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Abstract

Automotive systems are experiencing a rapid increase in complexity driven by the transition
towards software-defined vehicles, autonomous functionalities and increasingly intercon-
nected E/E architectures. This transformation intensifies variability across hardware and
software domains and challenges established engineering approaches. Traditional modular
product development (MPD) provides structural mechanisms to manage hardware com-
plexity, while systems and software product line engineering (SPLE) offers methods for
managing software variability. However, these paradigms are typically applied in isolation
and lack an integrated methodology capable of addressing cross-domain variability and
architectural synchronization in automotive systems. This paper investigates how SPLE
and MPD can be systematically integrated to manage variability and architectural com-
plexity in automotive systems. Following a design-oriented research approach, industry
requirements are derived from an automotive case study at an OEM. Existing SPLE and
modularization approaches are analyzed against these requirements, revealing gaps in
cross-domain traceability, synchronization mechanisms, and lifecycle coordination. Based
on this analysis, we propose an integrated methodology that combines variability modeling
principles from SPLE with architectural modularization concepts. The approach enables
management of module structures, supporting system-level consistency in automotive
environments. The main contribution is a model-based-integration framework that bridges
variability management and modular architecture design to address increasing system
complexity in the automotive industry.

Keywords: software product line engineering; modular product development; model-
based systems engineering

1. Introduction
The automotive industry is currently undergoing a fundamental transformation to-

ward the paradigm of the software-defined vehicle (SDV). In this context, value creation
is increasingly shifting from predominantly mechanical components toward software-
intensive and mechatronic systems [1,2]. Functions are no longer primarily defined by
hardware characteristics, but by software capabilities that can be continuously updated,
extended, and configured over the vehicle lifecycle [3]. This shift significantly increases
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system complexity and fundamentally changes the requirements for automotive product
development processes.

Traditionally, automotive development has been largely organized around platform-
based approaches [4]. Major original equipment manufacturers (OEMs) such as Volkswagen
with the Modular Transverse Matrix (MQB) or the Modular Electric Drive Matrix (MEB),
and General Motors with platforms such as Ultium [5], structure their product portfolios
around shared hardware architectures. These platforms primarily address the mechanical
and structural aspects of vehicles and have proven effective in managing hardware reuse
and economies of scale. However, they are less suited to capture the growing importance
and dynamics of software-driven functionality. In parallel to mechanical platforms, the elec-
trical/electronic (E/E) architecture has evolved as a separate layer, defining the structure of
control units, communication networks, and software deployment. While this architecture
provides the backbone for software execution, it does not fully address how software
behavior is adapted to specific vehicle configurations. A crucial third dimension therefore
emerges in modern automotive systems: application data. Often realized as calibration
parameters or configuration data, they enable the adaptation of generic software functions
to the specific characteristics of a concrete vehicle instance and its variants. Through ap-
plication data, identical software components can be configured to meet vehicle variants.
As a result, application data plays a central role in bridging the gap between hardware
platforms, software architectures, and the variability inherent in automotive product lines.

The result is an increasingly complex combinatorial interplay between platform struc-
tures, E/E architectures, and application data, which, in the context of SDVs, continues to
grow in both scale and complexity.

Against this backdrop, modular product development (MPD) represents a further
step beyond traditional platform strategies. Its objective is to enable the development of
self-contained modules that can be selected, combined, and reused across different projects
in a flexible, “shelf-like” manner. In practice, however, this vision has not yet been fully
realized. Current platform-based development still requires substantial adaptation and
integration effort for each new product. To enable true MPD, several fundamental questions
must be addressed. These include how modules are defined and partitioned, how they
are developed, and, most critically for this work, how they are systematically managed
and controlled.

An established answer to this last question is systems and software product line
engineering (SPLE), originating from software engineering, which provides mechanisms
to manage variability and to enable systematic reuse of assets across different variants [6].
While SPLE offers a strong foundation for variability management, its application to MPD
in the automotive domain remains insufficiently explored. In particular, it is unclear
how modules can be effectively controlled using SPLE principles, which information
is required to achieve this, and how such an approach can be structured in a complex,
cross-domain environment.

This paper addresses this gap by investigating how SPLE can be extended and inte-
grated with MPD to enable systematic module management in automotive systems. The
main contributions are therefore:

• Identification and systematic description of the requirements of an automotive OEM
for a methodology to manage modularization in complex systems, e.g., mecha-
tronic systems.

• Proposal of a model-based integration framework for the coordinated manage-
ment of modules, including its proof of concept in an industrial context and an
initial evaluation.
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The remainder of this paper is structured as follows. Section 2 introduces the necessary
background on SPLE and MPD. Section 3 reviews related literature and positions the
contribution within the existing body of research. In Section 4, the research approach
is described, followed by Section 5, which presents an industrial application analysis
conducted at Volkswagen. Based on this analysis, specific requirements are derived and
subsequently compared with existing, general approaches in SPLE and MPD. Section 6
introduces the proposed methodology, which integrates both research streams into a
unified approach. Section 7 shows an initial proof of concept of the methodology through
an automotive example. The subsequent evaluation of the proposed approach is presented
in Section 8. Section 9 discusses the threats to validity, while Section 10 concludes the paper.

2. Background
This chapter introduces the two existing research streams that are to be integrated into

a new methodology for automotive systems. Section 2.1 first presents SPLE, followed by
Section 2.2, which outlines the fundamental concepts of MPD.

2.1. Systems and Software Product Line Engineering (SPLE)

In ISO/IEC 26550:2015 [7], the objective of SPLE is defined as the creation, utilization,
and management of a common platform. This platform enables the systematic development
of a family of products, such as software systems or system architectures, while reducing
costs, time-to-market, and at the same time ensuring a high level of quality in the resulting
artifacts [6–10].

To realize such a platform, various variability frameworks have been proposed. A
well-established approach is the two-dimensional SPLE framework described in the lit-
erature [9,11] as shown in Figure 1. This framework is structured along two orthogonal
axes: domain engineering and application engineering on the one hand, and problem space
and solution space on the other. Together, these dimensions form a conceptual model that
serves as the foundation for describing and managing variability. The framework captures
technical variability and systematically relates it to software assets. Based on specific
variant configurations, the appropriate assets are derived, ensuring that each variant is
equipped with artifacts precisely tailored to its configuration [10].

A clear understanding of these dimensions is essential, as their distinction is not
merely terminological but conceptual. The separation between domain and application
engineering reflects a process-oriented perspective, in which domain engineering encom-
passes activities concerned with identifying, modeling, and managing commonalities and
variability, whereas application engineering focuses on the reuse and instantiation of these
artifacts in concrete products [7,10].

The distinction between problem space and solution space complements this view by
differentiating between types of artifacts. The solution space contains tangible development
artifacts, such as software components or system elements. In contrast, the problem space
represents variability itself, i.e., the set of features or characteristics that are used to control
and configure these artifacts [9,11]. Maintaining a strict separation between these spaces
is crucial, as it enables a consistent and traceable representation of variability across the
development process.

Within the quadrant defined by problem space and domain engineering, variability
itself is described and structured. This includes the identification and modeling of features
and their relationships, forming the conceptual basis for subsequent derivations. In contrast,
the quadrant combining solution space and domain engineering focuses on the definition
of concrete artifacts within the development process, such as reusable components, architec-
tures, or assets that realize the modeled variability. Moving to the application perspective,

https://doi.org/10.3390/systems14080898

https://doi.org/10.3390/systems14080898


Systems 2026, 14, 898 4 of 43

the problem space in application engineering is concerned with the specification of concrete
variants. These variants are defined through the selection and configuration of features.
Finally, in the quadrant of solution space and application engineering, these configured
variants are materialized into concrete product instances. This includes the generation of
variant-specific artifacts, such as configuration files or deployable software assets, which
directly correspond to the selected feature combinations.

Figure 1. Variability management framework [9,11,12].

Variability in the problem space can be modeled using different approaches and
languages, e.g., the orthogonal variability model (OVM) [6] and feature-based model-
ing [13,14]. Feature modeling, in particular, has become one of the most widely adopted
approaches [15]. In this paper, feature models are therefore used as the primary means for
representing variability. According to ISO/IEC 26580:2021 [16] a feature is defined as a
characteristic of a product that distinguishes it from other products within a product line.

Feature modeling was originally introduced more than 35 years ago as part of the
feature-oriented domain analysis (FODA) method [17]. Typically, feature models, shown in
Figure 2, are organized as hierarchical, tree-like structures, in which features are arranged
to represent all possible configurations. Relationships between features are defined through
rules, commonly expressed using Boolean operators, which enable the derivation of valid
configurations [13]. In addition, features are assigned to specific group types, such as
mandatory, optional, or alternative. These group types determine whether a feature must
be selected, may be selected, or whether exactly one feature from a group must be chosen.
Furthermore, feature models incorporate cross-tree constraints, which allow dependencies
between features beyond the hierarchical structure to be expressed.
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Figure 2. Exemplary feature model of a car [18].

2.2. Modular Product Development (MPD)

Product modularity is conceptualized in diverse ways within the literature, reflecting
its impact across all phases of the product lifecycle and the differing objectives associated
with these phases. Existing definitions can be broadly structured along several perspectives,
including structural (coupling, decoupling, and interfaces), technical, functional, process
and organizational, and product-strategic viewpoints [19,20].

While the structural perspective emphasizes strong intra-module coupling and weak
inter-module coupling as a defining characteristic [19–21], the technical perspective em-
phasizes the physical and structural decomposition of products into manageable elements
based on engineering relations and dependencies [22]. The functional perspective interprets
modularity from the standpoint of functional decomposition. Modules are defined based on
their responsibility for fulfilling specific product functions or sets of functions [22–24]. Addi-
tional perspectives include the process and organizational perspective, which considers the
implications of modular product structures for development and production processes [25],
as well as the product-strategic perspective, which emphasizes the role of modularity in
enabling product family planning and market-oriented product differentiation [19].

Across these perspectives, a common understanding emerges in which modularity is
grounded in the deliberate concentration of dependencies within modules and the reduction
in dependencies between them. However, this principle alone is insufficient to fully
describe modular product architectures. The decoupling of modules constitutes a necessary
condition, as it enables independent development, modification, and substitution. To
more comprehensively characterize modularity, additional properties must be considered,
including communal use, combinability, interface standardization, and functional binding.
An overview of the characteristics of modularity is shown in Figure 3.

Figure 3. Characteristics of modularity adapted from [19,20,26].
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Communal use facilitates economies of scale through reuse across multiple products,
while combinability enables the realization of product variants through alternative module
configurations. These properties are operationalized through standardized interfaces
ensuring compatibility and functional binding assigning clearly defined responsibilities
to modules.

In this context, modularity is best understood as a gradual property of product struc-
tures, determined by the extent to which interactions are internalized within modules.
Modules thus represent coherent groupings of components with strong internal relation-
ships and can be treated as coherent logical units [20].

The objective of MPD is not to maximize modularity per se, but to tailor modular
characteristics in a way that yields lifecycle-spanning benefits aligned with company- and
product-specific goals. A key advantage lies in the ability to configure product variants
through module combinations, thereby achieving high external variety while reducing
internal complexity. As these benefits unfold primarily at the level of multiple variants,
modularity should be designed and evaluated from a product family perspective rather
than for isolated products.

Product modularization has been addressed through a variety of methodological ap-
proaches [27], each emphasizing different objectives, lifecycle phases, and methodological
concepts. Despite this diversity, most approaches follow a common procedural logic in
which an existing product structure is captured, analyzed, and reorganized into modules
according to defined criteria. This process typically comprises four core steps, as suggested
by [20]:

1. Decomposition of the product structure, in which the product is broken down into its
constituent components.

2. Analysis of components and relationships based on technical, functional, and strate-
gic criteria.

3. Grouping of components into modules according to selected modularization drivers.
4. Synthesis of a modular product structure including the definition of module bound-

aries and interfaces.

While widely adopted, modularization approaches vary in their methodological
realization and tool support. Moreover, the integration of the resulting modular structures
into organizational processes and data landscapes is often insufficiently addressed in
existing work. A critical enabler of modularization is the decomposition of the product
into sufficiently granular elements, allowing for a detailed assessment of dependencies
and trade-offs. During this process, conflicting objectives—such as cost efficiency, product
differentiation, and lifecycle optimization—must be systematically balanced. The outcome
is a modular product structure comprising well-defined modules and interfaces, which
must be reintegrated into enterprise processes and data structures. Once established,
modules can serve as standardized units for cross-functional coordination, thereby reducing
both organizational and technical complexity.

While variability management is closely related to modularization, the literature
largely remains at a conceptual level, with limited methodological guidance for the system-
atic generation of variants.

3. Related Work
As discussed in the previous section, the fields of variability management and SPLE,

as well as MPD, are well-established research domains. Consequently, a considerable
body of research exists within these areas, including studies that attempt to combine
both perspectives. During our literature review, we observed that research combining
product lines and MPD often naturally reflects the disciplinary background from which it
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originates. Contributions rooted in mechanical or product engineering typically emphasize
MPD, whereas work originating from software engineering and information systems
tends to focus more strongly on SPLE. Depending on the research origin, one of these
perspectives is usually emphasized over the other. For this reason, we first discuss research
that connects both approaches but primarily originates from the mechanical engineering
domain, followed by work stemming from the software engineering perspective.

Within the first group of studies, it is widely recognized that variability management
is necessary to effectively govern product modules; without such mechanisms, modules
would exist largely as isolated elements without systematic coordination. For instance,
Blees et al. [28] present an approach that combines design for variety (which has the goal
of reducing the impact of variants on the life-cycle costs of a product [29]) with MPD and
apply a variety allocation model to a product family. However, product line engineering
(PLE) is not explicitly addressed, and the work does not demonstrate how very large
numbers of modules can be systematically managed. A different perspective is presented
by Berschik and Krause [30], where the authors discuss the combination of PLE and
product modularization within a model-based systems engineering (MBSE) framework.
The approach proposes linking modules of product families to specific product variants,
illustrated through the example of robotic vacuum cleaners. Nevertheless, the application
of core PLE principles remains rather abstract, and the approach does not address the
scale of variability encountered in the automotive industry, where the number of variants
offered and produced can grow exponentially. A similar tendency can be observed in
other studies originating from the mechanical engineering domain (e.g., [31–33]). These
approaches typically rely on simplified examples with a limited number of variants and
do not explicitly apply PLE concepts. As a result, they are difficult to transfer to the
automotive industry, where product structures are significantly more complex and the
number of variants is substantially higher.

At the same time, research originating from the (S)PLE communities has explored
related topics from a different perspective. For example, several studies investigate multi-
product lines [34–36], i.e., the combination of multiple product lines that each represent
individual systems but must interact with other product lines within a larger system context.
While these approaches address the coordination of multiple product lines, they generally
do not explicitly discuss modules or their systematic control through PLE mechanisms.

However, applying such concepts specifically to the automotive industry requires a
deeper understanding of the artifacts and structures through which modules are controlled.
This, in turn, requires a clearly defined PLE structure at the level of the entire vehicle system.
Research addressing this level of abstraction remains scarce. Although some studies [37,38]
discuss product line concepts at the vehicle level, they typically do not establish a direct
link to MPD.

Another related research area concerns the integration of MBSE and PLE, including
approaches for configuring MBSE artifacts within product lines [39–42]. While this work
contributes valuable insights into model-driven configuration and system engineering
practices, it likewise does not address which concrete variability characteristics or features
should be used to control modules in large-scale automotive product lines.

A notable observation is that only limited research exists on the combined application
of MPD and PLE that specifically addresses the requirements of the automotive industry.
On the one hand, there is a substantial body of literature discussing modularization in the
automotive domain. Examples include studies on modular platforms, modular product
architectures, and manufacturing networks in the automotive industry (e.g., [43–47]). These
works analyze the role of modularization in product development and production but
generally do not explicitly incorporate PLE principles. On the other hand, several studies
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investigate the application of SPLE in the automotive context (e.g., [37,38,48]). In particular,
some research [49,50] characterizes the automotive domain as a form of “mega-scale PLE”
due to the enormous number of variants and the scale of production.

However, the integration of SPLE and MPD in automotive systems remains largely
unexplored. Existing research lacks approaches that address domain-specific requirements
and enable systematic control of modules and system elements in large-scale product lines,
despite the growing complexity of automotive variability.

4. Research Approach
To investigate how SPLE can be extended and systematically integrated with MPD

for effective module management in automotive systems, this research follows the design
research methodology (DRM) as proposed by Blessing and Chakrabarti [51]. The overall
methodology and its alignment with the research questions are structured according to the
DRM framework and illustrated in Figure 4.

Figure 4. Methodology and approach for answering the research questions.

The research process begins with the research clarification phase, in which the central
research questions (RQs) are defined. The study addresses the following two RQs:

• RQ1: What are the requirements for a methodology for variability control and modu-
larization in the product development of complex mechatronic automotive systems?

• RQ2: What should a unified engineering approach for variability and modular archi-
tecture management in automotive systems look like?

To answer these RQs, the research is structured into sequential studies following the
DRM logic. The first phase, descriptive study 1, establishes the theoretical and empirical
foundation. It includes a structured analysis of SPLE as well as product modularization. In
addition, a detailed industrial analysis within a proof of concept is conducted, focusing
on the MPD logic applied within the Volkswagen Group. Based on this analysis, the
underlying objectives of this MPD logic are systematically derived. These objectives
are subsequently translated into a set of requirements for an engineering approach that
integrates variability management and modular architecture design. This phase primarily
contributes to answering RQ1.

https://doi.org/10.3390/systems14080898
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Building on these requirements, the prescriptive study 1 focuses on the development
of a unified methodology for variability and modular architecture management in automo-
tive systems. The proposed methodology integrates principles from SPLE with concepts
from MPD, leveraging the theoretical foundations established in the previous phase. The
resulting methodology aims to enable consistent management of variability and modular
structures across system levels.

The developed methodology is subsequently evaluated within descriptive study 2
through a combined validation and evaluation approach based on requirement fulfillment
analysis and goal-based assessment using the automotive proof of concept. The assess-
ment examines the extent to which the proposed methodology satisfies the requirements
previously derived in descriptive study 1 while simultaneously evaluating its capability
to support the identified objectives of the MPD logic within the investigated automotive
context. This evaluation provides an initial indication of the applicability and effectiveness
of the proposed approach for variability and modular architecture management in complex
automotive systems.

Figure 4 provides an overview of the entire research process, highlighting both the
DRM-based structuring of the study and the relationships between individual research
activities and the RQs. It further illustrates the interdependencies between the different
phases and their respective contributions to the overall research objectives.

5. Automotive Context and Methodological Requirements
This chapter is structured as follows. Section 5.1 presents the automotive application

context using the example of the Volkswagen Group, highlighting the need for systematic
module control in the context of MPD. Section 5.2 builds upon this analysis by deriving
goals from the described application, an industrial analysis conducted within the Volkswa-
gen Group in the context of the ongoing transition towards modular product development
and the group systems store (GSS), complemented by exemplary strategic goals of Porsche
AG. The analysis was based on internal project activities, existing product documentation
processes, strategic objectives, and a series of discussions with experts from the fields of
systems engineering, product documentation, modular architectures, and variability man-
agement. Based on these inputs, market- and technology-related objectives were identified
and consolidated. These objectives subsequently served as the basis for the derivation of
the methodological requirements presented in Section 5.3.

Based on these objectives, concrete requirements for a supporting methodology are
defined in Section 5.3. The analysis further demonstrates that existing approaches, namely
SPLE and MPD, when considered in isolation, are not sufficient to fulfill these requirements
in a comprehensive manner.

5.1. Automotive Case

The automotive case is exemplarily derived from the brand strategy of Porsche AG,
a subsidiary of the Volkswagen Group. However, the objectives defined for this case are
aligned across all brands within the Volkswagen Group and are therefore equally applicable
at the group level. Within the framework of Porsche’s Strategy 2030 Plus [52], the pillars
customer, product, and transformation define clear expectations for how future technolo-
gies must be developed, deployed, and integrated across product lines. From a market
perspective, Porsche responds to intensifying global competition, accelerating technology
cycles, and rising customer expectations by emphasizing technological leadership, rapid
innovation adoption, and the creation of flexible, value-oriented product offerings. At the
same time, the product strategy calls for a scalable and future-proof portfolio, enabled by
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car software, key technologies, and efficient development processes that support faster
cycles and reduced complexity.

As a solution approach, the GSS directly addresses Porsche’s demand for adaptive
product architectures by operationalizing the principles of MPD at the system level. Its
primary objective is to establish reusable systems and modules as stable, configurable
building blocks that can be systematically applied across product lines, platforms, and
brands. In doing so, the GSS translates the theoretical foundations of MPD into a system-
centric and operational development framework.

Within this framework, the GSS enables the structured definition, development and
reuse of modular mechatronic systems independently of individual vehicle projects. Mod-
ules are treated as members of system families with explicitly defined scopes and controlled
variability, allowing technological advancements to be propagated consistently across mul-
tiple product derivatives.

The current product documentation within the Volkswagen Group is structured
around hardware platforms and E/E platforms. In automotive engineering, hardware
platforms have long served as a foundation for managing product complexity by facilitat-
ing the standardized reuse of components, resulting in reduced development effort, lead
time, and engineering costs [53]. A hierarchical three-level product classification system is
employed, comprising the platform class, the vehicle group class, and the vehicle class (or
“Hat”). At the platform level, vehicles from different brands are consolidated according to
predefined criteria, following common-part strategies that vary by vehicle type. Within
each platform, the vehicle group class clusters vehicles that meet additional criteria, such
as identical design responsibility within a brand or a high degree of commonality across
vehicle classes. Different derivatives of a vehicle are assigned to a single vehicle class when
the effort required to manage variability is lower than that of maintaining an additional
stand-alone class.

To simplify the maintenance of assembly structures independently of specific products
within a vehicle class, the organization currently relies on development and production
toolkits. These toolkits aim to prevent the redundant maintenance of sub-structures across
the corresponding structural bill of materials (BOM).

Figure 5 illustrates the concept of a hardware platform as a shared foundation that is
complemented by vehicle-specific design elements, commonly referred to as the “hat” [53].
An E/E platform represents a common collection of reusable E/E components from which
vehicle-specific E/E architectures can be systematically derived [54]. The E/E platform
incorporates software artifacts associated with both the hardware platform and the hat,
together with their physical realization in electronic control units (ECUs), thereby forming
an interconnected embedded system [53]. The underlying modular toolkit and platform-hat
logic is currently predominantly aligned with vehicle- or vehicle-family-specific product
development processes. In this paradigm, platforms primarily serve as enablers for individ-
ual vehicle projects, while systems and modules are instantiated, adapted, and validated
within the context of a specific hat.

With the increasing complexity of software-intensive and mechatronic vehicle systems,
this project-centric orientation reveals inherent limitations, particularly with regard to
system reuse, controlled variability, and lifecycle-spanning governance. Consequently,
there is a growing need for system- and platform-centric development approaches that
decouple system definition from individual vehicle projects.

Looking ahead, the Volkswagen Group is strategically transitioning toward a MPD
logic. This shift forms the basis for solution concepts such as GSS. At the highest level,
this logic comprises three phases: the strategy phase, the technology provisioning phase,
and the Hat-PEP (product emergence process) phase, as shown in Figure 6. In the strategy
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phase, stakeholder requirements from customers, society, business units, and model lines
are consolidated independently of any specific product or project. This consolidated
requirements baseline guides subsequent technology development.

Figure 5. The platform concept [53].

Figure 6. Modular product development logic including the GSS.

The technology provisioning phase covers the development of mechatronic systems
and their assemblies. This phase is characterized by decoupled technology development,
commonly referred to as off-cycle development. In contrast to traditional project-bound
vehicle development, off-cycle technology provisioning aims to develop, validate, and
deliver technologies independently of specific vehicle projects and across brands. During
the Hat-PEP phase, vehicles draw on the modular systems developed during the technology
provisioning phase, applying them in a product- and project-specific manner.

This aligns with the broader industry shift toward modular, reusable system architec-
tures and cross-platform technology sharing, as also emphasized in previous research [55].
Technology provisioning is operationalized through GSS, which provides a digital repre-
sentation of the solution space spanning platforms, derivatives, and technologies. The GSS
is envisioned to establish the central structuring logic for reusable systems and modules
across all product lines. This approach is expected to enable vehicle projects to draw on pre-
developed and validated systems and system composites, thereby reducing time-to-market,
creating synergies, and lowering complexity. To support this objective, the organization has
defined a sequence of steps for system development within the technology provisioning
phase, addressing multiple use cases, as illustrated in Figure 7.

“Define the System” starts with the specification of system-level requirements. This
includes the definition and management of logical system components as well as the
assignment of system functions. A logical system component is characterized by technical
attributes derived from the overarching functional architecture. As the process progresses,
logical variants of the system component are defined and described using a central feature
catalog. This catalog provides a harmonized vocabulary covering both technical and
commercial properties, ensuring consistent and reusable descriptions across domains.

https://doi.org/10.3390/systems14080898
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Figure 7. Sequence of steps for the technology provisioning phase.

“Document the System” focuses on the realization of logical system components
through concrete technical solutions. In this step, logical elements are mapped to their
corresponding physical, electronic, or software realizations, resulting in the creation of
implementation-specific engineering artifacts. Physical system components are described
using technical attributes maintained in the central feature catalog, ensuring consistency
between logical definitions and their technical realization. A key aspect of this step is
the specification of temporal validity and release states, which establishes the basis for
subsequent configuration, variability, and lifecycle management activities.

“Reuse the System” addresses the deployment and reuse of systems within vehicle
projects, including Hat classes and platforms. In this step, vehicle projects [53] integrate
the approved systems or system composites while considering the temporal validity and
technical feature specifications relevant to the respective project context. This ensures
that reused systems are consistently embedded in project-specific architectures while
maintaining alignment with defined release states and configuration constraints.

“Manage the System” encompasses the controlled modification of systems and system
composites through traceable change-management processes, complemented by matu-
rity and release management. The primary focus of this step is the management and
governance of variability, both at the logical system-component level and at the level of
physical realization. In modern vehicle development, variability and release management
have become essential capabilities, particularly in development contexts characterized by
increasing cross-domain variability.

In this context, the GSS aims to provide a unified, cross-domain structuring and man-
agement logic that supports the reuse, evolution, and controlled variability of mechatronic
system modules. This capability aligns directly with the market- and technology-driven
priorities defined in Porsche’s Strategy 2030 Plus [52], which emphasize technological
leadership, efficient development and flexible product architectures.

5.2. Definition of Goals

The objectives pursued in the research field of MPD (see Section 2.2) are largely aligned
with those of the GSS. Building on the organization’s overall corporate objectives, specific
goals for the GSS are derived in the following. These goals can be classified into market-
related and technology-related objectives. In the remainder of this section, these objectives
are systematically assigned, indexed, and briefly described.

Table 1 provides an overview of the market-related and technology-related objectives
derived from industrial project work and discussions with experts in the field of product
documentation. They form the derived goal set for a system governance approach and are
grouped into two categories: market (M-01–M-06) and technology (T-01–T-07).
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Table 1. Goals for modular mechatronics systems design.

Category ID Objective Description

Market

M-01 Market expectations
Enable the continuous adaptation of systems to

changing customer expectations to sustain
competitiveness and value

M-02 Technology trends
Enable the integration of emerging

technologies into system architectures to
ensure relevance and innovation speed

M-03 Technological leadership Enable technological leadership in key domains
affecting performance and digital experience

M-04 Product portfolio planning
Enable scalable and reusable modules to

support flexible portfolio development across
product lines

M-05 Demand-driven
development

Derive system scope from validated customer
needs and actual usage patterns

M-06 Service orientation Enable lifecycle services, including connectivity
and digital services

Technology

T-01 Decoupled, off-cycle
system development

Enable off-cycle technology maturation to
support reuse and roadmap alignment

T-02 Explicit variant creation &
governance

Establish clear and systematic mechanisms to
create, describe, and control system variants

across domains

T-03 Networked mechatronic
development

Integrate hardware, software and E/E domains
with software as the central system integrator

T-04 Technology focus &
competence centers

Consolidate critical expertise in competence
centers to ensure architectural consistency

T-05 High product maturity &
module release

Modules must reach maturity early and be
releasable without direct usage context

T-06 Continuous system
development & integration

Enable continuous integration and testing to
ensure system coherence throughout

development

T-07 Vehicle Hat
provisioning/integration

Minimize integration effort for vehicle projects
through reusable and pre-validated modules

5.3. Requirements Definition

Derived from the objectives identified in the automotive application context, the
following section defines the specific requirements for an integrated methodology. The
requirements are derived by systematically refining the goals identified in Section 5.2 into
methodological capabilities required to support MPD and variability management. Follow-
ing the approach proposed by Visser et al. [56], and the requirement formulation principles
described by Bender and Gericke [57], the goals are translated into functional requirements
and reviewed against the industrial use case. This ensures traceability between industrial
objectives, methodological requirements, and the subsequent evaluation of the proposed
methodology.

The focus is placed primarily on functional requirements. While a comprehensive
methodology would naturally also need to address non-functional requirements [58], these
cannot be reliably assessed within the scope of an initial proof of concept and are therefore
not considered in detail [56].
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The resulting requirements for the methodology are summarized in Table 2. These
requirements are explicitly linked to the objectives outlined in the previous section, thereby
ensuring traceability to their origin. The goals, adapted to the specific use case, have been
further refined and operationalized into the resulting requirements.

Table 2. Requirements for an integrated methodology.

ID Requirement Source SPLE MPD

R-01 The methodology shall represent mechatronic,
hardware, or software systems. M-03, M-06, T-03, T-06 H# H#

R-02 The methodology shall support the
representation of RFLP 1 layers. M-02, T-03, T-06 H# H#

R-03 The modules shall be uniquely and
unambiguously describable. M-04, T-02, T-04 • #

R-04 The modules shall rely on a consistent
description methodology. M-04, T-02, T-04 # •

R-05 The modules shall be combinable within a
system architecture. M-04, T-01, T-03, T-06 • •

R-06 The modules shall support the representation of
relationships to other modules. M-04, T-02, T-06 H# •

R-07 The modules shall be describable through
defined properties and characteristics. M-05, T-02 • #

R-08 The modules shall provide clearly defined
interfaces. M-04, M-06, T-01, T-03, T-07 # •

R-09 The modules shall be configurable based on
system requirements. M-01, M-05, T-02, T-06 • #

R-10 The modules shall be representable in multiple
variants. M-01, M-04, T-02, T-03 • #

•: Requirement satisfied; H#: Requirement partially satisfied; #: Requirement not satisfied. 1 RFLP: Requirement,
Functional, Logical, and Physical.

Table 2 also illustrates the comparison with the research streams introduced in Sec-
tion 2, which the proposed methodology aims to integrate. The analysis clearly shows
that neither of the existing approaches is able to satisfy all identified requirements in a
unified manner. However, achieving precisely this integration is essential and constitutes
the primary objective of this paper. This discrepancy becomes particularly evident when
considering two specific requirements. Requirement R-07 addresses how modules should
be described and controlled, an aspect for which MPD does not provide a clear answer.
Conversely, requirement R-04 focuses on the definition of modules, a topic that is not
explicitly addressed within SPLE.

However, achieving precisely this integration of research streams and methodologies
is essential for the presented automotive use case and constitutes the primary objective of
this paper.

6. Methodology
In this section, the proposed modular systems product line engineering (MSPLE)

methodology is introduced, which aims to enable holistic MPD within the automotive
domain. The methodology combines principles from SPLE and MPD to address increasing
system complexity and variability across automotive system domains. The underlying
analysis has shown that neither SPLE nor MPD alone is sufficient to fulfill the requirements
of the automotive application context. Instead, their systematic integration enables a com-
prehensive approach for managing variability and modular architectures. Furthermore, the
MSPLE methodology builds upon the RFLP (requirement, functional, logical, and physi-
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cal) framework [59] and incorporates systems engineering principles to ensure consistent
structuring, traceability, and synchronization of engineering artifacts and processes.

The four phases of the automotive application context, previously shown in Figure 7,
are explicitly represented within the MSPLE methodology, illustrating how variability is
structured, controlled, and resolved across the RFLP layers. In doing so, the methodology
emphasizes the systematic steering of systems through configuration-relevant attributes
and decisions, which forms the core focus of this research.

An overview of the MSPLE methodology is provided in Figure 8.

Figure 8. MSPLE methodology for modular management of mechatronic systems in automotive
product lines.

The methodology is structured into several distinct areas. First, the RFLP layers
represent the artifacts of the solution space, capturing requirements, functional, logical, and
physical elements. Second, a dedicated feature modeling layer describes the variability of
the system. In addition, two operational domains are distinguished: the off-cycle domain
and the on-cycle domain. The off-cycle domain comprises elements such as the system store
or module catalog, in which reusable artifacts are developed, managed, and maintained
independently of specific product instances. In contrast, the on-cycle domain focuses on
the application of these artifacts within concrete contexts, such as platform definitions
or individual vehicle projects, where configuration decisions are made and artifacts are
instantiated accordingly.

https://doi.org/10.3390/systems14080898

https://doi.org/10.3390/systems14080898


Systems 2026, 14, 898 16 of 43

Subsequently, the structures and workflows of the MSPLE methodology are described
in greater detail, and the elements of the model are explained in relation to the automotive
application context. The defined phases of the GSS are mapped to the corresponding
layers of the RFLP model, thereby illustrating how features, variants, and configuration
options are consistently linked across requirements, functional, logical, and physical rep-
resentations. Particular emphasis is placed on managing the system, where a conceptual
solution for variability-driven system steering and configuration management is presented
and discussed.

Before discussing the individual MSPLE phases in detail, an overview of the overall
workflow is provided in Table 3, including the inputs, outputs, activities and responsible
roles of each phase. This overview is intended to facilitate understanding of the methodol-
ogy and provide a structured context for the detailed phase descriptions that follow.

Table 3. Overview of the phases in the MSPLE methodology.

Phase Input Key Activities Roles Outputs

Define
the System System Scope

Requirements,
Functional & Logical

Realization

Requirements
Engineer,
Architect

Requirements, Functional &
Logical System Architecture

Document
the System

Logical
Architecture Physical Realization Domain

Engineers

Physical Artifacts,
Documented Modules,
Variant Descriptions

Manage
the System

System Artifacts,
Modules

Feature Modeling,
Dependency
Definition,

Variability Governance

Product Line
Architect

Feature Models,
Variability Rules

Reuse
the System

Modules,
Feature Models,
System Artifacts

Product Configuration,
Variant Derivation

Product/
Project Teams

Product-Specific
System Configurations

6.1. Phase: Define the System

The objective of the “Define the System” phase is to establish a requirements- and
function-oriented system description that enables the modeling of functional-logical effect
chains within the RFLP framework. Requirements serve as the representation of the prob-
lem space, from which use cases are derived and decomposed into elementary functions.
These functions are allocated to system components in the logical layer, with one or more
system components constituting a mechatronic system as a modular architectural unit.

Figure 9 presents a detailed excerpt of the overall model and focuses on the “Define the
System” phase. At the lowest level, the system store layer is represented, which corresponds
to a 200% system level realized in an off-cycle context. In this context, off-cycle means that
systems are defined and, in subsequent steps, documented independently of any concrete
usage or vehicle project.

Figure 9. Phase: define the system.
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At the requirements layer, stakeholder needs are first systematically captured. These
requirements may be either functional or non-functional in nature. The transformation
process involves translating informal, natural-language descriptions into a formalized
language with defined notation and parameterization. In accordance with a systems-of-
systems perspective, the requirements specified at the R layer are decomposed across the
different system levels (L1 to L4).

Across Levels 1 to 4, requirements are specified for the overall system and subsequently
allocated to mechatronic modules and systems. The functions required to satisfy these
requirements are realized within mechatronic systems and mapped to the corresponding
logical entities, thereby establishing the foundation for modular system structures.

Figure 9 exemplarily illustrates requirements (R) that influence mechatronic modules
and systems within the system store. The symbols representing modules and systems are
depicted with dashed outlines, as the logical delineation of the system is performed only in
a subsequent step within the logical architecture layer (L).

At the functional layer (F), use cases are derived from user stories and system re-
quirements (R) and are used to describe the intended system behavior. These use cases
are further decomposed into elementary functions. Elementary functions describe, in a
solution-neutral manner, what the system must accomplish, independent of any concrete
technical realization. Within the functional architecture, the elementary functions are
decomposed into functional elements. This functional architecture forms the basis for
the subsequent allocation of functions to logical system components. Analogous to the
requirements layer (R), a dashed module symbol is also used in the functional layer (F) to
represent the relationship between functions (F1.1–F4.2) and modules or systems.

In the logical architecture layer (L), the solution-neutral elementary functions defined
in the functional architecture are systematically allocated to the logical elements responsible
for their realization. This traceability ensures that each function is consistently assigned to
one or more logical system components without prematurely introducing implementation
decisions. Within the logical architecture, one or more system components together consti-
tute a module or system as defined by the GSS. Consequently, the symbol representing a
logical module or system is depicted with a solid outline at this layer.

In addition to defining and representing logical elements, the logical layer (L) also
provides a system structure. Within the Volkswagen Group, this structure is established
by the logical reference system architecture (LRSA), which defines a project-independent,
binding, and cross-brand logical system hierarchy. Derived from the functional architecture,
a system component currently represents the smallest cross-brand aligned logical archi-
tectural element (L4) and serves as a key building block for modular system structuring.
By bundling related functions and responsibilities, system components support a modular
decomposition of the overall system.

Looking ahead, logical mechatronic units are envisaged as an additional, controllable
logical layer for modularization, allowing a more flexible, cross-domain, and reusable
organization of module and system functionality. The logical system definition thus
provides the foundation for the subsequent transition to the physical realization layer.

6.2. Phase: Document the System

The physical realization layer (P) aims to map the logical elements from the logical
layer (L) to concrete mechanical, electronic, or software-based implementations. These
implementations are represented by dedicated engineering artifacts such as drawings,
source code, or 3D models. As part of the modularization strategy, the P layer is extended
to document mechatronic units in addition to domain-specific engineering artifacts.
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As outlined previously, development and documentation are conducted indepen-
dently of concrete vehicle projects. Modules and systems are integrated into the overall
structure as resolved configurations, representing fully specified solution-space instances
derived from variability decisions. These off-cycle developed modules and systems are sub-
sequently complemented by vehicle-specific integration scopes, which capture application-
engineering adaptations required for a particular project context. Figure 8 illustrates these
integration scopes as components within the resolved configuration, thereby explicitly dis-
tinguishing reusable off-cycle system assets from vehicle-specific application adaptations
while preserving traceability across the RFLP layers.

The system store builds upon the LRSA structure, which serves as the organizational
framework for realized system components and mechatronic units. Figure 10 provides a
detailed view of the “Document the System” phase. In this phase, the structure and form are
inherited from the logical layer, ensuring continuity between the logical system definition
and its subsequent documentation. The logical architecture thus serves as the authoritative
reference for organizing and structuring the documented system elements, while the focus
shifts from solution-neutral definitions toward the systematic documentation of realizable
system content within the solution space.

 

Figure 10. Phase: document the system.

Within the logical solution space of the respective module, variants with specific
characteristics are now represented. These variants reflect alternative realizations within
the module or system solution space and capture differences in functional, technical, or
configuration-relevant properties. Variants within the module or system solution space are
visually distinguished by color coding.

At the physical realization level, modules and systems are described using technical
attributes maintained in the central feature catalog, providing the basis for systematic
variability and configuration management. This feature catalog establishes a binding
semantic space for describing variability and encompasses both technical characteristics
and commercial attributes (e.g., markets or regions). To ensure effective variability and
configuration management during the “Reuse the System” phase, all system levels must be
controllable through technical attributes representing variability drivers and constraints.

The proposed approach builds on attribute-based controllability, where technical
attributes explicitly represent variants and variability drivers, enabling consistent definition,
propagation, and evaluation of variability throughout the entire development lifecycle.
Applied to the representation of this phase, this implies that all colored elements are
systematically attributed with parameters derived from the central feature model. These
parameters explicitly capture variability drivers, constraints, and configuration-relevant
properties, thereby linking the models/systems to the underlying variability model. As
a result, the represented elements are no longer static architectural entities but become
configurable assets whose instantiation can be controlled through configuration decisions.
This attribution enables the elements to be consistently reused in subsequent phases in
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accordance with concrete configuration requests, while preserving traceability between
feature selections, variant resolution, and the corresponding system representations.

6.3. Phase: Manage the System

The objective of this phase, shown in Figure 11, is to establish the foundation for the
systematic reuse of existing artifacts, including requirements, functions, and previously
defined modules. Achieving this requires a clear linkage to features, which serve as the
decision mechanism for determining under which conditions these artifacts can be reused.

Figure 11. Phase: manage the system.

Accordingly, this section addresses two key aspects. First, it outlines the general
structure of the feature models and the types of information they must capture. Second, it
describes how artifacts need to be linked to these features in order to enable their consistent
and scalable reuse. To this end, the MSPLE methodology leverages established principles
from SPLE. From a structural perspective, feature models must represent the variability of
both the artifacts and the vehicle itself, thereby reflecting diverse customer requirements.
This requires modeling the vehicle topology in a structured manner. Following systems
engineering principles [60], the overall system is decomposed into hierarchical levels,
resulting in multiple feature models across different system layers. Each model captures
the variability of a specific system level, ranging from subsystems to individual components,
using dedicated feature sets.

A key design decision is the avoidance of a monolithic feature model. Instead, each
subsystem maintains its own feature model, with clearly defined responsibilities and
boundaries. At lower system levels (e.g., L2 to L4), the identification of variability is
comparatively straightforward, as it is largely determined by the inherent characteristics
of the respective subsystems. While defining appropriate features still requires careful
consideration, the scope remains manageable.

In contrast, variability modeling at the highest system level (L1) is significantly more
complex. Here, the entire vehicle must be considered from multiple stakeholder per-
spectives. Technical development defines system-level variability from an engineering
standpoint, while product lines determine which features are included in specific vehicle
configurations. Marketing introduces dependencies between features and defines offering
structures, whereas customers ultimately configure vehicles according to their individ-
ual preferences. All of these perspectives must be consistently represented within the L1
feature model.

To address this complexity, the MSPLE methodology distinguishes between two types
of features at the L1 level. The first type represents capabilities, i.e., the functional character-
istics of the vehicle that define what the system is able to perform. These capabilities form
the primary basis for configuration decisions by stakeholders, including end customers.
The second type captures structural data, which represents contextual or boundary con-
ditions that also introduce variability but are not always directly or explicitly selectable.
Examples include the market of delivery, production location, or vehicle brand. These
structural features influence the availability and behavior of other features and are therefore
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essential for a consistent configuration logic. Within the L1 feature model, both types of
features must be interconnected through relationships and constraints. These dependencies
ensure that valid configurations can be derived while allowing different stakeholders to
make consistent and meaningful selections.

Once feature models are established across all system levels, an additional prerequisite
for reuse is the definition of relationships between these levels. To ensure that these
relationships remain manageable, particularly with respect to the temporal evolution of the
system, a consistent rule for defining dependencies is required.

The MSPLE methodology enforces a bottom-up approach, in which relationships and
constraints are defined exclusively from lower system levels toward higher levels. This
design decision is motivated by two main considerations. First, responsibility for variability
knowledge resides primarily at the level where artifacts are developed; thus, system owners
are best positioned to define the dependencies of their modules. Second, this approach
prevents inconsistencies at higher system levels, where stakeholders may otherwise define
conflicting constraints without full visibility of underlying dependencies.

In summary, the MSPLE methodology establishes a structured framework for fea-
ture modeling across multiple system levels. By systematically providing features as
the basis for representing variability within artifacts, particularly within modules, it en-
ables the consistent and scalable reuse of development assets in a complex and evolving
system landscape.

Once these significant upfront investments have been made and a comprehensive
system of feature models has been established, the focus of this phase shifts toward their
continuous maintenance and evolution. This includes keeping the models consistent, up to
date, and aligned with ongoing development activities.

Another key objective of this phase is the systematic linkage of features to artifacts in
the solution space, as illustrated in Figure 8, with a particular focus on modules. In this
context, artifacts typically exhibit a n-to-n relationship with features, as the selection of a
specific artifact, e.g., a module, may depend on the combination of multiple features.

A key requirement in this context is that every evolutionary change in the underlying
artifacts must be consistently reflected in the corresponding feature models. Only in this
way can the models accurately represent the current state of the solution space and avoid
the emergence of obsolete or dead features. However, the integration of temporal control
mechanisms across the entire product lifecycle is not addressed within the scope of this
research and therefore represents a limitation of the presented MSPLE methodology.

6.4. Phase: Reuse the System

The phase “Reuse the System”, shown in Figure 12, describes the systematic reuse
of system artefacts that have been defined and structured in the preceding phases of
the MSPLE methodology. Artefacts—including requirements, functions, and previously
defined modules—are linked to features and thereby organized in a hierarchical structure
and interconnected across the system levels L1 to L4. This structured representation
establishes a consistent, cross-domain model that serves as the foundation for all subsequent
reuse and configuration activities.

Within the context of reuse and configuration processes, multiple stakeholders must be
considered, including technical development, requirements engineering, test management,
and the end customer. These stakeholders pursue different objectives with respect to
the configurations they create and therefore impose heterogeneous requirements on the
configuration process. For instance, engineering stakeholders may focus on technical
feasibility and consistency, while management stakeholders are primarily concerned with
portfolio structuring and reuse efficiency.
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Figure 12. Phase: reuse the system.

To address these differing requirements, the proposed methodology structures the
configuration process into multiple hierarchical levels, as shown in Figure 12. Starting from
the system store (200%), configuration activities proceed through successive abstraction
levels: E/E architectures and platforms (150%), vehicle projects (130%), vehicle derivatives
(120%), and finally vehicle identification number (VIN)-specific or customer-specific ve-
hicles (100%). At each of these levels, partial configurations are either defined or refined.
This layered approach enables stakeholders to filter and access only those artefacts that are
relevant to their specific context and decision-making scope.

Beyond stakeholder-specific filtering, the introduction of explicit configuration levels
provides a significant conceptual advancement: it externalizes configuration knowledge
that is typically only implicitly embedded within organizational processes. At each level, it
becomes possible to explicitly reason about variability—i.e., which elements are variant
and for what underlying rationale. Such explicit representation of variability knowledge,
and particularly its centralized management, is largely absent in current industrial prac-
tice, where it is often distributed across tools and organizational units without formal
integration [18].

Across all configuration levels—from the 200% system store down to the 100% VIN-
specific or customer-specific vehicle—the RFLP logic is consistently maintained. This end-
to-end traceability enables, for example, the unambiguous identification of requirements
associated with a specific VIN or specific vehicle, thereby supporting targeted validation
and test execution. Similar traceability benefits apply to the functional, logical, and physical
domains, enabling a holistic and consistent engineering process.

The specification of vehicles from the 200% system store is achieved through the
systematic creation of partial configurations. These configurations iteratively reduce the
available degrees of freedom by progressively deselecting features. All configuration de-
cisions are strictly governed by the rule base encoded in the feature models, ensuring
consistency and validity throughout the derivation process. This mechanism enables a
structured organization of the product portfolio and facilitates systematic reuse in accor-
dance with SPLE principles.

In alignment with platform-based development paradigms, both E/E architectures
and mechanical platforms (150%) are derived from the feature models defined in the system
store (200%). The E/E architecture comprises multiple ECUs with predefined hardware
and software configurations, thereby defining the execution environment for software-
based functionalities. In contrast, the platform represents the mechanical structure and
forms the physical basis for vehicle development. From the system store, multiple E/E
architectures and platforms can be derived, reflecting alternative design decisions and
variability constraints.
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Each vehicle project (130%) is based on exactly one E/E architecture and one platform
(150%). During project definition, non-required features are systematically deselected
from both domains. The resulting reduced partial configurations are then merged into a
consolidated configuration representing the vehicle project. This configuration captures
the technical and functional scope at an intermediate level of specificity.

A vehicle project (130%) may serve as the basis for multiple vehicle derivatives (120%).
For example, a single base model can be refined into several derivatives with distinct
characteristics. The development of a derivative follows the same principle of config-
uration: features are further deselected from the vehicle project configuration, thereby
increasing specificity and reducing variability. Each derivative thus represents a more
concrete realization within the product line.

The transition from a vehicle derivative (120%) to a VIN-specific or customer-specific
vehicle (100%) introduces a final configuration step in which all remaining variability
is resolved. This step is typically performed by an end customer via a configuration
interface, where features are selected from the set permitted by the derivative configuration.
Importantly, the available feature set is strictly constrained by the previously defined
partial configuration, ensuring consistency and feasibility. The resulting configuration is
complete and unambiguous, with no remaining degrees of freedom, allowing the vehicle
to be uniquely instantiated and produced.

It is important to note that the role of the “customer” in this context is not limited to the
end user. Other stakeholders, such as test management, may also assume this role by config-
uring specific 100% vehicles for validation purposes. This enables the targeted generation
of test instances that are fully traceable to underlying requirements and system artefacts.

Overall, in the “Reuse the System” phase, the defined feature space is systematically
transformed into fully specified vehicle instances at the level of individual VINs. This
transformation is governed by feature model constraints, structured across hierarchical
configuration levels, and consistently linked via the RFLP paradigm, thereby enabling
controlled variability management and end-to-end traceability.

7. Instantiation
In this section, the proposed MSPLE methodology is exemplarily applied using a case

study from Volkswagen, depicting a proof of concept. The objective is to demonstrate how
model-based development can be systematically implemented along the RFLP logic, how
modular systems can be structured and composed, and how these systems can be linked
to feature models to derive specific variants of artifacts and modules within the context
of SPLE.

For the implementation and visualization of the example, mainly the 3DEXPERIENCE
(v. R2026x) platform by Dassault Systèmes is used, enabling a MBSE approach. Require-
ments are modeled in Codebeamer (v. 2.2.1.4.3) by PTC and functional models are created
using Cameo Systems Modeler (v. 2026x). The selected use case is a comparatively simple
subsystem, namely the side (exterior) mirror.

To comprehensively illustrate the MSPLE methodology, the case study incorporates
all relevant RFLP elements: requirements (R), functional models (F), logical structures
(L), which already integrate modular concepts, as well as the corresponding physical and
computer-aided design (CAD) models (P). These artifacts are consistently linked to a central
feature model, which enables configuration and filtering based on specific features and
system variants.

A particular emphasis is placed on the combination of multi-level modularization
and SPLE principles. As a result, a configurable side mirror is realized, consisting of
interchangeable modules that may themselves exist in multiple variants. This demonstrates
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how variability can be consistently defined and propagated across different abstraction
layers throughout the development process.

To exemplify the MSPLE methodology, the side mirror is initially modeled and sub-
sequently structured as a modular system in the sense of a system of systems (SoS). The
focus is thereby not on the side mirror as a monolithic system, but on its constituent mod-
ules, which are relevant from a development and control perspective and can be further
developed independently. The presented example is deliberately simplified, as the primary
objective of this work is to illustrate the MSPLE methodology rather than to provide a
fully detailed product representation. Accordingly, the content is reduced and exemplified
without claiming suitability for direct productive use.

The logical-functional modeling forms the foundation for analyzing the system. It
enables the identification of functional relationships and dependencies, reveals functional
chains, and highlights those system components that exhibit functional variability. The log-
ical system structure, derived from the overall system architecture, serves as the reference
framework for this modeling step.

Based on this structure, variability is explicitly captured in the Cameo models and
formalized through the definition of variation points. These variation points are consistently
documented and managed within a central feature model, which represents the key element
for describing system variability. Initially, the feature model captures functional variability;
as the modeling progresses toward lower levels of abstraction, it is further extended to
include physical variability.

Within this framework, variability can be assigned either to individual system com-
ponents or to groups of components forming modules. These modules represent logical
aggregations of system elements and act as carriers of variability across the system. The
precise definition of module boundaries is not the primary focus of this work; in general, a
module may encompass one or more system components.

The methodology is applied consistently along the RFLP process using a multi-
level (“Z-shaped”) modeling approach [59]. In principle, all RFLP elements, require-
ments, functions, logical structures, and physical representations, are defined and re-
fined across multiple system levels. However, within the scope of this case study, the
focus is placed on selected aspects in order to illustrate the methodology in a clear and
comprehensible manner.

At system level 1, all RFLP elements are defined at a high system level and serve
as a reference for subsequent refinements. While, in general, these elements are further
elaborated across all system levels, this work emphasizes the modeling steps that are most
relevant for demonstrating variability and modularization. In particular, at system level
3, the logical components and modules of the side mirror are defined, together with their
associated features. Building on this, system level 4 specifies these modules in greater detail
and introduces their feature-dependent variants.

These modules are subsequently realized at the physical level through corresponding
CAD models. The resulting physical variants are consistently linked back to the logical
components, ensuring coherence across abstraction layers. At system level 4, module-
specific variants are defined, which are then aggregated at system level 3 to form complete
side mirror variants. These variants can be reused across different projects depending on
the selected features, thereby enabling efficient configuration within a product line.

Although the overall approach encompasses a comprehensive multi-level RFLP mod-
eling, the example deliberately focuses on selected steps. This allows for a clear demonstra-
tion of how variability is defined, structured, and propagated across abstraction levels, and
how reusable, feature-based product variants can be derived.
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To structure and explain the example, this section is divided into several subsections,
also illustrated in Figure 13:

• Section 7.1 presents the relevant requirements and functional models, including exem-
plary links to the feature model. In particular, the requirements of the side mirror are
linked to the feature model at system level 3 of the vision system.

• Section 7.2 introduces the logical structure, highlighting the modular composition of
the side mirror as well as the associated features. This includes an exemplary mapping
between logical components and feature models.

• Section 7.3 presents the physical structures and demonstrates how the selection of
features and configurations directly influences the corresponding CAD models. The
linkage between feature models and CAD artifacts is illustrated, along with the deriva-
tion of different system variants.

Figure 13. Structure of Section 7 and its content.

In addition, the case study demonstrates that, beyond the linkage of artifacts to
features, direct relationships between R, F, L, and P elements are established. This ensures
full traceability across all abstraction levels and enables consistent propagation of variability
throughout the entire development process.
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7.1. Requirements and Functional Modeling

This section presents the requirements and functional models developed within the
side mirror case study, as well as their integration within the proposed MSPLE methodology.
Although requirements and functional models are created across all system levels, the
case study focuses exclusively on selected artifacts at system level 3 of the vision system.
More specifically, only those elements relevant to the side mirror are discussed. The same
principle is applied to the functional architecture, for which only representative excerpts of
system level 4 are presented.

The modeling process begins on the left-hand side of the V-model with requirements
engineering. For the purposes of this case study, the analysis starts directly at system level
3. Requirements originating from Codebeamer were integrated into the system structure
of the vision system, as illustrated in Figure 14. The scope of the implementation was
intentionally restricted to functional requirements, while non-functional requirements
were excluded. Furthermore, particular attention is given throughout this section and the
subsequent case study to the mirror heating and adjustment & folding mechanism features,
which are shown at a higher level of detail.

Figure 14. Requirements from Codebeamer, integrated into the system architecture of the
vision system.

Since variability originates from requirements, the vision system feature model was
derived from the variability represented by the modeled requirements and complemented
by feature definitions that had already been established on higher system levels. The result-
ing feature model, shown in Figure 15, is located on system level 3 and establishes explicit
traceability links between requirements and features. At its highest level of abstraction,
the model consists of the five primary features adjustment, folding mechanism, mirror
heating, signaling and interaction, and visual and perceptual function. These top-level
features are subsequently refined into more detailed sub-features, providing a structured
representation of system variability.
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Figure 15. Feature model at system level 3 depicting the vision system.

To establish the functional architecture on system level 4, it is necessary to introduce
the module-specific feature models defined on system level 3 and populated with detailed
content on system level 4. Consequently, the logical components defined on system level
3 serve as the foundation for constructing the functional architecture on the subsequent
system level. The functional architectures of system level 3 and higher abstraction levels
are outside the scope of the presented case study and are therefore not discussed further.

Although the module-specific feature models are described in detail in Section 7.2,
two representative examples, the side mirror glass and side mirror housing modules, are
shown in Figure 16. Within these module-specific feature models, module variability is
represented entirely through features and their associated variants. The mirror heating
feature is defined within the feature model of the side mirror glass module, whereas the
folding mechanism feature is represented within the feature model of the side mirror
housing module. Since the realization of these feature variants requires corresponding
system functionality, the associated functions are modeled in Cameo Systems Modeler and
become integral elements of the functional architecture.

Figure 16. Module-specific feature models of the side mirror (side mirror glass and side
mirror housing).

Figure 17 illustrates the import of the previously introduced module-specific feature
models into Cameo Systems Modeler. The figure shows the modules side mirror glass
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and side mirror housing together with their associated configuration rules governing
module variability. For the side mirror glass module, the three variants high, mid, and low,
previously modeled in 3DEXPERIENCE, are imported. Similarly, the side mirror housing
module comprises the two variants basic and comfort. The imported module-specific
feature models are linked to the functional architecture through explicitly defined variation
points within the functional model. This mechanism establishes a direct connection between
variability modeling and functional realization, ensuring that functional behavior can be
configured consistently according to the selected module variants.

Figure 17. Import of module-specific feature models into Cameo Systems Modeler.

A representative excerpt of the functional architecture developed in Cameo Systems
Modeler, which has been referenced throughout this section as the central representation of
the system’s functional behavior and variability realization, is shown in Figure 18.

Figure 18. Functional architecture of the mirror heating use case.
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The upper part of the figure presents a set of modeled use cases, including the mirror
heating use case. The lower part illustrates its functional realization within the system
architecture. By selecting specific variants of the side mirror glass module, the model
dynamically determines whether the mirror heating functionality is configured as no
heating (highlighted in red) or electric heating (highlighted in green). This configuration
behavior demonstrates the direct relationship between module variability and functional
realization: the electric heating functionality is available only for the high and mid variants
of the side mirror glass module, whereas it is not included in the low variant. Through
this mechanism, traceability is maintained from requirements to features, from features to
module variants, and ultimately to the functions realizing the selected configuration.

7.2. Logical Architecture and Modular Structuring

Based on the requirements and functional models described in Section 7.1, the logical
architecture of the side mirror is derived as the next step of the RFLP process. This
step translates the previously defined functional relationships into a structured system
representation and establishes the foundation for modularization.

For the definition of the logical structure, the LRSA is used as the overarching frame-
work. The LRSA represents a cross-brand, project-independent system hierarchy within
the Volkswagen Group and provides a standardized structure for organizing logical system
elements. Figure 19 illustrates this structure and shows how the side mirror is embedded
within the higher-level system context of the vehicle. In particular, the side mirror is lo-
cated within the vision system and is positioned as a subsystem within the broader logical
solution structure.

Within this framework, the side mirror is decomposed into its constituent logical
modules. As shown in Figure 19, these modules include the mirror housing, the mirror
glass, the adjustment mechanism, and the mirror camera. These modules are not defined
at the highest system level but emerge through the refinement of the system along the
RFLP “Z-shaped” modeling approach, specifically at system level 3. At this level, logical
components are defined and aggregated into modules that represent coherent, functionally
and structurally consistent units.

Each of these modules represents a carrier of functionality and variability and can
be developed and managed independently to a certain extent. At the same time, they
remain embedded within the overall system architecture defined by the LRSA, ensuring
consistency across system levels and domains.

In addition to their structural definition, the modules are closely linked to variability
modeling. Each module is associated with its own feature model, capturing the module-
specific variability. Figure 20 presents exemplary feature models for the modules of the
side mirror, such as the side mirror glass, side mirror housing, side mirror camera, and side
mirror adjustment mechanism.

These feature models define the possible variants of each module, for instance in terms
of functionality (e.g., heating and blind spot detection), design characteristics (e.g., color),
or technical realizations.

The variability captured in these module-specific feature models originates from two
sources. First, it is derived from higher-level feature models, particularly from the feature
model defined at system level 3 of the vision system. This ensures that module variability
is consistent with system-level variability and supports top-down traceability. Second,
additional module-specific features may be introduced to capture variability that is only
relevant at the respective module level. This combination enables both alignment with the
global system context and sufficient flexibility at the module level.
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Figure 19. Representation of the logical structure using the side mirror as an example.

To ensure overall system consistency, the individual module feature models are not
isolated but are linked to a central, higher-level feature model, called enterprise portfolio
model. This global feature model contains overarching features such as brands or markets.
Dependencies and constraints between module-level features and global features are
explicitly defined, enabling a consistent configuration logic across system levels.

Through this integration, the logical architecture and the feature modeling layer are
tightly coupled. The logical modules define the structural decomposition of the system,
while the feature models describe the variability of these modules. The linkage between
both layers enables the systematic control of modules based on feature selections and forms
the basis for subsequent variant derivation.

Overall, this section demonstrates how the logical architecture serves as the central
layer for combining system structuring and variability modeling. By embedding the side
mirror within the LRSA, defining modular and logical structures at system level 3, and
linking these modules to feature models, a consistent and scalable foundation for MPD and
SPLE is established. This structure is subsequently used in Section 7.3 to derive physical
realizations and corresponding CAD-based variants.
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Figure 20. Module-specific feature models of the side mirror illustrating component-level variability.

7.3. Physical Models and Variant Derivation Through Feature-Based Configuration

The development of physical system models is based on the structured transfor-
mation of logical system definitions into concrete realization artifacts. This transfor-
mation represents the transition from the logical layer (L) to the physical layer (P)
within the RFLP framework, where abstract system structures are instantiated as physical
system components.

The physical realization builds upon the modular system structure defined within
the logical architecture. At the logical layer, the system is decomposed into modules and
associated with variability, thereby establishing both the structural decomposition and the
variability backbone of the system. This modularization provides a consistent foundation
for the derivation of physical representations and ensures that system elements can be
reused and configured across different product instances.

As a result, the logical architecture serves as the authoritative reference for the
physical realization. It defines not only the system structure but also the relation-
ships between modules and their variability, which directly guide the instantiation of
physical system elements. This enables a systematic linkage between variability defini-
tions and system components, ensuring that configuration decisions made at the logi-
cal layer are consistently transferred to the physical layer and reflected in the resulting
system realizations.

The example demonstrates how variability definitions are transformed into product
structures and concrete engineering artifacts within a product lifecycle management (PLM)
environment, using the 3DEXPERIENCE platform. Figure 21 provides an overview of the
modular decomposition of the side mirror system together with its corresponding product
structure. It illustrates how the defined modularization is reflected in the physical system
representation and forms the basis for the subsequent description of variability realization
and configuration.
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Figure 21. Product structure of the modules of the side mirror system.

Variability is defined and governed within the variability model of the problem space
through feature models. These models capture module-specific characteristics, dependen-
cies, and constraints, and are linked across hierarchical system levels. Configuration rules
derived from these models define valid feature combinations and enable the systematic
derivation of module-specific configurations. As a result, variability defined at the feature
level is consistently transferred into the solution space. Non-functional and invariant
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requirements are not part of the variability model but are incorporated into the architecture
when they are relevant to system behavior.

The linkage to the physical layer is established by assigning a configuration context
to the product structure, thereby enabling the consistent propagation of variability into
physical system representations. This is realized through a formal mapping between
features and product structure elements, for example by means of allocation matrices. As
a result, feature selections drive the activation and instantiation of physical components
within a 150% product structure. In this way, feature-based variability is consistently
propagated into the physical realization, thereby enabling the systematic derivation of
valid product variants. Figure 22 illustrates this allocation process using the side mirror
housing as an example, highlighting how feature selections govern the inclusion and
configuration of corresponding physical components within the product structure.

Figure 22. Definition of constraints for the side mirror housing.

The linkage between the logical (L) and physical (P) layers is realized through the mod-
ular system structure and the systematic allocation of logical elements to corresponding
physical representations. The logical architecture defines what is to be realized and struc-
tures the variability of the system, whereas the physical layer specifies how this variability
is implemented in terms of product structures and concrete realization artifacts.

A key outcome of the physical layer is the generation of CAD-based realization
artifacts that represent the geometric and structural implementation of system variants.
These models are maintained as 150% representations, encompassing all components
required to cover the complete variability space. Within this context, CAD models constitute
realization artifacts of the SPLE solution space, while the product structure reflects the
modular decomposition defined in the logical architecture. The mapping between features
and components ensures that variability is consistently instantiated at the physical level.

The configuration process subsequently resolves the 150% structure into valid product
instances through the application of feature selections and configuration rules. This results
in concrete system variants, such as different side mirror configurations, in which variations
in physical components directly correspond to feature-level variability. Although this
realization is exemplified using CAD models, the underlying principle is equally applicable
to other domains, such as software, where feature selections govern the inclusion and
configuration of components.

Figure 23 shows the 150% product structure with its configuration context (left-hand
side), where feature-level variability is mapped to product structure elements. The right-
hand side illustrates resolved configurations (Mirrox A high, Mirrox B mid and Mirrox
C low), derived from feature selections and rules, resulting in distinct physical variants.
Differences in functional features directly reflect these selections, demonstrating consistent
variability propagation and end-to-end traceability.
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Figure 23. Side mirror structure and logical structure with resolved system configurations.

The proposed MSPLE method enables modeling of arbitrarily nested systems fol-
lowing a SoS paradigm. At each hierarchical level, configurations from level (n − 1) are
integrated into level (n) via configuration contexts and constraints, resulting in recursively
composed and configurable product structures with consistent propagation of variability
and constraints.

Resolved configurations can be reused as predefined configuration instances, repre-
senting validated solution elements within the system architecture. These SoS configura-
tions are integrated into the enterprise solution structure and can be reused at the vehicle
level by incorporating them into the respective product structure, enabling a seamless
transition from system configuration to vehicle realization with ensured consistency, reuse,
and controlled variability across the lifecycle.

Through this MSPLE methodology, variability is consistently propagated across the
RFLP layers. The logical architecture defines the system structure and variability, while the
physical layer realizes these concepts in concrete system representations.

8. Evaluation
This chapter evaluates the MSPLE methodology introduced in Section 6 based on the

side mirror example presented in Section 7. Section 8.1 presents the actual evaluation of
the methodology. Subsequently, Section 8.2 addresses the research questions, discusses the
results, and outlines the limitations of the proposed methodology.

As already mentioned in Section 4, the evaluation follows the DRM approach shown
in Figure 4. The assessment is therefore based on a comparison between the requirements
defined in Section 5 and the MSPLE methodology proposed in Section 6. At first glance,
such an evaluation approach may appear subjective or insufficiently rigorous. However, the
claims made during the evaluation are substantiated through the exemplary instantiation
of the MSPLE methodology using the side mirror use case presented in Section 7. Based
on this demonstrative implementation, it is argued that the chosen form of evaluation is
appropriate within the scope of this research.

For this purpose, the requirements summarized in Table 2 are used together with
the same evaluation matrix previously applied for assessing existing SPLE and MPD ap-
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proaches. In addition, the evaluation critically reflects upon the obtained results and is
therefore complemented by a broader discussion of the MSPLE methodology, its implica-
tions, and its limitations.

8.1. Evaluation of the Proposed MSPLE Methodology

Table 4 presents the evaluation of the proposed MSPLE methodology. The results
indicate that the majority of the identified requirements are comprehensively addressed,
while also revealing that certain aspects still leave room for further improvement. To further
improve the transparency of the evaluation, explicit assessment criteria are defined. A
requirement is classified as fulfilled if (1) the MSPLE methodology provides the necessary
methodological concepts and (2) the capability is demonstrated within the side mirror case
study. A requirement is classified as partially fulfilled if the requirement is conceptually
addressed but lacks either methodological guidance or sufficient case-study evidence. A
requirement is classified as not fulfilled if the requirement lies outside the scope of MSPLE
and no methodological support is provided. Furthermore, a detailed mapping between the
artifacts and methodological elements described in Section 6, their instantiation within the
case study presented in Section 7, and the resulting assessment in Table 4 is provided in
Appendix A (Table A1).

Table 4. Evaluation of the proposed MSPLE methodology.

ID Requirement MSPLE SPLE MPD

R-01 The methodology shall represent mechatronic, hardware, or
software systems. • H# H#

R-02 The methodology shall support the representation of RFLP
layers. • H# H#

R-03 The modules shall be uniquely and unambiguously
describable. • • #

R-04 The modules shall rely on a consistent description
methodology. H# # •

R-05 The modules shall be combinable within a system
architecture. • • •

R-06 The modules shall support the representation of
relationships to other modules. • H# •

R-07 The modules shall be describable through defined
properties and characteristics. • • #

R-08 The modules shall provide clearly defined interfaces. # # •

R-09 The modules shall be configurable based on system
requirements. • • #

R-10 The modules shall be representable in multiple variants. • • #

•: Requirement satisfied; H#: Requirement partially satisfied; #: Requirement not satisfied.

The following sections provide a detailed discussion of these assessments by explain-
ing, for each individual requirement, the rationale behind the respective evaluation.

The evaluation first focuses on the requirements that are considered to be fully satisfied
by the proposed MSPLE methodology.

Requirement R-01, which concerns the representation of mechatronic, hardware, and
software systems, can be regarded as fulfilled. The MSPLE methodology is inherently
domain independent, as it links all artifacts to the physical layer and the modular system
structure. In the presented case study, this linkage has been demonstrated using hardware
artifacts, specifically CAD models of the side mirror. However, the same structural principle
can be applied equivalently to other domains, such as software artifacts or parameter
sets. Consequently, the MSPLE methodology does not impose any restrictions on the
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type of realization and is therefore capable of representing systems across domains in a
consistent manner.

Similarly, R-02 is fully addressed through the explicit realization of the RFLP frame-
work. The MSPLE methodology demonstrates a continuous and consistent representation
across requirements, functional, logical, and physical layers. This end-to-end traceabil-
ity has been illustrated throughout the case study and ensures that all relevant system
perspectives are systematically integrated.

With regard to module definition and description, the MSPLE methodology also
fulfills several key requirements. It has been shown how modules can be uniquely and
unambiguously described (R-03) by combining logical structuring with feature-based
characterization. Furthermore, the MSPLE methodology demonstrates how modules are
systematically assigned to the functional and logical layers and integrated into the overall
architecture (R-05). This ensures that modules are not only structurally defined but also
consistently embedded within the system context.

In addition, modules are described through explicitly defined properties and charac-
teristics by linking them to feature models, thereby fulfilling R-07. This attribute-based
description enables a precise specification of module variability and provides the founda-
tion for configuration and reuse.

The representation of relationships between modules (R-06) is also fully addressed.
The MSPLE methodology shows how dependencies and interactions between modules
can be captured both within the logical architecture and through feature-based constraints.
This is exemplified in Section 7.3, where module interdependencies are explicitly modeled
and linked to variability mechanisms.

Moreover, the MSPLE methodology demonstrates how modules can be configured
based on system requirements (R-09). By linking features to requirements and using
them as decision variables, it becomes possible to systematically control the selection and
instantiation of modules. This configuration capability is consistently applied across system
levels, enabling a structured derivation of system variants.

Additionally, the MSPLE methodology clearly supports the representation of modules
in multiple variants (R-10). This is illustrated in the side mirror example, where different
module variants, such as alternative realizations of the side mirror housing, are instantiated
and reused across different side mirror configurations. The reuse of submodule variants
in different higher-level system variants demonstrates the scalability and flexibility of the
MSPLE methodology.

However, the evaluation also revealed requirements that are only partially fulfilled or
not sufficiently addressed by the proposed MSPLE methodology.

Requirement R-04, which concerns the existence of a consistent description method-
ology for modules, is assessed as only partially fulfilled. While the MSPLE methodology
demonstrates how modules can be described and characterized using feature-based ap-
proaches, it does not provide explicit guidance on how modules should be defined or
partitioned. In particular, no systematic criteria or methodological guidelines are provided
for determining the appropriate level of granularity or for defining module boundaries.
Although the LRSA is used as a structural orientation, it does not constitute a prescriptive
method for modular decomposition. As a result, the definition and granularity of modules
remain context dependent and must be determined individually for each system. This
limitation highlights an important area for future research, particularly with regard to de-
veloping systematic approaches for module partitioning and modular architecture design.

A similar limitation can be observed for requirement R-08, which addresses the defi-
nition of clearly specified interfaces. Within the industrial context, the reuse of modules
across platforms and vehicle projects requires the existence of standardized and pre-defined
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interfaces to ensure compatibility and integrability. However, this aspect is not explicitly ad-
dressed in the presented MSPLE methodology or within this publication as a whole. While
the MSPLE methodology demonstrates how features can be used to define the conditions
under which modules can be reused, it does not specify how technical interfaces between
modules should be designed, described, or governed. Due to the scope and simplification
of the presented use case, it was not possible to elaborate on the nature and structure of
such interfaces.

This limitation is intentional and reflects the scope of the MSPLE methodology. MSPLE
focuses on the governance of variability and modular architectures rather than on the spec-
ification of technical interfaces themselves. Interface definitions, compatibility rules, and
interface evolution mechanisms are highly dependent on the specific system, architecture,
technologies, and engineering domains involved. Consequently, a generic interface speci-
fication approach cannot be prescribed within the proposed methodology. Nevertheless,
interface governance remains a prerequisite for the successful industrial adoption of MSPLE
and should therefore be addressed by complementary engineering approaches.

Despite these limitations, it can be concluded that the majority of the requirements are
fulfilled. The proposed MSPLE methodology thereby establishes a coherent framework that
enables the application of variability management principles for the systematic control of
modules and artifacts, as well as their reuse across different system contexts. By combining
feature-based variability modeling with modular system structuring along the RFLP frame-
work, the MSPLE methodology provides a consistent foundation for managing complex,
variant-rich systems throughout the development lifecycle, particularly in alignment with
the principles of the V-model.

8.2. Overall Assessment and Discussion

Based on the evaluation results, the research questions defined in Section 4 can be
addressed coherently. The requirements derived in Section 5 are largely validated through
the instantiation and subsequent evaluation of the proposed MSPLE methodology. The
findings clearly indicate that neither SPLE nor MPD, when applied in isolation, is capable of
comprehensively fulfilling the identified requirements. In particular, the lack of integration
between variability management and modular system structuring emerges as a fundamen-
tal limitation of existing approaches. While SPLE provides strong mechanisms for handling
variability and configuration, it lacks an explicit integration with modular architectures.
Conversely, MPD offers well-established principles for system decomposition but does not
sufficiently address systematic variability control. This structural imbalance underlines the
necessity of an integrated methodology.

The proposed MSPLE methodology provides an initial answer to the second research
question by demonstrating, through a proof-of-concept case study, how SPLE principles
and MPD concepts can be combined within a unified framework. By integrating feature
models with modular architectures and embedding them within the RFLP structure, the
MSPLE methodology demonstrates the potential to support a consistent representation and
control of variability across multiple system levels. Further validation is required to assess
the scalability of the approach in larger industrial environments. This integration allows
both the structural definition of modules and their dynamic configuration based on system
requirements, thereby bridging the gap between architecture design and variability man-
agement. At the same time, the evaluation indicates that the MSPLE methodology should
be understood as a conceptual and structural framework rather than a fully operationalized
engineering solution.

Despite its strengths, several limitations of the proposed MSPLE methodology must
be acknowledged. First, the validation is currently based on a simplified use case, namely
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the side mirror example. Consequently, the presented case study demonstrates the fea-
sibility and internal consistency of the methodology rather than providing evidence for
lifecycle-wide applicability. While this example effectively demonstrates the feasibility
and internal consistency of the approach, it does not fully capture the scale, heterogeneity,
and complexity of real-world automotive systems. Consequently, further validation in
more complex and large-scale industrial scenarios is required to assess the robustness and
scalability of the MSPLE methodology.

Second, the proposed methodology does not explicitly address interface specification
and interface lifecycle management. While interface definitions are essential for enabling
module interoperability and reuse, their concrete realization depends strongly on the indi-
vidual system context. Therefore, MSPLE currently assumes the existence of appropriately
defined interfaces but does not provide a methodology for deriving or governing them. Fu-
ture research should investigate how interface governance, compatibility management, and
interface evolution can be integrated with the proposed framework without compromising
its domain-independent character.

Third, the operationalization of the MSPLE methodology remains limited. While the
conceptual integration of RFLP and feature-based variability modeling is clearly articulated,
practical aspects such as standardized modeling guidelines and integration into existing
engineering processes are not yet fully elaborated. This limits the immediate applicability
of the MSPLE methodology in industrial contexts and highlights the need for further
development toward a fully deployable engineering approach.

Another limitation of the proposed methodology concerns tool interoperability and
engineering process automation. The MSPLE does not prescribe how information should
be exchanged between the various engineering tools involved. In industrial environments,
tool integration is often realized through dedicated interfaces, data transformations, or
organization-specific integration solutions. Consequently, the practical implementation
of MSPLE still requires additional integration mechanisms at the tooling level. From
a future perspective, SysML v2 appears to be a promising enabler for addressing this
challenge. Its standardized and machine-readable model representation could provide a
common integration layer across engineering disciplines and tools, thereby reducing the
need for project-specific interfaces. Furthermore, the textual nature of SysML v2 creates
opportunities for advanced automation concepts, including AI- and agent-supported
engineering workflows capable of interpreting, analyzing, and maintaining engineering
artifacts across multiple domains. However, the integration of such mechanisms is outside
the scope of the present work and represents an important direction for future research.

Finally, the effectiveness of the MSPLE methodology strongly depends on the quality
and consistency of the underlying feature models, as well as on their linkage to the corre-
sponding artifacts and the early integration of development artifacts such as requirements.
Inaccurate, incomplete, or inconsistently maintained variability models can negatively
affect configuration correctness and overall system consistency. Consequently, robust
governance mechanisms and methodological support for feature model management are
essential for the successful application of the proposed MSPLE methodology.

9. Threats to Validity
This study is subject to several limitations that should be considered when interpreting

the results and assessing the applicability of the proposed MSPLE methodology. Following
established research practices, potential threats are discussed with respect to construct
validity, internal validity, external validity, and conclusion validity [61].

A potential threat to construct validity arises from the derivation of requirements
used for developing the proposed MSPLE methodology. The requirements were obtained
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through an industrial application analysis of the MPD logic employed within the Volk-
swagen Group and complemented by findings from the literature on SPLE and product
modularization. Although this combination provides both practical relevance and the-
oretical grounding, the identified requirements are inevitably influenced by the specific
characteristics, processes, and organizational structures of the investigated industrial envi-
ronment. Consequently, certain requirements may reflect company-specific assumptions
that are not universally applicable across different organizations or development contexts.

Threats to internal validity primarily originate from the design-oriented nature of
the research approach. The proposed MSPLE methodology was developed through the
integration and interpretation of existing concepts from SPLE and MPD. As with any
synthesis-oriented approach, decisions regarding abstraction levels, selection of concepts,
and relationships between model elements involve a degree of researcher interpretation.
While these decisions were systematically guided by previously defined requirements
and grounded in existing theory, alternative interpretations or design choices may lead to
different methodological solutions.

With respect to external validity, the generalizability of the findings is inherently
limited by the empirical basis of the study. The industrial analysis was conducted within a
single OEM environment in the automotive domain. Although the identified challenges,
such as increasing variability, cross-domain dependencies, and architectural complexity, are
representative of broader trends in SDVs, the proposed MSPLE methodology has not yet
been validated across multiple organizations or industrial contexts. Furthermore, existing
modularization approaches have historically been developed primarily for hardware-
oriented systems, while the presented work addresses highly integrated mechatronic
systems consisting of hardware, E/E, and software elements. Additional evaluations in
different industrial settings and across different system architectures are therefore required
to assess broader applicability.

Threats to conclusion validity arise from the current evaluation strategy. The pro-
posed MSPLE methodology was primarily assessed through a qualitative comparison
against previously defined requirements. While this approach enables an initial assessment
of practical relevance and methodological completeness, it does not provide quantitative
evidence regarding measurable effects such as reductions in development effort, complexity,
or lifecycle costs.

Despite these limitations, the selected research design provides a structured and
theory driven foundation for the development of the proposed MSPLE methodology. The
combination of established theoretical concepts with an industrial application context
increases practical relevance while maintaining methodological rigor. Future work should
therefore focus on broader industrial validation, quantitative assessment of the proposed
MSPLE methodology, and evaluation across multiple organizations and system domains to
strengthen the generalizability and empirical robustness of the findings.

10. Conclusions
In conclusion, this paper investigated the integration of variability management

and product modularization within a model-based engineering context. The analysis
demonstrates that existing approaches, including SPLE and MPD, do not sufficiently meet
the requirements, as they lack a unified integration of variability and modular structuring.
To address this gap, the MSPLE methodology is introduced as a conceptual framework,
providing a foundation for future operationalization and industrial application.

Based on these findings, this paper makes two central contributions. First, it proposes
an integrated approach that combines SPLE with MPD. This is achieved through feature
model-based module governance and a formalized methodology. Second, it establishes
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a consistent traceability framework along the V-model based on model-based SPLE and
the RFLP paradigm. The presented case study demonstrates end-to-end traceability from
requirements to physical realization within the scope of the implemented proof-of-concept.
Building on this foundation, MSPLE establishes a conceptual methodological frame-
work intended to govern variable modules through a model-based approach across the
RFLP layers.

In relation to the V-model, MSPLE primarily focuses on the left-hand side, while
validation and verification activities on the right-hand side are not yet explicitly addressed.
However, extending the approach to the validation domain is a possible future research
direction as it enables the continuation of the RFLP-based traceability chain towards test
cases and validation artifacts. This ensures that variability is consistently propagated
into test design and execution, enabling systematic, configuration-driven validation. The
MSPLE methodology provides an important foundation for operationalizing the GSS.
However, the definition of modules as well as the decomposition of the product into
systems and subsystems are not addressed within the scope of this methodology. Instead,
these elements must be specified by the respective company based on its own organizational,
architectural, and process-related context.

For the implementation of the GSS, release management is required in addition to
feature-based system governance. The evolution of development artifacts and variability
over time introduces a temporal dimension that must be systematically managed to ensure
consistent variability evolution. While MSPLE enables structured variability, it does not ad-
dress the temporal dimension of variability, limiting consistent variability evolution across
the lifecycle. In addition to system governance, further technical management disciplines,
including change and release management, are also essential to support comprehensive
lifecycle control.

The approach is subject to several limitations, including validation based on a simpli-
fied use case, the absence of explicit interface modeling and governance, and its currently
limited industrial applicability. While the side mirror case study demonstrates the feasi-
bility of the proposed approach and the integration of variability management, modular
architectures, and RFLP-based traceability, broader validation in more complex automotive
systems and across multiple industrial contexts remains future work.

Furthermore, its effectiveness depends on the quality and consistency of the under-
lying feature models and their governance. Future research should therefore focus on
scalability, interface refinement, and methodological standardization to enable robust
industrial application.

Despite these limitations, MSPLE provides a promising foundation for integrating
MPD and SPLE and for exploring variability management as a model-based capability
across the V-model. Additional industrial validation is required to assess its applicability
across different system domains, organizations, and development lifecycles.
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Abbreviations
The following abbreviations are used in this manuscript:

BOM bill of materials
CAD computer-aided design
DRM design research methodology
E/E electrical/electronic
ECU electronic control unit
FODA feature-oriented domain analysis
GSS group systems store
LRSA logical reference system architecture
MBSE model-based systems engineering
MEB modular electric drive matrix
MPD modular product development
MSPLE modular systems product line engineering
MQB modular transverse matrix
OEM original equipment manufacturer
OVM orthogonal variability model
PEP product emergence process
PLM product lifecycle management
PLE product line engineering
RFLP requirement, functional, logical, and physical
RQ research question
SDV software-defined vehicle
SoS system of systems
SPLE systems and software product line engineering
VIN vehicle identification number

Appendix A. Mapping of Requirements to MSPLE Elements and Case
Study Evidence

The following Table A1 provides the detailed evidence supporting the requirement
evaluation presented in Section 8.1 by linking each requirement to the corresponding
MSPLE elements and case study results.
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Table A1. Mapping of requirements to MSPLE elements, case study evidence and results.

ID MSPLE Element Case Study Evidence MSPLE

R-01 RFLP layers Side mirror CAD, logical and functional
models •

R-02 RFLP architecture Requirements, functions, logical and physical
artifacts •

R-03 Feature-based module description Side mirror module, feature models in model
versions •

R-04 Module definition No dedicated partitioning method defined H#
R-05 Modular systems architecture Assembly of side mirror modules •

R-06 Feature constraints, architecture
relations Dependency of modules and model versions •

R-07 Feature catalog, attributes Module-specific feature models/model
versions •

R-08 Not supported Not demonstrated #
R-09 Feature-based configuration Side mirror variant derivation •
R-10 Variant management High/mid/low side mirror variants •

•: Requirement satisfied; H#: Requirement partially satisfied; #: Requirement not satisfied.
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