structure of the methodology (problem space, validation
system, product) supports the reuse of the created model
elements in subsequent development projects

1 (Do not 4 (Fully

agree) 2 3 agree)

0 5(4s,1e) 8(7s, le)

0 0 4(2s,2€) 9(95s)

0 0 4(45s) 7(75s)

0 0 6(4s,2¢) 7(75s)

0 0 5(3s,2¢) 8(85s)

0 0 4(3s,1e) 8(8s)

0 3(3s) 7(6s,1¢) 2(2s)

0 0 6(5s,1¢€) 7(6s,1¢€)
1(1s) 4(3s,1e) 8(7s,1e)

0 0 5(5s) 6(65s)

0 0 6(4s,2¢) 7(75s)

0 0 3(2s,1¢) 10(9s, 1e)

0 0 2(2s) 10(9s,1¢€)

0 1(1s) 5(3s,2¢€) 7(75s)

0 1(1s) 7(6s,1e) 4(45s)

0 0 6(4s,2€) 7(75s)

0 0 5(4s,1e) 7(75s)

Note: In the parentheses, a distinction is made between the responses of the students (s) and the experts (e).
Abbreviation: MBSE, model-based systems engineering).

5.5 | Survey results

To capture the feedback from the expert interviews and from the stu-
dent projects, we provided statements for each identified category,
where the respondents could make a choice in the range of one (do not
agree) and four (fully agree). The results are summarized in Table 2. The
feedback for each category is discussed subsequently.

5.5.1 | Perceived performance of individual users

Both the students and the experts reported that they see an added
value of our methodology for their projects. However, based on
the previously described walk-through, the experts stated that the
added value depends on the project size. Although the central entry
point (Figure 7) and the identified views and activities were seen as
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supportive to guide the modeling tasks, for small projects it may be to
much effort. Nevertheless if multiple validation systems and complex
functionalities are involved, they fully agree that the application of the
methodology is beneficial.

The students stated that the structuring of the activities and the
associated views were helpful to directly start modeling a current
problem while keeping the overall model in mind.

5.5.2 | Intuitiveness of applicability

The students agreed that with the provided training (introduction by
the tool vendor - Two Pillars, and an introduction of the methodol-
ogy based on an example from the industry partner - Kostal, combined
with discussions at defined milestones) they found a quick start into the
modeling by addressing their individual technical problems.

Since the two experts were not directly involved in the student
projects and their opinion is based on experiences from the walk-
through, they could say little about the intuitiveness of applicability.
However, they agreed that with the methodology it is easier to find
the required modeling activity and diagram, compared with existing

approaches at the case company.

5.5.3 | Flexibility and adaptability of the
methodology

Regarding the flexibility and adaptability, the students and experts
agreed that the the central entry point within the modeling tool
(Figure 7) supported an iterative development and can be applied
specifically for the current problem within the project. The students
reported that they started modeling within the problem space based
on their initial project outline, and, after continuing on days 2 and 3
with the validation system and product modeling, they often jumped
back into the problem space to discuss use cases, scenarios and related
stakeholder requirements.

One of the experts mentioned, that the problem space modeling
is usually done by the OEM, and the missing information is often
exchanged informally based on requests of the supplier. With explicitly
capturing this information with the help of context diagrams, use cases
and scenarios, they agreed that this is beneficial to support a goal ori-
ented modeling, especially for the validation system modeling including

the definition of validation goals and test scenarios.

5.5.4 | Usability of the modeling tool

The usability was considered as positive. The students stated that
the structuring of activities helped to find what modeling task should
be executed. Since the experts did not use the modeling tool exten-
sively, they could say little about the usability. Regarding the provided
template and the different functionalities of the modeling tool some

students reported that more training would be necessary. One expert

mentioned that structuring activities within the tool, as depicted in
Figure 7, can enhance applicability. Furthermore, it was confirmed that
the available block diagrams, tree structures, and textual descriptions
can be easily utilized.

5.5.5 | Appropriate level of formalization and
ontology to support (and not hinder) communication
among users

Overall, students and experts agreed that the degree of formalization
and ontology supported the communication within the three project
teams, or can support the communication within engineering teams
respectively. Also for the communication with external development
partners, the majority of respondents agreed that the resulting system
model can be used for communication. Within the student projects,
the students quickly adapted the methodology and used the ontology
elements actively to discuss the current modeling problem. Especially
the validation system modeling and the concept of test-driven system
requirements modeling was extensively applied with the results being
used for discussions within the teams. Consequently, they answered
the statement positively.

However, the experts could not say if the elements of the ontology
would actively be used within engineering teams for the communica-
tion within and across teams. They stated that the application needs to
be investigated in several and larger projects.

For the scenario-based modeling, students and experts agreed that
this way of modeling within the problem space and for the modeling
of system requirements fostered or can foster the coordination on
expected system behavior within the teams.

5.5.6 | Benefit-cost/effort ratio of applying the
methodology

The majority responded that the effort can be kept reasonable in rela-
tion to the overall project. However, according to the experts, this
strongly depends on the project size as already mentioned above. For
large projects, the ability to derive specification as shown in Figure 11
and Figure 12 is seen as beneficial, where for small projects the

modeling effort is seen as to high.

5.5.7 | Problem orientation and modeling depth

The students and one expert fully agreed that the test-driven approach
with the early definition of validation concerns and validation goals,
leading to a test-driven development of system requirements, were
helpful to decide what needs to be modeled and to which extend. The
statement regarding the application of our model-based requirements
specification technique goes in the same direction. Most of the respon-
dents fully agreed that the test-driven modeling led to clearly defined

systems requirements that addressed the identified problem.
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5.6 | Discussion

The connectivity of current automotive systems leads to often chang-
ing stakeholder requirements.?? For practitioners it is challenging to
systematically analyze and specify system requirements when the
environment and interconnected systems change during development
time (cf. Section 2.4), which leads to changing stakeholder request and
consequently to an iterative system development.® Given this practical
challenge, this work addresses how complete and consistent require-
ment and test specifications can be created, when considering an
iterative development and the demands of automotive development
standards (a.o. traceability and verifiability of requirements in a plan-
driven and stage-gate oriented development process, cf. Sections 2.2
and 2.3).

Based on the findings that challenges in requirements engineering
and verification & validation are predominantly investigated sepa-
rately in both research and practice,®%70 this article is based on the idea
of integratively analyzing and specifying requirements and tests.

Considering that many model-based attempts have been made in
the field of requirements and test specification, but the adaption in
industry is relatively low,” our contribution focuses on a application-
oriented technique.

According to existing MBSE approaches (cf. Section 3.3), our tech-
nique (Section 4) is based on a central system model combined
with scenario-based modeling techniques and suitable automation
approaches (cf. Section 3.2).

To investigate the feasibility of our approach, we applied our tech-
nique at our industry partner and within student projects. Besides
the detailed feedback summarized in Table 2, one key insight is that
despite the overall complexity of the method and the modeling lan-
guage used, the students were successfully able to realize and present
their individual projects within only 1 week of work and without expert
knowledge. One reason for this may be the implementation of the cen-
tral entry point for all modeling activities (see Figure 7), which provides
orientation, and combined with the connected system views covers the
complexity of dependencies within the system model (see categories
perceived performance of individual users, intuitiveness of applicability and
appropriate level of formalization and ontology to support communication
among users in Table 2).

From an industry perspective the responses for the category prob-
lem orientation and modeling depth provides valuable insights. When
modeling complex systems, it is often challenging to decide what to
model and to which extend. Since our technique follows a test-driven
approach combined with the explicit definition of validation concerns
and validation goals, we guide the modeling activities and ensure
that the modeled system requirements are traceable to a validation
and hence stakeholder concern. Although it is possible to model the
system behavior in-depth using the applied modeling language, the
iterative modeling method TDSS combined with the related system
views (Figures 11 and 12) supports the systems engineer in iteratively
deciding what needs to be modeled next. The related statements to
the category problem orientation and modeling depth were answered

very positive.

Despite the overall positive feedback, there is a continued need
for application, validation, and adaptation of the approach in complex
development projects. While the implemented example is based onreal
requirements of a complex function, the resources and time available
within a research project are not sufficient to address all the details
that arise in real development projects. With the artifacts provided
in this®> and previous work,101113.18 e encourage others to imple-
ment, adapt and further evaluate the presented technique for different
development situations.

6 | CLOSING AND NEXT STEPS

Following the DSR paradigm, we integrated different techniques and
concepts and designed and applied a new DSR artifact at a Tierl
supplier company to address a practical problem: the specification
of system requirements and tests for complex automotive systems.
It is obvious that the individual techniques are studied comprehen-
sively and in depth in individual research directions (cf. scenario-based
modeling*® or validation-focused MBSE!8). However, none of these
works alone is able to solve the identified practical problem. The con-
tribution of this work is the integration of the single concepts to arrive
at complete and consistent requirements and test specifications in
an iterative development context, which is driven by changing stake-
holder requests. By the combination of recent research results as part
of the MoSyS research project, we found the the new DSR artifact
extends our previous work and finally can be applied beneficially in a
real world context. The next steps focus on the roll-out of our technique
in different development projects.

ACKNOWLEDGMENTS

This research was supported by the the German Federal Ministry
of Education and Research (BMBF) within the “The Future of Value
Creation - Research on Production, Services and Work” program
(funding number 02J19B106 - 02J19B090) as part of the research
project MoSyS - Human - Oriented Design of Complex Systems of Sys-
tems, which is managed by the Project Management Agency Karlsruhe
(PTKA). The authors are responsible for the content of this publication.

DATA AVAILABILITY STATEMENT
No.

ORCID

Carsten Wiecher " https://orcid.org/0000-0002-3280-4471

REFERENCES

1. Kirpes B, Danner P,Basmadjian R, de Meer H, Becker C. E-mobility sys-
tems architecture: a model-based framework for managing complexity

5 https://mbse4u.com/sysml-tools/
https://www.two- pillars.de/iquavis/
https://bitbucket.org/jgreenyer/workspace/projects/SMLK
https://bitbucket.org/jgreenyer/smlk-animator
http://www.cira.bth.se/demo

85U8017 SUOWWIOD 8AITEID) 8|t jdde ay) Aq peusencb 8. 9o VO ‘88N JO S9N 10} AeIq1T8UIUO AB]1/W UO (SUORIPUOD-PUR-SLLIBI WD A8 | im AReq 1 jpulUo//SANY) SUORIPUOD pue SWie | 8y} &8s *[202/20/.2] uo AkidqiTaulluo A8|IM 4 sl Buns|e Aq 82Tz SAS/Z00T 0T/10p/wioo" A8 1M Areiqijeuljuo8sooul//sdny wolj pepeojumod ‘0 ‘8589025T


https://orcid.org/0000-0002-3280-4471
https://orcid.org/0000-0002-3280-4471
https://mbse4u.com/sysml-tools/
https://www.two-pillars.de/iquavis/
https://bitbucket.org/jgreenyer/workspace/projects/SMLK
https://bitbucket.org/jgreenyer/smlk-animator
http://www.cira.bth.se/demo

* | WILEY

10.

11.

12.

13.

14.

15.
16.

17.
18.

19.

20.

WIECHERET AL.

and interoperability. Energy Inform. 2019;2(1). doi:10.1186/s42162-
019-0072-4

. Vogelsang A. Feature dependencies in automotive software systems:

extent, awareness, and refactoring. J Syst Softw. 2020;160(2019):1-37.
doi:10.1016/j.js5.2019.110458

. Kasauli R, Knauss E, Horkoff J, Liebel G, de Oliveira Neto FG. Require-

ments engineering challenges and practices in large-scale agile system
development. J Syst Softw. 2021;172:110851. doi:10.1016/j.jss.2020.
110851

. International Organization for Standardization (I1SO). Road vehicles -

functional safety - Part 6: product development at the software level,
1SO 26262-6:2018.

. VDA QMC Working Group 13/Automotive SIG. Automotive SPICE

process assessment: reference model. tech rep, automotiveSIG;
2015.

. Mller M, Hérmann K, Dittmann L, Zimmer J. Automotive SPICE®in der

Praxis: Interpretationshilfe fiir Anwender und Assessoren. dpunkt. verlag;
2016.

. Wohlrab R, Horkoff J, Kasauli R, Maro S. Boundary objects and

methodological islands. In: 39th International Conference on Conceptual
Modeling (ER 2020), Springer, 2020.

. Juhnke K, Tichy M, Houdek F. Challenges concerning test case speci-

fications in automotive software testing: assessment of frequency and
criticality. Softw Qual J. 2020. doi:10.1007/s11219-020-09523-0

. Liebel G, Tichy M, Knauss E. Use, potential, and showstoppers of mod-

els in automotive requirements engineering. SoSyM. 2019;18(4):2587-
2607.d0i:10.1007/s10270-018-0683-4

Fischbach J, Frattini J, Vogelsang A, et al. Automatic creation of
acceptance tests by extracting conditionals from requirements: NLP
approach and case study. J Syst Softw. 2022;197(5):111549.

Wiecher C, Greenyer J, Korte J. Test-Driven scenario specification of
automotive software components. In: 2019 ACM/IEEE 22nd Interna-
tional Conference on Model Driven Engineering Languages and Systems
Companion (MODELS-C), Munich, IEEE; 2019:12-17.

Wiecher C, Japs S, Kaiser L, Greenyer J, Dumitrescu R, Wolff C. Sce-
narios in the loop: integrated requirements analysis and automotive
system validation. In: Guerra E, lovino L., eds. MODELS '20: ACM/IEEE
23rd International Conference on Model Driven Engineering Languages
and Systems, Virtual Event, Canada, 18-23 October, 2020, Companion
Proceedings. ACM; 2020:35:1-35:10.

Wiecher C, Greenyer J, Wolff C, Anacker H, Dumitrescu R. Iterative
and scenario-based requirements specification in a system of sys-
tems context. In: Dalpiaz F, Spoletini P., eds. Requirements Engineering:
Foundation for Software Quality - 27th International Working Conference,
REFSQ 2021, Essen, Germany, April 12-15,2021, Proceedings. Vol. 12685
of Lecture Notes in Computer Science. Springer; 2021:165-181.
Wiecher C, Fischbach J, Greenyer J, Vogelsang A, Wolff C, Dumitrescu
R. Integrated and iterative requirements analysis and test specifica-
tion: a case study at Kostal. In: ACM/IEEE 24th International Conference
on Model Driven Engineering Languages and Systems (MODELS). |EEE;
2021:112-122.

Beck K. Test-driven development: by example. Addison-Wesley; 2003.
Albers A. Five hypotheses about engineering processes and their
consequences. In: Proceedings of the TMCE, 2010.

Albers A, Behrendt M, Klingler S, Reiss N, Bursac N. Agile product engi-
neering through continuous validation in PGE - product generation
engineering. Des Sci. 2017;3(5):19. doi:10.1017/ds}.2017.5

Mandel C, Boning J, Behrendt M, Albers A. A model-based systems
engineering approach to support continuous validation in PGE - prod-
uct generation engineering. In: 2021 IEEE International Symposium on
Systems Engineering (ISSE). IEEE; 2021:1-8.

Hevner AR, March ST, Park J, Ram S. Design science in information
systems research. MIS Q. 2004; 28(1): 75-105.

Vom Brocke J, Winter R, Hevner A, Maedche A. Special issue edi-
torial - accumulation and evolution of design knowledge in design

21.

22.

23.

24,

25.

26.

27.

28.

29.

30.

31

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

science research: a journey through time and space. J Assoc Inf Syst.
2020;21(3):520-544. doi:10.17705/1jais.00611

Holt J, Perry S. SysML for Systems Engineering: A Model-Based Approach.
IET Digital Library; 2019.

Schnitzler J, Lutter T. Efficient automotive on-board chargers for
the volume ramp-up of e-mobility. In: AmE 2020 - Automotive meets
Electronics; 11th GMM-Symposium. 2020:154-159.

VDI. Entwicklungsmethodik flir mechatronische Systeme - Design
methodology for mechatronic systems. VDI; 2004.

Cooper R. Third-generation new product processes. J Prod Innov
Manage. 1994;11:3-14.doi:10.1111/1540-5885.1110003

Kasauli R, Knauss E, Nakatumba-Nabende J, Kanagwa B. Agile islands
in awaterfall environment: challenges and strategies in automotive. In:
EASE "20. Association for Computing Machinery; 2020:31-40.

Béhm W, Pohl K. Model-Based Engineering of Collaborative Embedded
Systems. Springer; 2021.

Kuhrmann M, Tell P, Hebig R, et al. What makes agile software develop-
ment agile. [EEE Trans Software Eng. 2021:1-16.d0i:10.1109/TSE.2021.
3099532

Penzenstadler B. DeSyRe: decomposition of systems and their
requirements — transition from system to subsystem using a criteria
catalogue and systematic requirements refinement, Dissertation, TU
Miinchen, 2010.

Bohm W, Henkler S, Houdek F, Vogelsang A, Weyer T. Bridging the gap
between systems and software engineering by using the SPES model-
ing framework as a general systems engineering philosophy. Procedia
Comput Sci. 2014;28:187-194.doi:10.1016/j.procs.2014.03.024
ISO/IEC/IEEE. ISO/IEC/IEEE 15288:2015 Systems and software engi-
neering — system life cycle processes. 2015.

Walden DD, Roedler GJ, Forsberg KJ, Hamelin RD, Shortell TM.
INCOSE systems engineering handbook: a guide for system life cycle
processes and activities. 2015.

Holtmann J. Improvement Of Software Requirements Quality Based On
Systems Engineering. PhD thesis. Universitat Paderborn; 2019.
Greenyer J, Haase M, Marhenke J, Bellmer R. Evaluating a formal
scenario-based method for the requirements analysis in automotive
software engineering. In: 2015 10th Joint Meeting of the European
Software Engineering Conference and the ACM SIGSOFT Symposium on
the Foundations of Software Engineering, ESEC/FSE 2015 - Proceedings.
2015:1002-1005. doi:10.1145/2786805.2804432

Spillner A, Linz T, Schaefer H. Software Testing Foundations: A Study
Guide for the Certified Tester Exam. 3rd ed. Rocky Nook; 2011.
ISO/IEC/IEEE. ISO/IEC/IEEE 29119-3:2013 Software and systems
engineering — software testing — Part 3: test documentation. 2013.
Keating C, Rogers R, Unal R, et al. System of systems engineering. [EEE
Eng Manage Rev. 2008;36(4):62. doi:10.1109/EMR.2008.4778760
Ncube C, Lim SL. On systems of systems engineering: A requirements
engineering perspective and research agenda. In: 2018 IEEE 26th Inter-
national Requirements Engineering Conference (RE). IEEE; 2018:112-123.
Dumitrescu R, Albers A, Riedel O, Stark R, Gausemeier (Hrsg) J. Engi-
neering in Deutschland Status quo in Wirtschaft und Wissenschaft Ein
Beitrag zum Advanced Systems Engineering. 2021.

Honour E. Verification and validation issues in systems of systems. In:
Electronic Proceedings in Theoretical Computer Science 133(Proc. AiSoS
2013).2013:2-7.

CHAdeMO association. Technical specifications of quick charger for
the electric vehicle. tech. rep., CHAdeMO association; 2012.

GB/T 20234. Connection set of conductive charging for electric
vehicle (National standard, PR China). tech. rep., gbt; 2016.
Maximilien EM, Williams L. Assessing test-driven development at
IBM. In: 25th International Conference on Software Engineering, 2003.
Proceedings. 2003:564-569.

Zugal S, Pinggera J, Weber B. Creating Declarative Process Mod-
els Using Test Driven Modeling Suite, International Conference on
Advanced Information Systems Engineering, 2012:16-32.

85U8017 SUOWWIOD 8AITEID) 8|t jdde ay) Aq peusencb 8. 9o VO ‘88N JO S9N 10} AeIq1T8UIUO AB]1/W UO (SUORIPUOD-PUR-SLLIBI WD A8 | im AReq 1 jpulUo//SANY) SUORIPUOD pue SWie | 8y} &8s *[202/20/.2] uo AkidqiTaulluo A8|IM 4 sl Buns|e Aq 82Tz SAS/Z00T 0T/10p/wioo" A8 1M Areiqijeuljuo8sooul//sdny wolj pepeojumod ‘0 ‘8589025T


https://doi.org/10.1186/s42162-019-0072-4
https://doi.org/10.1186/s42162-019-0072-4
https://doi.org/10.1016/j.jss.2019.110458
https://doi.org/10.1016/j.jss.2020.110851
https://doi.org/10.1016/j.jss.2020.110851
https://doi.org/10.1007/s11219-020-09523-0
https://doi.org/10.1007/s10270-018-0683-4
https://doi.org/10.1017/dsj.2017.5
https://doi.org/10.17705/1jais.00611
https://doi.org/10.1111/1540-5885.1110003
https://doi.org/10.1109/TSE.2021.3099532
https://doi.org/10.1109/TSE.2021.3099532
https://doi.org/10.1016/j.procs.2014.03.024
https://doi.org/10.1145/2786805.2804432
https://doi.org/10.1109/EMR.2008.4778760

WIECHERET AL.

44,

45.

46.

47.
48.

49.

50.

51.

52.

53.
54.

55.

56.

57.

58.

59.

Zhang Y. Test-driven modeling for model-driven development. IEEE
Software. 2004;21(5):80-86. doi:10.1109/MS.2004.1331307

Glinz M, Seybold C, Meier S. Simulation-driven creation, validation and
evolution of behavioral requirements models. In: Dagstuhl-Workshop
MBSE: Modellbasierte Entwicklung eingebetteter Systeme, 2007:
103.

Sutcliffe A. Scenario-based requirements engineering. In: Requirements
Engineering Conference, 2003. Proceedings. 11th IEEE International. IEEE;
2003:320-329.

Kaner C. An Introduction to Scenario Testing. 2003.

Greenyer J. Scenario-based modeling and programming of distributed
systems. In: 2907 of CEUR Workshop Proceedings. CEUR-WS.org;
2021:241-252.

Friedenthal S, Davey C, Nielsen P, et al. Systems engineering vision
2035. engineering solutions for a better world. INCOSE. tech. rep.
2021.

Estefan JA. Survey of model-based systems engineering (MBSE)
methodologies. Incose MBSE Focus Group. 2007; 25(8): 1-12.

Weilkiens T. SYSMOD-The systems modeling toolbox-pragmatic MBSE
with SysML. Lulu.com; 2016.

Douglass BP. Harmony a MBSE Deskbook Version 1.00 Agile Model-Based
Systems Engineering Best Practices with IBM Rhapsody. 2017.

Cloutier R. 2018 MBSE survey results. In: 2019.

Husung S, Weber C, Mahboob A, Kleiner S. Using model-based sys-
tems engineering for need-based and consistent support of the design
process. Proceedings of the Design Society. 2021; 1: 3369-3378.

Pohl K, Broy M, Daembkes H, Honninger H. Advanced model-based
engineering of embedded systems. Springer; 2016:3-9.

Langford GO. Verification of requirements: system of systems the-
ory, framework, formalisms, validity. Vol. 27. Wiley Online Library;
2017:780-795.

Lindemann U, Albers A, Behrendt M, Klingler S, Matros K. Verifikation
und Validierung im Produktentstehungsprozess. Handbuch Produkten-
twicklung. 2016:541-569.doi:10.3139/9783446445819.019

Mandel C, Martin A, Albers A. Addressing factors for user acceptance
of model-based systems engineering. In: The XXXIII ISPIM Innovation
Conference "Innovating in a Digital World". June. 2022.

Lohmeyer Q, Albers A, Radimersky A, Breitschuh J, Horvath I, Rusak
Z. Individual and organizational acceptance of systems engineer-
ing methods: survey and recommendations. In: Proceedings of TMCE.
2014:1531-1540.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

WILEY -2

Bretz L, Kaiser L, Dumitrescu R. An analysis of barriers for the
introduction of systems engineering. Proc CIRP. 2019; 84: 783-789.
Gausemeier J, Dumitrescu R, Steffen D, Czaja A, Wiederkehr O,
Tschirner C. Systems engineering in industrial practice. Survey by Hein
Nixdorf Institute. University of Paderborn; 2015.

Matthiesen S, Schmidt S, Moeser G, Munker F. The Karlsruhe SysKIT
approach - a three-step SysML teaching approach for mechatronic
students. Proc. CIRP. 2014; 21: 385-390.

Chami M, Bruel JM. A survey on MBSE adoption challenges. The Sys-
tems Engineering Conference of the Europe, Middle-East and Africa (EMEA)
Sector of INCOSE (EMEASEC 2018).2018.

Friedenthal S. SysML: Lessons from early applications and future
directions. Insight. 2009; 12(4): 10-12.

Albers A, Zingel C. Challenges of model-based systems engineering:
A study towards unified term understanding and the state of usage
of SysML. In: Abramovici M, Stark R. (eds) Smart Product Engineering.
Lecture Notes in Production Engineering. Springer; 2013:83-92.
Tschirner C, Dumitrescu R, Bansmann M, Gausemeier J. Tailoring
model-based systems engineering concepts for industrial application.
In: 2015 Annual IEEE Systems Conference (SysCon) Proceedings. |EEE;
2015:69-76.

Friedenthal S, Moore A, Steiner R. A practical guide to SysML: the systems
modeling language. Morgan Kaufmann. 2014.

Bone M, Cloutier R. The current state of model based systems engi-
neering: results from the omg sysml request for information 2009. In:
2010.

Bjarnason E, Runeson P, Borg M, et al. Empir Softw Eng. 2014;19:1809-
1855 doi:10.1007/s10664-013-9263-y

Bjarnason E, Sharp H, Regnell B. Improving requirements-test align-
ment by prescribing practices that mitigate communication gaps. Empir
Softw. 2019; 24: 2364-2409.

How to cite this article: Wiecher C, Mandel C, Glinther M, et
al. Model-based analysis and specification of functional
requirements and tests for complex automotive systems.
Systems Engineering. 2024;1-17.
https://doi.org/10.1002/sys.21748

85U8017 SUOWWIOD 8AITEID) 8|t jdde ay) Aq peusencb 8. 9o VO ‘88N JO S9N 10} AeIq1T8UIUO AB]1/W UO (SUORIPUOD-PUR-SLLIBI WD A8 | im AReq 1 jpulUo//SANY) SUORIPUOD pue SWie | 8y} &8s *[202/20/.2] uo AkidqiTaulluo A8|IM 4 sl Buns|e Aq 82Tz SAS/Z00T 0T/10p/wioo" A8 1M Areiqijeuljuo8sooul//sdny wolj pepeojumod ‘0 ‘8589025T


https://doi.org/10.1109/MS.2004.1331307
https://doi.org/10.3139/9783446445819.019
https://doi.org/10.1007/s10664-013-9263-y
https://doi.org/10.1002/sys.21748

	Model-based analysis and specification of functional requirements and tests for complex automotive systems
	Abstract
	1 | INTRODUCTION
	1.1 | Motivation
	1.2 | Problem and previous work
	1.3 | Scope of this work
	1.4 | Contributions
	1.5 | Outline

	2 | CONTEXT
	2.1 | Automotive ECU development
	2.2 | Requirements specification
	2.3 | Test specification
	2.4 | Motivating example

	3 | FOUNDATIONS AND RELATED WORK
	3.1 | Test-driven modeling
	3.2 | Test-driven scenario specification
	3.3 | Model-based systems engineering

	4 | MODEL-BASED ANALYSIS AND SPECIFICATION OF FUNCTIONAL REQUIREMENTS AND TESTS
	4.1 | Ontology for test-driven analysis of requirements
	4.2 | Viewpoints and views
	4.3 | Specification method

	5 | APPLICATION AND EVALUATION
	5.1 | Overview
	5.2 | Walkthrough
	5.2.1 | Problem space modeling
	5.2.2 | Validation system modeling

	5.3 | Expert feedback
	5.4 | Student projects and online survey
	5.5 | Survey results
	5.5.1 | Perceived performance of individual users
	5.5.2 | Intuitiveness of applicability
	5.5.3 | Flexibility and adaptability of the methodology
	5.5.4 | Usability of the modeling tool
	5.5.5 | Appropriate level of formalization and ontology to support (and not hinder) communication among users
	5.5.6 | Benefit-cost/effort ratio of applying the methodology
	5.5.7 | Problem orientation and modeling depth

	5.6 | Discussion

	6 | CLOSING AND NEXT STEPS
	ACKNOWLEDGMENTS
	DATA AVAILABILITY STATEMENT

	ORCID
	REFERENCES


