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Kurzfassung

Digitale Ecosysteme stellen ein neuartiges Paradigma fiir industrielle Zusam-
menarbeit dar, das Coopetition, Resilienz und Anpassungsfahigkeit zwis-
chen vielfiltigen Akteuren betont. Ihre inhdrente Komplexitdt — bedingt
durch Heterogenitdt, Emergenz und Foderation — erschwert jedoch eine ef-
fektive Gestaltung erheblich. Diese Studie begegnet diesen Herausforderun-
gen mit der Einfiihrung der Engineering Digital Ecosystems (EDE) Method-
ologie, einem modellbasierten und subjektorientierten Gestaltungsrahmen,
der auf die Bediirfnisse sozio-technischer Digitaler Ecosysteme zugeschnit-
ten ist, insbesondere im Kontext kleiner und mittelstdndischer Unternehmen
(KMU). Geleitet vom Paradigma der Design Science Research (DSR) unter-
sucht die Arbeit zwei zentrale Forschungsfragen: (1) Wie kann der Gestal-
tungsprozess Digitaler Ecosysteme durch eine modellbasierte Methodolo-
gie unterstiitzt werden? und (2) Welche Art von subjektorientiertem Mod-
ell eignet sich zur Beschreibung solcher Ecosysteme? Die resultierende
EDE-Methodologie integriert einen Vorgehensmodell basierend auf dem
Double-Diamond mit einem mehrschichtigen Synthesis Model, das struk-
turelle, funktionale, interaktive und verhaltensbezogene Aspekte Digitaler
Ecosysteme abbildet. Der Rahmen wurde iterativ im industriellen Anwen-
dungskontext (IntWertL) entwickelt und evaluiert, wodurch validierte Arte-
fakte und praxisnahe Erkenntnisse gewonnen wurden. Diese Arbeit liefert
die erste zufriedenstellende Methodologie zur Gestaltung Digitaler Ecosys-
teme und bietet einen systematischen, nutzerorientierten Ansatz, der Klar-
heit, Kommunikation, und Abstimmung entlang des gesamten Designpro-
zesses verbessert.






Abstract

Digital Ecosystems offer a novel paradigm for industrial collaboration, em-
phasizing coopetition, resilience, and adaptability among diverse stake-
holders. However, their inherent complexity—stemming from heterogene-
ity, emergent behaviors, and distributed governance—poses significant chal-
lenges to effective design. This study addresses these challenges by intro-
ducing the Engineering Digital Ecosystems (EDE) methodology, a model-
based and subject-oriented design framework tailored to the needs of socio-
technical Digital Ecosystems, particularly for small and medium-sized en-
terprises (SMEs). Guided by the Design Science Research (DSR) paradigm,
the study investigates two core research questions: (1) how the design pro-
cess of Digital Ecosystems can be supported by a model-based methodology,
and (2) what kind of subject-oriented model is suitable for describing such
ecosystems. The resulting EDE methodology integrates a modified Double
Diamond design approach with a multi-layered Synthesis Model that cap-
tures structural, functional, interactional, and behavioral aspects of Digital
Ecosystems. The framework was iteratively developed and evaluated within
a real-world industrial context (IntWertL), yielding validated artifacts and
practical insights. This work contributes the first satisficing methodology for
Engineering Digital Ecosystems, offering a systematic, stakeholder-inclusive
approach that enhances clarity, communication, and alignment throughout
the ecosystem design process.
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1 Introduction

Digital Ecosystems provide a foundation for demand orientation and a re-
silient economy. In contrast to traditional networks, which are predomi-
nantly transaction-oriented and rely solely on economies of scale, Digital
Ecosystems exhibit emergent properties by facilitating a novel form of col-
laboration among participants. This research study focuses on Engineering
Digital Ecosystems. This should be understood both as Digital Ecosystems in
the engineering domain and as "the creative application of scientific princi-
ples to design or develop" (Smith 2024) such ecosystems. The objective is to
develop a methodology that empowers small and medium-sized enterprises
(SMEs) to create and manage efficient, resilient, and adaptable industrial
value creation networks. The effective design of a Digital Ecosystem can
only be achieved through a thorough understanding of the corresponding
problem space before initiating work on the solution space. Therefore, the
Engineering Digital Ecosystems (EDE) methodology provides a framework
for the design of this problem space.

First, Section 1.1 introduces the concept of Digital Ecosystems and discusses
their growing significance. Section 1.2 addresses the engineering challenges
related to ecosystem design, while Section 1.3 presents the objectives of this
study and outlines its primary research questions. Finally, Section 1.4 con-
cludes the chapter by detailing the structure and organization of the thesis.
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1.1 Motivation

The current geopolitical landscape highlights the vulnerabilities of linear
supply chains, which are primarily optimized for scale and cost efficiency.
Tariffs, mobility restrictions, supply bottlenecks, rising energy prices, and
volatile markets collectively signify the increasing uncertainty within the
global economy. These factors are prompting companies to reevaluate their
established business models regarding global supply chains and outsourced
production resources. The concept of collaborative value creation within
business ecosystems as a critical component of crisis management is not
new and has been discussed for three decades (Moore 1996). However, tech-
nological advancements such as the Internet of Things (IoT) and advanced
data analytics, including artificial intelligence (Al), have introduced new op-
portunities alongside their inherent complexities (Ardolino et al. 2025). The
challenges faced by modern industries necessitate a shift in how companies
perceive and implement value creation networks. In this context, the es-
tablishment of Digital Ecosystems opens up new possibilities and provides a
foundation for sustainable innovation and improvement.

Digital Ecosystems extend beyond the traditional platform economy by em-
phasizing coopetition' rather than purely competitive dynamics (Bengtsson
and Kock 2000), enabling participants, such as providers and consumers,
to interact and collaborate directly to jointly develop customized offerings.
Unlike classic platform businesses, where a single platform owner sets the
rules for complementors and customers, Digital Ecosystems distribute gov-
ernance across multiple autonomous actors (Adner 2017). This distribu-
tion allows value to emerge from interactions, such as data sharing and ser-
vice composition, rather than solely from transactions channeled through a
dominant player. These interactions are grounded in equal partnership and

1 Coopetition stands for cooperation despite competition.
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trust, reflecting shared values. This federated model is particularly benefi-
cial for SMEs, as it enables them to leverage scale effects without sacrific-
ing strategic control (da Silva and Marques Cardoso 2024). These networks
promote flexibility, resilience, and adaptability while fostering healthy com-
petition. By effectively shaping coopetition, Digital Ecosystems act as in-
cubators for innovation and growth. In this way, they foster a community
where participants simultaneously cooperate and compete to co-create ser-
vices that no single actor could effectively build or govern alone.

1.2 Engineering Challenge

Engineering Digital Ecosystems are characterized by inherent complexity.
They involve a significant number of diverse participants and stakeholders
who require assistance in defining the problem space. Consequently, de-
signing these networks entails more than merely integrating new APIs into
a supply chain. It necessitates the coordination of various sovereign entities
that must consistently align their data, rules, and motivations while main-
taining their sovereignty. This task is particularly challenging due to three
key factors:

1. Heterogeneity: Participants range from global corporations to two-
person start-ups, engaged within various domains, each with its own
vocabulary, IT stack, and governance culture.

2. Emergence: New interaction patterns and business models surface
unpredictably once data and (micro-)services are shared.

3. Coopetition: Organizations must reveal just enough to collaborate on
shared functionality while still competing on customer value; thus,
creating a delicate tension between openness and protection.
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This study proposes a model-based and subject-oriented methodology to
address these challenges. In alignment with the prevalent concept of Model-
Based Systems Engineering (MBSE) for the design of complex products, a
model-based approach is adopted. This approach emphasizes the use of
models as the primary means of information exchange, replacing traditional
documents. The model-based methodology aims to enhance the efficiency,
clarity, and comprehensiveness of systems engineering by facilitating the
creation, analysis, management, and tracing of requirements to system el-
ements throughout the development lifecycle using formalized modeling
languages. As demonstrated by Elstermann (2020) a valuable model of com-
plex systems, such as an Engineering Digital Ecosystem, necessitates spe-
cialized modeling methods. In this context, subject-orientation has proven
to be an exceptionally effective approach. In contrast to widespread mod-
eling approaches, this paradigm prioritizes active entities and places these
so-called subjects first in consideration. This focus on subjects, rather than
data (objects) or procedures (verbs), is particularly beneficial for complex,
decentralized systems.

1.3 Research Objectives

The primary objective is to manage the complexity of Digital Ecosystems
by providing the right information to the right people from the right per-
spective in an accessible manner. As Simon (1996, p. 144) states: "Solving
a problem simply means representing it so as to make the solution trans-
parent." Therefore, this study aims to develop a more effective and efficient
framework for designing Digital Ecosystems, ensuring the seamless imple-
mentation of solutions for all participants. The approach seeks to foster an
environment conducive to problem exploration and unrestricted ideation
while facilitating emergence through transformed collaboration dynamics
and enhanced knowledge exchange. The EDE methodology explicitly ad-
dresses the needs of SMEs, supporting the formation and management of
efficient, resilient, and adaptable industrial ecosystems. Importantly, this
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approach must equally consider human-centered issues, change manage-
ment, and technological solutions. Ultimately, the EDE methodology should
integrate the diverse perspectives of all stakeholders into a cohesive model
with shared terminology.

Addressing these objectives by integrating a model-based approach with the
subject-orientation paradigm promises several benefits. However, no such
methodology currently exists. Consequently, this research study focuses on
two primary research questions:

RQ1 How can the design process of Digital Ecosystems be supported by a
model-based methodology?

The first research question focuses on the EDE Approach. It examines the
practical mechanics of transforming an abstract ecosystem vision into an
engineered reality. By analyzing how model-based practices can structure
decision-making, reveal interdependencies, and provide stakeholders with
a common reference point, this question addresses the current lack of sys-
tematic guidance for ecosystem architects. The goal is to improve efficiency
and quality. Thus, the EDE methodology can streamline the systems engi-
neering process, reducing the time and cost associated with designing the
Digital Ecosystem. Continuous validation with all stakeholders can facili-
tate the early identification and resolution of issues in the design process,
leading to higher quality and reliability.

RQ2 What kind of subject-oriented model can be used to describe a Digi-
tal Ecosystem?

This question targets the design artifact, i. e., the model itself. Investigat-
ing which modeling constructs most effectively represent the intentions,
responsibilities, and interactions within a socio-technical Digital Ecosystem
addresses a persistent gap between technical diagrams and real-world col-
laboration patterns. In accordance with the principle of subject-orientation,
special attention is given to the explicit representation of active entities,
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including humans, services, and organizations. Determining which con-
structs, abstractions, and notations best capture these facets is crucial. A
well-selected model is often more precise than standard textual descrip-
tions and serves as a unified semantic anchor for all stakeholders, including
engineers, managers, and customers. Models are instrumental in visualiz-
ing complex systems, thereby fostering communication and understanding.
Consequently, the EDE methodology enhances the comprehension of inter-
actions and dependencies among participants in various usage scenarios
within the Digital Ecosystem.

1.4 Outline and structure

This thesis is organized into eight main chapters. Each chapter systemati-
cally contributes to the EDE methodology by progressively developing the
theoretical framework, research methodology, and evaluation techniques.
Figure 1.1 illustrates the outline of the thesis and the key contributions of
each chapter.

Chapter 1 Introduction motivates this research and establishes the primary
objectives through two fundamental research questions. The chapter con-
cludes in outlining the structure of the thesis.

Chapter 2 Fundamentals establishes the theoretical foundation. It begins by
introducing Digital Ecosystems, focusing on core values, services, solutions,
orchestrators, and participants. Next, a review of MBSE in conceptual de-
sign is presented, with an emphasis on modeling languages. This is followed
by an examination of the fundamentals of subject-orientation. The chap-
ter concludes with a brief overview of design thinking and design science
frameworks.

Chapter 3 State of the Art in Research and Application critically surveys aca-
demic and industrial approaches to modeling Digital Ecosystems. It reviews
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Introduction Research Questions (RQ1, RQ2)

Fundamentals Common Terminology

State of the Art Design Hypotheses (H1 — H6)

Research Approach SDSM Approach

3x General Solution, 3x Specific

Iterative Digital Ecosystem Design Solution, 9 Evaluation Results

EDE Methodology EDE Approach, Synthesis Model

Validation and Critical Reflection Proof of Concept, Limitations

Conclusion and Outlook Key Takeaways, Future Research

€L LKL

Figure 1.1: Outline of the thesis and primary contributions of each chapter.

conceptual modeling in the literature, identifies research and industry ini-
tiatives (e. g., International Data Spaces, Gaia-X, Catena-X, Manufacturing-
X), extracts research gaps, and formulates guiding design hypotheses.

Chapter 4 Research Approach outlines the overall research approach, which
is grounded in the Design Science Research (DSR) paradigm and opera-
tionalized through the Soft Design Science Methodology (SDSM). It refines
the research objectives, contextualizes the IntWertL project as a case study,
and presents the iterative evaluation and model consolidation strategy.

Chapter 5 Iferative Digital Ecosystem Design presents the three cycles of the
SDSM, employing a process-centric, structure-centric, and synthesized ap-
proach. This chapter details both the respective design artifacts and the
overall design process. It encompasses thorough discussions on domain
analysis, requirements definition, general solutions, specific solutions, ex
ante and ex post evaluations, and the implementation of solutions.

~
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Chapter 6 Engineering Digital Ecosystems Methodology consolidates the re-
sults into the EDE methodology, which serves as the primary contribution
of this study. This chapter provides a comprehensive description of the EDE
Approach, detailing best practices and a toolkit of recommended methods.
Additionally, the Synthesis Model, along with its presentation and repre-
sentation, is discussed in detail. Finally, a practical application guide is in-
cluded.

Chapter 7 Validation and Critical Reflection first evaluates the rigorous con-
struction of the EDE methodology and subsequently reflects on the under-
lying design hypotheses. It concludes with a discussion of the limitations
associated with this study and the EDE methodology.

Finally, Chapter 8 Conclusion summarizes the research contributions, out-
lines potential future research directions, and presents an overview of ad-
vancing model-based Digital Ecosystem design.

With this structure, readers will first acquire theoretical knowledge of the
research domain (Chapters 1-3), followed by an understanding of the re-
search strategy (Chapter 4). They will then engage with artifact development
(Chapters 5-6) and, finally, examine its validation and implications (Chap-
ters 7-8).



2 Fundamentals

This chapter introduces the key concepts and terminology relevant to this
thesis. Initially, it delineates the terminology used to describe Digital Ecosys-
tems throughout the document. Subsequently, it provides an overview of
Model-Based Systems Engineering. Following this, the paradigm of subject-
orientation is discussed. Lastly, the fundamentals of Design and Design
Thinking are introduced.

2.1 Fundamentals of Digital Ecosystems

Digital Ecosytems are socio-technical systems comprised of digital or tech-
nological systems, as well as organizations and people. They are charac-
terized by the relationships and interactions among these entities and their
respective compositions of CORE VALUES, CORE SERVICES, and SOLUTIONS.!

Based on Burkhalter et al. (2021) four archetypal roles can be distinguished.
Figure 2.1 illustrates the alignment of these elements. Digital Ecosystems
can be viewed as emergent systems where the interactions and interdepen-
dencies among various entities, particularly through coopetition, and their
environment generate complex behaviors and properties that exceed the

Small capitals are employed to denote all terms that pertain to the core principles of Digital
Ecosystems. If highlighted this way, these terms are intended to be understood as defined
within this chapter. This typographic choice is made to emphasize the specialized vocabu-
lary and to assist the reader in recognizing wether a term is describing one of the key con-
cepts central to our discussion on Digital Ecosystems or is to be understood in a broader
sense.
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mere sum of their individual components. Coopetition refers to a strategic
collaboration between competing organizations aimed at mutually benefit-
ing both parties, particularly within a shared ecosystem. Entities cooperate
despite competition to achieve shared goals or address common challenges.
Consequently, Digital Ecosystems are constructed iteratively and collabora-
tively, with the value creation structure designed to render the added value
for all CORE PARTICIPANTS visible as directly and promptly as possible.

ORCHESTRATOR

¢CORE VALUES

eCORE SERVICES eSOLUTIONS

CORE USERS

CONSUMER eData E PROVIDER
eService

CORE PARTICIPANTS

Figure 2.1: Main Elements of a Digital Ecosystem based on Burkhalter et al. (2021).

The following subsections provide definitions for these core elements of Dig-
ital Ecosystems.

10
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2.1.1 Core Values

Definition 2.1 (CORE VALUES)

CORE VALUES are the shared strategic principles that explain why the
ecosystem exists and prescribe how actors commit to behave. They cod-
ify the collective value propositions, such as interoperability, openness,
or data sovereignty, and thereby establish trust, co-creation, and coope-
tition among all CORE PARTICIPANTS.

CORE VALUES provide the moral and strategic north-star of a Digital Ecosys-
tem. Rooted in institutional theory, these elements serve as the "rules of the
game", influencing acceptable behavior in a manner more sustainable than
reliance on contractual governance alone. In practice, CORE VALUES exert
three effects:

e Boundary-setting: They declare who is welcome (or excluded) with-
out dictating business models.

* Design orientation: They guide architectural choices, such as decen-
tralized identifiers to honor data sovereignty.

* Incentive alignment: By institutionalizing reciprocity, they lower the
perceived risk of opportunism and thus catalyze network effects.

When defining CORE VALUES, the ORCHESTRATORS should ensure they are
few in number, memorable, and technology-agnostic. Values that are "too
specific" risk becoming outdated quickly, while those that are overly vague
do not effectively limit misconduct. CORE VALUES are jointly developed by
all CoRE PARTICIPANTS and the ORCHESTRATORS of a Digital Ecosystem.
Periodic reaffirmation, through certification schemes, steering committee
votes, or community summits, maintains their legitimacy throughout the
ecosystem life cycle.

11
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2.1.2 Core Services

Definition 2.2 (Core Services)

CORE SERVICES are the set of standardized, ORCHESTRATOR-governed
functionalities and interaction patterns that collectively realize the offi-
cially defined use cases of a Digital Ecosystem. They specify the manda-
tory functionalities that the ecosystem SOLUTIONS must provide via
uniform, non-differentiating interfaces, while leaving the details of im-
plementation to the CONTRIBUTORS. At least one conformant instance
of each CORE SERVICE must exist in the ecosystem; the ORCHESTRATORS
may restrict further deployments.

CORE SERVICES operate at a functional rather than infrastructural level. Each
service bundles a broad capability—e. g., “Traceability” or “Certification Ex-
change”—but its specification can be further decomposed into more de-
tailed mechanisms or optional reference implementations supplied by the
ORCHESTRATORS when necessary. By mandating shared interface contracts
while allowing for diverse back-ends, CORE SERVICES achieve a balance be-
tween interoperability and implementation freedom, thereby enabling scal-
ability.

Two broad subclasses are recognized:

* Business CORE SERVICES: Interaction patterns that deliver direct do-
main value (e. g., transaction or compliance flows) and therefore sur-
face visibly in CORE USERS’ SOLUTIONS.

¢ Enabling CORE SERVICES: supportive patterns (e. g., onboarding, cat-
alog synchronization) whose presence is essential for the ecosystem’s
operational integrity but may stay transparent to CORE USERS.

CONTRIBUTORS package one or more CORE SERVICES into deployable So-
LUTIONS. All CORE USERS must either consume such SOLUTIONS or host

12
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their own certified implementation. Governance artifacts—such as inter-
face versioning, certification tests, and deployment quotas—ensure that the
set of CORE SERVICES evolves coherently with the ecosystem roadmap while
maintaining a level playing field.

2.1.3 Solutions

Definition 2.3 (SOLUTIONS)

SOLUTIONS are deployable artifacts—applications, data services, or com-
posite workflows—that instantiate one or more conformant CORE SER-
VICES and may incorporate additional, distinguishing functionalities.
Engineered by CONTRIBUTORS and certified by the ORCHESTRATORS,
they expose the uniform interfaces mandated by the referenced CORE
SERVICES while delivering domain-specific value to CORE USERS.

Built on one or more standardized CORE SERVICES, a SOLUTION occupies an
open solution space. This framework institutionalizes coopetition, thereby
fostering innovation without fragmenting the ecosystem: multiple providers
leverage identical CORE SERVICES while differentiating through domain ex-
pertise, user experience, or total cost of ownership, hence tailoring function-
ality to each CORE USER while remaining fully interoperable with any other
conformant SOLUTIONS. From a service-dominant-logic perspective, value
is co-created during the use of SOLUTIONS. Since all SOLUTIONS rely on
the same interfaces, onboarding additional CORE PARTICIPANTS or scaling
to new user segments requires minimal additional integration effort, which
supports ecosystem scalability. Key ORCHESTRATOR levers include solution
certification, revenue-sharing models, and data-usage policies that enable
secondary innovation while preserving data sovereignty. Over-regulation
dampens entrepreneurial activity; under-regulation erodes interoperability
benefits.

13
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2.

1.4 Orchestrator

Definition 2.4 (ORCHESTRATOR)

ORCHESTRATOR denotes the actor—or consortium of actors—that de-
signs and enforces the governance model of a Digital Ecosystem. It cer-
tifies CORE SERVICES and SOLUTIONS, defines (and may narrow) per-
missible business model boundaries, and administers the onboarding
and offboarding of all CORE PARTICIPANTS. Although primarily a neu-
tral steward, the ORCHESTRATOR may itself function as a CONTRIBUTOR
or CORE USER when permitted by the ecosystem charter.

In

practice, the ORCHESTRATOR may take the form of a single lead firm, a

multi-stakeholder association, or a non-profit foundation. Its authority is
structural rather than hierarchical; it cannot dictate CORE PARTICIPANTS’

strategies but can accept, reject, or limit SOLUTIONS and enforce modifica-

tions to interfaces or policies. By governing rule compliance while main-

taining transparency in entry pathways, the ORCHESTRATOR balances inno-

va

2.

tion with coherence, thereby supporting the scalability of the ecosystem.

1.5 Core Participants

Definition 2.5 (CORE PARTICIPANTS)

14

CORE PARTICIPANTS are entities that accept the Digital Ecosystem’s
CORE VALUES, implement or consume certified CORE SERVICES, and
interact through SOLUTIONS. They may fluidly adopt one or several of
the following roles:

¢ CORE USERS - organizations that derive direct business benefit
from SOLUTIONS.
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- CONSUMER: Consumes data or service through SOLUTIONS
from PROVIDERS.

- PROVIDER: Provides data or service through SOLUTIONS to
CONSUMERS.

¢ Contributor — provides SOLUTIONS to the CORE PARTICIPANTS of
the Digital Ecosystem.

Role boundaries are intentionally permeable: a single firm can, and often
does, switch or combine roles as strategic priorities evolve—this dynamic
is essential in coopetition. Entry obligations, voting rights, and incentive
schemes are defined according to each ecosystem’s charter; the only univer-
sal requirement is sustained adherence to the shared CORE VALUES, inter-
face standards, and governance decisions of the ORCHESTRATORS.

Interlinkage Summary

CORE VALUES inspire CORE SERVICES; CORE SERVICES enable competitive
yet interoperable SOLUTIONS; the ORCHESTRATOR manages both and arbi-
trates the latter; CORE PARTICIPANTS, in their various roles, engage in coope-
tition surrounding these artifacts. Together, these core elements provide
an analytically coherent vocabulary for engineering-centric Digital Ecosys-
tems.

2.2 Model-Based Systems Engineering in
Conceptual Design

Model-Based Systems Engineering (MBSE) has evolved into the standard
paradigm for managing the increasing complexity, interdisciplinarity, and
dynamism of contemporary systems—ranging from physical systems to

15
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cyber-physical platforms and socio-technical systems like Digital Ecosys-
tems. Central to MBSE is the principle that an integrated, formal model
serves as the single source of truth for all life-cycle activities, thereby replac-
ing the fragile, error-prone chains of narrative documents that have histori-
cally governed systems projects (Friedenthal et al. 2014, INCOSE 2014). Such
a model facilitates early validation, rigorous impact analysis, automated
consistency checking, and continuous communication across stakeholder
communities—capabilities that are crucial when engineering large-scale,
heterogeneous ecosystems that are subject to rapid change and stringent
regulatory constraints.

Within this modeling paradigm, the Systems Modeling Language (SysML)?
provides a domain-agnostic notation for capturing requirements, structure,
behavior, and analytical constraints in a unified repository. SysML extends
and generalizes the software-oriented Unified Modeling Language (UML) by
introducing the concept of blocks—versatile abstractions capable of repre-
senting hardware, software, data, personnel, or even intangible organiza-
tional entities—thus furnishing the fidelity and flexibility demanded by mul-
tidisciplinary engineering (Friedenthal et al. 2014).

2.2.1 Fundamental Principles of MBSE for
Early-Phase Modeling

MBSE is defined as “the formalized application of modeling to support sys-
tem requirements, design, analysis, verification, and validation activities be-
ginning in the conceptual design phase and continuing throughout devel-
opment and later life cycle phases” (Friedenthal et al. 2014). This approach
represents a fundamental transition from document-centric practices to a
model-centric paradigm in systems engineering (Friedenthal et al. 2014).

2 Unless explicitly marked as “SysMLv2”, all references to SysML in this dissertation pertain to

the industrially established SysML 1.x family of specifications. (Object Management Group
2019)
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Instead of disparate textual specifications, MBSE promotes an integrated
system model as the primary artifact, improving consistency and enabling
multi-viewpoint analysis (requirements, behavior, structure, etc.) within a
single coherent framework (Friedenthal et al. 2014). The intended bene-
fits of MBSE include enhanced specification quality, increased design reuse,
and improved communication among stakeholders, as all aspects of the sys-
tem are represented in an interconnected model (Friedenthal et al. 2014).
INCOSE’s Systems Engineering Vision 2025 principles reinforce these con-
cepts, anticipating that MBSE will become standard practice across indus-
tries, with models serving as the authoritative source of system knowledge
from the earliest design stages (INCOSE 2014).

In the conceptual phase, MBSE techniques enable engineers to capture
stakeholder needs and explore alternative solutions through abstract mod-
els, facilitating early validation of system concepts against requirements be-
fore committing to detailed design (Friedenthal et al. 2014). Notably, the use
of models in early phases supports trade-off analyses (e.g., performance,
cost, feasibility) by providing a rigorous means to evaluate different ideas
while maintaining traceability to high-level objectives (Friedenthal et al.
2014). As the project evolves, the model can be refined in greater detail;
however, the foundation established during conceptual modeling ensures
that all subsequent development remains aligned with the original stake-
holder goals and requirements.

2.2.2 The Role of SysML in Conceptual Design

SysML is a general-purpose modeling language developed to support MBSE
throughout the system life cycle, including the conceptual design phase
(Friedenthal et al. 2014). As an Object Management Group (OMG) standard
(current version 1.6 as of 2019) (Object Management Group 2019), SysML
provides a formal notation for representing a system’s requirements, behav-
ior, structure, and parametric constraints within a single integrated model
(Delligatti 2014).
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In the context of early-phase design, SysMLs rich semantics enable systems
engineers to create high-level representations of the system of interest and
its environment without overspecifying implementation details. Key sys-
tem aspects—such as stakeholder requirements, usage scenarios, and can-
didate architecture concepts—can be captured in various SysML diagrams
and maintained consistently within the model repository (Friedenthal et al.
2014). For instance, stakeholder needs can be modeled as textual require-
ments, operational scenarios as use cases, and high-level architecture as
abstract blocks, all interconnected to ensure traceability (Friedenthal et al.
2014).

SysMLs capacity to interconnect various aspects is essential in conceptual
design: changes in one view (e.g., a new stakeholder requirement) can be
propagated to other views (e. g., prompting modifications of a use case or
system block), ensuring consistency between the problem definition and so-
lution concept. A well-defined SysML model effectively bridges the gap be-
tween system requirements and realization strategies, serving as a blueprint
for discussion and decision-making during early trade studies (Friedenthal
etal. 2014).

2.2.3 SysML Diagram Types and Their Categories

SysML defines nine types of diagrams that are illustrated in Figure 2.2, each
providing a different perspective on the system model (Friedenthal et al.
2014). These diagram types can be grouped into four categories — Structure,
Behavior, Requirements, and Auxiliary — according to the aspect of the sys-
tem they primarily represent. Below, every SysML diagram type is enumer-
ated and classified by category (with brief descriptions) (Friedenthal et al.
2014, Object Management Group 2019):

e Package Diagram — Auxiliary (Structure): Organizes the model into

packages (hierarchical containers) and sub-packages, showing the
structure of the model itself and how model elements are grouped

18
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SysML
Diagram
A

Structure
Diagram
A

Behavior
Diagram
A

Block
Definition
Diagram

Internal Block Package
Diagram Diagram

A

State Use Case
Diagram Diagram

Sequence
Diagram

Activity
Diagram

Same as Modified from
UML 2 UML 2

Figure 2.2: SysML Diagram Taxonomy based on (Hause 2006, p. 3).

(adopted from UML Package Diagram) (Friedenthal et al. 2014). Pack-
age diagrams do not represent the system’s content directly but pro-
vide a way to structure the model for manageability.

¢ Requirement Diagram — Requirements: Depicts textual requirements
(e. g., functional, performance, or constraint requirements) and their
relationships to other requirements or to design elements (via «de-
river, «satisfy», «verify», «refine» dependencies) (Friedenthal et al. 2014).
This diagram is unique to SysML (no direct UML counterpart) and is
used for requirements capture and traceability management.

* Use Case Diagram — Behavior: Illustrates the functionality of the sys-
tem as perceived by external actors (users or other systems) (Frieden-
thal et al. 2014). It shows actors (stick figures or role icons) and use
cases (ovals) along with their associations, giving a high-level view of
the system’s intended uses or services (equivalent to UML Use Case
Diagram).

* Activity Diagram — Behavior: Represents flow-oriented behavior, spec-
ifying sequences of actions, control flows (decision, fork/merge), and
object flows (Friedenthal et al. 2014). An activity diagram models
the logic of complex operations or scenarios, showing how inputs are
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transformed to outputs through a controlled sequence (adapted from
UML Activity Diagram).

Sequence Diagram — Behavior: Describes interactions in terms of the
sequence of messages exchanged between parts (or actors) over time
(Friedenthal et al. 2014). It is useful for elaborating specific scenarios
or use case instances, detailing the temporal order of events (same as
UML Sequence Diagram in SysML).

State Machine Diagram - Behavior: Describes the lifecycle behavior
of an individual block or entity in terms of states and state transitions
triggered by events (Friedenthal et al. 2014). A state machine diagram
captures how an object responds to stimuli over time (same as UML
Statechart/State Machine Diagram).

Block Definition Diagram (BDD) — Structure: Shows the system’s static
structural elements (blocks) and relationships such as composition
(whole-part hierarchies), associations, and generalizations (Frieden-
thal et al. 2014). A BDD is analogous to a UML class diagram and is
used to define the types of components in the system and how they
relate to one another (e. g., system breakdown structure).

Internal Block Diagram (IBD) — Structure: Zooms into a particular
block to show its internal structure, specifically how its parts (sub-
blocks) are interconnected via ports and connectors (Friedenthal et al.
2014). The IBD is based on UML composite structure diagrams and is
typically used after defining blocks on a BDD, to specify the internal
configuration of a system or subsystem.

Parametric Diagram — Auxiliary: Expresses constraints among prop-
erties (parameters) of blocks using constraint equations, supporting
engineering analyses such as performance or trade studies (Frieden-
thal et al. 2014). Parametric diagrams (unique to SysML) do not define
new structure or behavior per se; rather, they overlay mathematical
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relationships (e. g., F = m x a) onto the structural model, enabling cal-
culation and simulation of system metrics.

Each of these diagram types plays a distinct role in a SysML model, enabling
a comprehensive specification of system requirements, structure, behavior,
and constraints. Notably, all diagram types are consistent with the under-
lying SysML model: elements depicted in one diagram (e. g., a block or an
actor) may also appear in other diagrams with different relationships, en-
suring a unified system representation (Friedenthal et al. 2014). The des-
ignation of "auxiliary" for Package and Parametric diagrams indicates that
these are supportive views (representing model organization and analytical
constraints, respectively), complementing the core views of requirements,
structure, and behavior.

2.2.4 Block Definition Diagram (BDD): Purpose,
Notation, Strengths, Limitations

The Block Definition Diagram (BDD) is the primary structural view in SysML.
Its purpose is to define the system’s structure in terms of blocks (abstract sys-
tem components) and to illustrate the relationships between these blocks
(Friedenthal et al. 2014). A "block" in SysML is a generalized concept that
can represent any entity with structure—such as a system, subsystem, hard-
ware component, software element, actor, or even an abstract conceptual
element—that the modeler chooses to regard as a discrete part of the sys-
tem architecture (Friedenthal et al. 2014). Figure 2.3 illustrates the main
elements of a BDD.

In notation, a block is represented as a rectangle with the block’s name
and optional compartments for features (values, operations, etc.), simi-
lar to a UML class. BDDs typically include blocks connected by different
types of lines: a simple solid line indicates association (some structural re-
lationship), a solid line with a hollow diamond denotes aggregation (whole-
independent part), a solid line with a filled diamond signifies composition
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bdd <<block>> Association <<block>>
Block Definition Diagram Block 1 Block 1
<<plock>> Aggregation <<block>>
Whole Part
<<block>> <<block>> Composition <<plock>>
Block Whole Part
values
operations <<block>> ” Generalization <<block>>
properties General Specialized

Figure 2.3: SysML notation for Block Definition Diagram (bdd).

(whole-dependent part), and a hollow triangle arrow represents generaliza-
tion/specialization (inheritance) (Friedenthal et al. 2014). These notational
elements enable the modeler to clearly represent system hierarchies and
taxonomies. For example, a BDD might illustrate a top-level System block
composed of several Subsystem blocks, or a Vehicle block generalizing a
more specific Car block and Truck block, etc. The BDD does not depict
how parts connect or interact, but it excels at presenting the "big picture" of
static structure: what the components of the system are and how they are
conceptually related (Friedenthal et al. 2014).

BDD strengths for conceptual work are threefold. First, they define the
system-of-interest and its environment within a single contextual view, clar-
ifying scope and external interfaces early (Friedenthal et al. 2014). Second,
top-level decomposition illustrates major subsystems and their relation-
ships without committing to low-level design, giving stakeholders an imme-
diate understanding of the candidate architecture and a foundation for later
refinement. Third, the diagram’s UML-derived notation provides a precise
yet widely recognized vocabulary, facilitating cross-disciplinary communi-
cation and enabling rapid checks for completeness, naming consistency,
and responsibility allocation across the model (Friedenthal et al. 2014).
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These benefits are balanced by notable limitations. A BDD is purely static:
it conveys neither temporal behavior nor interaction sequences. Conse-
quently, structural elements must be linked to behavioral and requirement
views to justify their inclusion and to avoid functionless "orphan" blocks.
Overly detailed early models pose a second risk: excessive properties or fine-
grained components obscure the architectural picture and reduce readabil-
ity. Best practice is to model "just enough" structure and defer technical
details to later iterations or to IBDs (Delligatti 2014). Moreover, since re-
quirements are not inherent to the notation, explicit «satisfy» traces are cru-
cial; without them, the architecture may deviate from stakeholder intent
(Friedenthal et al. 2014). Lastly, since blocks can represent any structured
entity, the model element itself cannot be distinctly classified as either an
active or passive component.

2.2.5 Use Case Diagram (UCD): Purpose, Notation,
Strengths, Limitations

Use Case Diagrams (UCD) in SysML (inherited from UML) provide a high-
level visualization of a system’s intended functionality and its interactions
with external entities (actors). The primary purpose of a UCD is to capture
the goals or services that the system offers to external users or stakeholders,
in a manner that is easy to understand and grounded in real-world usage
scenarios (Friedenthal et al. 2014). Figure 2.4 illustrates the main elements
of a UCD.

Notationally, a UCD consists of actors, typically represented as stick figures
(for human users) or labeled icons (for external systems or other interacting
entities), and use cases, depicted as ellipses (ovals) usually enclosed within
the system boundary. The system boundary can be illustrated as a rectangle
surrounding the use cases, with the system name included, indicating which
use cases belong to the system of interest. Actors lie outside this boundary
and are connected to use cases by associations (solid lines), indicating that
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ucd Association
Use Case Diagram
Including _<<include>> Included
Use Case Use Case
Extended _<<extend>> /" Extension
Use Case Use Case
Actor System

Generalization [ ]

@ <

Figure 2.4: SysML notation for Use Case Diagram (ucd).

the actor participates in those use case scenarios (Friedenthal et al. 2014).
Each use case represents a set of scenarios or a capability that yields an ob-
servable result of value to an actor. Use cases can include or be extended
by other use cases. Generalization between actors can also be depicted in
UCDs.

UCDs illustrate the system’s capabilities and external interactions using an
actor-goal vocabulary that is accessible to non-technical stakeholders. Case
names expressed in verb-noun form provide an immediate understanding
of functionality, making the notation effective for eliciting and validating
high-level requirements (Friedenthal et al. 2014). Each identified case serves
as a container for detailed behavior and as an anchor for assigning responsi-
bilities to structural elements, thereby maintaining traceability from stake-
holder intent to architecture.

1. Boundary definition: Actors are placed outside the system context,
clarifying external interfaces.

2. Stakeholder communication: Minimal notation expresses operational
goals without modeling jargon.
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3. Analysis driver: Every case can be refined into activity, sequence, or
state diagrams and linked to blocks via «allocate» and to textual re-
quirements via «refine».

The descriptive nature of diagrams imposes certain constraints. Without
elaboration, event sequences and data flows remain unspecified, leading
to potential functional gaps. Excessive granularity blurs user goals with
technical tasks, while insufficient detail obscures alternative or exceptional
paths. Moreover, UCDs exclude requirement objects, making explicit «re-
fine»/«satisfy» relations essential to prevent divergence between user intent
and design. Finally, accurately scoping actors and cases is non-trivial in
complex systems; ambiguous or overlapping definitions lead to inconsis-
tencies. Therefore, UCDs must remain high-level, be rigorously traced, and
be complemented by behavioral and structural views to realize their full
value in conceptual MBSE.

2.2.6 Integrating BDDs and UCDs in Conceptual
MBSE

UCDs express external purpose (actor goals), whereas BDDs encode internal
structure (blocks and their composition). Joint utilization provides a com-
prehensive overview during the early phases of development: the use-case
boundary delineates the scope, while the BDD indicates the architecture re-
quired to fulfill that scope. Consistency is maintained through three trace-
able mappings (Friedenthal et al. 2014):

1. Actor-Block Alignment: Each actor maps to a context block (often
"actor") and each system boundary maps to a top-level block, clarify-
ing interfaces.

2. Behavior Allocation: Every use case is refined by behavior (activity,
sequence, state); actions therein are "allocated" to blocks, proving
structural support for all functions.
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3. Requirement Flow: Textual requirements are "refined" by use cases
and "satisfied" by blocks.

Best-practice guidelines: Keep use cases at stakeholder goal level and BDDs
at a coarse “black-box” decomposition; premature fine detail in either view
creates misalignment. Maintain bidirectional reviews—“Which block real-
izes this step?” vs. “Which use case justifies this block?”—to expose omis-
sions, over-engineering, or orphan structure (Friedenthal et al. 2014).

Pitfalls to avoid:

e Unallocated use cases or unsatisfied requirements signal functional
gaps.

¢ Excessive granularity obscures architecture and hinders change im-
pact analysis.

¢ Divergent abstraction levels impede traceability.

By providing a standardized and tool-supported approach to visualize and
analyze systems at a high level, SysML plays a critical role in conceptual
design. It enables early validation of system concepts, ensures require-
ments traceability, and supports a smooth transition from abstract ideas
to concrete designs (INCOSE 2014). In summary, SysML serves as the lin-
gua franca of MBSE during the conceptual phase, ensuring that diverse
stakeholders—customers, engineers from various disciplines, and manage-
ment—maintain a shared and precise understanding of the emerging sys-
tem architecture and its intended behavior (Friedenthal et al. 2014).
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2.3 Subject-Orientation

The modeling paradigm of subject-orientation originates from the context
of distributed systems and distributed information processing, initially in-
troduced by Fleischmann (1994). Given that Digital Ecosystems are classi-
fied as distributed systems, the application of subject-orientation is a natu-
ral fit. The foundational concepts of subject-orientation were further elab-
orated by Fleischmann et al. (2011). Based on this and other relevant litera-
ture, Elstermann defines subject-orientation as follows:

Subject-Orientation — a modeling or description paradigm for
processes that is derived from the structure of natural languages.
It requires the explicit and continuous consideration of active
entities within the bounds of a process as the conceptual center
of description. Active entities (subjects) and passive elements
(objects) must always be distinguished, and activities or tasks
can only be described in the context of a subject. The interac-
tion between subjects is of particular importance and must ex-
plicitly be described as an exchange of information that cannot
be omitted. (Elstermann 2020, p. 80)

In other words, subject-oriented models reflect the fundamental subject-
verb-object structure of natural language sentences. This approach advo-
cates for modeling processes in terms of who (subject) performing what (ac-
tion) on whom/what (object), thereby making the communication between
the "who"s explicit. Since this thesis is not limited to process models alone,
we will utilize an adapted definition:

Definition 2.6 (Subject-Orientation)

Subject-Orientation is a modeling or description paradigm derived
from natural language structure. It requires the explicit and contin-
uous treatment of active entities (subjects) as the conceptual center;
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passive elements (objects) must always be distinguished. Every activity
is described within the context of a subject, and interactions between
subjects are expressed as explicit information exchanges that cannot be
omitted. (Adapted from Elstermann (2020, p. 80))

The core of subject-orientation is thus a reference to natural language struc-
tures, specifically constructs of subject, predicate, and object. Here, the sub-
ject stands as the central actor within this descriptive logic. These described
subjects are not a novel invention. In other modeling paradigms, such as
procedural or object-oriented approaches, they often exist but are only im-
plicitly represented (Fleischmann et al. 2011). As Schmidt et al. (2009) il-
lustrate, the consideration of subjects is possible across various modeling
languages. However, in practice, it is common for only certain aspects of
subject-orientation to be applied in modeling, often due to the use of mod-
eling languages that do not fully support subject-orientation. In these in-
stances, the approach is referred to as subject-based modeling rather than
subject-orientation (Elstermann 2020). For this concept, Elstermann (2020)
provides the following definition which is adopted for this thesis:

Definition 2.7 (Subject-Based Modeling)

Subject-Based Modeling — A definition for process models
that follow the broad principles of subject-orientation, but
without embracing a modeling notation that enforces the
paradigm and therefore lacks the possibility of automation
tool support and requires strict paradigm adherence by a
modeler without the corresponding tool support. (Elster-
mann 2020, p. 83)

The only process modeling language that fully incorporates all fundamental
elements of natural language (subject, object, predicate) is the Parallel Ac-
tivity Specification Scheme (PASS) (Schmidt et al. 2009) which is elaborated
upon in the subsequent section.
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2.3.1 The Parallel Activity Specification Scheme
(PASS)

PASS was originally introduced by Fleischmann (1994) and further detailed
in Fleischmann et al. (2011). PASS remains the only fully executable, Turing-
complete modeling language specifically designed to comprehensively sup-
port subject-orientation. PASS is fully specified by an open-source Web
Ontology Language (OWL) description and corresponding documentation.?
The upcoming section introduces the core structure of PASS and the most
important modeling elements. This discussion is primarily grounded in the
works of Fleischmann et al. (2011) and Elstermann (2020), with the structure
and descriptions closely following Elstermann’s contributions.

PASS fundamentally distinguishes between two types of diagrams: the Sub-
ject Interaction Diagram (SID) and the Subject Behavior Diagram (SBD),
both of which are illustrated in Figure 2.5. The SID represents the rela-
tionships between active entities, referred to as subjects, while the corre-
sponding SBDs model the specific behaviors of the subjects depicted in the
SID. Thus, the complete model of a described process consists of one SID
and one or more SBDs. Standard PASS is based on five core elements: sub-
jects and messages within SIDs, and send states, receive states, and function
states, along with their associated transitions within SBDs.

] ») 7
kReceive State’ "Receive State’

&g ® eMessage 1 g
.. ™ e(Data-) Object > . From: Subject 1 Fi Sb 1
Sutjec Sutject

1 2

Send State — | Do State

(a) Subject Interaction Diagram (SID) (b) Subject Behavior Diagram (SBD)

Figure 2.5: Example of a PASS model.

3 The Standard-PASS-Ontology is available under https: //github. com/I2PM/Standard-

PASS-0Ontology and the corresponding PASS-Standard-Book-Project is available under ht
tps://github.com/I2PM/PASS-Standard-Book-Tex-Project.
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Each subject in PASS can be regarded as an independent agent (human or
machine) with its own behavior, responsible for sending and receiving mes-
sages to synchronize with other subjects. This design ensures a clear separa-
tion of concerns: each participant’s perspective is modeled independently,
with their only connection being through message flows. This approach sig-
nificantly contrasts with conventional process modeling techniques such as
BPMN (Business Process Model and Notation), which primarily emphasize
the sequence of activities and control flow, with "actors" typically repre-
sented informally through swimlane partitions.

2.3.1.1 Subject Interaction Diagram (SID)

As the name suggests, an SID illustrates all interactions between subjects
within a specified process. Each SID consists of two types of elements: sub-
jects and messages. Comprehensive descriptions of the elements in an SID
are presented in Table 2.1.

The type and number of subjects in an SID is a critical design decision. Ef-
fective subject delineation requires careful consideration of the intended di-
vision of labor within the process. High granularity introduces numerous
specialized subjects and messages, increasing complexity and the potential
for misunderstandings or delays. Conversely, too few subjects may lead to
broad task coverage by each entity, potentially exceeding their functional
scope or authority. Achieving the right balance in subject delineation is es-
sential for the model’s clarity and utility. (Fleischmann et al. 2011)

2.3.1.2 Subject Behavior Diagram (SBD)

The second type of diagram in PASS is the SBD. For each fully specified sub-
ject in a process’s SID, an SBD exists. This diagram models the possible
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Table 2.1: Elements of an SID based on Elstermann (2020, p. 85)

Element Description

Subjects Subjects define the active entities and roles within
aprocess. Each fully described subject has an indi-
vidual SBD that depicts the subject’s internal work-
flow within the process.

Interface Subjects These are subjects whose behavior is not described
(represented as a "black box"). This lack of de-
scription may result from insufficient knowledge
about the behavior or because the behavior is con-
sidered too insignificant to model. Alternatively,
an interface subject can serve as a placeholder for
a process described in a different model.

Multi-Subjects Multi-Subjects can be instantiated multiple times
during a process, indicating that various actors
within the process exhibit the same behavior.
Multi-Subjects can be fully specified or interface
subjects.

Messages Messages exchanged between subjects define the
ways in which a sending subject can convey infor-
mation (information objects) to a receiving sub-
ject.

sequence of actions (i. e., the behavior) of a subject. The subject’s behav-
ior provides insights into the causal and/or temporal progression of the de-
scribed process. Generally, PASS distinguishes between action behavior and
communication behavior. Action behavior describes internal functions that
can be performed independently of other subjects, in any order and fre-
quency, represented in PASS through function states and function transi-
tions. Communication behavior, on the other hand, involves all actions re-
lated to message exchanges and includes send states, send transitions, re-
ceive states, and receive transitions in PASS.

As implied, behavior in PASS is characterized by the condition that a subject
is always in a specific state, which dictates the tasks the subject performs.
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When the exit conditions of a state are met—and only then—the subject
may proceed to the next state via the designated transition. According to
this logic, each SBD has a singular defined start state where the behavior
initiates. It is feasible for receive and function states to possess multiple exit
conditions (XOR connections), enabling branching and potentially resulting
in multiple end states.

PASS also supports user- or time-dependent exit transitions for communica-
tion and function states. A user-cancel transition describes situations where
a state is exited due to an unspecified user decision, even if the defined exit
condition has not been satisfied. There are two types of time transitions:
those that specify a duration within a state (similar to a timer) and those that
trigger at designated intervals (similar to a reminder). Table 2.2 summarizes
the elements of an SBD.

As with subject delineation, a process can be segmented into as many states
as necessary to achieve the desired level of detail. For a simpler and more
comprehensible representation, multiple states may be consolidated. In an
SID, other subjects primarily focus on communication behavior rather than
action behavior; therefore, sequences of functional states can be grouped
into a single overarching functional state. This approach provides flexibility
in describing both communication and action behaviors. To ensure a clear
and accurate assignment of tasks to subjects, an appropriate level of detail
must be determined. The delineation of subjects ultimately defines the spe-
cific set of tasks that each SBD must model. (Fleischmann et al. 2011)

2.4 Design Foundations: From Design
Thinking to Engineering

Design is fundamentally a human-centered problem-solving process that
integrates creativity, research, and iterative development to provide mean-
ingful solutions. It is applicable across various domains, including product
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Table 2.2: Elements of an SBD based on Elstermann (2020, p. 88)

Element

Description

Send State

Receive State

Function State

The state in which information (information ob-
jects) is sent to another subject. The send transi-
tion specifies the receiving subject and the mes-
sage to be sent. The state ends once the message
has been dispatched. Unlike other states, a send
state has only one possible send transition (one
exit).

This state requires input from another subject
before continuing behavior. The receive transi-
tion specifies the sending subject and the received
message. The state ends upon receiving the mes-
sage. Receive states can have multiple (alternative)
receive transitions.

This describes a state in which a subject performs
a task independently of other subjects. Function
transitions specify possible outcomes necessary to
exit the state. Function states can have multiple
(alternative) function transitions.

Start/End State

User-Cancel Transition

Time Transition

Any type of state can be the single start state for
the behavior. However, only receive and function
states can be one of (possibly) multiple end states.

This marks the exit from a state (primarily for re-
ceive states) due to an arbitrary user decision with-
out meeting any predefined exit condition.

This enables a state to be exited based on a time
event, akin to receiving a message from an implicit
alarm or calendar subject. Two types of time tran-
sitions are distinguished: (1) transitions defining a
duration within the state (like a timer) and (2) tran-
sitions triggered at a defined frequency (like a re-
minder).
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development, services, systems, and digital experiences, while consistently
striving to balance user needs, technical feasibility, and business objectives.
At its core, design involves a deep understanding of challenges, thorough
exploration of potential solutions, and refinement of the most promising
ideas through testing and feedback. This process is non-linear, encompass-
ing continuous cycles of discovery, ideation, and iteration.

Design research focuses on the intentional creation of artificial artifacts, ser-
vices, or socio-technical systems that transition the world from its current
state to a preferred one (Simon 1996). Contemporary scholarship perceives
design as (i) a human-centered investigation of what ought to be, and (ii)
an interventionist practice that transforms insights into sustainable change.
This section is structured around three complementary conceptions: design
thinking, the Double Diamond, and Wieringa’s Design Cycle.

2.4.1 Design Thinking

Originating from the reflective practices of professional designers and pop-
ularized by institutions such as Stanford d.school and IDEOQ, design thinking
is an abductive reasoning approach that integrates empathy, ideation, and
rapid prototyping to address ill-defined ("wicked") problems (Buchanan
1992, Brown 2008). Its theoretical foundation prioritizes:

¢ Desirability: deep understanding of human motives and emotions,
¢ Feasibility: awareness of technological opportunities and constraints,

 Viability: alignment with organizational and societal economics.

Thus, design thinking functions as a mindset, a toolbox, and a socio-cognitive
process that integrates divergent exploration with convergent decision-making.
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2.4.2 The Double Diamond Framework

To illustrate the oscillation between divergence and convergence, the UK
Design Council introduced the Double Diamond model in 2005. It consists
of four quadrants as illustrated in Figure 2.6:

Figure 2.6: The design thinking Double Diamond (Design Council, 2005).

1. Discover: This initial phase focuses on researching the context and
uncovering insights. Designers explore the problem space broadly, en-
gaging with users and stakeholders to understand their experiences,
needs, and pain points.

2. Define: After gathering insights, this phase involves synthesizing the
findings to clearly frame the core problem. This stage helps teams
align on a focused design challenge or problem statement.

3. Develop: In the second diamond, designers ideate, prototype, and ex-
periment with a range of possible solutions. This phase encourages
creative exploration and collaborative thinking.
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4. Deliver: The final phase involves testing and refining solutions, even-
tually implementing the most viable and effective design. This is
where final validation and deployment occur.

Its strength resides in offering a minimal yet extensible framework: specific
methods (e.g., interviews, journey maps, experiments) can be integrated,
while the macro structure safeguards against premature problem fixation or
solution lock-in. Consequently, the Double Diamond is widely employed
not only in traditional design disciplines but also in service design, policy
innovation, and digital transformation initiatives.

2.4.3 The Design Cycle in Design Science Research

While the Double Diamond emerged from practice, Wieringa (2014) formal-
ized a corresponding Design Cycle as part of the more comprehensive Engi-
neering Cycle for rigorous Design Science Research (DSR). The design cycle
corresponds to the first three tasks of the engineering cycle, that is illustrated
in Figure 2.7. The engineering cycle comprises:

Problem Investigation Treatment design
« Stakeholders? Goals? * Specify requirements!
« Conceptual problem framework? * Requirements contribute to Goals?

» Phenomena? Causes, mechanisms, reasons? * Available treatments?
« Effects? Contribution to Goals? « Design new ones!

l Treatment validation
Engineering Cycle P — + Arifact X Context produces Effects?
« Trade-offs for different artifacts?
Question Marks indicate Sensnlvny.for dlﬁere.nt contexts?
konowledge questions, and the = « Effects satisfy Requirements?
exclamation marks indicate desgin Z

problems. — \ e . .
Treatment Implementation

Implementation Evaluation

Figure 2.7: The Engineering Cycle based on Wieringa (2014, p. 28).

1. Problem Investigation: What needs to be improved and why?
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2. Treatment Design: Design as an artifact one or more possible treat-
ments for the problem.

3. Treatment Validation: Is the design artifact a solution to the problem?

4. Treatment Implementation: Apply the artifact to the problem do-
main.

5. Implementation Evaluation: Is the artifact successful in treating the
problem?
The Evaluation may lead into another iteration through the engineer-
ing cycle. (Wieringa 2014)

Iteration and learning loops connect these steps, ensuring that knowledge
contributions (design principles, artifact theories) are systematically accu-
mulated.

2.4.4 Design versus Engineering

In DSR, design and engineering are complementary yet epistemically dis-
tinct activities. Design addresses the normative question “What should ex-
ist?” - it reframes ambiguous situations, challenges boundary conditions,
and values novelty, empathy, and contextual fit. Engineering addresses
the analytic question “How can it reliably exist?” - it operationalizes scien-
tific laws and formal methods to ensure performance, safety, and efficiency
within established constraints.

Hence, while engineers prioritize correctness, designers focus on relevance
and meaning. The Double Diamond and Wieringa’s Design Cycle demon-
strate that sophisticated design work integrates both logics: it creates new
options (design) and realizes them with technical rigor (engineering). A dis-
sertation in design science must therefore showcase mastery of this dual
competence by articulating clear problem framings, contributions of arti-
facts, and empirically validated outcomes.
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2.5 Summary

This chapter defines all substantive terms in the dissertation title to establish
a common terminology for the subsequent sections of this thesis.

First, we established the term Digital Ecosystem and its core elements: CORE
VALUES drive CORE SERVICES. The ORCHESTRATORS manage both and medi-
ates the creation of competitive and interoperable SOLUTIONS. On the other
hand, CORE PARTICIPANTS are role fluid and engage in coopetition while us-
ing or contributing to SOLUTIONS. These elements collectively provide a co-
hesive vocabulary for engineering-focused Digital Ecosystems.

Second, we elucidated the adjective model-based. Model-Based Systems En-
gineering (MBSE) and the Systems Modeling Language (SysML) are intro-
duced, along with a detailed description of the diagram types that will be
recurrent throughout the thesis, specifically the Block Definition Diagram
(BDD) and the Use Case Diagram (UCD).

Third, we unfolded the qualifier subject-oriented by introducing the corre-
sponding paradigm and its concrete realization in the Parallel Activity Spec-
ification Scheme (PASS). This allows for the expression of distributed behav-
ior through interacting subjects whose semantics closely align with the roles
in natural language while remaining formally executable.

Finally, we examined design itself, bridging human-centered Design Think-
ing, the divergence-convergence rhythm of the Double Diamond model,
and the rigor of Design Science Research (DSR). This emphasizes that engi-
neering artifacts to conceptualize Digital Ecosystems represent both creative
and research-intensive endeavors.

Together, these four lenses establish the theoretical foundation for model-
based and subject-oriented design of Digital Ecosystems in the subsequent
chapters. Next, the State of the Art (SotA) of existing research and indus-
trial applications is presented. This involves an analysis of current methods,
identification of gaps, and extraction of design hypotheses.
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Engineering Digital Ecosystems are complex networks of organizations, plat-
forms, and technologies that collaboratively share data and services. They
promise seamless data exchange across company boundaries, enabling new
efficiencies and business models in Industry 4.0. However, designing such
ecosystems is challenging due to the need for data sovereignty, interoper-
ability, and trust among independent participants (Ishihara and Matsutsuka
2025). Traditional system design methods often fall short in these multi-
organizational settings. Nevertheless, Engineering Digital Ecosystems are
rapidly becoming a strategic imperative for the manufacturing and related
engineering sectors. This chapter introduces the current state of the art in
research and industrial applications related to Digital Ecosystems, empha-
sizing their conceptual design rather than technical implementation.

The academic landscape has witnessed a significant increase in publica-
tions related to Engineering Digital Ecosystems in recent years (Shahatha
Al-Mashhadani et al. 2021, Kaiser et al. 2023, Coskun-Setirek et al. 2024).
However, many of these works pertain to specific SOLUTIONS (Shahatha Al-
Mashhadani et al. 2021) or technical reference architectures (Kaiser et al.
2023). Nevertheless, two recent meta-reviews (Tsai et al. 2022, Coskun-
Setirek et al. 2024) offer a comprehensive overview of the conceptual mod-
eling of Digital Ecosystems, thereby establishing a solid foundation.
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Comparatively, real-world applications demonstrate significant momentum
through industrial initiatives such as Gaia-X, Catena-X, and Manufacturing-
X. However, they also reveal methodological blind spots that academic re-
search has yet to address. By integrating insights from these two domains,
this chapter establishes the foundation for a gap analysis and for formulat-
ing design hypotheses related to the core research questions of the disserta-
tion:

RQ1 How can the design process of Digital Ecosystems be supported by a
model-based methodology?

RQ2 What kind of subject-oriented model can be used to describe a Digital
Ecosystem?

The remainder of the chapter is structured as follows: Section 3.1 reviews
the current academic SotA, while Section 3.2 analyzes industrial progress in
engineering and manufacturing. Based on this, Section 3.3 synthesizes the
identified research gaps in light of RQ1 and RQ2. Finally, Section 3.4 de-
rives focused design hypotheses from the SotA, and Section 3.5 concludes
the chapter.

3.1 Academic State of the Art

Although ecosystem thinking is gaining traction in engineering, the initial
scoping review indicates that peer-reviewed studies explicitly addressing
manufacturing or production contexts are still sparse and scattered across
specialized venues. In this context, Coskun-Setirek et al. (2024) argue that
data on Digital Ecosystem architecture is insufficient to infer differences be-
tween industries. To establish a sound theoretical basis, this chapter there-
fore consults the broader research stream on Digital Business Ecosystems
(DBEs). The DBE concept extends the business-ecosystem metaphor intro-
duced by Moore (1996), who described co-evolving constellations of firms
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around a keystone organization, to socio-technical configurations orches-
trated through digital platforms.

DBE scholars "define DBE as a socio-technical environment of individuals,
organisations and digital technologies with collaborative and competitive
relationships to co-create value through shared digital platforms." (Senyo
et al. 2019, p. 2) Given that engineering and non-engineering firms face
numerous analogous challenges—including multi-actor coordination, data
sovereignty, and dynamic governance—the DBE body of knowledge remains
relevant, even in contexts where primary studies in purely engineering set-
tings are limited.

Senyo et al. (2019) argue that the distinctive characteristics of DBEs render
many existing information systems artifacts unsuitable. They advocate for
dedicated frameworks, models, and methodologies that can be empirically
validated. In their view, more DBE-specific artifacts are needed to provide
a solid foundation for future studies and should be tested with real data.
The present review therefore turns next to present conceptual modeling ap-
proaches for DBE.

3.1.1 Conceptual modeling of DBE

Conceptual models serve as essential analytical tools in ecosystem design,
providing an abstract, multi-perspective representation of actors, interac-
tions, data artifacts, and supporting infrastructure. Two recent systematic
literature reviews investigate the notations and viewpoints employed in Dig-
ital Ecosystem studies. Tsai et al. (2022) review 94 publications up to 2021,
while Coskun-Setirek et al. (2024) analyze 64 architecture papers. Table 3.1
summarizes the counts of modeling notations reported by both studies.

The combined evidence indicates three tendencies:

1. Only alimited range of formal languages is frequently utilized: UML
dominates both corpora (seven plus one (SysML) papers in Tsai et al.
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Table 3.1: Use of modeling notations in two systematic reviews

Modeling notation / family Tsai et al. (2022) Coskun-Setirek
et al. (2024)
UML (all diagram types) 7 9
System Modeling Language (SysML) 1 0
BPMN 4 4
e3-value 4 0
Matrix-based representations 4 0
Ontology-based formalisms 4 0
Social-network graphs 4 0
ArchiMate 2 1
Canvas-based templates 3 0
Enterprise-modeling languages 3 0
DBE-specific languages 2 0
Flow charts 0 2
IDEF (e.g. IDEF0) 0 2
Petri nets 0 1
Unspecified / informal 19 44
(boxes and lines)
Total studies in review 94 64

(2022); nine in Coskun-Setirek et al. (2024)), followed by BPMN. Spe-
cialized ecosystem languages—such as e3-value, matrix-based for-
malisms, or DBE-specific notations—collectively appear in fewer than
one-tenth of all papers.

2. Informal box-and-line sketches remain the default choice: 19 stud-
ies in Tsai et al. (2022) and 44 in Coskun-Setirek et al. (2024) rely on
unspecified diagramming conventions, which undermines precision
and reusability.
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3. Most research addresses a single viewpoint: only 23% of papers in
Coskun-Setirek et al. (2024) integrate multiple viewpoints. Typically
this viewpoint encompasses the process or business perspective. In
these studies, the notion of actor/role is the most prevalent element,
as 87% of studies in Tsai et al. (2022) focus on this perspective.

Tsai et al. (2022) therefore conclude that few contributions provide a holis-
tic modeling method consisting of notation, meta-model, and procedure.
Coskun-Setirek et al. (2024) reach a similar conclusion, advocating for ad-
ditional viewpoints (e. g., data, governance, evolution) and for more formal
yet practitioner-friendly notations. In summary, the literature offers little
systematic guidance on how to capture the full socio-technical breadth of a
DBE—especially in engineering domains where precise specification of data
flows, capabilities, and compliance constraints is critical. This gap under-
pins the objective of the present study, which is to develop a model-based,
subject-oriented methodology that unifies actor, interaction, and value per-
spectives while remaining extensible to additional concerns such as data
sovereignty and governance policies.

3.1.2 Implications for the research questions

The academic landscape highlights several research gaps related to the ob-
jectives of this study. The most relevant gaps are listed below, with denota-
tions indicating the corresponding research questions (RQs).

Need for a design methodology (RQ1): Only fifteen percent of the studies
surveyed by Tsai et al. (2022) include any type of stepwise procedure for
modeling a DBE, and even these primarily focus on scoping, and actor iden-
tification or interaction capture rather than a fully integrated method. None
of these studies combine their procedures with complementary methods
such as requirements engineering or enterprise architecture analysis. The
review, therefore, advocates for a systematic, multi-perspective methodol-
ogy that can balance detail with holism and effectively manage ecosystem
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resilience. Although Coskun-Setirek et al. (2024) concentrate on DBE archi-
tecture, they also emphasize the need for means to support DBE design. Ad-
dressing this gap is central to RQ1, which seeks a design approach explicitly
tailored to the complexity of Digital Ecosystems.

Model-based engineering versus informal sketches (RQ1): Both reviews
note a significant reliance on informal box-and-line diagrams and ad-hoc
layered illustrations; formal notations remain exceptions (Coskun-Setirek
et al. 2024). This prevalence of informal artifacts undermines precision,
reusability, and machine processability, leaving practitioners without an
executable reference model. Consequently, any methodology addressing
RQ1 must emphasize model-based engineering principles—utilizing for-
mal, well-defined languages—and offer guidance on selecting notations that
support analysis, transformation, and ultimately, implementation.

Motivation for a subject-oriented perspective (RQ2): Process and busi-
ness viewpoints dominate the literature. Furthermore, they are seldom
integrated with structural or technical perspectives. Only a quarter of the
papers combine multiple viewpoints (Coskun-Setirek et al. 2024). Simul-
taneously, actors and roles are the most frequently modeled elements, ap-
pearing in 87% of the studies analyzed by Tsai et al. (2022). The subject-
oriented paradigm addresses this imbalance by treating the actor (subject)
as the primary modeling construct and binding every action to that sub-
ject, thereby aligning the existing actor focus with a structured interaction
model. A subject-oriented approach should explicitly address this implicitly
existing alignment.

Toward a multi-perspective ecosystem model (RQ2): Both reviews empha-
size that current languages and metamodels neglect numerous facets of
ecosystems—such as capabilities, goals, policies, and evolution—indicating
that no single perspective is adequate. Future work should focus on defining
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ecosystem-specific design patterns, modular structures, and scalable view-
points (Coskun-Setirek et al. 2024). Accordingly, RQ2 aims to develop a com-
posite, modular model that integrates actor, interaction, value, governance,
and technical layers while remaining adaptable to change and scalable.

Capturing dynamics, capabilities and cohesion (RQ2): Digital Ecosystems
co-evolve: capabilities develop, SMEs join or leave, and innovation cycles
accelerate. However, current models rarely account for temporal devel-
opment, capability evolution, or goal alignment among stakeholders (Tsai
etal. 2022). A next-generation model should encapsulate these dynamic as-
pects—development stages, partnership cohesion, and policy conflicts—and
enable designers to analyze automation, open innovation, and long-term
resilience. This necessity underscores the importance of subject-oriented,
modular constructs that can be instantiated and adapted over time.

Need for tool support and visual analytics (RQ1 & RQ2): Only one primary
study in either review proposes a dedicated modeling tool, while practition-
ers primarily rely on generic (drawing) applications. Tsai et al. (2022) there-
fore advocate new or extended tool chains that integrate formal modeling,
visual analytics, and agile collaboration features. The visualization of actor
networks has demonstrated its utility in isolated cases; embedding such ca-
pabilities within an integrated tool would operationalize the methodology
proposed in RQ1 and enable the multi-perspective analysis sought in RQ2.

3.2 Industrial State of the Art

Industrial practice has embraced the concept that federated Digital Ecosys-
tems depend on a shared technical and governance substrate: the data
space.

A data space provides the foundational infrastructure—identity, policy en-
forcement, and semantic interoperability—that enables legally indepen-
dent organizations to exchange data while maintaining full sovereignty over
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their assets. In essence, a data space serves as the framework upon which
higher-level ecosystem services (the “X-initiatives”) can operate. Europe
has emerged as the focal point of this development, particularly due to the
European Commission’s 2020 Data Strategy directive mandating the estab-
lishment of common data spaces for key sectors and funding associated
lighthouse projects.

Three programs illustrate the European trajectory:

e Gaia-X (2019) defines the reference architecture and federation ser-
vices—identity, catalogue, compliance—for trustworthy cross-cloud
data exchange.

e Catena-X (2021) applies the Gaia-X principles to the automotive sup-
ply chain, delivering open reference connectors (Eclipse Tractus-X)
and shared semantics for various use cases in the automotive value
chain, like traceability, quality and sustainability.

¢ Manufacturing-X (2022) seeks to generalize the Catena-X blueprint to
the wider industrial landscape, with a strong emphasis on SME on-
boarding and global interoperability.

This section reviews European initiatives, examining how each builds upon
the data space paradigm and identifying remaining open issues, including
onboarding, governance, and scalability. Although the analysis focuses on
Europe, parallel initiatives are emerging elsewhere—e. g., Manufacturing
Data Hub in the United States, Japan’s Trusted Web project, and China’s In-
dustrial Internet Platforms. These initiatives are briefly discussed in relation
to internationalization trends and their implications for the convergence or
divergence of ecosystem standards.

46



3.2 Industrial State of the Art

3.2.1 International Data Spaces

While academia has explored modeling paradigms, the industrial sector,
particularly in Europe, has actively developed frameworks and initiatives to
enable real-world Digital Ecosystems, emphasizing data sharing and inter-
operability across organizations. These initiatives are based on the idea of
data spaces.

In 2020, the European Commission released its "European Strategy for Data,"
which announced the establishment of sector-specific European data spaces-
including manufacturing, health, mobility, and others-to dismantle data
silos and facilitate sovereign, standards-based data sharing among inde-
pendent organizations.! Data spaces enable federated Digital Ecosystems,
allowing multiple parties to share data based on agreed standards and trust
mechanisms, without centralizing all data in a single repository.

One foundational effort in this domain is the work of the International Data
Spaces Association (IDSA). The IDSA, originating from a German research
initiative and now comprising a broad coalition of organizations, developed
the International Data Spaces (IDS) reference architecture, illustrated in Fig-
ure 3.1. IDS enable "sovereign and self-determined exchange of data via
a standardized connection across company boundaries," (Pettenpohl et al.
2022, p. 29) with the goal of addressing interoperability, trust, and data secu-
rity in cross-company data sharing.

The Reference Architecture Model for IDS defines a set of roles (e.g., data
provider, data consumer, broker, identity provider) and key components re-
quired for a data space. Notably, it introduces the concept of a data con-
nector—a software component that each organization deploys at its edge to
technically enforce the usage policies associated with the data. In an IDS

1 European Commission. A European Strategy for Data (COM(2020) 66 final). Brussels, 19

February 2020. Available at: https://eur-1lex.europa.eu/legal-content/EN/TXT/
7uri=COM:2020:66:FIN
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Figure 3.1: Reference Architecture for International Data Spaces, based on IDSA (Pettenpohl
etal. 2022).

data space, data remains with the owner until a usage agreement is estab-
lished. Even then, the recipient’s use of that data can be governed by specific
conditions (e. g., the data may be made read-only or restricted to one-time
use), which are enforced by the connectors (Pettenpohl et al. 2022).

The architecture is inherently decentralized: there is no central database for
storing all shared data. Instead, participants connect in a peer-to-peer man-
ner using standardized connectors, supported by services such as catalogs
and identity management to facilitate discovery and establish trust. The
IDS architecture has undergone multiple revisions, reaching version 3.0 in
2019, and has been formalized as the DIN SPEC 27070 standard. This archi-
tecture has established much of the groundwork for subsequent European
data space initiatives.

3.2.2 Gaia-X

Building on the principles of the IDS and extending them to cloud and edge
infrastructure, the Gaia-X initiative was launched in late 2019 by Germany
and France to establish a federated, and secure data backbone for Europe.
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According to the public mandate on its website, Gaia-X aims to "enable
trusted decentralised digital ecosystems" (vision) and to "create the de-facto
standard for federated and trusted data and infrastructure ecosystems by
developing common specifications, rules, policies and a verification frame-
work" (mission).2 The overarching goal is to interconnect cloud services,
edge devices, and sector-specific data spaces while safeguarding European
values of data sovereignty, openness, and privacy (Gaia-X European Associ-
ation for Data and Cloud AISBL 2020).

Gaia-X established the X-initiatives by introducing its X-model, illustrated
in Figure 3.2, which aims to connect the "Split-X-Model".

Data Ecosystems

'@' Advanced Services

Data Spaces /

Data (‘) Federations

Exchange Federation

e
QJ Data Exchange

Compliance @ Gaia-X Compliance

.K. I.“ Label Framework

Infrastructure Ecosystems

Figure 3.2: Gaia-X Framework. Own representation based on https://gaia-x.eu/gaia-x-
framework/.

2 https://gaia-x.eu/about
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Rather than developing a singular cloud, Gaia-X establishes an architecture
of federated services that can be implemented by various providers and in-
dustries. Key components of Gaia-X include federated identity and trust ser-
vices, certification and compliance frameworks, and federated catalogs for
discovering services and data offerings. By mid-2020, the Gaia-X Association
was established to promote this architecture. By 2021-2022, reference imple-
mentations of core services—often referred to as Gaia-X Federation Services
(GXFS)—were in development.

A cornerstone of Gaia-X is its use of Self-Sovereign Identity (SSI) technolo-
gies: organizations—and potentially devices—hold cryptographic wallets
containing W3C verifiable credentials that attest to attributes such as com-
pany registration or ISO certification (Gaia-X European Association for Data
and Cloud AISBL 2022). These digitally signed credentials can be presented
and automatically validated by any counterparty, thereby realizing the iden-
tity & trust pillar of the Gaia-X architecture without a central authority.
Aligned with the Trust-over-IP stack and EU eIDAS regulations, SSI pro-
vides every participant with a portable, universally verifiable identity that
significantly reduces the need for bespoke registries or point-to-point trust
integrations; a supplier certified in one data space, can reuse the same cre-
dential in another data space. Industrial consortia are now developing in-
teroperable wallets and infrastructures—such as the European Blockchain
Services Infrastructure (EBSI)—to operationalize this vision across sectors
and borders.

Several domain-specific or national ecosystem initiatives have emerged un-
der the Gaia-X umbrella, often referred to as lighthouse projects. One of the
most prominent initiatives is Catena-X, officially announced in early 2021 as
a collaborative network for the automotive industry. Other notable projects
include Gaia-X 4 Al, Gaia-X 4 Mobility, and Healthcare-X. However, the re-
sults of these projects require consolidation due to the risk of fragmentation
if each project develops a siloed solution. Additionally, the translation of
prototypes into sustainable operational services is not guaranteed; it neces-
sitates ongoing investment and coordination at the European level.
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3.2.3 Catena-X

Catena-X? established the first operational data space for the automotive
industry. It facilitates secure and efficient data exchange among automotive
manufacturers, suppliers, and other stakeholders (e. g., dealerships, equip-
ment providers) throughout the entire value chain. The initiative for Catena-
X arose from the demand for enhanced transparency and data-driven col-
laboration in automotive production and supply chains, addressing use
cases such as tracking components for recalls, sharing supply chain infor-
mation, and enabling digital twins of vehicles. This initiative was further
catalyzed by the German government designating "automotive data space"
as a priority.

Catena-X leverages the Gaia-X infrastructure by implementing the IDS stan-
dard for data connectors and aligns with Gaia-X federation services for iden-
tity management, cataloging, and compliance. The initial consortium be-
hind Catena-X comprises leading German automakers (e.g., BMW, Mer-
cedes), suppliers (e. g., Bosch, Schaeffler), IT providers (e. g., SAP, Siemens),
and others, with support from the German Federal Ministry for Economic
Affairs and Climate Protection (BMWK).

By adopting a common standard, Catena-X aims to enable any participant
in the network to share specific data (e.g., parts traceability information,
or carbon footprint data of components) with other participants in a con-
trolled manner. The governing association, Catena-X e.V. publishes specifi-
cations (e. g., an operating model, and technical standards) and supports a
comprehensive open-source development environment in Tractus-X*. With
the support of the dedicated operating company Cofinity-X, the Catena-X
data space went live in January 2023. Thus, Catena-X represents a practical

3 Catena-X is extensively documented in the Catena-X-Library at https://catenax-ev.g

ithub.io/

4 https://eclipse-tractusx.github.io/
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realization of a Digital Ecosystem within a specific sector, built on the fun-
damental principles of data sovereignty and interoperability.

To create a global data space, Catena-X provides standards and developer
tools. The standards are available on the Catena-X Association’s website
(Standard Library). Developer resources, i.e. KITs®, are accessible for col-
laboration in the open-source Eclipse Tractus-X project. KITs demonstrate
broad applicability beyond the automotive value chain. At least one KIT is
available to support companies for every use case. Each KIT is consistently
structured and facilitates the onboarding process for companies joining the
Catena-X data space. To ensure interoperability and data sovereignty in
Catena-X use cases, compliance with a minimum set of elements is manda-
tory. These elements include semantic models for data integration and
comprehension, logic and schema for value calculation, API implementa-
tions for intercommunication, and access and usage policies to protect data
sovereignty. The contents of the KIT toolbox are presented in Figure 3.3.
In Tractus-X, these KITs are organized by domain and maintained indepen-
dently. This supports significant expressibility but opens up room for incon-
sistencies between KITs.

3.2.4 Manufacturing-X

Following the success of Catena-X, the concept of X-initiatives spread to
data spaces for other sectors. In late 2022 and 2023, Germany proposed
and initiated Manufacturing-X, a broader initiative aimed at extending the
data space approach to the manufacturing industry as a whole (beyond au-
tomotive). The goal is to create a cross-industry ecosystem for manufactur-
ing companies, particularly in mechanical engineering, plant engineering,

5 In context of Tractus-X KIT stands for Keep It Together.
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Figure 3.3: KIT Toolbox (as presented by Eclipse Tractus-X).

equipment, electronics, and related fields, to share data across complex sup-
ply chains and lifecycles. Manufacturing-X is envisioned as a federated sys-
tem of data spaces that interoperate, ultimately forming an "International
Manufacturing-X Council" with other nations. (Plattform Industrie 4.0 2023)

The focus is on enabling SMEs to participate in data-driven value networks
without being locked into proprietary platforms. This is achieved through
the use of open standards (e. g., Gaia-X, IDS) and the promotion of trust and
data sovereignty. As of 2025, Manufacturing-X is still in its early implemen-
tation phase, with consortia being formed and initial projects funded. How-
ever, it underscores the commitment at both policy and industry levels to
advance the SotA in real industrial data ecosystems.

3.2.5 Industry Conclusion
To summarize the industrial landscape (2019-2025): The concept of data

spaces and federated Digital Ecosystems has transitioned from theory to
practice, primarily within Europe. The IDS reference architecture serves as
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a blueprint for ensuring data sovereignty in data sharing. Gaia-X has ex-
panded this vision into a comprehensive infrastructure framework, integrat-
ing advanced identity and trust technologies.

Domain-specific ecosystems such as Catena-X (automotive) and emerging
initiatives like Manufacturing-X are implementing these concepts, backed
by substantial government and industry investment. Many of these ini-
tiatives are still in development; for example, Catena-X is integrating new
members and refining its standards, while others are in the pilot or concep-
tual stages. Table 3.2 presents a high-level overview of key initiatives, their
focus areas, and identified challenges.

The current industrial SotA has generated promising building blocks and
initial ecosystems. However, it also exposes certain gaps. For instance, al-
though technology standards such as IDS connectors and SSI exist, their
widespread adoption in the industry is just commencing. Many companies,
particularly smaller ones, encounter challenges in integrating into these
ecosystems due to technical complexity or an unclear value proposition. For
example, Factory-X, one of the Manufacturing-X projects, shares the Man-
ufacturing as a Service and Modular Production use cases with Catena-X,
but include in part different functionality in these use cases. However, their
current description means lack the power to clearly express these.

Moreover, each initiative typically focuses on a specific aspect or domain,
raising questions about their interconnections and generalizability. For in-
stance, how might a solution developed in Catena-X be applicable to an-
other domain, and how can multiple data spaces interoperate instead of
forming new silos? Consequently, this becomes even more complex when
IDS are to be designed interoperable (Ishihara and Matsutsuka 2025). These
challenges reflect existing academic gaps: a comprehensive methodology is
required to systematically guide the design and implementation of interop-
erable Digital Ecosystems.
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Table 3.2: Major industrial initiatives for Digital Ecosystems (2019-2025) and identified chal-

lenges/gaps.

Initiative

Scope and Focus

Challenges/Gaps

IDSA

Gaia-X

Catena-X

Manufacturing-X

Architecture and standards
for sovereign data sharing
across organizations; IDS-
RAM (v3.0 in 2019) defines
roles (provider, consumer,
broker, etc.) and connector-
based data exchange.

Pan-European federated
data infrastructure initiative
(launched 2019) providing
rules and software (Feder-
ation Services) for identity,
catalogs, compliance to
enable cross-cloud and
cross-organization data
ecosystems.

Industry data space for au-
tomotive (announced 2021)
enabling OEMs, suppliers,
etc. to share data (e.g.,
parts traceability, supply
chain, quality) on a common
platform using Gaia-X/IDS
standards.

Initiative (Germany-led,
2022+) for a federated ecosys-
tem across manufacturing
industries (mechanical en-
gineering, electronics, etc.),
building on Catena-X con-
cepts to improve data-based
collaboration in  supply
chains.

Adoption beyond pilots is
slow; requires common stan-
dards uptake and trust in
connector certification; inte-
gration with legacy systems
remains an issue.

Complex governance with
many stakeholders; ensuring
interoperability across many
domain-specific implemen-
tations; still developing trust
and certification frame-
works;  convincing global
cloud providers to adapt to
Gaia-X principles.

Scaling up onboarding of di-
verse suppliers (esp. SMEs)
into the network; harmo-
nizing data models across
companies; data governance
and liability concerns; prov-
ing value for all participants
to motivate data sharing.

Early stage - conceptual
architecture in progress;
challenge to coordinate
multiple industry domains;
ensuring compatibility with
international efforts (Inter-
national =~ Manufacturing-X
Council); significant R&D
needed to implement basic
services.
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3.3 Research Gaps

Bridging the academic and industrial perspectives, we can identify several
research gaps that need to be addressed to advance the engineering of Digi-
tal Ecosystems.

Gap 1: Lack of holistic modeling methodology for Digital Ecosystems. As
noted, current modeling approaches either address only parts of the ecosys-
tem (e. g., business actors or IT architecture in isolation), or they are not
widely recognized or adopted in practice. There is a gap in having a unified,
model-based methodology that encompasses high-level ecosystem design
(including the identification of actors, their goals, and interactions) down to
the functional realization (such as data sharing mechanisms and applicable
standards). Neither the academic frameworks nor the industry architectures
fully address this issue. This gap means practitioners lack guidance on how
to systematically design a Digital Ecosystem—currently, much is done ad hoc
or via lengthy consensus processes in consortia.

Gap 2: Insufficient integration of formalized modeling paradigms into
Digital Ecosystem design. Subject-orientation provides a framework for
modeling distributed systems of autonomous entities, which aligns well
with the characteristics of Digital Ecosystems. However, its application has
primarily been limited to workflow and process management within indi-
vidual organizations or, at most, inter-organizational process choreogra-
phies. There exists a research gap in the application and potential extension
of subject-oriented modeling to the scale of data spaces and ecosystems.
For instance, how can subjects, as modeling constructs, be aligned with the
actors and roles in data spaces? How can message exchanges in a model
correlate with actual data exchange protocols, such as APIs in IDS connec-
tors? There is a conceptual gap in merging the world of subject-orientation
with the world of data space architectures. Addressing this gap could yield
a modeling approach that is both intuitive (subject-oriented) and aligned
with SotA infrastructure.
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Gap 3: Socio-technical and governance aspects in modeling. Digital Ecosys-
tems encompass more than mere technology; governance—comprising poli-
cies, legal agreements, and trust frameworks—plays a crucial role in their
success. However, most modeling techniques, including the use of PASS, pri-
marily concentrate on the "operational process" level, neglecting the explicit
modeling of governance rules or incentive structures. Research is needed to
extend models to capture these aspects or to link them to organizational
models. For instance, can we model not only the message flows but also the
rules for data usage or compliance checks as first-class elements, e.g., as
part of a message payload? Currently, initiatives like Gaia-X define these ele-
ments in textual policies and agreements, separate from any process model.
The challenge lies in how to incorporate governance into a model-based
design in a formal or semi-formal manner.

Gap 4: Evaluation of ecosystem design choices. When designing a Digi-
tal Ecosystem, various choices must be made, such as centralized versus
federated approaches, selection of standards, and considerations of open-
ness versus exclusivity. There is limited academic guidance on systemati-
cally evaluating these design options. The primary gap lies in decision sup-
port: criteria and models that aid in predicting outcomes (e. g., how does
the inclusion of more diverse participants impact data quality? or how does
stringent enforcement of data sovereignty influence ecosystem growth?). A
promising research opportunity exists in developing simulation or analyt-
ical tools that can evaluate specific properties (such as robustness, scala-
bility, and participant incentives) based on a model of the ecosystem. This
approach transcends current practices, which predominantly rely on expert
opinion.

Overall, these gaps indicate that while the foundational elements exist (both
conceptual and technical), there is a need for an integrated approach to de-
signing Digital Ecosystems. However, these gaps are creating opportunities
for various research pathways. To align with the context of this dissertation,
the following subsection will introduce hypotheses that connect the identi-
fied gaps with our two main research questions.
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3.4

Hypotheses

In light of the identified research gaps, we formulate six hypotheses (H1 -

H6): three focus on RQ1 (model-based methodology) and three concentrate

on RQ2 (subject-oriented model).

H1

H2

H3

H4
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CORE VALUES and CORE SERVICES need to be considered in Digital
Ecosystem design.

Design starts with investigating the problem space. In Digital Ecosys-
tems this means understanding the CORE VALUES. Only if these are
aligned between stakeholders an effective engineering of CORE SER-
VICES can start. Starting with CORE VALUES is expected to shorten later
consensus cycles, reduce design conflicts and provide a stable refer-
ence for iterative refinements of functionality.

Digital Ecosystems are complex enough that a model-based approach
only makes sense.

Because a Digital Ecosystem already demands extensive documenta-
tion, employing a formal, machine-interpretable modeling language
should add little overhead while substantially improving cross stake-
holder comprehension and reducing rework. The hypothesis predicts
measurable gains in clarity and defect avoidance over informal box-
and-line sketches.

A Digital Ecosystem is a system of systems and CORE PARTICIPANTS
perform a complex choreography.

A Digital Ecosystem is more than a single, monolithic workflow. It is
only describable in terms of interconnected use cases in which the
CORE PARTICIPANTS are engaged. The entirety of activities in the com-
plex system of systems can not be centrally orchestrated.

Subject-orientation is well suited for socio-technical Digital Ecosys-
tems.
Subject-orientation originates in distributed systems research. DBE



3.5 Conclusion and Next Steps

descriptions have process descriptions as most prevalent perspec-
tive and actors as most used element. Explicitly engaging a subject-
oriented description unlock substantial potential in description ex-
pressiveness and comprehension.

H5 A Digital Ecosystem model requires multiple perspectives.
Digital Ecosystems bring together many stakeholders with diverse
backgrounds. Furthermore, they often include various use cases. Con-
sequently, it is highly unlikely that one single perspective will suffi-
ciently describe a Digital Ecosystem. This raises the question of how
to enforce subject-orientation from different viewpoints.

H6 Digital Ecosystems evolve over time.
Constant growth, iterative evolution, and open innovation are inher-
ent characteristics of Digital Ecosystems, making change its only con-
stant. The representation of the subject-oriented model needs to sup-
port easy, and ideally federated, maintainability. This calls for rigorous
versioning and release planing of the model artifacts.

These hypotheses aim to guide the development of a model-based, subject-
oriented methodology for designing Digital Ecosystems.

3.5 Conclusion and Next Steps

In this chapter, we reviewed the SotA in both research and industrial prac-
tices regarding Digital Ecosystems and their modeling. Academically, there
is recognition of the need for improved modeling approaches for Digital
Business Ecosystems (DBEs). Subject-oriented modeling has emerged as a
promising paradigm that aligns well with the distributed nature of ecosys-
tems. Industrially, significant initiatives such as IDS, Gaia-X, and Catena-X
are advancing the development of operational ecosystems. Although these
initiatives are not explicitly model-driven, they implicitly adhere to certain
architectures and principles that could inform a methodology.
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The analysis identified several gaps, notably the absence of an integrated
model-based design approach and the insufficient application of explic-
itly subject-oriented thinking in current practices. These findings lay the
groundwork for the subsequent sections of this dissertation.

The next steps involve developing and proposing a research method that ad-
dresses the identified gaps and aligns with our two research questions (RQ1
& RQ2) as well as the newly amended design hypotheses (H1-H6). Specif-
ically, the following chapter will introduce the research approach adopted
to investigate these questions. After the presentation of results in Chap-
ters 5 & 6 the hypotheses are further discussed in Chapter 7.
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4 Research Approach

This work is situated within Design Science Research (DSR), which focuses
on the iterative development and evaluation of artifacts to address real-
world problems (Hevner et al. 2004). DSR is particularly well-suited for this
study, as it emphasizes both the creation of practically relevant solutions and
the contribution to scientific knowledge. In this work, the primary artifact is
a novel methodology for designing Digital Ecosystems.

The foundations of DSR can be traced back to Herbert A. Simon’s seminal
work The Science of the Artificial (Simon 1996), which introduced design as a
problem-solving paradigm centered on the purposeful creation of artifacts.
Building on this tradition, DSR has evolved into a well-established research
approach capable of addressing complex sociotechnical challenges through
iterative and rigorously evaluated design processes.

This chapter outlines the research approach employed in this study. First, it
introduces the DSR paradigm and design guidelines that offer structure and
evaluation criteria for DSR studies. Building on this foundation, a specific
DSR method—the Soft Design Science Methodology (SDSM)—is selected
and its suitability for this context is discussed.

Following this, section 4.2 outlines the specific design of this research study.
It begins with the articulation of the research goal and continues by intro-
ducing the IntWertL project as a case study for empirical application. The
subsequent section describes the evaluation strategy employed to achieve
the research goals, including evaluation objectives, properties, and episode
design. Building on this, the iterative process for developing and refin-
ing Level 1 artifacts—the Synthesis Models—is presented using an adapted
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nine-step structure of the SDSM. Finally, the chapter describes how the
knowledge generated through these design cycles is consolidated into a
Level 2 artifact: the Engineering Digital Ecosystems (EDE) methodology.

The chapter concludes with a summary that integrates the components
of the research approach and positions the methodological contribution
within the broader context of the thesis.

4.1 Design Science Research

DSR is a research paradigm that emphasizes the creation and evaluation of
artifacts to solve real-world problems while simultaneously contributing to
the advancement of knowledge. In the context of Information Systems (IS),
which are inherently socio-technical systems, DSR integrates technical so-
lutions with the complex social and organizational environments in which
these solutions are applied. According to Hevner et al. (2004), DSR operates
on the principle that research artifacts, including constructs, models, meth-
ods, and instantiations, must not only address identified problems but also
be rigorously evaluated for utility, quality, and efficacy within their intended
context. Peffers et al. (2007) further highlights that the DSR process is itera-
tive and involves problem identification, objective definition, and research
communication, as well as artifact design, demonstration, and evaluation.
This structured approach ensures that solutions are both practically relevant
and theoretically grounded, making DSR a vital methodology for addressing
the dynamic challenges inherent in complex socio-technical systems, such
as Digital Ecosystems.

Over the years, various DSR methodologies and frameworks have emerged
to guide the systematic development and evaluation of artifacts. These in-
clude the widely recognized framework proposed by Hevner et al. (2004),
the Design Science Research Methodology (DSRM) by Peffers et al. (2007),
and more recent approaches such as the Soft Design Science Methodology
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(SDSM) by Baskerville et al. (2009). Each methodology emphasizes different
aspects of the design process, from theoretical rigor to stakeholder engage-
ment and contextual relevance. However, regardless of the choice of a spe-
cific method, the DSR paradigm necessitates adherence to certain guiding
principles for effective application (Hevner et al. 2004, Venable et al. 2017).

4.1.1 Design Science Research Guidelines

Hevner et al. (2004) provide seven foundational guidelines for conducting
DSR, emphasizing the creation and evaluation of artifacts to address identi-
fied problems within a research context. These guidelines are presented in
Table 4.1. This work ensures its validity by adhering to these widely recog-
nized seven DSR guidelines.

The first guideline, Design as an Artifact, specifies that DSR must produce
viable artifacts, such as constructs, models, methods, or instantiations. The
second guideline, Problem Relevance, ensures that the research addresses
significant and practical problems. The third guideline, Design Evaluation,
necessitates rigorous evaluation of the utility, quality, and efficacy of the ar-
tifact within its application domain. The fourth guideline, Research Con-
tributions, emphasizes the necessity for clear contributions in the form of
novel artifacts, methodologies, or theoretical insights. The fifth guideline,
Research Rigor, underscores the importance of employing rigorous meth-
ods for both artifact creation and evaluation. The sixth guideline, Design as
a Search Process, highlights the iterative nature of design, focusing on the
refinement of artifacts to achieve the desired results. Finally, the seventh
guideline, Communication of Research, mandates effective communication
of results to both technical and managerial audiences. Collectively, these
guidelines provide a robust framework for conducting DSR that is both prac-
tically relevant and theoretically rigorous.
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Table 4.1: Design Science Guidelines based on Hevner et al. (2004, p. 83).

Guideline Description

Guideline 1: DSR involves the creation of a construct, a model,

Design as an Artifact or amethod as an artifact.

Guideline 2: The objective is to design technology-based solu-

Problem Relevance tions to important business problems.

Guideline 3: The utility, quality, and efficacy of the design must

Design Evaluation be rigorously demonstrated via well-executed
methods.

Guideline 4: Effective DSR must provide clear and verifiable

Research Contributions contributions in the areas of the design artifact, de-
sign foundations, and/or design methodologies.

Guideline 5: DSR relies upon the application of rigorous meth-

Research Rigor ods in both the construction and evaluation of the

design artifact.
Guideline 6: The search for an effective artifact requires utiliz-
Design as a Search Process  ing available means to reach desired ends while
satisfying laws in the problem environment.

Guideline 7: DSR must be presented effectively to both
Communication of Research technology-oriented and management-oriented
audiences.

4.1.2 The Soft Design Science Methodology (SDSM)

SDSM, developed by Baskerville, Pries-Heje, and Venable (Pries-Heje et al.
2007, Baskerville et al. 2009, Pries-Heje et al. 2014), provides a robust frame-
work for addressing complex socio-technical problems. It integrates prin-
ciples from both DSR and Soft Systems Methodology (SSM), allowing for a
comprehensive approach that bridges the technical and social aspects of
problem-solving. This section outlines the rationale for selecting SDSM, as
well as its key principles, structure, and contributions, establishing a foun-
dation for its application in this study.
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4.1.2.1 Selection of SDSM

SDSM was selected for this study due to its strong methodological alignment
with the evaluation criteria outlined in the DSR Methodology Comparison
Framework by Venable et al. (2017). This selection is informed by the tech-
nological rules proposed by Venable et al., which guide the choice of DSR
methodologies based on conceptual orientation and research focus.

According to the First Technological Rule, SDSM is situated within the sub-
jectivist and interpretivist paradigm. This positioning is particularly suitable
for contexts where socio-technical phenomena are not governed by univer-
sal laws, and the validity of knowledge relies on contextual relevance and
stakeholder interpretation. Such a stance aligns with the ontological com-
plexity of Digital Ecosystems, where heterogeneous actors, evolving struc-
tures, and social negotiation play central roles. In these environments, the
assumption of a single “best” artifact or purely objective solution is inappro-
priate. Instead, iterative engagement with stakeholders and systemic reflec-
tion are essential for co-constructing context-sensitive and adaptable solu-
tions.

The selection of SDSM is further justified by the Second Technological Rule
for subjectivist/interpretive methodologies, which emphasizes the priori-
tization of theoretical insights over direct interventions in organizational
practice. SDSM enables the abstraction of specific problem instances into
generalized problem classes, thus facilitating the generation of transferable
design knowledge that extends beyond the immediate application context.
This capability aligns with the objectives of this study, which aims to develop
a broader methodology, including a reference model for Digital Ecosystems.
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In addition to these methodological considerations, SDSM explicitly incor-
porates stakeholder participation, iterative refinement, and systemic ab-
straction (Pries-Heje et al. 2014). These characteristics ensure that the re-
search process remains responsive to real-world complexity while maintain-
ing the rigor necessary for scientific contribution, making it an ideal choice
for this study.

4.1.2.2 Principles of the SDSM

SDSM operates within a design-oriented paradigm, emphasizing the iter-
ative creation, evaluation, and refinement of artifacts as mechanisms for
addressing specific socio-technical challenges while generating generaliz-
able design knowledge. This methodological orientation directly supports
the primary objective of this study: to develop and validate a methodology
that addresses practical issues related to the design of Digital Ecosystems
and contributes to the advancement of DSR theory.

The problem domain addressed in this research comprises complex socio-
technical systems, characterized by dynamic interactions, multiple stake-
holder perspectives, and emergent properties. As noted by Pries-Heje et al.
(2014), SDSM is particularly well-suited for such environments due to its sys-
tematic integration of principles from SSM. SSM’s systemic thinking facili-
tates problem exploration and abstraction beyond surface-level symptoms,
enabling the identification of underlying structural and social dynamics that
shape problem contexts.

The hybridization of SSM’s systemic inquiry with DSR’s artifact-centric focus
constitutes the core of SDSM’s methodological approach. This integration
allows for the development of solutions that are both contextually grounded
and theoretically informed. Central to SDSM is the emphasis on iterative,
participatory design cycles in which artifacts are collaboratively designed,
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implemented, evaluated, and refined. Stakeholder engagement is embed-
ded at each stage of the process, ensuring that solutions remain respon-
sive to contextual needs while supporting reflective learning and theory-
building. Following these principles SDSM pursues two interrelated objec-
tives:

e The construction and deployment of effective solutions tailored to
specific socio-technical problems.

e The derivation of transferable theoretical insights through cyclical re-
finement, wherein each iteration contributes to both problem-solving
efficacy and the accumulation of design knowledge.

By systematically balancing practical intervention with the abstraction nec-
essary for knowledge generalization, SDSM enables the dual achievement
of pragmatic outcomes and academic contribution (Pries-Heje et al. 2014).
This dual focus makes SDSM particularly appropriate for research settings
where the complexity of stakeholder relationships and the fluidity of system
boundaries demand both methodological rigor and contextual adaptability.

4.1.2.3 Structure of the SDSM

One iteration of SDSM consists of seven activities that provide a structured
yet flexible framework for problem-solving. These seven steps are depicted
in Figure 4.1.

The SDSM framework is based on the iterative interaction between problem
exploration, artifact design, and evaluation. This methodology, as outlined
by Baskerville et al. (2009), comprises the following steps:

1. Problem Identification: A specific problem is identified collabora-
tively with stakeholders, focusing on delineating its boundaries and
scope.
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Figure 4.1: SDSM Framework. Own representation based on Baskerville et al. (2009), Pries-Heje
etal. (2014).

2. Requirements Definition: The problem is translated into a set of spe-
cific requirements that guide solution development.

3. General Problem Abstraction: Using systemic and design thinking,
the specific problem is abstracted into a general problem that captures
both technical and social dimensions. At this stage, design thinking
shifts from the specific problem to a class of problems.

4. General Solution Design: A general solution or class of solutions is
derived for the abstracted problem, employing design science tech-
niques and imperative logic to define general requirements.

5. Fit Analysis: The general design is analyzed for its fit with the specific
problem, ensuring alignment between the problem and the solution.
The specific problem is rearticulated in terms of the general require-
ments and the imperative logic.

6. Specific Solution Search: A search is performed for specific compo-
nents that instantiate the general solution for the identified problem.
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This step addresses both technical feasibility and practical implemen-
tation.

7. Solution Deployment: A specific solution is constructed and deployed
in the social system. This stage includes observing the impact of the
solution, deriving lessons, and iterating the process for further refine-
ment.

4.2 Research Method

This section outlines the research approach employed to develop and val-
idate the EDE methodology. The EDE methodology includes a structured,
model-based approach and a generalized conceptual reference model, re-
ferred to as Synthesis Model.

The research is organized into three iterative design cycles, each producing
aversion of the Synthesis Model as a Level 1 artifact that clarifies and refines
the problem space of Digital Ecosystem design. These cycles are conducted
within the context of the IntWertL project, which provides a rich and dy-
namic environment for validation. The process is guided by an adapted ver-
sion of the SDSM, supplemented by a structured evaluation strategy. Finally,
the emerging design knowledge is consolidated into the EDE methodology
as a Level 2 design artifact. !

The notion of Level 1, Level 2, and Level 3 artifacts is adopted from Gregor and Hevner
(2013): "A specific DSR research project can produce artifacts on one or more of these lev-
els ranging from specific instantiations at Level 1 in the form of products and processes,
to more general (i.e., abstract) contributions at Level 2 in the form of nascent design the-
ory (e.g., constructs, design principles, models, methods, technological rules), to well-
developed design theories about the phenomena under study at Level 3."
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4.2.1 Research Goal

The central goal of this research is to design and validate a methodology,
along with a corresponding conceptual model, that facilitates the structured
development of Digital Ecosystems. This work is guided by two main re-
search questions:

RQ1 How can the design process of Digital Ecosystems be supported by a
model-based and subject-oriented methodology?

RQ2 What kind of subject-oriented model can be used to describe a Digital
Ecosystem?

To address these questions, the research adopts an DSR approach, grounded
in the principle of design as a knowledge-generating activity through the cre-
ation of purposeful artifacts. This is operationalized through three iterative
design cycles, each following an adapted version of the SDSM. These cycles
result in the creation and evaluation of Level 1 design artifacts—specifically,
successive versions of a Synthesis Model that describes the Digital Ecosys-
tem, with particular focus on its CORE SERVICES and the problem space of
its SOLUTIONS. According to the classification by Gregor and Hevner (2013),
this represents a contribution of type invention, where both the solution and
the application domain exhibit low maturity.

Building on the knowledge accumulated during these iterations, the re-
search consolidates a Level 2 artifact: the EDE methodology. This artifact
encompasses a practitioner-oriented design approach and a generalized
conceptual model derived from the evaluated Synthesis Models. Drawing on
principles from DSR, design thinking, and subject-orientation—and lever-
aging formal modeling languages such as SysML and PASS—the method-
ology is adapted for reuse in similar yet evolving application domains. As
such, the EDE methodology constitutes an instance of exaptation in Gregor
and Hevner’s framework, where a mature solution is applied to a nascent
domain context.
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This study contributes to emerging design theory by articulating scientif-
ically grounded and practically applicable design knowledge. It positions
the EDE methodology as a novel, subject-oriented framework developed
through iterative engagement with real-world challenges, aimed at support-
ing open innovation in dynamic and federated Digital Ecosystem environ-
ments.

4.2.2 Application Context: The IntWertL Project

The application context for this study is the BMWK-funded project IntWertL?.
This interdisciplinary research and development project provides the empir-

ical setting for the iterative design and evaluation of Level 1 artifacts, as well

as for the consolidation of the EDE methodology.

IntWertL addresses the challenge of developing digital platforms to sup-
port engineering collaboration among SMEs in the automotive sector, as
illustrated in Figure 4.2. These enterprises often lack the resources to inde-
pendently create such platforms and face significant obstacles in coordinat-
ing across organizational and technical boundaries. Additional complexity
arises from the diversity of stakeholders involved—including engineering
service providers, manufacturing service providers, automotive OEMs, and
software solution providers—each having differing expectations, terminolo-
gies, and interpretations of key concepts.

Beyond these operational and semantic challenges, the project operates
within a rapidly transforming mobility sector. Global competition, sus-
tainability mandates, and changing societal expectations regarding mobility
are driving the need for alternative, resource-efficient transportation solu-
tions. While use-case-optimized lightweight vehicles exist as prototypes,
their commercial adoption is hindered by the high costs associated with

2 IntWertL stands for Intelligente Wertschopfungsnetzwerke fiir Leichtbaufahrzeuge geringer

Stiickzahl (Intelligent Value Networks for Lightweight Vehicles in Small Quantities).
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Figure 4.2: IntWertL: Fully digitized process for product creation, from concept to car. Own
representation based on Bonsch et al. (2024).

small-series production. In response, IntWertL aims to establish a digital de-
velopment and production platform tailored for SMEs. The proposed plat-
form will facilitate distributed engineering and manufacturing processes,
leveraging digitization and Al to enhance automation, reduce development
cycles, and decrease costs. Ultimately, the goal is to enable SMEs to act as in-
tegrators or OEMs, improving their global competitiveness through digitally
supported collaboration.

A central difficulty is the lack of a shared understanding. For instance, what
constitutes a digital platform? Here, the term platform is used inconsis-
tently, referring to digital collaboration tools, physical vehicle architectures,
or marketplace-style environments. This terminological ambiguity hinders
effective communication and alignment, leading to fragmented develop-
ment efforts. Furthermore, the integration of pre-existing software compo-
nents from multiple partners further complicates coordination.

This evolving and multifaceted project context provides an ideal setting for
this research study. The absence of a shared reference model, the open-
ended nature of the design problem, and the high diversity of stakeholder

72



4.2 Research Method

perspectives render IntWertL particularly suitable for applying and evaluat-
ing a model-based, subject-oriented methodology for Digital Ecosystems.

4.2.3 Design Evaluation

As shown, rigorous evaluation of design artifacts is essential for the DSR pro-
cess (Hevner et al. 2004). This is particularly important when the maturity
of the application domain is low, and more abstract, complete, and mature
knowledge (levels 2 or 3) must be contributed (Gregor and Hevner 2013).
Over the years, numerous methods and evaluation techniques have been
proposed (Dresch et al. 2015, chap. 4.4). The Framework for Evaluation in
Design Science Research (FEDS) by Venable et al. (2016) is utilized here to
select an appropriate evaluation approach. Venable et al. propose four steps
utilizing FEDS:

1. Evaluation Goals: Explicate the goals of the evaluation.
2. Evaluation Strategy: Choose the evaluation strategy or strategies.
3. Evaluation Properties: Determine the properties to evaluate.

4. Evaluation Episodes: Design the individual evaluation episode(s).
(Venable et al. 2016, p. 6)

The following subsections illustrate the application of these four steps in de-
signing the evaluation approach for the Level 1 design artifacts, resulting
from the SDSM component of this study.

73



Research Approach

4.2.3.1 Evaluation Goals

Venable et al. (2016) propose that there are at least four competing general
objectives in the evaluation of DSR projects: Rigor, Uncertainty and Risk Re-
duction, Ethics, and Efficiency. These objectives are further detailed in Ta-
ble 4.2. Based on these broadly described objectives, four main goals for the
evaluation in this study are defined:

EG1 Relevance: Design artifacts should address significant and relevant
topics for intended users.

EG2 Enrichment: Design artifacts should provide well-developed insights
and information that enhance existing knowledge and understanding
contextually.

EG3 Usability: Ensure design artifacts are easily understood and commu-
nicate their purpose effectively without additional explanation.

EG4 Timeliness: Each Design Artifact must be engineered within time and
budget constraints.

EG1 and EG3 are based on uncertainty and risk reduction. Here, only the
"human social/use risks (i. e., risks that the artefact will not fit well into the
use or social situation and therefore not work or cause further problems)"
(Venable et al. 2016, p. 6) are addressed, as no technical risks are relevant
to this research. Intuitive Usability (EG3) is particularly necessary, as the
users interacting with the model of the Digital Ecosystem are heterogeneous
and diverse. Moreover, most stakeholders do not come from the IT domain,
and no prior knowledge of modeling notation can be assumed. Addition-
ally, decisions on the alignment of the Digital Ecosystem are made by mid-
to-upper management of the ORCHESTRATORS and CORE PARTICIPANTS who
are pressed for time and unlikely to spend it on understanding the notation
first. Relevance (EG1) combines the social risk of acceptance of the model
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Table 4.2: Summary of general objectives in designing the evaluation component of DSR based
on Venable et al. (2016)

Objective

Description

Rigor

Uncertainty
& Risk Reduction

Ethics

Efficiency

Ensures the artifact instantiation causes observed out-
comes (efficacy) and works in real situations (effective-
ness). Artificial evaluation is ideal for efficacy, while
naturalistic evaluation suits effectiveness. Summative
evaluation, typically occurring towards the end of the
evaluation process, ensures more rigor than formative
evaluation. Multiple summative evaluations may be
required to cover different artifacts, aspects, or con-
texts.

Formative evaluation is critical when design uncertain-
ties are significant. It identifies human social/use risks
and technical risks early, reducing costs and improv-
ing the artifact’s quality. Conducted early in the evalu-
ation process, formative evaluation helps mitigate risks
through early detection of difficulties.

Evaluation must consider risks to stakeholders (people,
organizations, public, future generations) and the en-
vironment. Formative evaluation reduces immediate
risks, while summative evaluation ensures meticulous
mitigation of long-term risks. The evaluation process
itself should avoid introducing risks.

Balances evaluation goals against resources like time
and money. Formative evaluation is cost-effective as
it identifies issues early, reducing costs of instantia-
tion and theory specification. Naturalistic evaluation
is generally costlier and more time-intensive than ar-
tificial evaluation. Non-empirical (artificial) methods
offer significant cost savings.
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with the imperative for effectiveness. Therefore, the artifact must be effi-
cient in its representation and show what information is of interest to the
stakeholders.

EG2, Enrichment, is also a more precise part of the generalized goal of Rigor.
The goal is not just to build useful artifacts but to contribute knowledge to
the EDE methodology. Thus, "the evaluation approach not only needs to
address the quality of the artefact, but also the quality of its knowledge out-
comes." (Venable et al. 2016, p. 2)

Lastly, Timeliness (EG4) considers Efficiency. The design artifacts for the In-
tWertL research project are developed within a strict timeline. The initial
platform MVP must be operational and demonstrable within one year of
commencement, necessitating the completion of the first Synthesis Model
iteration within three months. Furthermore, project partners and stakehold-
ers expect to utilize the model without engaging in extensive validation pro-
cedures.

It is important to note that there is no immediate risk to stakeholders or the
environment from the generation of the Synthesis Models. Therefore, the
Ethics objective is not relevant to this study. Additionally, unlike many other
DSR projects, the specific styling of the design artifact is not a central pur-
pose of this study. This is likely to be influenced more by the Corporate Iden-
tities of the ORCHESTRATORS of a Digital Ecosystem than by the employed
design methodology.

4.2.3.2 Evaluation Strategy

Venable et al. (2016) propose heuristic selection criteria to choose among
four different evaluation strategies. Table 4.3 summarizes these four rele-
vant evaluation strategies, and Figure 4.3 displays them within the FEDS
domains. The major design risk being user-oriented indicates the use of a
Human Risk & Effectiveness strategy. However, the Synthesis Model is a rel-
atively small artifact, which suggests the use of the Quick & Simple strategy.
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As Venable et al. (2016) acknowledged in their work, combinations of the
presented strategies or even new strategies may be suitable for certain DSR
projects, leading to the adapted Quick Human Risk & Effectiveness strategy
that is employed here.

Table 4.3: Circumstances for selecting a relevant DSR evaluation strategy (Venable et al. 2016,

p.6)
DSR evaluation Circumstance selection criteria
strategy
Quick & Simple If small and simple construction of design, with low so-
cial and technical risk and uncertainty
Human Risk If the major design risk is social or user oriented
& Effectiveness and/or

ifitisrelatively cheap to evaluate with real users in their
real context
and/or
if a critical goal of the evaluation is to rigorously estab-
lish that the utility/benefit will continue in real situa-
tions and over the long run

Technical Risk & Effi- If the major design risk is technically oriented

cacy and/or
if it is prohibitively expensive to evaluate with real
users and real systems in the real setting
and/or
if a critical goal of the evaluation is to rigorously es-
tablish that the utility/benefit is due to the artifact, not
something else

Purely Technical Arti- If artifact is purely technical (no social aspects) or arti-
fact fact use will be well in future and not today

The Quick Human Risk & Effectiveness strategy comprises two main com-
ponents. Conducting research efficiently while minimizing false starts and
revisions necessitates performing formative evaluations on one or more de-
sign iterations. This process is crucial for establishing an effective research
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Figure 4.3: DSR evaluation strategies based on Venable et al. (2016) and the adapted Quick Hu-
man Risk & Effectiveness strategy that is employed here.

trajectory, particularly in addressing user-oriented uncertainty. Further-
more, to facilitate rapid progress and improve usability, an early artificial
evaluation is employed. These aspects are derived from the Quick & Sim-
ple strategy. However, given the extensive requirements of a more advanced
knowledge contribution, an additional phase of summative evaluation is
also considered essential. Additionally, the detailed nature of the research
methodology and the user-centric design underscore the importance of in-
tegrating a naturalistic evaluation as well. Nonetheless, the pure Human
Risk & Effectiveness strategy conflicts with EG4 Timeliness. Consequently,
the Quick Human Risk & Effectiveness strategy initiates an early sequence of
formative and artificial evaluations to mitigate the risk of failure. It then pro-
gresses swiftly towards a comprehensive summative and naturalistic evalu-
ation.
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4.2.3.3 Evaluation Properties

Given the formative nature of this research, a limited number of evaluands
is appropriate, as recommended by Venable et al. (2016). The selected eval-
uands must directly reflect the human-centered risks and effectiveness con-
cerns pertinent to the research objectives. To maintain alignment with these
goals and reduce complexity, one evaluand is defined for each evaluation
goal (EG).

An exception is EG4 (Timeliness), which pertains to the development pro-
cess rather than the artifact itself. Since adherence to timeliness is a strict
prerequisite—no artifact can be produced without it—it is excluded from
evaluation.

Accordingly, the following three evaluation properties are defined:

* Display of Active Entities (EG1 Relevance)
While the model-based nature of the artifacts ensures structural rel-
evance, their subject-oriented characteristics require evaluation to
confirm alignment with the second central aspect to this research.

* Effectiveness (EG2 Enrichment)
This criterion assesses whether the artifact effectively represents the
concerns of a Digital Ecosystem that are of primary interest.

e Interpretability (EG3 Usability)
Usability is operationalized as interpretability. If stakeholders cannot
easily understand the model, its practical value is diminished.

4.2.3.4 Evaluation Episodes
The design of evaluation episodes follows the structured approach proposed

by Venable et al. (2016). The first step involves identifying and analyzing en-
vironmental constraints that may impact the evaluation process. Although
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the research project IntWertL provides access to all relevant stakeholders,
a comprehensive, naturalistic evaluation of multiple alternatives is infea-
sible due to the limited availability of managing directors in SMEs. Atten-
tion spans are scarce, and the collective cannot be presented with numer-
ous or potentially conflicting representations of the Digital Ecosystem, as
this could undermine the formation of a shared frame of reference. More-
over, the project is time-constrained: an MVP is expected within one year,
necessitating an early version of the Synthesis Model.

The second step involves prioritizing contextual factors. At this stage, it is
critical to establish a common frame of reference among stakeholders. Con-
sequently, the Synthesis Model does not require fully specified data struc-
tures, API definitions, or detailed architectural blueprints. Instead, evalu-
ation efforts under EG1 (Relevance) focus on the model’s overarching con-
ceptual structure rather than its technical details.

The third step involves planning concrete evaluation episodes, i. e. "decide
a plan including determination of how many evaluation episodes there will
be as well as when particular evaluation episodes will be conducted and in
what way. Hence the outcome is: Who? Is doing what? When?" (Venable
et al. 2016, p. 8) As shown in Figure 4.3 and the iterative approach outlined
in Pries-Heje et al. (2014), each design iteration includes three evaluation
episodes, that are categorized according to Hevner et al. (2004):

1. ExAnte Evaluation (General)
Conducted prior to the creation of specific artifacts, this episode eval-
uates the general solution concept. It is a formative and artificial eval-
uation, carried out by researchers using the descriptive method of in-
formed argumentation. The goal is to ensure internal consistency and
conceptual soundness of the approach before engaging stakeholders.

2. Ex Ante Evaluation (Specific)
This episode involves the analysis of concrete design artifacts using
both static and dynamic analytical methods. It can include both for-
mative and summative components, depending on the maturity of the
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artifacts. Evaluation is typically artificial but may also involve expert
feedback.

3. ExPost Evaluation

Performed after artifact implementation, this episode assesses the ar-
tifact in its real-world context. In early iterations, this includes ob-
servations (field-studies) during stakeholder interaction. In the third
iteration, a more descriptive approach is taken, involving a structured
questionnaire. The rather naturalistic and summative Ex Post Evalua-
tion episodes provide valuable, formative results for the next iteration
and the nascent methodology.

4.2.4 Iterative Design of Synthesis Models — An SDSM
Approach

This section outlines the iterative process used in designing the Synthesis
Model of the IntWertL Digital Ecosystem. The approach is based on the
SDSM, enhanced with a Quick Human Risk & Effectiveness evaluation strat-
egy to ensure stakeholder alignment and facilitate early evaluability.

The Synthesis Model is centered around the CORE SERVICES of the Digital
Ecosystem. It does not propose concrete SOLUTIONS; rather, it defines the
conceptual structure, constraints, and rules within which SOLUTIONS can
emerge. This is particularly important in the context of Digital Ecosystems,
which involve federated services, diverse stakeholder groups, and continu-
ous evolution. The model must remain open enough to foster innovation
while maintaining sufficient structure to provide a shared reference point
across ORCHESTRATORS, CORE USERS and CONTRIBUTORS.
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The resulting nine-step design process is illustrated in Figure 4.4. 3 Each ac-
tivity supports iterative development across three distinct design cycles, as
presented in Chapter 5, emphasizing the importance of ensuring the model’s
relevance, effectiveness, and interpretability. Each of the nine steps is briefly
described in the following subsections.

’ 1. Analyze Specific [ 2. Define Specific I 3. General Problem
Problem Domain Requirements and Requirements

Done

Done Done

8. Implement 6. Design Specific :
Specific Solution 4. General Solution

Done

Iterate

Refine
Refine

Done

Refine

Done

P’ 9 ExPost 7. Ex Ante 5. Ex Ante

Evaluation Evaluation (Specific) Evaluation (General)

Legend: > Start State M End State

Real world Design Thinking il Evaluation

Figure 4.4: SBD of main activities for the researcher in the iterative SDSM approach to design
Synthesis Models (based on Baskerville et al. (2009), Pries-Heje et al. (2014)).

4.2.4.1 Analyze Specific Problem Domain

This step centers on establishing an initial understanding of the specific
problem domain in which the Digital Ecosystem will be designed. The
objective is to identify key stakeholder concerns, systemic challenges, and
socio-technical constraints that inform the context of the Synthesis Model.
Instead of pursuing technical completeness, the analysis emphasizes rele-
vance and stakeholder alignment—particularly in relation to perceived risks,
collaborative dynamics, and desired outcomes.

3 Figure 4.4 presents an SBD. The corresponding subject is the SDSM research practitioner,

i.e. I. The labeling of states occasionally omits the traditional verb + object format to en-
hance visual representation and improve alignment with Figure 4.1.
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This analysis utilizes problem-oriented knowledge and contextual under-
standing to inform subsequent steps. It establishes the foundation for defin-
ing specific requirements and ensures that the design process remains an-
chored in real-world conditions.

4.2.4.2 Define Specific Requirements

In this step, the problem analysis is translated into a structured set of spe-
cific requirements for the Synthesis Model. These requirements articulate
what the model must represent to be deemed relevant, effective, and inter-
pretable within the context of the targeted Digital Ecosystem. The emphasis
is placed on stakeholder-relevant content, including roles, interactions, and
ecosystem-level concerns, rather than on technical specifications.

The outcome of this step establishes a design boundary: it constrains the
aspects that the artifact must capture and informs evaluative judgments in
later stages. Requirements are expected to evolve over iterations; however,
they must be sufficiently concrete to guide the initial development of a Syn-
thesis Model.

4.2.4.3 General Problem and Requirements

This step abstracts specific requirements and challenges into a generalizable
format. The objective is to identify broader patterns or recurring issues that
transcend the immediate context of the current Digital Ecosystem. This ab-
straction facilitates the creation of solutions that are not only contextually
appropriate but also adaptable to other environments with similar charac-
teristics.

Outlining the general problem and requirements connects context-specific
insights with the conceptual framework necessary for generating design
knowledge. Furthermore, it aids in the development of evaluation criteria
that reflect both local and general significance.
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4.2.4.4 General Solution

Based on the generalized problem and requirements, this step defines a
conceptual solution that addresses the fundamental challenges of Digital
Ecosystem design. The general solution outlines the principles, structures,
and design heuristics that the Synthesis Model should adhere to, indepen-
dent of specific organizational constraints.

This abstraction allows for the identification of reusable and theoretically
grounded solution patterns, serving as a reference for the design of specific
artifacts. Additionally, it facilitates Ex Ante evaluation by allowing for in-
formed argumentation and comparison with existing knowledge or design
alternatives.

4.2.4.5 Ex Ante Evaluation (General)

This step evaluates the conceptual validity and relevance of the general so-
lution prior to the design of specific artifacts. It is conducted as a formative
artificial evaluation through informed argumentation by researchers. The
objective is to ensure internal coherence, theoretical plausibility, and align-
ment with the established general problem and requirements.

Given the limited evaluative capacity of stakeholders at this stage, this eval-
uation is not intended for stakeholder engagement. Rather, it acts as a qual-
ity assurance checkpoint within the design process to confirm that the pro-
posed solution is conceptually viable and offers a defensible basis for spe-
cific implementation.

4.2.4.6 Design Specific Solution
In this step, the general solution is instantiated into a specific artifact: the
Synthesis Model of the Digital Ecosystem. The model is tailored to the previ-

ouslyidentified requirements, incorporating structures, roles, and dynamics
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relevant to stakeholders. The focus is on conceptual clarity and communi-
cability, rather than on technical implementation.

This activity transforms abstract design principles into a tangible represen-
tation that can be assessed and iteratively refined. It serves as the central ar-
tifact around which subsequent evaluations and stakeholder engagements
are concentrated.

4.2.4.7 Ex Ante Evaluation (Specific)

This step involves an analytical evaluation of the designed Synthesis Model,
focusing on its ability to meet the specified requirements. The evaluation is
structured through a SWOT analysis to systematically assess both static and
dynamic aspects of the artifact. Static qualities—such as conceptual clar-
ity, completeness, and internal consistency—are categorized as strengths
(S) and weaknesses (W). Conversely, opportunities (O) and threats (T) rep-
resent dynamic qualities that emerge from the expected application of the
model within its context. The results are summarized with the template in
Figure 4.5.

The evaluation is primarily formative and artificial, conducted by researchers
through a detailed inspection of the model’s structure and intended use.
Where appropriate, it may also incorporate summative elements to inform
design decisions and guide further refinements prior to deployment for
stakeholders.

prm— Weakness | e |

+ SO-Strategy

* WO-Strategy

Ex Ante
P Implement

e Specific
(specific) q Solution
Opportunity = Threat i - ST-Strategy = WT-Strategy
(a) Evaluation Template (b) Implementation Strategy Template

Figure 4.5: Templates for SWOT Analysis.
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4.2.4.8 Implement Specific Solution

The implementation of the Synthesis Model is directly informed by the find-
ings from the preceding SWOT evaluation. Since the most significant de-
sign risks are user-centered, the implementation strategy must effectively
present the artifact while ensuring that it fosters stakeholder understanding
and engagement.

To address these challenges, tailored implementation strategies are devel-
oped using established SWOT logic, as presented with the template in Fig-
ure 4.5: leveraging strengths to exploit opportunities (SO), utilizing oppor-
tunities to mitigate weaknesses (WO), applying strengths to counter threats
(ST), and minimizing weaknesses to avoid threats (WT). These strategies in-
form the presentation, communication, and integration of the model within
its context of use. The result is a context-sensitive, strategically positioned
artifact, prepared for evaluation under real-world conditions.

4.2.4.9 Ex Post Evaluation

This step evaluates the implementation of the synthesis model within its
real-world context. The evaluation is naturalistic and summative, concen-
trating on both overall relevance and application-specific insights. Observa-
tions are conducted across the broader project landscape to assess how the
model facilitates activities throughout IntWertL and engages various stake-
holder groups.

To complement this general observation, selected applications are exam-
ined in greater depth. This layered evaluation approach—combining broad
usage monitoring with targeted analysis—enables a nuanced understanding
of the model’s effectiveness in practice. Furthermore, it provides valuable
insights across all three main evaluands: its relevance to stakeholder needs
and contexts, its effectiveness in addressing ecosystem-level concerns, and
its interpretability as a shared frame of reference.

86



4.2 Research Method

4.2.5 Approach to Consolidating the Engineering
Digital Ecosystems Methodology

This section outlines the process through which the EDE methodology is es-
tablished as a Level 2 artifact. The methodology is based on the iterative
design, implementation, and evaluation of preliminary versions of the Syn-
thesis Model (Level 1 artifacts), which are developed across three iterations
of the previously described design cycle. The methodological consolidation
is grounded in both the empirical insights generated through this process
and a reflective abstraction of key design activities.

The EDE methodology integrates specific elements of the SDSM, focusing
on process steps relevant to practitioners. Steps associated with forma-
tive evaluation or the general solution space are excluded, as the Synthesis
Model inherently encapsulates the general solution within the EDE con-
text. Consequently, the methodology is presented as a ready-to-use guide
for practitioners, with the potential for further refinement in future DSR ef-
forts.

The consolidation approach, illustrated in Figure 4.6, is primarily induc-
tive, leveraging insights from nine structured evaluation episodes alongside
the iterative implementation of the complete design cycle. Recurring de-
sign decisions, representational challenges, and stakeholder interactions are
synthesized into the core components of the EDE methodology: a system-
atic approach (EDE approach) and the Synthesis Model itself, which en-
compasses both a formal model representation and a practitioner-friendly
model presentation.

The EDE methodology is designed for all stakeholders within Digital Ecosys-
tems, including ORCHESTRATORS, CORE USERS (adopters), and CONTRIBU-
TORS (e.g., developers or service providers). Its consolidation is primarily
justified by the performance and evaluative feedback from the Level 1 arti-
facts, as well as adherence to the design science principles of Hevner et al.
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Figure 4.6: Approach to consolidate the EDE methodology.

(2004). A descriptive validation of the methodology—particularly concern-
ing Hevner’s guidelines—and its applicability is presented in Chapter 7.

4.3 Summary

Metaphorically, the research design can be viewed as a building: theory
serves as the foundation; the three iterations of the Synthesis Model function
as pillars; the EDE methodology spans these pillars, acting as a conceptual
bridge that supports the forthcoming discussion chapter, which constitutes
the roof, situating the entire structure within its broader scientific context,
as illustrated in Figure 4.7.

This chapter outlines the research approach employed in this thesis, focus-
ing on the iterative development and evaluation of Level 1 artifacts—namely,
the Synthesis Models. These artifacts serve as the foundation for a broader
methodological contribution: the EDE methodology.

The methodological foundation is grounded in the principles of Design Sci-
ence Research (DSR) and is implemented through a practitioner-oriented
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Validation & Critical Reflection

State of the Art
Theoretical Foundations

Figure 4.7: Metaphorical structure of the research approach: theory as foundation, Synthesis
Model iterations as pillars, EDE methodology as bridging contribution, and the dis-
cussion chapter as conceptual roof.

adaptation of the Soft Design Science Methodology (SDSM). The selected
process structure emphasizes conceptual clarity, iterative evaluation, and
stakeholder integration. During three design iterations, nine structured
evaluation episodes are conducted, guided by the Framework for Evalua-
tion in Design Science (FEDS). These evaluations ensure that each version
of the artifact contributes not only to addressing the design problem but
also to generating transferable design knowledge.

The chapter elucidates how insights from Level 1 artifact design are inte-
grated into the Level 2 artifact—the EDE methodology. This integration se-
lectively incorporates relevant steps from the SDSM process for practition-
ers, while also integrating inductive insights derived from iterative cycles
and evaluation data. The resulting methodology consists of both a gener-
alized EDE approach and a structured representation and presentation of
the generalized Synthesis Model itself.

Positioned within the framework of Gregor and Hevner (2013), the Level 1
artifact design is categorized as invention—characterized by low solution
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and application maturity—while the EDE methodology represents an exap-
tation, applying a well-refined solution to an emerging application domain.
Consequently, this research contributes a Level 2 artifact validated through
iterative Level 1 design work.

The following chapter presents the detailed results of the three design itera-
tions, illustrating how each version of the Synthesis Model refines the prob-
lem space and informs the EDE methodology.
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5 [lterative Digital Ecosystem
Design

At the outset of the research project IntWertL, we aimed to rapidly estab-
lish a common frame of reference for the diverse stakeholders. Beginning
with a process and requirements analysis, we planned to develop a Synthesis
Process Model as the foundation for all subsequent tasks, including platform
design and implementation, business model development, validation, and
preparation for commercialization through network expansion. However,
as demonstrated in this chapter, the initial draft did not adequately address
all challenges. Consequently, we quickly recognized the necessity for con-
tinuous effort and an iterative approach to develop this common frame of
reference.

This chapter discusses the three main iteration cycles of the Synthesis Model.
First is the process-centric approach (5.1) which was initially deemed suf-
ficient but did not adequately consider or depict certain aspects of the sys-
tem architecture. These aspects were addressed in the second iteration, the
structure-centric approach (5.2). Finally, we designed a synthesized solu-
tion (see section 5.3), as neither approach provided sufficient information.
The existence of two models side by side resulted in a lack of a single source
of truth and, consequently, the absence of a common frame of reference.
The presentation of these three iterations aims to yield Level 1 validation of
the Level 2 results presented in the following chapter 6. Therefore, the fo-
cus is not on in-depth descriptions of the specific solutions of the Synthesis
Models, but rather on the formative and summative evaluation results that
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informed the EDE methodology. This chapter concludes in a brief summary
(5.4).

5.1 Iteration 1: Process-Centric Approach

The results of the first iteration of the Synthesis Model have been published
in Bonsch et al. (2023). This section integrates our findings into the broader
context of this DSR study and demonstrates the alignment within the uti-
lized SDSM.

At the outset of the IntWertL research project, our goal was to capture and
model the fundamentals of the IntWertL Ecosystem. Given that research on
the application domain of cooperative small-scale vehicle production and
the design of a Digital Ecosystem are both in their early stages, this endeavor
represents a true innovation challenge. Therefore, it is essential to identify
the primary stakeholders and define the use cases of the ecosystem prior to
considering an operational model, a technical architecture, or a governance
structure.

Consequently, we initially concentrated on defining a common vision state-
ment and a definition of CORE VALUES. This was subsequently employed
for the identification of CORE PARTICIPANTS and the synthesis of CORE SER-
VICES. These elements are essential for establishing the strategic founda-
tions of the ecosystem and creating a common frame of reference.

However, the Synthesis (Process) Model V1 presented here (as a result of the
first iteration) was developed within the IntWertL work package 1100 - Pro-
cess & requirements analysis in platform development. This work package
has a distinct focus on the process view, which is clearly demonstrated by
the main tasks and expected results detailed in the grant agreement (see ta-
ble 5.1). Additionally, the Synthesis Model was directly integrated into the
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work package 4100 - Process modeling, management, & automation (docu-
mentation, validation, homologation & release). All of this placed the pro-
cesses at the center of consideration in this first iteration.

Table 5.1: Tasks and Results from IntWertL work package 1100

Tasks Results

The results of the analysis include:

¢ Identification of key
stakeholders.

¢ Documentation of processes and
workflows.

¢ Definition of the user
environment and their
interactions with the platform.

* Specification of engineering and
production services.

¢ Establishment of functional
requirements for the engineering
and production platform.

The following subsections will systematically discuss each of the nine steps
of the SDSM. To establish a common frame of reference for development
tasks, the time allocated for designing the Synthesis Model was limited: work
commenced in November 2022, and the finalized model was presented at
the end of January 2023. This constraint necessitated a focus on efficiency,
as detailed in chapter 4. However, the summative evaluation (Ex Post Eval-
uation) did not need to be completed by January and was conducted subse-
quently.
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5.1.1 Analyze Specific Problem Domain

A more general introduction to the problem domain, IntWertL, is provided
in section 4.2.2. This section focuses on describing the actions taken to an-
alyze this domain. The core of the problem domain arises from the com-
bination of limited resources, diverse stakeholder perspectives, and an un-
clear understanding of the requirements for the IntWertL platform. Address-
ing these challenges necessitates a comprehensive approach to gathering
and synthesizing stakeholder input, aligning expectations, and developing
a unified vision for the platform. Moreover, the lack of a clear and stan-
dardized framework for platform development—particularly in ecosystem
design—exacerbates the situation.

To address these challenges, a combination of complementary methods was
employed, which are discussed in more detail in Bénsch et al. (2023):

* Process Exploration: Interviews were conducted with representatives
from SMEs in the automotive sector. Information was gathered us-
ing text-based documentation and process modeling with PASS. In the
second step, the individual results were analyzed and contrasted.

¢ Exploratory User Stories: Over 200 user stories were submitted by
stakeholders, capturing their individual needs and expectations in a
structured template. The elicited user stories were subsequently com-
pleted, refined, unified, and prioritized.

¢ Vision Workshops: Collaborative sessions were organized to establish
a knowledge base for a unified vision of the platform’s functionality
and long-term objectives.

— Customer Journey: A workshop format designed to map the
end-to-end experience of stakeholders interacting with the plat-
form. This helps identify pain points, opportunities for improve-
ment, and critical touchpoints where the platform can deliver
maximum value.
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- Walt Disney Method: A creative problem-solving workshop that
adopts three distinct perspectives: Dreamer, Realist, and Critic.
All IntWertL partners assumed the Dreamer role for their com-
pany to explore innovative ideas, evaluate their feasibility, and
address potential challenges systematically.

The collected information was subsequently organized into a mind map (see
Figure 5.1), where statements from the workshops were matched to the User
Stories and clustered. Particular emphasis was placed on ensuring traceabil-
ity back to the origin of the statements. The outcome of the analysis consists
of several PASS process model fragments!, a spreadsheet containing over
200 User Stories, and a visual representation of approximately 1000 objects
that represent the specific problem domain. All of this is then utilized for the
definition of specific requirements.

5.1.2 Define Specific Requirements

First, the information from the analysis was utilized to identify and define
the most important roles and processes for IntWertL. The definitions are
presented in Table 5.2 and Table 5.3. The roles can be divided into two
groups. The first group consists of roles that are independent of the ecosys-
tem and its operations, namely Customers and OEMs. The second group
includes the up to this point already identified set of CORE PARTICIPANTS.

The processes can be categorized into three groups based on the role orga-
nizations play in the ecosystem. First, if an organization is not yet a partici-
pant, it can engage in the Registration Process. Second, Platform Participants
are involved in the Request/Order Process, including the Requirements Man-
agement Process, and the Network Configuration Process to become Contract

1 As Process Exploration was only used to analyze the specific problem domain, most models

are incomplete, lack semantical and/or syntactical correctness. However, they still can be
useful for improved understanding of the problem domain.
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il
il

Figure 5.1: Visual representation of the collected information on the problem domain. Clus-
tering of statements from the Walt Disney Method vision workshop to overarching
topics and elicited User Stories in a mind map.

Participants. These Contract Participants can subsequently participate in
the Order Management Processes, namely Controlling/Monitoring Processes,
Engineering Processes, Production Processes, and Support Processes. The Syn-
thesis Model aims to illustrate the interconnections between these processes
and the interactions among the various roles within the ecosystem.

Additionally, the information obtained from the analysis step is used to for-
mulate the initial iteration of a vision statement. The vision represents the
long-term objective of IntWertL. It does not address technical or operational
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Table 5.2: I1: Initial set of roles and their definitions in context of IntWertL

Role Definition

Customer End User of the vehicle. Not necessarily a platform
participant (e. g., municipalities, SMEs, etc.).

OEM Original Equipment Manufacturer. Brand respon-
sibility. A legal entity, potentially a consortium of
multiple organizations (e. g., partnerships).

CORE PARTICIPANTS

Platform Participant Legal entity registered on the platform (e.g., sole
proprietorships, partnerships, etc.).

Service Provider Platform participant that offers solutions on the
platform.

Integrator Contract participant. Information process and or-

ganization of contract participants. Communica-
tion with the customer side.

Contract Participant Platform participants selected in the network con-
figuration.

implementations. The vision serves as a guiding orientation and a motivat-
ing force that informs actions and decisions. Visions are often inspiring and
ambitious, conveying a clear meaning and purpose. It differs from specific
goals in its general and far-reaching nature.

This first iteration of the vision is generated in various representations for
distinct purposes, as depicted in Figure 5.2. The first is a textual description
of the vision for IntWertL. Therefore, the mind mabp is refined, leading to the
identification of three main topics. These concepts are then articulated in
writing, resulting in a brief text? created with input from experts on the iden-
tified topics. From this, an even more concise representation is developed in
the form of a One Pager. Another key representation combines visualization
and storytelling to enhance engagement. Initially, a storyboard is produced.

2 Word Count: 1171 (less than four DIN-A4 pages).
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Table 5.3: I1: Processes and their definitions on the platform

Process

Definition

Registration Process

Acceptance of the modal framework. Fulfillment
of standards to become a platform participant.

Request/Order Process

¢ Requirements Management
Process

Network Configuration
Process

Creation of requests or orders on the platform.
Sub-process of the order process. Coordination of
customer requirements with the available services.
Selection of contract participants, considering the
coordinated requirements from platform partici-
pants.

Order Management
Processes

* Controlling Processes/
Monitoring Processes
* Engineering Processes

¢ Production Processes

¢ Support Processes

Initiating and orchestrating the subsequent pro-
cesses of an order.

Tracking order execution (status, visualization,
costs, time, etc.).

Providing engineering services (development, de-
sign, simulation, etc.).

Providing production services (manufacturing, as-
sembly, etc.).

Non-value-adding services that provide added
value only in conjunction with engineering or pro-
duction processes (e. g., sales, after-sales, certifica-
tion, quality management, etc.).

This narrative outlines the journey from concept to solution, illustrating how

IntWertL facilitates this process, with a particular focus on the benefits ex-

perienced by personified stakeholders and their emotions at each stage. To

enhance presentation, this Vision Story is formatted as a slideshow.

The specific requirement is to integrate the roles and processes, illustrat-

ing their interactions and how they contribute to the vision of IntWertL. The

emphasis is on the processes executed on the IntWertL platform. Given the

number and diversity of participants in IntWertL, the outcome must be eas-

ily understandable and self-explanatory.
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Figure 5.2: 11: Illustration of the vision of IntWertL.

5.1.3 General Problem and Requirements

The general problem is to establish a unified frame of reference for all stake-
holders within a Digital Ecosystem. Crucially, clarity is required regarding
CORE USERS and CORE SERVICES as well as their interactions. The Synthe-
sis Model is not designed to directly represent system architecture, business
models, or workflows. It is not required to be machine-interpretable and is
intended solely to facilitate discussions among human participants.

99



Iterative Digital Ecosystem Design

The general requirements for the Synthesis Model (Iteration 1) are defined
as follows:

I1.1 Display Active Entities: Identify and represent active entities involved
in the Digital Ecosystem, especially CORE USERS.

I1.2 Support Complex Process Systems: Precisely describe interaction
patterns and processes within the complex environment that is a Dig-
ital Ecosystem.

I1.3 Ensure Interpretability: Make the model self-explanatory, ensuring
stakeholders can easily comprehend the roles, processes, and inter-
actions. The model must be clear and interpretable without requir-
ing technical expertise, enabling its use in discussions among diverse
stakeholders.

5.1.4 General Solution

Subject orientation has been demonstrated to be an effective strategy for
modeling complex process systems, particularly from a people-centric per-
spective. Consequently, the initial version of the Synthesis Model is also de-
veloped using PASS. An introduction to subject-orientation and PASS is pro-
vided in section 2.3. This model employs subject-oriented principles, em-
phasizing active entities, or subjects, to highlight interactions in processes.
It yields a process model that focuses on engagement opportunities within
the Digital Ecosystem, rather than on system architecture or behavior. As a
result, only SIDs are created, while SBDs are omitted.

This general solution method resembles conventional approaches to subject-
oriented modeling and involves three main tasks:

¢ Subject Delineation: Clear delineation between active subjects and
passive objects ensures role clarity. First, the CORE USERS are mod-
eled, then any other (external) subjects that are needed. To be able
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to describe multilateral communication in a simpler way, the concept
of subject groups is introduced. Most introduced subjects in the Syn-
thesis Model should represent organizations. However, PASS allows
subjects to represent people or technology (IT-systems) as well.

Explicate Communication: Define the interaction that is associated
with the main processes. Structure communication flows to improve
process transparency. Keep in mind any restrictions that might apply
to the communication as to the means of message transmission in the
Digital Ecosystem. Especially data sovereignty concerns might lead to
initially not intuitive communication patterns.

Conceptualize Abstraction: PASS yields flexible and powerful expres-
sion capabilities to meet the dynamic requirements of complex socio-
technical systems. It provides the possibility of combining different
logical layers into one model. This task includes deciding what level of
detail can still be put into one representation and when to use a sub-
ject group or system interface to separate concerns (creating a con-
nected SID). Another concern is to identify the linear or cyclical be-
havior of subjects to properly combine them into one coherent model.
Additionally, this task is integral for introducing any (multi-layered)
concepts from ALPS.

As is customary in process modeling, these tasks are not executed sequen-

tially, but rather iteratively. Any modeling decision made in one task can and

will impact the other tasks. The outcome is a singular PASS model that de-

scribes the interactions of CORE USERS within one SID (or across multiple

interconnected SIDs).

5.1.5 Ex Ante Evaluation (General)

The Ex Ante Evaluation of the general solution is conducted as an informed

argument by modeling experts. The results are presented in Table 5.4.
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Table 5.4: I1: Matching of requirements to general solution

Requirement Solution

Subject-orientation necessitates placing active
entities (subjects) at the forefront of
consideration.

Using SIDs only always displays active entities
and never just workflows.

Subject groups allow to model multilateral
communication and collaboration as an active
entity.

PASS is a complete and formal process modeling
language that allows the modeling of any
process, no matter how complex.

PASS allows for linear and cyclical behavior in
one model.

Possibility to describe interaction within the
Digital Ecosystem, as well as with external
subjects within one model.

Multiple abstraction mechanisms, including
ALPS, if needed.

Easy to understand through alignment with
widespread thinking structures and the use of
only five basic elements (even less with only
SIDs).

Explicit modeling of communication improves
comprehensibility.

Natural context separation and separation of
concerns, through abstraction mechanisms,
allows to focus on the relevant sections for each
stakeholder.

Note: The advantages of PASS are based on Elstermann (2020, p. 138f)
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In addition to this descriptive evaluation method, various partners in the
research project were introduced to the concepts of subject-orientation and
the PASS modeling language to identify any reservations. However, no ob-
jections to this approach were noted. Furthermore, this preliminary eval-
uation resulted in workshops with consortium members, who found the
subject-orientation paradigm and/or the PASS modeling language relevant
to their own research interests. These workshops focused on the feasibility
and usability of the subject-oriented approach. At the end of the workshops,
participants were asked to identify the benefits they perceived in PASS and
the application of subject-orientation in the context of IntWertL. Although
some participants did not see any direct applications for this paradigm, the
feedback provided was valuable in facilitating acceptance of the overall so-
lution approach. Subsequently, PASS was defined as the go-to process mod-
eling language for the entire research project.

5.1.6 Design Specific Solution

This section outlines the design of the specific PASS Synthesis Model V1
for IntWertL. Initially, an overview of the design process and the tools em-
ployed is presented. Subsequently, the artifact itself is described. To ensure
alignment with the general solution and to separate concerns, the Synthesis
Model consists of two SIDs: the Platform SID and the Project Instance SID.

5.1.6.1 Design Process

In the design of the Synthesis Model, we employed a pair modeling ap-
proach, leveraging the collaborative efforts of domain experts and model-
ing experts. Using Microsoft Visio with a custom set of stencils for the PASS
modeling language, we iteratively developed and refined the model in real
time. This method ensured high accuracy, immediate validation, and seam-
less integration of domain knowledge into the model. The collaborative
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nature of pair modeling improved efficiency by minimizing misunderstand-
ings and fostering knowledge exchange. To further enhance intuitive inter-
pretability, we consistently varied the modeling pairs between sessions. This
approach ensured that the language used was intuitively understandable to
all participants. As an in-depth analysis of the problem domain was con-
ducted beforehand, most modeling pairs consisted of two modeling experts
with a deep understanding of the collected information.

Especially since this is the first iteration of the Synthesis Model, the main ob-
jective was to unify the various perspectives on the Digital Ecosystem while
still maintaining a significant solution space for further detailing CORE SER-
VICES and developing appropriate SOLUTIONS.

5.1.6.2 Platform SID

Figure 5.3 presents the first SID of the Synthesis Model V1. This diagram
provides an overview of the Digital Ecosystem and the communication facil-
itated by the IntWertL platform. Since the general solution does not intend
to use SBDs, most entities are modeled as Interface Subjects. However, the
base platform and the Project Instance are represented as subject groups to
highlight multilateral communication and collaboration.

The Platform subject group includes the following subjects: Platform Par-
ticipant, Integrator, the IT systems Marketplace Portal, Onboarding System,
and additional Services, as well as the Project Instance subject group. The
Platform SID of the Synthesis Model illustrates how each project is processed
on the IntWertL platform. As the platform is designed to manage multiple
projects simultaneously, individual Project Instances are created for each
project. One Project Instance includes the subjects Project Instance Manage-
ment and Project Participants -Engineering, -Production, and -Others. No
messages are depicted within the Project Instance, as that communication
is handled in a separate SID. The Customer and (Platform) External Partici-
pant participate in the overall process but have not completed onboarding
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Figure 5.3: Synthesis Model V1 - Platform SID

to the platform. Therefore, communication with these subjects is not di-
rectly supported by the IntWertL platform.

All participants on the platform engage in an onboarding process facilitated
by the onboarding system. This process encompasses technological, legal,
and procedural aspects. At the core of the entire project process is the In-
tegrator. The Integrator is a registered platform participant who acts as a
mediator, representing the entire platform’s value network to the customer.

The marketplace portal is utilized for the network configuration process.
Platform participants can list their products and services within this portal.
The integrator can subsequently search for appropriate project participants
and initiate the request/order and requirement management processes. The
marketplace portal sends participation requests to potential project partic-
ipants, who respond with their expressions of interest. The integrator then
finalizes the participation details and confirms either acceptance or rejec-
tion. This interaction is modeled in principle rather than in detail to main-
tain flexibility in the solution space. For example, subsequent integration of
artificial intelligence into these processes is feasible at this level of abstrac-
tion but could conflict with the model if it were more detailed.
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The integrator establishes a project instance on the platform. Within the
project instance, participants are organized into groups according to their
roles (e.g., engineering, production). The integrator communicates cus-
tomer requirements and updates, while participants provide design sugges-
tions, progress reports, and proposed modifications. The platform supports
managing inquiries, project extensions, and participant departures. In the
future, the integration of Al and automation will streamline these processes.

The platform enables contributors to offer additional services, including in-
stant quoting, 3D viewers, lifecycle assessment tools, and others. External
participants can also be incorporated into a project. For instance, an inte-
grator may include a tenured business partner in a project, even if they are
not a participant on the platform. However, the platform services are not
accessible to that external participant, and another project participant must
assume the responsibility of updating the project status for the external par-
ticipant.

5.1.6.3 Project Instance SID

Figure 5.4 illustrates the interactions within a project instance, showcasing
communication between order management and participants from engi-
neering, production, and other domains. Order management conveys con-
ditions such as budget and deadlines, while participants respond with re-
ports, design proposals, and issue alerts. Engineering and production par-
ticipants exchange design and configuration requests to facilitate seamless
collaboration. Production participants coordinate timelines, share produc-
tion capabilities, and provide quality feedback, thereby creating an essential
feedback loop for product refinement. These messages represent a more de-
tailed breakdown of the order management processes.

The interorganizational design of vehicles necessitates close coordination
between engineering and production. Engineering submits procurement
and production requests while considering manufacturability. Production
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Figure 5.4: Synthesis Model V1 - Project Instance SID

offers feasibility feedback and refines the development process. Produc-
tion participants also exchange information regarding production capabili-
ties, coordinate manufacturing timelines, and communicate quality assess-
ments.

This synthesis model serves as the foundation for designing IntWertL SOLU-
TIONS. It illustrates the efficient integration of multiple stakeholders within
the Digital Ecosystem, while preserving flexibility for future automation and
Al-driven optimizations.

5.1.7 Ex Ante Evaluation (Specific)

The specific Ex Ante Evaluation is analytical in nature. First, Table 5.5 and
Table 5.6 illustrate how identified roles and processes are represented in
the Synthesis Model V1. Subsequently, further results are categorized as
strengths (S), weaknesses (W), opportunities (O), and threats (T). In this
context, strengths and weaknesses reflect static qualities, representing in-
herent outcomes of the model’s structure. Conversely, opportunities and
threats capture dynamic qualities, representing outcomes derived from the
application of the artifact within the relevant domain.
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Table 5.5: I1: Alignment of initial roles with representations in Synthesis Model V1

Role Representation

Subject: Customer

Not directly shown in the model. However, most
Integrators will take on the role of OEM for the
outcomes of their projects.

Multi-Subject: Platform Participant

Multi-Subject: Platform Participant and its
Message: General description of offered services.

Subject: Integrator

Subjects: Project Participant -Engineering, -Production,
and -Others.

5.1.7.1 Strengths

e Simplicity: The model consists of only two elements. Boxes represent
active entities (subjects), and connectors with labels are messages or
data objects. Splitting into two SIDs makes each of them comprehen-
sible. Only having two diagrams, which are clearly coupled and visu-
ally color-coded, makes keeping the overview easy.

e Completeness: All of the identified CORE PARTICIPANTS are clearly
represented in the model. Additionally, platform external roles are
modeled as well. The main components of interaction for each of the
identified platform processes are included, even though they are not
directly interconnected and have different levels of abstraction.

¢ Open Solution Space: The model creates room for innovation and
original thought, yet remains detailed enough to maintain a shared
framework. By avoiding the prescription of exact SOLUTIONS, it al-
lows for adaptability and encourages the integration of distinct bene-
fits and novel ideas.
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Table 5.6: I1: Alignment of initial processes with representations in Synthesis Model V1

Process ‘ Representation ‘

Subject: Onboarding System ‘

‘ Messages between Integrator and Platform Participant

Messages: Project outline/requirements (initial), and
Project outline/requirements (update)

Subject: Marketplace Portal, Messages: Assignment of
project participants, Proposal for project extension
(Product/Production, and Exit project.

Subject group: Project Instance

Subject: Project Instance Management

Subject: Project Participant - Engineering

Subject: Project Participant - Production

Subject: Project Participant - Others

5.1.7.2 Weaknesses

* Lack of detail: Without SBDs a definitive sequence of message ex-
changes is not illustrated. Additionally, significant subject-specific in-
formation could be integrated through SBDs. Some supplementary
details are provided via comments linked to shapes. However, these
are not readily accessible to all users. Moreover, additional informal
descriptions are not included in the Synthesis Model V1; these could
encompass examples or images. This results in an abstract process
model description that on its own does not tell a story (such as a cus-
tomer journey).

* No structural information: The model outlines an overarching pro-
cess. It is challenging to delineate distinct functional blocks or use
cases. Enabling services are represented only by the platform subject
group and are not explicitly articulated. At best, roles and functions
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are conflated; for instance, the marketplace portal and the provider of
the marketplace portal are depicted as a single entity.

5.1.7.3 Opportunities

¢ Common frame of reference wanted: From the outset of the research
project it became clear to all stakeholders that a common frame of ref-
erence is needed for effective collaboration. As stakeholders from all
domains are already waiting for this, an initial acceptance is expected.

* No prevalent modeling language among stakeholders: Subject-oriented
approaches are not widespread and therefore often considered a threat.
However, here no (semi) formal modeling language is common among
the stakeholders (mostly SMEs). As PASS is also used in other work
packages and no alternatives are proposed, no closed mindset in re-
gards to the modeling technique is expected.

5.1.7.4 Threats

¢ Innovation: Design of a Digital Ecosystem is a real innovation. There-
fore, a general understanding of the fundamentals of EDE can not be
anticipated among stakeholders. Neither a common vision for the
ecosystem nor its solutions are well established. Nevertheless, the
aim is to disruptively change small-scale vehicle production. This
change, as with every major disruption, will produce reservations of
some kind.

e Paywall: The Synthesis Model V1 is created in Microsoft Visio as a
.vsdx-file. This is proprietary and cannot be viewed or changed prop-
erly without the appropriate software. By exporting to images, some
additional information (such as the comments mentioned above) can
be lost.
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5.1.7.5 Summary Ex Ante Evaluation (Specific)

These SWOT are summarized in Figure 5.5. The specific solution is true
to the general solution. All elements defined as specific requirements have
been integrated into a single model. The main weaknesses identified stem
from design decisions, including a process-centric approach and the ex-
clusion of SBDs. These same decisions have resulted in strengths for the
specific solution, such as simplicity and an open solution space, as well as
strengths for the general solution, such as interpretability. Analyzing both
static and dynamic qualities facilitated the search process for the specific
solution. Furthermore, the SWOT analysis is employed to define the imple-
mentation strategy for the artifact.

= Simplicity Lack of detail
= Completeness No structural information
= Open Solution Space

Common frame of reference = Innovation

wanted = Paywall (MS Visio)
No prevalent modeling language
among stakeholders

Figure 5.5: Synthesis Model V1 - SWOT
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5.1.8 Implement Specific Solution

The primary design risk for the Synthesis Model is user-oriented. Conse-
quently, both the artifact and its implementation strategy must be metic-
ulously designed. Based on the SWOT analysis, various implementation
strategies 3 for the Synthesis Model are outlined in Figure 5.6.

Strengths

= Focus on the model and not the = Common frame is needed first. Details
modeling language. will follow along later.

= Use completeness to take into account = Focus on strenths of PASS as no
concerns of stakeholders. prevalent modeling language dictates the

necessity of structural information.

= Show the room for innovation that is = Combine with storytelling to add detail
yielded by the open solution space. The and promote willingness for innovation.
model does not restrict decisions.

Threats

= Simplicity allows to export the model to
only two images.

Figure 5.6: Synthesis Model V1 - Implementation strategies

The model is introduced to the stakeholders, specifically the partners from
IntWertL, in three representations:

First, the digital Visio model and its exports to PNG and PDF formats. Sec-
ond, it was printed as a DIN A0 poster. Third, as a PowerPoint presenta-
tion. This presentation is part of the general assembly in January 2023 and
serves as the inaugural introduction of the Synthesis Model to all stakehold-
ers. The presentation directly follows an enactment of the vision story. No
additional introduction to PASS or subject-orientation is provided to focus
solely on the Synthesis Model and its content. As the vision story is person-
alized for the stakeholders, their buy-in regarding the "how to achieve this

3 S0 strategies use strengths to take advantage of opportunities. WO strategies overcome

weaknesses by using opportunities. ST strategies use strengths to mitigate threat. WT
strategies minimize weaknesses to avoid threats.
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vision," as depicted in the model, is facilitated. Constant cross-referencing
to the vision and other stakeholders is aimed at further enhancing this buy-
in. After establishing this common framework, a lunch break is scheduled.
This allows stakeholders to discuss opportunities for innovation within the
solution space and further details of the processes presented.

After this introduction, the Synthesis Model should facilitate communica-
tion among stakeholders from various domains. It serves as the foundation
for discussing the requirements of the first MVP which is scheduled for pre-
sentation in September 2023.

5.1.9 Ex Post Evaluation

As part of the first iteration, an observational field study was conducted to
examine the practical application of the Synthesis Model V1. Its general rele-
vance was evident as it was utilized across all active IntWertL work packages.
This included various aspects such as engagement with ecosystem require-
ments, implementation of a software MVP, shaping a business model, and
onboarding new participants. This breadth of applications underscores the
versatility of Synthesis Model V1. However, particularly because the MVP
represented the first significant milestone of the project, its main area of ap-
plication was the development of SOLUTIONS. Consequently, the primary
focus of this Ex Post Evaluation rested on two development-related aspects:

1. User Story Elaboration: systematic grouping and generation of user
stories to guide SOLUTION development

2. Scenario Process Model: creation and refinement of a scenario pro-
cess model to define MVP functionalities
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5.1.9.1 User Story Elaboration

The analysis of the problem domain for this first iteration, in Section 5.1.1,
involves the elicitation and prioritization of over 200 user stories. Bénsch
et al. (2023) describe in detail how the Synthesis Model V1 is used for the
further elaboration of these user stories. This approach facilitated a clearer
understanding of how each proposed feature fits into the overall process
framework provided by the Synthesis Model, thereby streamlining strategic
decision-making and guiding subsequent implementation steps. The ap-
proach by Bonsch et al. (2023) yields graphical elaborations of the user sto-
ries, clustered by the reference frame introduced by the Synthesis Model.
These mappings are illustrated in Figure 5.7. The two clusters, Project Ini-
tiation and Project Instance, were chosen for detailed visualization as they
encompass the majority of the highly prioritized user stories.

(a) Project Initiation (b) Project Instance

Figure 5.7: Graphical Elaboration of User Stories based on Bonsch et al. (2023)

¢ Project Initiation involves presenting the Marketplace user stories
highlighted in pale blue. This includes topics like platform offerings,
customer request entries, a product configurator, and offer decision
guidance. Arrows show the possible action sequence, while dark blue
boxes summarize technical details. Outside the pale blue section,
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three gray boxes represent user stories on collaboration steps, infor-
mal communication between integrators and platform participants,
and order placement and payment features.

* Project Instance builds upon original subjects from the Synthesis
Model. Each subject is displayed as a colored box, with additional
boxes representing topics from user story elicitation. Smaller boxes
show individual user stories. Headed frames group user stories by
main themes (e.g., communication), with arrows indicating feature
dependencies. The functionalities within the project instance can oc-
cur concurrently and are not in a fixed sequence.

These elaborations guided the implementation activities during the initial
phases of the IntWertL project. It is evident that this type of graphical repre-
sentation lacks standardization. The use of these graphical representations
suggests a need for structural information.

5.1.9.2 Scenario Process Model

Building on the Synthesis Model V1, a dedicated scenario process model was
developed to facilitate the implementation of the MVP. The resulting PASS
model is illustrated in Figure 5.8.

The aim of this model is to provide a comprehensive walkthrough of all inter-
actions necessary to fulfill an order, from project initiation on the platform
to the shipping of the finished part. This includes both engineering and pro-
duction tasks, encompassing iterations of the development object as it is op-
timized through Finite Element Analysis. However, it follows a strictly linear
"happy path" and does not account for the possibility of project abandon-
ment or similar deviations. All six subjects participating in the process are
fully specified with complete SBDs. The primary focus is on the platform’s
MVP, which assists in aligning functionality with stakeholder requirements.
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Figure 5.8: Illustration of PASS scenario process model, derived directly from Synthesis Model
Vi

The Scenario Process Model serves as a concrete reference for structuring
the MVP roadmap and prioritizing functionalities.

Alongside the execution of the MVP, the Scenario Process Model played a
crucial role in validating the MVP by assisting in the design of the validation
plan for its components. This plan was organized into distinct sections for
each component. However, it was observed that components unrelated to
the Scenario Process Model could not be adequately validated.
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5.1.9.3 Summary Ex Post Evaluation

Overall, the ex post evaluation demonstrates that Synthesis Model V1 pro-
vided a robust framework for coordinating the implementation of SOLU-
TIONS, particularly the MVP. The graphical representation of user stories of-
fered structure and clarified the prioritization of development efforts from
multiple stakeholder perspectives. The Synthesis Process Model facilitated
the design of functionalities in the development of the specific MVP for the
Project Instance.

5.1.10 Conclusion of lteration 1

Iteration 1 of the Synthesis Model commenced with the establishment of
a common vision and the collection of high-level requirements to create a
shared frame of reference for the Digital Ecosystem. Central to this iteration
was the development of a process-centric model. In this context, the Gen-
eral Solution is an SID adopted from PASS, ensuring interpretability and the
capability to represent complex interactions among active entities.

Key Outcomes of Iteration 1:

* Process-Centric Foundation: An SID-based modeling approach pro-
vided a clearly structured basis, resulting in two interconnected dia-
grams that visually outlined core ecosystem actors and their interac-
tions.

* Broad Applicability: The resulting artifact quickly became the most
widely used common reference across all work packages, guiding both
User Story Elaboration and the creation of a Scenario Process Model.

¢ Validated Through Evaluations: General and specific ex ante evalua-
tions confirmed the approach’s suitability, while an ex post assessment
revealed substantial adoption and effectiveness in moving the project
toward its first major milestone: the platform MVP.
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¢ User-Oriented Design Measures: Targeted implementation strategies
addressed potential design risks by emphasizing usability and stake-
holder alignment, promoting high acceptance among diverse partici-
pants.

Overall, this first iteration produced a model that not only fostered a shared
vision but also served as a practical reference framework, supporting various
activities including requirements gathering, collaborative solution ideation,
and MVP implementation. Overall, the process-centric Synthesis Model V1
establishes the baseline framework for designing the IntWertL Ecosystem.

5.2 lteration 2: Structure-centric approach

The initial iteration of the Synthesis Model concentrated on identifying fun-
damental processes within the IntWertL Ecosystem, thereby establishing
a foundational perspective on stakeholder interactions and service defini-
tions. However, as research progressed, it became evident that a strictly
process-centric approach inadequately addressed the structural dimensions
required for a comprehensive ecosystem model. In particular, the absence
of a unified structural representation hindered consensus on critical deci-
sions, such as functional architecture, business model, sales strategy, and
unique selling proposition (USP).

To address these shortcomings, the second iteration of the Synthesis Model
was initiated at the end of October 2023 and presented at the general as-
sembly of IntWertL in late February 2024. This iteration aimed to enhance
the existing process model by introducing a structure-centric perspective. A
key driver for this iteration was the necessity to incorporate considerations
related to alignment with Catena-X and the homologation process. Fur-
thermore, challenges related to the operating model, integration strategies,
and distribution mechanisms underscored the need for a coherent struc-
tural foundation.
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The subsequent sections will go through the nine SDSM steps taken to de-
sign a structure-centric Synthesis Model V2.

5.2.1 Analyze Specific Problem Domain

For the second iteration, the analysis of the problem domain did not focus
on the overall vision for IntWertL. Instead, newly identified boundary condi-
tions were further analyzed. The three primary topics of focus were Catena-
X, the homologation process, and considerations of functional architecture.

A substantial amount of information about Catena-X is available online, par-
ticularly through Tractus-X. Furthermore, several IntWertL participants are
members of the Catena-X Association or have contributed to the Catena-X
research project, enhancing the analysis of this domain.

A comprehensive understanding of the homologation process was achieved
through interviews with experienced IntWertL partners. Additionally, dis-
cussions were held with software providers specializing in homologation
and certification. *° The primary insight was that rapid homologation is
crucial for the IntWertL vision, as it facilitates the accelerated engineering
and production of individualized vehicles that meet customer needs. How-
ever, homologation is a separate concern and does not constitute a part of
the activities in IntWertL. It should only be considered in the modeling phase
without further elaboration of details at this time.

Certivity - A Start-Up from Munich that specializes in automotive RegTech. See www.cert
ivity.io

TypeMaster - The software solution from T-Systems that is a leading Enterprise-Content-
Management-System for homologation. See www.t-systems.com/de/en/content-an
d-collaboration/loesungen/enterprise-content-management/typemaster
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Following the presentation and initial testing phase of the MVP, a workshop
was organized for participants of IntWertL to identify and structure the func-
tions and modules relevant to the Digital Ecosystem. This workshop was di-
vided into two main parts, each connected to one of the two building blocks
of the IntWertL SOLUTIONS:

1. Function: Functions are specifically designed to execute certain tasks
or operations within a software application or system. They vary in
complexity, ranging from simple, repeatable tasks to intricate pro-
cesses. The primary aim of a function is to accomplish a distinct task
effectively and consistently, thereby ensuring the smooth operation of
the software.

2. Module: A module represents an extension or an independent soft-
ware component that contributes additional features or functionali-
ties to the platform. Modules are often leveraged to tailor the platform
according to the user’s requirements and to enhance its capabilities.

Initially, a wide range of functions was gathered through eight inquiries, as
illustrated in Figure 5.9.

Figure 5.9: 12: Feature Development Workshop - Function Collection

The inquiries utilized in the workshop are as follows:

¢ Which functions are part of the vision of IntWertL?
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e Which functions in the MVP did you find appealing?
e Which functions did you feel were lacking in the MVP?

Which functions are appealing to engineering service providers on our
platform?

Which functions are appealing to production service providers on our
platform?

e Which functions are appealing to other service providers on our plat-
form?

e Which functions are appealing to integrators on our platform?
e Which functions can be monetized?

Subsequently, these functions were categorized into 14 distinct modules.
The results of the functional segmentation are displayed in Figure 5.10.
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Figure 5.10: I12: Feature Development Workshop - Function Cluster
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In the second segment of the workshop, five of these modules were devel-
oped in greater detail. First, participants in module development and stake-
holders were identified. Second, the functions from phase one were grouped
and organized into a schematic module architecture. This was checked for
completeness, and missing functions were added. All functions were then
sorted by the current progress of development. Third, the functions of each
module were ranked in terms of importance and release timeline. Finally, a
timeline and important milestones for each module were set.

5.2.2 Define Specific Requirements

In the process of enhancing platform functionality and developing business
and operating models, several questions have emerged. These questions
pertain to four areas:

¢ Functional Architecture: Refers to the design and structure of the
CORE SERVICES, outlining how different components and services in-
teract to fulfill the platform’s functions.

¢ Business Model: Describes how the platform generates revenue, who
its target users are, and what value it provides.

¢ Sales Strategy: Involves the strategies and processes employed to sell
the platform’s services or products to its customers.

¢ Unique Selling Proposition (USP): Identifies what makes the plat-
form stand out from competitors, highlighting its unique features and
benefits.

For all four fields, critical questions have emerged that influence one an-
other. Therefore, a unified perspective, specifically a new Synthesis Model, is
essential to address these questions, utilizing a common frame of reference.
Consequently, specific topics that were previously only vaguely defined or
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ambiguously understood have been identified for inclusion in the new Syn-
thesis Model to enhance clarity. These topics are presented in Table 5.7.

Table 5.7: 12: Ambigious topics regarding the IntWertL Ecosystem and their descriptions

Topic ‘ Description ‘

Investigation of essential functions beyond
marketplace, project management, and homologation
requirements.

Identification of core SOLUTIONS within the IntWertL
Ecosystem and potential for additional integrations.

Analysis of the target platform architecture and its
contributions to the overall IntWertL ecosystem.

Evaluation of modularization types: a unified platform
versus standalone applications.

Examination of inter-module interactions and their
implications for the overall system performance.

Alignment of IntWertL with Catena-X. Explanation of
Catena-X's objectives and benefits (dismantling of
existing barriers).

5.2.3 General Problem and Requirements

The primary challenge remains establishing a shared reference point for all
stakeholders in the Digital Ecosystem. In its second iteration, the Synthesis
Model shifts its focus away from interaction. While active entities, partic-
ularly CORE PARTICIPANTS, continue to be important, there is now an in-
creased emphasis on functional architecture and the delineation of func-
tions, thereby clarifying the role of each function. The Synthesis Model V2
is intended to shape the business and operating model, guide the design of
sales strategies, and define the USPs of CORE USERS. This model is designed
for human discussions and not for machine interpretation.
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The general requirements for the Synthesis Model (Iteration 2) are defined
as follows:

12.1 Display Active Entities: Identify and represent active entities involved
in the Digital Ecosystem, especially CORE USERS.

12.2 Provide Structure: Present a functional architecture that distinctly
separates the CORE SERVICES into individual components.

12.3 Allow Functional Breakdown: Add an abstraction layer to facilitate a
more detailed decomposition of functions at a lower level.

12.4 Ensure Interpretability: Make the model self-explanatory, ensuring
stakeholders can easily understand it. The model must be clear and
interpretable without requiring technical expertise, enabling its use in
discussions among diverse stakeholders.

5.2.4 General Solution

The general solution in the second iteration employs a specialized version
of the SysML BDD as the Synthesis Model. The BDD facilitates the modeling
of socio-technical systems by clearly delineating hierarchical relationships.
The Synthesis Model V2 consists of two components: the actors and the ser-
vices. Both components are represented as blocks. The structure of the BDD
is illustrated in Figure 5.11.

In contrast to the structure of conventional BDDs, not all blocks in Synthesis
Model V2 are created equal. There are actor blocks and service blocks. Ac-
cording to the paradigm of subject-orientation, all active entities must be
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Ecosystem

Service

subActor subService

-subsubActorName -FunctionName
-subsubActorName -FunctionName
-subsubActorName -FunctionName

Figure 5.11: I2: General Solution

modeled as the former type, while the latter block type is designated for de-
scribing passive structures (objects).® All service blocks must be executed by
an active entity to be utilized in any process.

The first section of the Synthesis Model identifies all relevant actors. These
primarily include CORE USERS but may also encompass ORCHESTRATORS or
other CORE PARTICIPANTS, specifically CONTRIBUTORS if it aids in clarifica-
tion. All relationships between actors are hierarchical and represent gener-
alizations. In contrast to SysML specifications, multiple inheritance is pro-
hibited to maintain a clearly defined structure within the actors section.

6 To conform with the logic of BDDs this is equivalent to having an abstract actor block and

an abstract service block from which all actor blocks and service blocks inherit the specifica-
tions. This is very similar to the definition employed for the general block type in SysML-
here a block is just a specialization of a UML class.
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The second section encompasses services. These can be CORE SERVICES
along with any other supporting or value-adding services within the ecosys-
tem. According to the definition, the CORE SERVICES represent the most
relevant components. Only hierarchical relationships between services are
modeled. To ensure a clear structure, the strongest relationship, composi-
tion, is employed for all these relationships. Service blocks at a lower com-
position level are also referred to as functions. This approach aligns with the
underlying assumption of strict orchestration of services: each function is
unique and belongs to only one service.

The overall expressiveness of the BDD is significantly constrained to simplify
the Synthesis Model. As a result, no attributes (values), operations (behav-
iors) or properties are included. This information can be conveyed through
a textual glossary. The available relationships are limited exclusively to the
strongest hierarchical relationships: generalization for actors and composi-
tion for services. To further emphasize the focus on structure, no constraints
or interfaces are described either.

5.2.5 Ex Ante Evaluation (General)

The Ex Ante Evaluation of the general solution is conducted as an informed
argument by modeling experts. The results are presented in Table 5.8.

5.2.6 Design Specific Solution

The Synthesis Model V2 offers a more streamlined design solution compared
to the synthesis process model from the initial iteration. At the core of this
model are many of the same elements as in the Platform SID, with a notable
modification being the replacement of the Project Instance with IntWertL
CORE SERVICES, which is derived from the implemented Platform MVP. Most
subjects have been integrated as blocks into the new Synthesis Model, as
depicted in Figure 5.12. Note that some of the formerly active subjects have
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Table 5.8: 12: Matching of requirements to general solution

Requirement t

Clear distinction between actor blocks and
service blocks.

CORE USERS have to be depicted.

Other CORE PARTICIPANTS or ORCHESTRATORS
that take on an active role can be included in the
model.

BDD is a diagram of structure.

Restricting multiple inheritance on the
generalizations and choosing composition
rather than aggregation provides clear structure.

Excluding all weak relationships.

Generalization allows a more specialized
breakdown of roles.

Functional Breakdown of the CORE SERVICES is
provided as composition.

Just one modeling element (i. e. blocks) and just
one relationship type per component type.
Association between blocks still comprehensible
without knowledge of different relationship
types (i. e. composition and generalization).
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now been transformed to passive objects that can not execute any behavior.
Although the diagrams presented here were also created using MS Visio, they
are simpler to produce than SIDs and can be easily modeled in other tools
such as PowerPoint.

IntWertL Ecosystem
CORE USER
Integrator Service Provider

Key Account Product

Manager e Engineering Production Others

CORE SERVICES

Project : : 3D Business-
Management MELETIAERG) B il 2 Configurator Apps /
Services

Base Functions

Figure 5.12: Synthesis Model V2 - Ecosystem

In this first diagram, the high-level structure of the IntWertL ecosystem is
depicted. This diagram illustrates the key actors within the system and their
hierarchical classification as well as the top level breakdown of services.

The actor section includes the CORE USERS. Similar to Synthesis Model V1
the integrator remains to be integral to the ecosystem. Integrators are plat-
form users who have initiated a project and are responsible for its execu-
tion. An integrator represents the interests of the end customer in a project.
The integrator takes on the tasks of a project manager. They are responsible
for all aspects of project execution, including coordination, communication,
and monitoring. They oversee all product aspects, including engineering,
production, and homologation. The two main roles of an integrator in any
given project are Key Account Manager and Product Owner. Similar to the
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Project Instance from the first iteration, the Service Providers are still catego-
rized as Engineering, Production, and Others.

The second section of the diagram enumerates the services within the ecosys-
tem. Here the focus is on the CORE SERVICES, with the Business-Apps / Ser-
vices block accounting for extended functionality. As outlined in the general
solution, services are strictly orchestrated through composition. Figure 5.13
details the hierarchical breakdown pf CORE SERVICES. This is presented in a
separate diagram to avoid overloading the first one.

CORE SERVICES

Project Management Homologation

Project : Type
- Repository Rzl Management

Change CoC

Persistence Mangement Management

Semantic

ImpertlExport Connector

Match Making 3D Configurator

Requirement Engineering

Management Platform 3D Viewer Baukasten

Self Description

Skill Resource Production

Management Management Platform STEP Converter Individualisation

Platform Base

Identity Wallet Discovery Service Registry

Administration

Functions
Organisation Identity Provider EDC Service
Administration (Clients) Marketplace
Account (User) Identity- : :
Administartion Management Samerie How WlzssEging

Figure 5.13: Synthesis Model V2 - Core Services Breakdown. Yellow - Function is part of the
IntWertL MVP.

The CORE SERVICES breakdown illustrates the functions that compose the
higher-level service blocks. The functions already demonstrated in the MVP
are highlighted in yellow. The CORE SERVICES can be decomposed as follows:
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¢ Project Management: Encompasses all functions related to project
coordination and administration. Most of the business functions demon-
strated in the MVP are part of this service, specifically Project Admin-
istration, Project Management, Task Management, Project Status Man-
ager.

e Match Making: Facilitates alignment between system requirements
and available resources. Key functions include the Engineering- and
Production Platforms as well as the Self Description.

* Homologation: Addresses regulatory compliance and certification
processes that are not further analyzed or implemented in IntWertL
but important to the vision of the ecosystem.

* 3D Configurator: ’ Provides visualization and customization tools for
system components. Two functions, namely STEP Converter and 3D
Viewer had already been implemented by IntWertL participants.

¢ Base Functions: Fundamental system operations, including Portal
and User Access Management. Most of the Catena-X enablement ser-
vices are included in this ervice as they provide the basis for collabo-
ration in a shared data space.

5.2.7 Ex Ante Evaluation (Specific)

The Synthesis Model V2 provides a common frame of reference to eliminate
ambiguities related to the topics outlined in section 5.2.2. The representa-
tion of these topics in the model is displayed in Table 5.9.

Furthermore, Figure 5.14 maps all the primary areas of concern that have
been identified to this iteration of the Synthesis Model.

7 The 3D Configurator was not part of the initial drafts for the Synthesis Model V2. However,

it was added in after discussions in the specific Ex Ante Evaluation.
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Table 5.9: 12: Topics and their representation in the Synthesis Model V2

Topic Representation

CORE SERVICES are represented as the four blocks Base
Functions, Project Management, Match Making,
Homologation, and 3D Configurator.

Specified through the blocks CORE SERVICES and
Business-Apps / Services.

Provided via the blocks in the CORE SERVICES
breakdown. Distinction between Base Functions and
the other modules. Alignment of functions with MVP,

Not directly depicted in Synthesis Model (as it is thd at
time of implementation). Derivations of the Synthesis
Model V2 illustrated in Figure 5.18 were created.

Not part of the model (modularity still tbd).

Alignment of CORE SERVICES breakdown with Catena-X
language. Derivations of the Synthesis Model V2
illustrated in Figures 5.20, 5.21.

Subsequent results are categorized into strengths (S), weaknesses (W), op-
portunities (O), and threats (T). Strengths and weaknesses describe static
qualities, i.e. inherent characteristics of the model structure. In contrast,
opportunities and threats describe dynamic qualities, i.e. results arising
from the application of the artifact in its operational context.

5.2.7.1 Strengths

e Simplicity: The model is comprised of a single component: Blocks.
By dividing the Synthesis Model into two separate diagrams, it be-
comes easier to understand both the ecosystem perspective and the
functional decomposition. Although the relationships between actor
blocks (generalization) and service blocks (composition), differ in na-
ture, it is not essential for most users of this model to concentrate on
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Figure 5.14: Synthesis Model V2 - Positioning of main areas of concern

these differences. This is particularly true since both types of relation-
ships are purely hierarchical, given the limitation on multiple inheri-
tance.

* Extensibility: It is easily possible to add new CORE PARTICIPANTS or
CORE SERVICES if the design of the Digital Ecosystem changes. It is
also easily possible to add new functions or reallocate them from one
service to another.

¢ Alignment with software architecture: The services are easily trans-
formed into implementable modules. The functional decomposition
can be understood as micro-service architecture. As a BDD is nothing
but a specialized UML Class Diagram, these diagram designs are fa-
miliar to system architects and can yield as starting point of their tech-
nical system architecture design (where Blocks can become classes
and attributes as well as methods are included).
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5.2.7.2 Weaknesses

e No processual information: The Synthesis Model V2 conveys only
structural information and does not encompass the relationships be-
tween actors and services. Additionally, it does not include the inter-
faces utilized among services. Consequently, actual customer jour-
neys or use case scenarios are omitted.

e Ambiguity of labels: The model relies on precise labeling. Actors, ser-
vices, and functions are described solely through brief labels within
the model. Inadequately chosen labels can lead to misunderstand-
ings, particularly in contexts involving diverse stakeholders.

¢ No detailed descriptions: Detailed descriptions of the model ele-
ments are maintained separately from the model itself. The additional
effort required to reference these descriptions may hinder the correct
interpretation of the model and lead to erroneous conclusions. Fur-
thermore, no single source of truth is maintained; block labels or con-
nected glossaries can be updated independently, potentially resulting
in inconsistent terminology.

5.2.7.3 Opportunities

e Alignment with MVP: At the time of model generation, the MVP had
just been presented and released for testing and validation. A model
that clearly delineates the functionalities present in this MVP and out-
lines potential extensions fosters interest and aids in comprehending
the various levels of abstraction.

e Decentralized Architecture: IntWertL emphasizes a fully decentral-
ized architecture. This architecture comprises federated data and fed-
erated services. The easily extensible structure of the second iteration
effectively supports these concepts of decentralization.
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¢ Catena-X compatibility: The structure of Synthesis Model V2 is highly

compatible with the descriptions of the Catena-X Data Space. The rep-
resentation format even resembles the Catena-X Service Map.?

Reference point for diverse concerns: As illustrated in Figure 5.14
many different concerns can be allocated within the model. Given that
these four domains have been identified as the primary interaction
points for discussions extending beyond the work packages, a unify-
ing model to guide these discussions is essential.

5.2.7.4 Threats

¢ Innovation: Design of a Digital Ecosystem is a real innovation. There-

fore, a general understanding of the fundamentals of EDE can not be
anticipated among stakeholders. Neither a common vision for the
ecosystem nor its solutions are well established. Nevertheless, the
aim is to disruptively change small-scale vehicle production. This
change, as with every major disruption, will produce reservations of
some kind.

¢ Justgraphic model: The Synthesis Model V2 is realized just as a graph-

ical model. because of its basic structure and shapes it can easily be
mistaken for only a diagram or "just another PowerPoint-engineering
feat". The following of BDD structure might be lost in communica-
tion and therefore the understanding of the actual hierarchical rela-
tionships.

8

The Catena-X Service Map is part of the Catena-X Operating Model, that is maintained by

the Catena-X association and subject to regular updates. Note that the understanding of
Core Services in Catena-X differs from the definition of CORE SERVICES used in this thesis.
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5.2.7.5 Summary Ex Ante Evaluation (Specific)

The analysis of SWOTs is summarized in Figure 5.15 and the specific so-
lution is true to the general solution. All topics identified in section 5.2.2
are either represented in, or can be discussed using, the Synthesis Model.
Furthermore, the four primary areas of concern have been mapped to this
model. Similar to the first iteration, the principal weaknesses stem from de-
sign choices that prioritize simplicity. Due to significant uncertainty regard-
ing many guiding decisions for the development of the IntWertL ecosystem,
which can all be discussed using this artifact, there is considerable potential
for opportunities compared to threats. Nevertheless, these SWOTs still need
to be translated to a suitable implementation strategy.

= Simplicity No processual information
= Extensibility Ambiguity of labels
= Alignment with software No detailed descriptions

architecture

Alignment with MVP = Innovation
Decentralized architecture = Just graphic model
Catena-X compatibility

Reference point for diverse
concerns

Figure 5.15: Synthesis Model V2 - SWOT

5.2.8 Implement Specific Solution
The primary risk for the Synthesis Model remains user-oriented. Figure 5.16

illustrates the translation of the SWOT analysis into implementation strate-
gies for the second iteration.
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Strengths

= Adapt and derivate the model to comply
with diverse concerns.

= Double down on creating a decentralized
software architecture for the Digital
Ecosystem.

= Use external descriptions to provide
more detail (such as processual
information, glossary, etc.) and use the
Synthesis Model as connecting reference
point.

= Adopters: Simplicity reigns supreme over
modeling means.

= Combine with storytelling to add detail
and promote willingness for innovation.

= Developers: Focus on similarities to UML
Class diagrams.

Threats

Figure 5.16: Synthesis Model V2 - Implementation strategies

Similarly to the first iteration, the Synthesis Model V2 is presented in mul-
tiple forms: First, it is available digitally in Visio, PowerPoint, and PNG for-
mats; second, as a printed poster; and lastly, as part of a presentation during
the general assembly of IntWertL in February 2024. This presentation ad-
dresses all stakeholders. Therefore, it focuses on the modeled information
and the simplicity of presentation. The modeling choices and design of the
general solution are not discussed. Immediately following the presentation,
the model elements are used to describe a platform journey for Integrators,
as illustrated in Figure 5.17. This approach adds an engaging element while
supplementing process information, thereby fostering acceptance. Addi-
tionally, a revised glossary is introduced that aligns with the terminology of
the Synthesis Model V2.

In subsequent presentations, the need for a decentralized architecture is
emphasized to effectively align with Catena-X. Later that day, workshops
are conducted with groups focusing on the four primary areas of concern
(functional architecture, business model, sales, USPs). During these ses-
sions, model derivations are utilized to address the areas of concern. In the
functional architecture group, primarily composed of developers, the simi-
larity to UML Class Diagrams is noted.
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Figure 5.17: 12: Platform Journey

5.2.9 Ex Post Evaluation

Similar to the first iteration, the Ex Post Evaluation of the second iteration
was conducted as an observational field study. Beginning with the work-
shops during the general assembly—where Synthesis Model V2 was intro-
duced—the model and its derivations were utilized extensively throughout
the IntWertL project. For example, the derivations presented in Figure 5.18
were integral to the discussions at these workshops. Until the introduction
of Synthesis Model V3, Synthesis Model V2 remained in use, and several
derivations of V2 were created for stakeholder discussions.

IntWertL - Base Platform (Portal)

Project
Management

IntWertL - Base Platform (Portal)

ase Functions

Project
Management
Business-
Apgs 4 Match Making
Services

(b) Decentralized Architecture

External
Services

External
Services

Homologation

3D
Configurator

Match Making

H
Business-

Apps /
Base Functions Co Services

(a) Centralized Architecture

Figure 5.18: Derivation of Synthesis Model V2 to discuss (de-)centralization of modules
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At the general assembly, four task forces—one for each major area of con-
cern (see Figure 5.14)—were established. The next milestone, following the
introduction of Synthesis Model V2, focused on presenting the business and
operating models, prompting the respective task force to address an urgent
need for action. Additionally, IntWertL partners emphasized the importance
of aligning with Catena-X. They utilized the structural overview and func-
tional breakdown from Synthesis Model V2 to guide these discussions. Con-
sequently, the following observations from the Ex Post Evaluation are orga-
nized into three sections:

1. Operating & Business Model: systematic exploration of service re-
sponsibilities and governance, as well as supporting legal and revenue
considerations in a broader business context.

2. Other task forces: focusing on Functional Architecture, Salesand CORE
USER USPs.

3. Catena-X: defining how to pursue Catena-X integration and the extent
of technical alignment.

5.2.9.1 Operating & Business Model

The operating and business models are outlined in work packages 3100 and
3200, as well as by the dedicated Operating Model task force of IntWertL. The
operating model primarily focuses on clarifying responsibilities for the man-
agement of each service and defining the governance structure, while the
business model addresses legal frameworks and revenue considerations. All
related models, presented at the subsequent milestone, build upon the ser-
vices and functions described in Synthesis Model V2, serving as a reference
point for stakeholder discussions regarding the delivery and integration of
these services within the broader IntWertL ecosystem. Figure 5.19 illustrates
one of several derivations of Synthesis Model V2 that outlines potential busi-
ness structures.
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Figure 5.19: Derivation of Synthesis Model V2 to articulate the business model

5.2.9.2 Other task forces

Additionally, the Functional Architecture, Sales and CORE USER USPs task
forces used the Synthesis Model V2 as a reference framework. This frame-
work guides their activities and, more importantly, facilitates the regular
alignment of all four task forces to coordinate major concerns for the en-
tire IntWertL ecosystem. One of the core architectural questions is whether
specific platform elements should be centralized or decentralized (see Fig-
ure 5.18). Another significant aspect of the efforts involves further detailing
and clarification of existing modules, particularly the 3D configurator. Fig-
ure 5.20 presents another derivative of the Synthesis Model V2. It employs
color-coding to analyze how Catena-X use cases might be applied in the de-
picted functions.

However, since Synthesis Model V2 prioritizes structural and functional as-
pects over process descriptions, some teams independently developed their
own workflows and process diagrams. In certain instances, references to the
glossary or textual definitions provided with V2 were overlooked, leading
to inconsistencies. This issue was particularly evident when multiple task
forces, or a task force and a work package, addressed the same topic without
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Figure 5.20: Derivation of Synthesis Model V2 to identify Catena-X use cases and functions that
could be used as part of the IntWertL CORE SERVICES. Yellow - part of the IntWertL
MVP; Orange - Same as Catena-X; Green - Compare to Catena-X.

coordination, resulting in inconsistent models and an inability to rely on a
common frame of reference.

IntWertL partners increasingly required process information, resulting in
the adoption of various process modeling methods such as PASS, BPMN,
flowcharts, UML, and informal approaches like process flows modeled in
spreadsheets. Software development partners created process models to
clarify information exchange and interfaces between their modules, inde-
pendently developing sequence diagrams to coordinate efforts. However,
the modified definitions of their modules presented challenges in maintain-
ing a common reference framework.
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5.2.9.3 Catena-X

A key objective in this iteration was to clarify the potential integration of
Catena-X into the IntWertL ecosystem. Figure 5.21 illustrates how Synthe-
sis Model V2 was used to visualize and organize potential Catena-X use
cases and functionalities, assisting stakeholders in identifying which ser-
vices should adhere to Catena-X standards.

Catena-X
IntWertL Business-Apps / Services
Project Management Homologation
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Business-
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SeN\c’e?

Catena-X Core Services (by Cofinity-X)
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e Digital Twin Industry Core

Existing in
Catena-X (24.5)

Connector Marketplace Onboarding

Figure 5.21: Derivation of Synthesis Model V2 to articulate alignment with Catena-X

These diagrams were utilized in consultations with the Catena-X Associa-
tion, funding agencies, and the Catena-X research consortium. While In-
tWertL partners opted to pursue compatibility with Catena-X, the degree of
technical integration—such as specific interfaces, data formats, or security
protocols—remains an open question. Nonetheless, by addressing Catena-
X requirements early in the process, the IntWertL partners ensured that cer-
tain CORE SERVICES were designed with interoperability in mind.

141



Iterative Digital Ecosystem Design

5.2.9.4 Summary Ex Post Evaluation

Overall, the Ex Post Evaluation of the second iteration demonstrates that
Synthesis Model V2 remained integral to various aspects of the IntWertL
project. From specifying the operators of each service to managing revenue
and governance structures, as well as exploring refinements to existing mod-
ules, such as the 3D configurator, V2 served as a robust structural reference.
Additionally, alignment with Catena-X has emerged as a key focus, with Syn-
thesis Model V2 acting as a guide for identifying necessary standards and
integrations. The increasing demand for process details prompted certain
work packages and task forces to develop their own diagrams. While this
flexibility allowed for domain-specific explorations, it also introduced the
risk of inconsistent documentation when teams failed to coordinate effec-
tively.

5.2.10 Conclusion lteration 2

The first iteration of the Synthesis Model aimed to capture core processes

within the IntWertL Ecosystem, focusing on stakeholder interactions and

services. However, it lacked a structural framework, which hindered decision-
making regarding functional architecture and commercialization. To ad-

dress this, a second iteration of the model was developed to introduce a

structure-centric perspective, aligning with Catena-X and addressing four

core areas of interest: Operating Model, Functional Architecture, Sales Strat-

egy, and CORE USER USPs.

The general solution for the second iteration is based on an adaptation of
SysML BDDs. The Synthesis Model V2 comprises two primary components:
actor blocks and service blocks. The relationships between these compo-
nents are strictly hierarchical, consisting of generalizations for actors and
compositions for services. The formative ex ante evaluation of both the
general and specific solutions demonstrated appropriate alignment with
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the requirements for delivering structural information while remaining self-
explanatory.

After its implementation, the Synthesis Model V2 was extensively utilized
throughout the IntWertL project, in both regular work packages and newly
established Operating Model, Functional Architecture, Sales, and CORE USER
USPs task forces. The Ex Post Evaluation indicated that the Synthesis Model
and its derivatives were employed in all these areas of interest, as well as for
proper alignment with Catena-X. However, the evaluations also revealed the
need to integrate process information into the common reference frame-
work.

5.3 lteration 3: Synthesized approach

After the second iteration, further work on the functional architecture of
the IntWertL Ecosystem was conducted. It became evident that, although
the structure-centric approach from Synthesis Model V2 provided a solid
foundation, it remained insufficient. Specifically, there was a need for more
detailed process information, relationships among actors and functions,
and comprehensive descriptions of all modeling elements. In response, the
functional architecture task force addressed these issues. Ultimately, it be-
came clear that the process-centric approach from the first iteration and
the structure-centric approach from the second iteration needed to be inte-
grated into a unified model.

The refinement of the functional architecture began in March 2024. The re-
sultant Synthesis Model V3 was presented at the IntWertL General Assembly
in February 2025. The general solution in this third iteration closely aligns
with the Synthesis Model structure of the EDE methodology presented in
section 6.3. As with the previous iterations, this section will guide through
the nine-step SDSM design process.
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5.3.1 Analyze Specific Problem Domain

The results from the first two iterations form the foundation for the third
iteration. Furthermore, the domain is analyzed from two perspectives: es-
tablishing a strategic vision through vision workshops and addressing spe-
cific topics related to current challenges. This approach distinguishes fu-
ture strategies from immediate analyses. Both the outcomes of the work-
shops and the preparatory steps yield significant insights into the problem
domain.

Initially, the vision was developed to enhance the understanding of the long-
term identity of the IntWertL Ecosystem. Rather than focusing on technical
or operational implementation, this vision serves as a guiding and moti-
vational force, directing actions and decisions. It is intended to be inspir-
ing and ambitious, providing a clear sense of meaning and purpose distinct
from specific goals due to its broad and aspirational nature. To refine this
vision, two workshops were organized. The first was conducted online and
concentrated on analyzing existing elements of the vision, such as the vision
text and vision stories, as illustrated in Figure 5.22. Following this, the results
of the workshop were clustered and mind-mapped to synthesize insights.

The second workshop, conducted in person with all work package leaders,
aimed to distill the vision of the IntWertL Ecosystem into three statements
addressing the questions: "Why?" (Purpose), "What?" (Vision), and "How?"
(Mission). The preparation involved systematically refining previous in-
sights through focused group sessions. This process resulted in the creation
of three concise vision statements, developed through team collaboration
and mind-mapping activities. These statements served as a foundation for
the second vision workshop:

1. Why are we doing this? By developing the IntWertL Ecosystem, we en-
able small and medium-sized companies to successfully secure their
future position in the market.
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Figure 5.22: Analysis of the vision for the IntWertL Ecosystem.

2. What are we doing? We are shaping the future of mobility through a
value-based, digital ecosystem that supports SMEs to develop innova-
tive mobility solutions as equal players.

3. How do we do that? Through intelligent networking and value-based
collaboration we achieve radical change in the automotive industry.
This change enables resilient and flexible value networks.

The design of the second workshop included an in-person session aimed
at analyzing the problem domain from multiple perspectives. Two distinct

145



Iterative Digital Ecosystem Design

methods were utilized: the first method focused on subconscious explo-

ration, while the second employed a more analytical approach. This dual-

method strategy sought to establish a solid foundation for defining three

universal vision statements. The methods employed are:
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¢ View from the Universe: This technique is a creative approach for en-

visioning future scenarios in an immersive, structured way. It inte-
grates visualization, shared drawing, and discussion for a collective
depiction of a potential future. The process starts with a short medi-
tation to clear and focus the mind, allowing deeper imagination. Par-
ticipants then visualize themselves above a future world where the In-
tWertL Ecosystem or another concept is already realized. In this imag-
ined space, they observe its workings and defining elements, mentally
exploring structures and systems without constraints. Following visu-
alization, participants engage in a drawing session, illustrating their
visions. This method, focusing on visuals over words, frees ideas from
linguistic limits as they collaborate on a shared canvas, adding, refin-
ing, and building on each other’s input. A collective vision emerges,
not as a single coherent image but a rich tapestry of insights. This ap-
proach promotes diverse thinking and new ideas. By alternating be-
tween abstract and specific details, the technique offers both macro
and micro perspectives on future scenarios. Its open, collaborative
nature makes it ideal for futures thinking and visionary ideation, of-
fering a robust tool to explore and shape possible futures.

¢ Vision Map: A systematic technique for refining and detailing future

visions. Unlike the initial brainstorming phase, which fosters creativ-
ity, this method employs a structured framework. At its core is the
vision, with key themes branching out to illustrate essential elements
needed to achieve the future scenario. These categories act as guides,
assisting participants in breaking down the vision into specific ele-
ments. This is visualized in an actual vision map as illustrated in
Figure 5.23. Engaging with the Vision Map involves exploring each
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theme by answering two key questions. First, they determine exist-
ing strengths and foundations—"What current resources or initiatives
can support building this future?" This may include successful mod-
els or existing resources. This step ties the vision to reality, building
on existing potential. Second, participants identify gaps and missing
components—"What is lacking and needs development to make the
vision real?" They address obstacles and areas needing innovation. By
identifying strengths and gaps, the method balances achievements
and challenges, fostering strategic and solution-focused discussions.
The map’s clarity aids in visualizing the vision’s interconnected aspects
and pinpoints areas needing focus. Unlike conventional methods, it
maintains overall vision while breaking it into manageable parts. Ef-
fective in strategic planning and innovation, the Vision Map aligns
forward-thinking with a realistic present assessment, crafting a feasi-
ble action plan to turn ambitious ideas into actionable steps toward

the future.

\me (. “

Figure 5.23: Vision Map
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In addition to adopting a long-term and strategic perspective, an examina-
tion of the current challenges was conducted. The four task forces initiated
to facilitate the implementation of Synthesis Model V2 each adopted differ-
ent approaches to related concepts, resulting in inconsistencies in process
modeling. To address or at least identify these disparities, a workshop was
held during the October 2024 general assembly. This workshop utilized a
World Cafe format, allowing groups to rotate and explore four topics across
three dimensions. The topics investigated were: Business Domain of Indi-
vidual Vehicle Development, Data Space / Shared Services, Onboarding and
Network Expansion, and Vehicle and Configurator. Each topic was exam-
ined through the lens of three dimensions: Business Model of the Companies,
Connection to Catena-X, and Legal Form of the IntWertL ORCHESTRATOR. Al-
though no tangible outcomes were achieved, the primary areas of concern
were identified. It is crucial to address these issues cohesively within the
model of the Digital Ecosystem to adequately define and implement the So-
LUTIONS of the IntWertL Ecosystem by the project’s conclusion.

5.3.2 Define Specific Requirements

After the conclusion of the vision workshops in this third iteration, three new
vision statements were formulated. These statements define CORE VALUES
and must be adhered to in the synthesis of CORE SERVICES:

1. Why are we doing this? The IntWertL Ecosystem empowers medium-
sized companies to collaborate efficiently in the development and
production of custom vehicles.

2. What are we doing? The IntWertL Ecosystem elevates the potentials
of digital transformation by connecting sovereign companies through
a common data space.
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3. How do we do that? The IntWertL Ecosystem provides technical solu-
tions and standardization in the area of core services: product portfo-
lio management, engineering and manufacturing as a service, modu-
lar engineering and production, as well as homologation.

The third vision statement explicitly defines the requirements. We elabo-
rate in Bonsch et al. (2024) how these requirements translate into six essen-
tial use cases for a Digital Ecosystem focused on individual vehicle develop-
ment. Table 5.10 presents the functionalities considered in each of these use
cases.

Table 5.10: Main topics in individual vehicle development

Topic Description

Standardized framework for managing product
Portfolios, making product information shareable and
accessible across organizations.

Simplifies and accelerates the development of complex
systems, providing seamless access to specialized
engineering capabilities.

Standardized approach to engineering collaboration,
splitting development into manageable tasks with clear
interfaces.

Federated network of networks, enabling digital
matching of manufacturing demand and capabilities.

Data models, interfaces and services, supplying
information about production status and parameters.

Streamling the homologation process, ensuring
compliance with regulatory standards while reducing
time, costs, and effort.

Note: MaaS and Modular Production are based on Catena-X use cases.
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5.3.3 General Problem and Requirements

The fundamental goal remains to establish a common reference for all stake-
holders in the Digital Ecosystem. The third iteration synthesizes the first two
approaches, thereby combining the previously established general require-
ments. Importantly, by integrating both structural and process insights, Ver-
sion 3 of the Synthesis Model must provide layered perspectives to differen-
tiate various concerns and prevent logical inconsistencies. Furthermore, the
second iteration has demonstrated the necessity of focusing on the prob-
lem domain. Instead of detailing the SOLUTIONS, only the more abstract
CORE SERVICES should be included in the description. The aim is to support
strategic discussions and decision-making without confining participants
to a rigid interpretation. Ultimately, the model should enable stakeholders
to comprehend both static structures and dynamic interactions without re-
quiring technical expertise.

The general requirements for the Synthesis Model (Iteration 3) are defined
as follows:

I3.1 Display Active Entities: Identify and represent active entities involved
in the Digital Ecosystem, especially CORE USERS.

I3.2 Provide Structure: Present a functional architecture that distinctly
separates the CORE SERVICES into individual components.

13.3 Allow Functional Breakdown: Add an abstraction layer to facilitate a
more detailed decomposition of functions at a lower level.

13.4 Support Complex Process Systems: Precisely describe interaction
patterns and processes within the complex environment that is a Dig-
ital Ecosystem.

13.5 Ensure Interpretability: Make the model self-explanatory, ensuring
stakeholders can easily understand it. The model must be clear and
interpretable without requiring technical expertise, enabling its use in
discussions among diverse stakeholders.
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I3.6 Coherent views: Make sure that structural information and process
information are interconnected and not just stored side by side, to en-
sure coherent representation.

I3.7 Open Solution Space: Focus on the problem domain and do not re-
strict the solution space. Make sure to specify the framework of CORE
SERVICES and not the SOLUTIONS themselves.

5.3.4 General Solution

The third iteration of the Synthesis Model builds upon the strengths of pre-
vious approaches by integrating both interaction-focused and functionally
structured perspectives into a unified framework. Consequently, diagrams
from SysML are combined with PASS to create a comprehensive toolkit
for this iteration. The resulting model comprises four layers: Structure,
Function, Interaction, and Behavior. The top two layers include diagrams
adapted from SysML, specifically BDDs and UCDs, while the Interaction and
Behavior layers consist of SIDs and SBDs, respectively. Each of the Structure-
Function-Interaction-Behavior (SFIB) layers can incorporate diagrams with
varying levels of detail or granularity and is defined by its ability to address
a specific question:

e Structure Layer: Who? - Depiction of involved entities and their hi-
erarchical breakdown. This includes Actors as well as Domains with
their Subdomains and Use Cases.

e Function Layer: Which? - Depiction of Use Cases and Functions as
well as associated Actors and Roles. Also displays the relationships be-
tween these entities.

* Interaction Layer: What? — Depiction of the interaction of Subjects
and the exchange of (information) objects within a specific Use Case
or Function.
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¢ Behavior Layer: How? — Definition of the behavior of a Subject, that
results in the previously described interaction.

Figure 5.24 illustrates the concept of connectivity among the SFIB layers.
The F-layer contains one UCD for each use case.” This establishes a link be-
tween the structural description and enumeration of use cases in the S-layer
and the detailed, process-oriented information in the IB-layers. This con-
cept is further elaborated in the description of the resulting EDE methodol-
ogy in section 6.3.

Use Case | [ SID 1
® & ® eMessage 1
. o(Data-) Object 5
Subject Subject
-
— 1 2
Actor 1 <<include>> U
Role 2 o) > ca)
@ Receive State —> Receive State.
o ] :
(== 1] D
Send State Do State
Role 1 Role 3 i
SBD Subject 2

Figure 5.24: 13: Concept of linking FIB-layers.

5.3.5 Ex Ante Evaluation (General)

The Ex Ante Evaluation of the general solution is performed as an informed
argument by modeling experts. The results are presented in Table 5.11 and
Table 5.12. It is demonstrated that all general requirements can be suffi-
ciently met by the proposed general solution.

9 Note that the terminology and notation for UCDs in the Sysnthesis Model slightly differs
from the terminology employed in SysML. See section 6.3 for a comprehensive explanation.
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Table 5.11: I3: Matching of requirements to general solution (part 1)

Requirement Solution

e S-Layer: Actors depict at least CORE USERS.
Other stakeholders such as CORE PARTICIPANTS
or ORCHESTRATORS can be included.

e F-Layer: Actors, Roles
e IB-Layer: Subjects

e S-Layer:
— Based on BDD, which is a diagram of
structure.
— Excluding all weak relationships.
- Restricting multiple inheritance.

e S-Layer: Actors can be organized hierarchically
with generalization relationships. CORE
SERVICES can be broken down in Domains,
Sub-Domains, Use Cases and Functions.

e F-Layer: Link IB-Layers to Use Cases or
Functions.

e IB-Layer: ALPS can provide additional
abstraction layers.

e F-Layer: Link PASS diagrams to structure
elements.

e [B-Layer: PASS supports complex processes. See
Table 5.4 from iteration 1.

The general solution of the third iteration primarily synthesizes the two pre-
ceding approaches. Consequently, a comprehensive understanding of the
various diagram types is expected. The key innovation is the introduction of
the F-Layer, which integrates structural and processual information.
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Table 5.12: 13: Matching of requirements to general solution (part 2)

Requirement Solution

¢ Separating concerns into four different views
(SFIB-Layer).

Extensive textual descriptions as part of the
model possible.

S-Layer: Only four clearly labeled elements:
(Actor, Domain, Subdomain, Use Case) with
clear hierarchy.

F-Layer: UCD well known form of
representation. Only three types of elements
and four labeled relationships.

I-Layer: Only two modeling elements (subjects,
messages). See Table 5.4 from iteration 1.

¢ B-Layer: Only three states and corresponding
transitions.

Each diagram in a given layer is connected to an
element of the Digital Ecosystem.

S-Layer: BDD of the structure of an Ecosystem.

F-Layer: UCD of a Use Case from the Ecosystem.

I-Layer: SID for a Function from the Use Case.
B-Layer: SBD for a Subject from the SID.

Actors, Roles, and Subjects are abstracted and
not detailing real-world entities.

¢ Only Domains, Use Cases and Functions of the
Digital Ecosystem are specified. The
implementation of SOLUTIONS is omitted by
design.
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5.3.6 Design Specific Solution

The Synthesis Model v3 provides a thorough description of the Digital Ecosys-
tem as detailed by Bonsch et al. (2024). The SFIB model presented herein ad-
dresses all six critical Use Cases for inter-organizational collaboration within
the Individual Vehicle Development (IVD) domain. These are:

e Product Portfolio Management (PPM): Standardized framework for
managing product Portfolios, making product information shareable
and accessible across organizations.

* Engineering as a Service (EaaS): Simplifies and accelerates the devel-
opment of complex systems, providing seamless access to specialized
engineering capabilities.

* Modular Engineering (ME): Standardized approach to engineering
collaboration, splitting development into manageable tasks with clear
interfaces.

e Manufacturing as a Service (MaaS): Federated network of networks,
enabling digital matching of manufacturing demand and capabilities.

* Modular Production (MP): Data models, interfaces and services, sup-
plying information about production status and parameters.

* Homologation: Streamling the homologation process, complying with
regulatory standards while reducing time, costs, and effort.

Enabled by a collaborative, open, and secure data space aligned with Gaia-X
and IDSA principles. This ecosystem approach fosters coopetition, thereby
enhancing innovation, adaptability, and growth. This section will not detail
all entities within the Synthesis Model V3. Instead, an overview of the con-
tents and their mapping to model elements will be provided. This offers a
clear understanding of the level of detail available in the model. Further-
more, significant design decisions will also be discussed.
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5.3.6.1 Design Process

The design process involves the concurrent development of a JSON schema,
a JSON model, and a model-viewer application, which are interrelated to
facilitate iterative refinement. This approach emphasizes the necessity of
simultaneous development to ensure that changes in one component are
reflected in the others, thereby promoting a cohesive system. Additionally,
the previously identified common weaknesses of the first two iterations are
addressed by incorporating long-format textual descriptions as markdown
files. The PASS models are stored in JSON-LD format and linked to the JSON
model. The primary objective is to enable the visualization of graphical in-
formation directly from the JSON model. This capability aims to enhance
discussions with stakeholders by providing visual representations that high-
light various aspects of the project, thereby improving communication and
feedback loops during the design phase.

An in-depth discussion of the representation of the Synthesis Model in JSON
is presented in section 6.4.. In the remainder of this section, the generated
SFIB-Layers using this JSON model are described and supplemented with
graphical representations.

5.3.6.2 S-Layer

The S-Layer offers a structural overview of the Digital Ecosystem, as illus-
trated in Figure 5.25. In a manner analogous to the second iteration, Actors
are positioned at the top, while Domains are located at the bottom of the
diagram.

Many elements from the second iteration remain part of the Synthesis Model
V3. The CoRE USERS remain unchanged; however, to complete the repre-
sentation of CORE PARTICIPANTS, the actor section has been expanded to
include the CONTRIBUTORS, which were previously only implicitly depicted
as operators of Business-Apps / Services. Additionally, the ORCHESTRATORS
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Figure 5.25: Synthesis Model V3 - S-Layer

are explicitly included in the third iteration of the model. In this iteration,
the CORE SERVICES are carefully described as Use Cases and their Functions,
rather than as SOLUTIONS. Consequently, the IVD Domain and its six Use
Cases are shown in the S-Layer.

New in this third iteration is the stronger alignment with the Catena-X ecosys-
tem. It has been decided that SoLUTIONS will be provided within the Catena-
X data space. Consequently, it is essential for stakeholders to gain a better
understanding of how IVD can be integrated with the existing Catena-X do-
mains. This prompted the decision to include the Catena-X association and
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the primary Core Service Provider of Catena-X, Cofinity-X, as actors. Fur-
thermore, the service map of the Catena-X operating system has been inte-

grated with the Synthesis Model and is included as Data Space Domain.'°

In IVD, four entirely new Use Cases are introduced, while MaaS and MP are
based on existing Catena-X Use Cases. In IntWertL, additional functions for
MaaS and MP are proposed to enhance IVD support; however, the main
components are those described in Tractus-X. Homologation remains a sig-
nificant topic for IntWertL, but it is primarily deemed out of scope. Conse-
quently, the design of the three remaining IVD use cases, namely EaaS, ME,
and PPM, becomes the primary focus at this stage of the research project.

5.3.6.3 F-Layer

The F-Layer includes UCDs for each of the eleven Use Cases in this third
iteration. Furthermore, it illustrates the integration of the 59 Functions of
the model into these Use Cases. Thirty of these Functions are assigned to the
Data Space Domain. The remaining twenty-nine Functions are linked to the
six IVD Use Cases, with some Functions assigned to multiple Use Cases. The
resulting UCD for the ME Use Case is depicted in Figure 5.26 as an example
of the F-Layer.

The UCD illustrates the five ME Functions designated within the ME Use
Case. Additionally, relationships are illustrated: First, associations from the
Actor Engineering Provider to the Functions Engineering Forecast and Engi-
neering Tracking are included. These associations are general in nature and
do not bear any labels. Both of these Functions have their own extend re-
lationship with the Activity Management Function, which is not part of the
ME Use Case (allocated in PPM). The Conformity Assessment Function from
the Homologation Use Case extends the Bill of Requirements Function.

10" Since this design decision was made Catena-X has redesigned its domain delineation. A
Synthesis Model V4 of the IntWertL Ecosystem could then divide its use cases among the
Catena-X domains: Engineering, Industry Core, Manufacturing, and Network Services.
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Figure 5.26: Synthesis Model V3 - F-Layer: Modular Engineering

Modular Engineering

However, the F-Layer also provides additional information. Each function
allocated within a use case is described in greater detail. This includes a
plain textual description as well as a tabular listing of the preconditions and
postconditions that must be considered for the use or implementation of
this function.

5.3.6.4 I-Layer

Each function may possess its own PASS model. The I-Layer presents the
corresponding SIDs. In Figure 5.27 the interaction within the Engineering
Forecast process is detailed.

This function details a peer-to-peer data exchange. The EngineeringFore-
castData model adheres to a defined schema, and three API calls for the En-
gineering Forecast function are specified in the data space: GetEngineering-
ForecastData, ProvideEngineeringForecastData, and DELETE: relatedMes-
sagelD. The exchange between the Client and the EDC, whether on the
CONSUMER or PROVIDER side, is not required to rely on the specified API
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CONSUMER PROVIDER
GET |GetEngineeringForecastData | GET |GetEngineeringForecastData
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D DELETE: relatedMessagelD EDC | ~ o sset
ProvideEngineeringForecastData (Provider) Prao':lalgee:

- PUT |ProvideEngineeringForecastData ProvideEngineeringForecastData eUpdate Data Asset

Figure 5.27: Synthesis Model V3 - I-Layer: Engineering Forecast

calls. However, the implementation of the relevant business logic must be
validated and certified with the appropriate credentials.

5.3.6.5 B-Layer

Every fully specified Subject from the corresponding SID has an SBD. This
SBD is represented on the B-Layer, as shown in Figure 5.28 for the Client
(Provider) from the Engineering Forecast function.

Here, each GetEngineeringForecastData API call initiates an instance of the
depicted behavior. The three possible data exchange modes specified by
the communicationMode property are distinguished. If this property is "syn-
chronous" then the behavior is completely linear. In the cases of "cyclic” or
"notification" aloop is initiated. The loop only terminates after receiving the
DELETE: relatedMessageID message.

5.3.7 Ex Ante Evaluation (Specific)

An extensive, analytical ex ante evaluation was conducted, involving de-
tailed bilateral discussions to clarify and align the modeling of individual
IVD use cases. Emphasis was placed on assessing and aligning the suitability
of the General Solution, particularly regarding continuity from the S-Layer
through the F-Layer to the IB-Layers. Special attention was dedicated to
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Figure 5.28: Synthesis Model V3 - B-Layer: Engineering Forecast - Client (Provider)

ensuring that the proposed SFIB-Layers meet the requirements of an inter-
organizational Digital Ecosystem. Review sessions of the Synthesis Model
V3 were held with modeling experts and domain specialists, representing
all relevant stakeholders in engineering, production, and software develop-
ment. Additionally, a focus group was convened with the IntWertL project
management team. The Synthesis Model V3 was presented, and feedback
was gathered. However, this feedback primarily targeted the implementa-
tion strategy and ways to improve the model’s reception within the IntWertL
community.

All six required use cases within the IVD domain are comprehensively docu-
mented in the Synthesis Model V3. As in previous iterations, the evaluation
outcomes are classified into strengths (S), weaknesses (W), opportunities
(0), and threats (T). In this context, strengths and weaknesses denote static
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attributes inherent to the model’s structural composition. In contrast, op-

portunities and threats represent dynamic characteristics that emerge from

the practical application of the artifact within its intended domain.

5.3.7.1 Strengths
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¢ Concise & precise: Having dedicated Layers to answer different ques-

tions allows concise, yet very precise modeling. This focused sep-
aration of concerns ensures that stakeholders only see—and work
with—the level of detail relevant to their responsibilities. Instead of
combining structural and process views into a single diagram, each
layer presents precisely what is needed for its specific viewpoint. Con-
sequently, the model avoids redundancy and eliminates unnecessary
overlap, enabling both brevity (when a high-level perspective suffices)
and precision (when deeper technical detail is needed). This layered
approach thereby sustains clarity across complex, inter-organizational
environments while retaining the ability to capture fine-grained de-
sign considerations. For instance: Through the introduction of a sin-
gle, streamlined API message for certain types of interactions, the I-
Layer is simplified (compared to e.g. sequence diagrams). Behavior,
such as different communicationModes is then detailed in the B-Layer.
Consequently, the complexity is reduced, making the model easier to
read and interpret. This precise modeling approach prevents unnec-
essary details from obscuring the high-level objectives of each Use
Case.

Expressiveness: Combining structural and processual information
in a synthesized model yields comprehensive expressiveness. This
holistic perspective reveals critical interdependencies and provides a
multi-faceted view of the ecosystem, thereby enhancing communica-
tion and decision-making among diverse teams. If need be, additional
textual (or even multi-modal) descriptions can be added through the
use of markdown files.



5.3 Iteration 3: Synthesized approach

e Extensibility: The Synthesis Model V3 can easily be extended. Addi-
tional Actors, Domains, Use Cases, and Functions can be included as
new entities. The usage of an ID property that is separate from the
name property in the JSON file makes the model entities easily main-
tainable. There is no requirement to immediately provide extensive
markdown files, PASS diagrams for all Functions or even a complete
breakdown of Actors. All of this can be added subsequently.

* Open Solution Space: The design of the Synthesis Model purpose-
fully refrains from imposing strict constraints on technical implemen-
tations or vendor-specific platforms. By specifying only the core Func-
tions, Use Cases, and Actors, it invites various CONTRIBUTORS to de-
velop diverse SOLUTIONS, while preserving interoperability and se-
mantic clarity. As aresult, stakeholders retain autonomy in developing
domain-specific implementations suited to their technological land-
scapes.

e Simple Syntax and Schema: Despite covering a wide range of func-
tionalities, the Synthesis Model V3 employs a limited set of modeling
elements (Actors, Domains, Functions, Use Cases, Subjects, States).
This minimalistic yet structured schema lowers the entry barrier for
new adopters. This is enhanced further as the more complex schema
definition for PASS is only regarded in a linked but separate JSON-LD
file. Additionally, it helps avoid confusion among stakeholders who
may not be familiar with traditional, more complex modeling nota-
tions. The simplicity fosters clear communication and reduces the
likelihood of misunderstanding or modeling errors.

5.3.7.2 Weaknesses

* More complicated model: Although the layered concept enhances ex-
pressiveness, it can make the Synthesis Model more complicated and
complex. Understanding how the four layers interact (e.g., linking
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the structural hierarchy in the S-Layer to specific interactions in the
I-Layer) may require specialized knowledge or guidance. The sheer
amount of entities within the Synthesis Model can be overwhelming
when trying to comprehend all at the same time.

5.3.7.3 Opportunities
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¢ Context Separation (Usage): First goal remains to preserve a coher-

ent view of the entire Digital Ecosystem. However, most adopters
and developers will focus on one Use Case or even one Function at
a time. The according FIB-Layers can easily be used, disregarding
all other Use Cases for the time being. This separation of concerns
paves the way for more focused stakeholder discussions and clearer
delineations of responsibility within project teams. All the while being
linked back to a coherent framework in the S-Layer.

Context Separation (Maintenance): The underlying JSON model uses
entities that are all maintained on the same level. Hierarchy is de-
ducted from properties of the JSON objects in the model-viewer ap-
plication. In combination with the usage of UUIDs for all main enti-
ties, this allows for complete separation of maintenanance tasks with
subsequent merging of the model. This modular approach to mainte-
nance reduces the risk of regression issues and fosters more stream-
lined version control.

Integration with Use Case repositories: An ORCHESTRATOR needs
to provide at least some kind of information on how to collaborate
among CORE PARTICIPANTS. This typically consists of a combination
of adoption, development and operation resources, typically provided
through project repositories (such as Tractus-X). Similar repositories
to the Tractus-X KITs can be used for the IVD Use Cases and the Syn-
thesis Model information can be part of it. Even this iteration of the
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Synthesis Model directly pulled markdown descriptions for MaaS and
MP from the according Tractus-X repositories.

e Support for System of Systems: Digital Ecosystems can be under-
stood as System of Systems. It is difficult to define the minimum vi-
able Ecosystem. However, using the Synthesis Model allows to eas-
ily describe a "Super Ecosystem" composed of two to many Digital
Ecosystems. For instance, there is a definite overlap of the IntWertL
Ecosystem and the Catena-X Ecosystem. Therefore, aspects from the
Catena-X Ecosystem have been used in the here presented IntWertL
Ecosystem. Catena-X however has seven domains and over twenty
Use Cases (and not just the Data Space domain presented here). A
unified Synthesis Model, including all of these could easily be mod-
eled with the presented general solution.

5.3.7.4 Threats

* Innovation: Design of a Digital Ecosystem is a real innovation. There-
fore, a general understanding of the fundamentals of EDE can not be
anticipated among stakeholders. Neither a common vision for the
ecosystem nor its solutions are well established. Nevertheless, the
aim is to disruptively change small-scale vehicle production. This
change, as with every major disruption, will produce reservations of
some kind.

* Model-viewer: Effective visualization of the Synthesis Model V3 re-
quires a specialized viewer application. While a dedicated model-
viewer can significantly improve clarity and user experience, it also
introduces dependency on a particular software tool. If the viewer is
not actively maintained, any updates to the schema may not be re-
flected properly. Furthermore, designing a proper UX for the model-
viewer can be a complicated task and a topic for DSR research in its
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own regard. Relying on this application can lead to rejection of the
model itself just because of a bad UX.

e Scientific: In academic and industrial research contexts, maintaining
rigor and reproducibility is paramount. However, the adopters and
developers from the IntWertL community tend to be very pragmatic.
Therefore, in-depth modeling following guidelines and a general so-
lution can be interpreted as "too brainy" and not relevant to "the real
world".

5.3.7.5 Summary Ex Ante Evaluation (Specific)

The summary of the analyzed SWOTs is illustrated in Figure 5.29. The ex ante
evaluation of the Synthesis Model V3 highlights its ability to provide compre-
hensive clarity and rigorous technical detail in modeling inter-organizational
Digital Ecosystems. By separating structure, function, interaction, and be-
havior into distinct layers, stakeholders can concentrate on their primary
concerns while maintaining an understanding of the broader ecosystem
context. This modularity simplifies maintenance, encourages incremen-
tal development, and fosters a more inclusive solution space where multiple
CORE USERS and CONTRIBUTORS can collaborate.

= Concise & precise More complicated model
= Expressiveness

= Extensibility

= Open Solution Space

= Simple Syntax and Schema

Context Separation (Usage) = Innovation

Context Separation (Maintenance) | = Need for specialized model-

Integration with Use Case viewer application T
repositories = Scientific

Support for System of Systems

Figure 5.29: Synthesis Model V3 - SWOT
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At the same time, the features that facilitate comprehensive expressive-
ness—such as layered views and specialized modeling tools—also introduce
potential complexity. Full adoption may necessitate stakeholder training,
careful tool support, and a collective commitment to modeling discipline.
Despite these challenges, the Synthesis Model V3 offers a promising frame-
work: its strengths in expressiveness and extensibility position it favorably
to support the evolving needs of stakeholders from both industrial and re-
search communities.

5.3.8 Implement Specific Solution

In the third iteration, the primary design risk for the Synthesis Model re-
mains user-oriented. Consequently, an implementation strategy has been
developed based on the specific Ex Ante Evaluation, as illustrated in Fig-
ure 5.30.

Strengths

= Setup the model maintenance in = Use Context Separation to handle
separatable .git-repositories. complicatedness and complexity of the
model.

= lteratively extend descriptions.

= Guide adopters and developers to
suitable entry point.

= Promote usage of the model. = Combine with presentation of SOLUTIONS
« Do not talk about JSON-schema. to promote willingness for innovation.

. = Shape model-viewer to hide model
= Show benefits of an open solution space. complexity and be easy to use.

Threats

= Host model-viewer as web-App.

Figure 5.30: Synthesis Model V3 - Implementation Strategies

At the IntWertL general assembly in February 2025, all stakeholders were
introduced to the Synthesis Model V3. As with previous versions, this edi-
tion included the S-Layer and a visual representation of functions linked
to the IVD Use Cases, presented through PowerPoint slides. This method
was chosen due to the incompatibility of the model-viewer application with
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projectors in large settings. However, a concise live demonstration of the
model-viewer accompanied the presentation. Following the unveiling of the
Synthesis Model V3, the audience was shown how the SOLUTIONS planned
for implementation by the project’s end connected with the displayed CORE
SERVICES, thereby illustrating the open solution space. This introduction
served as an accessible starting point for stakeholders interested in further
exploring the model.

Shortly after the general assembly, the model viewer was made available as
a web application. The link and instructions were disseminated via email,
along with a brief survey intended to encourage immediate use of the model
and to gather feedback for evaluation, as outlined in section 5.3.9. The
model-viewer is designed to simplify navigation by masking complexity
while ensuring user-friendliness. Entities within the S-Layer are represented
as Actor Cards or Domain Cards. Figure 5.31 illustrates the CORE USERS.

EcoVity User

Integrator Service Provider

Service provider that offers
engineering services.

Engineering Other Provider Production

Provider Provider

Figure 5.31: Synthesis Model Viewer - Actor Card

Tags indicate the ecosystem role of each individual actor. Hovering over
any component displays a description for the card, while clicking it opens
a drawer with more detailed information.

Figure 5.32 illustrates the Domain Cards. These cards include collapsible
sections for Subdomains and Use Cases.
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Domains
Catena-X Dataspace Individual Vehicle Development

Use Cases > Use Cases -

Subdomains

EaaS Homologation Moo
Catena-X Core Services Product Portfolio Management

Use Cases > ModEng ModProd PRI

Enablement Services Domain

Use Cases >

Figure 5.32: Synthesis Model Viewer - Domain Cards

The F-Layer for each Use Case can be accessed by clicking on a Use Case in
the S-Layer or by using an additional site with a dropdown selection. The
corresponding F-Layer in the model-viewer is illustrated in Figure 5.33.

To enhance model acceptance and mitigate risks associated with scientific
complexity, the strategy should focus on presenting its concise and precise
nature through direct experience, avoiding extensive discussion of the JSON
schema to prevent creating an impression of a complicated theoretical con-
struct.

5.3.9 Ex Post Evaluation

The third iteration of the Ex Post Evaluation has a more summative rather
than formative nature. It is divided into two parts: first, the presentation of
findings from the observational field study, which is consistent with previ-
ous iterations. Second, the results from the questionnaire, distributed to the
IntWertL partners along with the link to the model-viewer application, are
presented.
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F-Layer Diagram
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(BoB)

The BoE data model defines a set of mandatory properties to provide information about the product to be engineered and enables the common understanding
required for engineering tracking. To exchange the BoE semantic model, all partners must use the same model.

Modular Engineering Use Case in the EcoVity Ecosystem

(Standardized approach to engineering collaboration,) splitting development into manageable taks with clear
interfaces.

Vision & Mission

Figure 5.33: Synthesis Model Viewer - F-Layer

In this third iteration, the artifact was utilized by multiple IntWertL partici-
pants prior to its implementation at the general assembly. Following the sec-
ond series of vision workshops, it was time to transform the new CORE VAL-
UES into corresponding CORE SERVICES. The primary objective is to estab-
lish a Digital Ecosystem that thrives even after the conclusion of IntWertL.
This Digital Ecosystem, the product of IntWertL, is called EcoVity. Therefore,
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the preliminary Synthesis Model and the nascent EDE methodology were
used to shape EcoVity. After implementation it was used to guide the break-
down of remaining deliverables until the conclusion of IntWertL, especially
the SOLUTIONS that are to be demonstrated.

Therefore, the Ex Post Evaluation of this third evaluation is as follows:

1. Shaping EcoVity: Pre implementation application of the Synthesis
Model V3 to design the EcoVity Ecoystem.

2. IntWertL Deliverables breakdown: Usage throughout various work
packages but especially for the definition of presentable SOLUTIONS.

3. Questionnaire: Summative evaluation of model interpretability and
consistency, model relevance and applicability, as well as resistance to
actual model use.

5.3.9.1 Shaping EcoVity

The initial step in further developing EcoVity was to draft a collaborative ref-
erence paper on the topic of intelligent value creation networks for individ-
ual vehicle development (Bonsch et al. 2024), which builds upon findings
from the design process in this third iteration.

At the general assembly of IntWertL in December 2024, it became evident
that the overall concept for EcoVity was still unclear. With just over one year
remaining in the project, the necessity for a coherent concept for the emerg-
ing ecosystem became apparent. At that time, the Synthesis Model V3 was
undergoing refinement, consolidating the design of the specific solution and
the findings from the ex ante evaluation. Nevertheless, it was employed to
integrate technical aspects and business model considerations, resulting in
the general concept for EcoVity. This includes a perspective for SOLUTIONS
to be implemented before the conclusion of IntWertL, as well as a vision for
the long-term establishment of the Digital Ecosystem. This general concept
was put to a vote and was unanimously accepted.
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Design decisions from the third iteration and this general concept layed the
foundation for the presentation of IntWertL and EcoVity at the Hannover
Messe 2025.1!. Figure 5.34 illustrates how the CORE SERVICES designed with
the Synthesis Model V3 were presented at the fair.

ole
s
. .

g

.\E

Product Portfolio
Management
Standardized framework for managing

product Portfolios, making product
information shareable and accessible

/’f\‘
T/
=

Engineering as a Service

Simplifies and accelerates the
development of complex systems,
providing seamless access to

specialized engineering capabilities.

/./oJ

Modular Engineering

Standardized approach to engineering
collaboration, splitting development
into manageable tasks with clear
interfaces.

across organizations.

ol /\ o-°
o—kn J\° i

w

Manufacturing as a Service Modular Production

Figure 5.34: Presentation of the use cases from Synthesis Model V3 at the Hannover Messe 2025

11 IntwertL was selected to present itself at the joint stand of the Platform Industry 4.0, bridg-
ing the gap between the two main themes of Mobility and Data Spaces.
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5.3.9.2 IntWertL Deliverables Breakdown

Following its implementation, the third version of the Synthesis Model was
rapidly adopted. Beginning at the general assembly in February 2025, mon-
etization strategies based on the CORE SERVICES and actor decomposition
were presented to IntWertL stakeholders. The ORCHESTRATORS from the
Synthesis Model were also considered in the presentation of an unbundling
business model for EcoVity.

Second, the software development partners of IntWertL utilized the Synthe-
sis Model V3 to define and approve the software demonstrators intended to
exhibit the realization of CORE SERVICES in the implemented SOLUTIONS.
The interfaces between these SOLUTIONS are to be defined in accordance
with the Synthesis Model, including process descriptions and data models
associated with the GitLab repositories of the use cases. The setup of the
corresponding EcoVityBacklog repository is depicted in Figure 5.35. The use
case-related project repositories adhere to the terminology of the Synthesis
Model and are intended to be published as open source at the conclusion of
IntWertL to promote the integration of the designed CORE SERVICES.

Finally, not only did software developers change their deliverables to align
with the Synthesis Model, but stakeholders from the engineering domain did
as well. Instead of document-based platform descriptions, they committed
to integrating their results into the corresponding Markdown files.

5.3.9.3 Questionnaire

Lastly, IntWerL participants completed a short questionnaire to qualitatively
and summatively evaluate the Synthesis Model. The questionnaire was dis-
tributed alongside access to Synthesis Model V3 in the form of the model-
viewer application. Out of 87 unique visits to the survey, 16 complete ques-
tionnaires were collected. Only these 16 will be evaluated.
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E EcoVityBacklog & 0 | | New subgrowp ;

Recent activity Merge requests created Issues created Members added
Last 30 days

Subgroups and projects  Shared projects  Shared groups  Inactive

[ + ] search (3 character minimum) [Q] | Name v 1=
@ E Ecovityweb & *0 2 months ago
@ E Engineeringas a Service & *0 2 months ago
@ H Homologation & * 0 5 months ago
@ M Manufacturing as a Service & * 0 3 months ago
@ M Matchmaking & * 0 2 months ago
O et Vs o e Zosmmensio o Engneiog i i v, Exverinson. %0 2monts 20
@ M Modular Production (& * 0 2 months ago
@ P ProductPortfolio Management (3 *0 2 months ago
Q@ P Projektinitialisierung (& *0 1 month ago
@ P Projektinitierung & *0 5 days ago
@ S Synthesemodell_v4 & * 0 2 weeks ago

Figure 5.35: GitLab repository of the EcoVityBacklog

The survey comprises nine questions rated on a ten-point Likert scale. The
final question allows for a free-text response, soliciting general feedback and
suggestions for improvement. The first nine questions are organized in three
categories of three questions each:

1. Part 1: model interpretability and consistency
2. Part 2: model relevance and applicability

3. Part 3: resistance to actual model use

The following paragraphs present the results for all survey questions. Each
section of the questionnaire is illustrated with a radar chart and a histogram.
The numbers in parentheses on the radar chart represent the mean values.
The mean is utilized as the ten-point Likert scale is considered quasi-metric.
Due to the limited number of participants, this survey lacks quantitative ro-
bustness; therefore, no additional statistical analyses are conducted.
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Part 1: Model Interpretability and Consistency

Figure 5.36 presents the results of the first part of the questionnaire. The
statements are evaluated using a ten-point Likert scale ranging from 1|Fully
agree to 10|Do not agree at all.

Part 1: Model Interpretability and Consistency ™ Model Usability Diagram Clarity ™ Diagram Consistency

Radar chart Response distribution
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Figure 5.36: Questionnaire part 1: Model Interpretability and Consistency
The three statements are:

1. Model Usability: The model is easy to understand and intuitive to use.

2. Diagram Clarity: The individual diagrams are clearly structured and
easy to interpret.

3. Diagram Consistency: The various diagrams are logically coordinated
and do not contradict each other.

Part 2: Model Relevance and Applicability

Figure 5.37 presents the results of the second part of the questionnaire. The
statements are evaluated using a ten-point Likert scale, ranging from 1|Fully
agree to 10|Do not agree at all.

The three statements are:
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Part 2: Model Relevance and Applicability ™ EcoVity Relevance User Collaboration ™ Software Development
Radar chart Response distribution
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Figure 5.37: Questionnaire part 2: Model Relevance and Applicability

4. EcoVity Relevance: The model is relevant for the design of the Digital
Ecosystem (EcoVity).

5. User Collaboration: The model is relevant for collaboration between
platform users (integrators, engineering, production, etc.).

6. Software Development: The model is relevant for software devel-
opment, especially for planning, implementation, maintenance, and
documentation of software projects.

Part 3: Resistance to Actual Model Use

Figure 5.38 presents the results of the third part of the questionnaire. The
statements are evaluated using a ten-point Likert scale ranging from 1|No
resistance at all to 10|Extreme resistance.

The three statements are:

7. Ecosystem Description: The model explains the most important rela-
tionships of the Digital Ecosystem (EcoVity).

8. Future Usage: I will use the model in the further course of the IntWertL
project.
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Part 3: Resistance to Actual Model Use ™ Ecosystem Description Future Usage ™ Model Refinement
Radar chart Response distribution
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Figure 5.38: Questionnaire part 3: Resistance to Actual Model Use

9. Model Refinement: I will support further development of the model’s
content during the project.

Part 4: Feedback

The questionnaire yielded four feedback statements:

e "The transition from theory/science to practice and demonstrating
feasibility are still largely missing. The model itself is brilliant, but im-
plementation is all the more difficult. It should be demonstrated more
how this is supposed to work."

e "What I am missing is a variant without using the EDC."

e "The model is very good, but the implementation is somewhat too
theoretical and therefore difficult to realize in practice."

e "The site [URL] is probably still under construction. It is somewhat
distracting that clicking on the use case diagrams results in a 404 er-
ror, but you are probably working on that. For usability, it would be
good if one 'learns’ that things have changed on the page when you
select a synthesis model at the front. Hope this helps. Best of luck
with everything and your doctoral dissertation."
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Additionally, some feedback was communicated in person. The most no-
table request came from a project partner who inquired whether they could
access the source code of the Synthesis Model and the model-viewer appli-
cation. The project partner intended to utilize the Synthesis Model to cata-
log and describe all software services implemented within their department,
thereby enhancing the understanding of their collective work.

5.3.9.4 Summary Ex Post Evaluation

Overall, itis evident that the Synthesis Model V3 is extensively utilized across
IntWertL. In this third iteration, the concept of Synthesis Models has be-
come firmly established within the research project, being applied even be-
fore their official release and implementation with all stakeholders. The Ex
Post Evaluation illustrates the application in business model formulation,
the development of SOLUTIONS, and the design of CORE SERVICES.

The conducted survey indicates a strong principle endorsement of the Syn-
thesis Model. Moreover, there appears to be low resistance to both the mod-
eling approach and its application. Nonetheless, some reservations persist
among stakeholders. In accordance with the specific ex ante evaluation,
feedback highlights concerns related to implementation and usability rather
than criticisms of the Synthesis Model itself.

5.3.10 Conclusion Iteration 3

The third iteration of the SDSM application produced a synthesized artifact
that integrates structural and processual information. This is achieved by
distinctly focusing on describing CORE SERVICES of the IntWertL ecosystem.
The presentation employs a layered yet interconnected approach, separat-
ing concerns into interlinked but standalone diagrams. Consequently, the
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general solution necessitates a customized model representation. The cor-
responding JSON models are visualized using a dedicated model-viewer ap-
plication. Thus, during the summative evaluation, the distinction between
evaluating the model and assessing the application becomes less clear. Nev-
ertheless, observations from the conducted field studies indicate the rapid
and widespread adoption of the Synthesis Model V3.

The third iteration provides the most comprehensive, albeit complex, de-
scription of the IntWertL ecosystem. Consequently, it also generates the
most preliminary versions. By embracing the concept of design as a search
process and aligning with the model-based approach introduced in sec-
tion 6.2 these versions were promptly utilized by stakeholders. As a result,
the third iteration influenced the ecosystem design even prior to the imple-
mentation of models. This illustrates that a model-based approach does not
necessitate reliance on static and complete models.

5.4 Summary

This chapter outlines the design process of three versions of Synthesis Mod-
els as Level 1 artifacts. It presents three general solutions, three specific
instantiations, and nine comprehensive evaluation episodes. Moreover,
knowledge contributions can be derived from the rigorous design process
itself.

The first iteration employed a process-centric approach, utilizing PASS SIDs
as a general solution. Consequently, the Synthesis Model V1 served as the
foundation for the MVP implementation and the initial development of the
IntWertL ecosystem. Nevertheless, a Digital Ecosystem cannot be compre-
hensively described as a singular process.

The second iteration focused on structural issues, utilizing an adapted BDD
as representation. This approach enabled the development of business and
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operational models, alongside the breakdown of functional architecture.
However, the actual implementation of services was not addressed.

The third iteration synthesized the previous two approaches. It employed
four diagram types: BDD, UCD, SID, and SBD, interlinking them to create a
coherent representation.

Findings from all three iterations establish the foundation for formulating
the EDE methodology as a Level 2 artifact. This emergent methodology is
detailed in the following chapter. The critical reflection on the Level 1 arti-
facts in relation to the research hypotheses is included in Chapter 7.
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6 The Engineering Digital
Ecosystems Methodology

This chapter introduces the Engineering Digital Ecosystems (EDE) method-
ology, which serves as a generalized foundation for the model-based and
subject-oriented design of Digital Ecosystems. It builds on the findings from
the three iterations of designing Digital Ecosystem models for individual ve-
hicle development (Synthesis Model v1-3), as described in Chapter 5, and
consolidates the derived Level 2 knowledge in accordance with the DSR
framework (Gregor and Hevner 2013). Thus, the EDE methodology repre-
sents the primary outcome and main artifact of this research study.

The EDE methodology consists of two complementary components: first,
the EDE Approach, a structured methodological approach that guides the
design process; and second, the Synthesis Model, a formal metamodel that
facilitates the subject-oriented and model-based (re-) presentation of Digi-
tal Ecosystems. ! Together, these components tackle the fundamental chal-
lenges of EDE—specifically, the inherent complexity, federated structure,
and diversity of stakeholders typical of Digital Ecosystems.

This chapter is organized as follows: Section 6.1 lays out the conceptual
framework of the EDE methodology. Section 6.2 elaborates best practices

1 In Chapter 5, the term Synthesis Model often refers to a specific model instantiation. In the

present Chapter 6, Synthesis Model designates the metamodel, i. e., the set of concepts and
construction rules from which such instances are derived.

181



EDE Methodology

and methods for designing Digital Ecosystems. Section 6.3 outlines the lay-
ered structure of the Synthesis Model, followed by its technical representa-
tion in a JSON schema in Section 6.4. Section 6.5 presents an exemplary
practical implementation, demonstrating how instantiations of Synthesis
Models can be collaboratively maintained through Python-driven GitLab
workflows and visualized using a model viewer application. The chapter
concludes with a summary.

6.1 Concept of the EDE Methodology

Designing Digital Ecosystems presents unique challenges due to their dis-
tributed and federated nature, as well as the involvement of diverse, (semi-
) autonomous stakeholders. The EDE methodology addresses these chal-
lenges by introducing a structured, iterative, stakeholder-centered approach
for designing such ecosystems at both conceptual and architectural levels.
This methodology aims to bridge the gap between abstract ecosystem think-
ing and collaboratively designed functional architectures.

The EDE methodology is both model-based and subject-oriented. It pro-
vides a formal foundation for describing the roles, interactions, and value
co-creation mechanisms that characterize Digital Ecosystems. Rather than
focusing on software implementation or deployment (SOLUTIONS), the EDE
methodology facilitates the structured design of ecosystems, their CORE
VALUES and CORE SERVICES.

6.1.1 Methodological Foundations

The conceptual foundation of the EDE methodology integrates insights from
three complementary traditions:

¢ Design Thinking, which emphasizes human-centered innovation and
stakeholder inclusion in iterative design cycles;
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e Systems Thinking, which provides a holistic view of the interdepen-
dencies and feedback mechanisms in complex, multi-actor systems;

* Design Science Research (DSR), which grounds the methodology in
arigorous research process aiming at the development of prescriptive
knowledge.

In particular, the EDE methodology produces what DSR refers to as Level 2
knowledge (Gregor and Hevner 2013): prescriptive design knowledge that is
generalizable across a class of problems, specifically related to the design of
Digital Ecosystems.

6.1.2 Methodological Scope and Boundaries

The EDE methodology is specifically focused on the design phase of Digital
Ecosystems. It offers a structured approach to problem framing, stakeholder
alignment, and the definition of functional architecture. However, it does
not stipulate implementation strategies, development workflows, or deploy-
ment architectures. These responsibilities are assumed to be managed by
subsequent engineering processes, informed by the validated outputs of the
EDE design process.

6.1.3 Structure of the EDE Methodology

The conceptual structure of the EDE methodology is illustrated in Figure 6.1.
It comprises two main components: the EDE Approach and the Synthesis
Model. The approach includes a CORE VALUES cycle and a CORE SERVICES
cycle, while the Synthesis Model is subdivided into presentation and repre-
sentation. Each of these three aspects (approach, presentation, representa-
tion) is described in greater detail in the subsequent sections.
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0 EDE Approach
= CORE VALUES cycle

= CORE SERVICES cycle

EDE Synthesis Model Presentation
= S-Layer = I-Layer
= F-Layer = B-Layer
Synthesis Model Representation
9 = JSON Schema
Figure 6.1: Conceptual structure of the EDE methodology.

6.1.4 EDE Framework

The EDE methodology is operationalized through a structured decompo-
sition framework that connects ecosystem-level thinking with specific data
usage descriptions. The hierarchy of decomposition is illustrated in Fig-

ure 6.2.

" Data Space Level

Capability

~ Data Usage Level Persona

Figure 6.2: EDE methodology - decomposition framework.
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This framework supports two primary decomposition pathways:

e Persona decomposition: from ecosystem actors to roles to subjects,
enabling the assignment of responsibilities and modeling of interac-
tions.

¢ Capability decomposition: from domains to subdomains, to use cases,
functions, and finally to tasks, providing a layered approach to defin-
ing ecosystem functionalities.

Table 6.1 describes the breakdown of What? the ecosystem is supporting,
while Table 6.2 cascades the Who? is involved.

Table 6.1: EDE methodology: Capability Decomposition framework

Concept Description ‘

Broad areas of business activity within the ecosystem,
encompassing related subdomains and use cases.

A more specific category of a domain, focusing on particular
aspects of business operations.

Specific scenarios that describe interactions between actors
and the system, outlining goals and outcomes.

High-level, logically encapsulated operations that are part of a
use case, detailing actions that contribute to achieving the use
case goals.

Smaller, actionable items or steps that need to be completed as
part of a function.

This decomposition logic forms the structural basis for the Synthesis Model
and consequently, the EDE methodology.
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Table 6.2: EDE methodology: Persona Decomposition framework

‘ Concept ‘ Description ‘

Active entities on ecosystem level. Mostly ORCHESTRATORS and
CORE PARTICIPANTS. (e. g., humans, organizations, or external
IT systems).

A persona on use case level; can specify or generalize actors.

The concrete instantiation of any active entity (organizations,
IT systems, people) in a particular function context, including
their task execution behavior.

6.2 The EDE Approach

The EDE approach adapts the UK’s Design Council’s Double Diamond model
to meet the specific needs of Digital Ecosystems. Each diamond signifies a
complete cycle of divergence and convergence. The resulting EDE Double
Diamond is depicted in Figure 6.3.

This structure is based on a simplified version of the SDSM methodology,
utilized in the three iterations discussed in Chapter 5. The EDE Approach
omits the identification of the general problem, requirements, and solu-
tions, which are provided through the EDE methodology. All evaluation
steps are deliberately excluded as well, as they must be specifically designed
to fit the design task at hand (see Section 4.2.3. Instead, it focuses exclusively
on the design phase, facilitating stakeholder alignment, ecosystem model-
ing, and the formalization of the system’s functional architecture.

e CORE VALUES Cycle (Diamond 1) — Analyze — Define
Aligns participants around a shared purpose and a concise set of CORE
VALUES.

e CORE SERVICES Cycle (Diamond 2) — Create — Synthesize
Translates those values into a coherent portfolio of CORE SERVICES
captured in the SynthesisModel.
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Figure 6.3: The EDE Double Diamond: Defining CORE VALUES and synthesizing CORE SER-
VICES.

These two cycles are intentionally lightweight while also being highly collab-
orative, allowing for iteration whenever the ecosystem evolves. By the end
of a complete cycle, the Digital Ecosystem possesses:

¢ a stakeholder-validated set of CORE VALUES, and

* asynthesized, subject-oriented model of CORE SERVICES.

The CORE SERVICES can then be implemented in various SOLUTIONS. How-
ever, a Digital Ecosystem is a dynamic entity. It is never complete; therefore,
regular revision of CORE VALUES and extension of CORE SERVICES are neces-
sary.

The primary goals, activities, and artifacts for each step of the EDE Double
Diamond are summarized in Figure 6.4.
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Goal: Understand context & needs Goal: Agree on shared purpose

= Map Stakeholders, drivers, pain-points
= Collect data via interviews, desk research,
workshops

= Synthesize insights into CORE VALUES
Prioritise, draft value statements & success
metrics

o
B

EDE
Approach

Consolidate Synthesis Model Ideate & sketch candidate CORE SERVICES
Validate roles, interfaces, data flows with Storyboard interactions, assess feasibility
stakeholders & impact

Synthesize Functional Architecture Search for use cases

Figure 6.4: Four step approach of the EDE methodology.

Step 1| Analyze Map the ecosystem’s boundaries, actors, and prevailing
incentives through desk research, stakeholder interviews, and contextual in-
quiry. Special attention is paid to latent needs and potential conflicts that
might later hinder adoption. The outcome is a comprehensive problem
frame and an evidence-based inventory of stakeholder goals.

Step 2| Define Translate the collected insights into a non-overlapping,
compact set of CORE VALUES that answer the question “Why should we
collaborate?”. Facilitation techniques, such as value-proposition canvases
and prioritization matrices, assist participants in negotiating trade-offs and
reaching consensus on success metrics. A brief "value charter" is created
to document the alignment and serve as a stable reference for subsequent
design work.

Step 3| Create Ideate candidate CORE SERVICES that operationalize each
value, transitioning swiftly from napkin sketches to service blueprints or
low-fidelity mock-ups. Feasibility, desirability, and ecosystem-level impact
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are evaluated in co-creation workshops, often employing rapid prototyping
or value-stream mapping. The outcome is a prioritized backlog of service
concepts, each linked to the value(s) it supports.

Step 4 | Synthesize Consolidate the shortlisted services into a cohesive
functional architecture formalized in the Synthesis Model. This involves
defining roles, interaction patterns, data structures, and governance rules,
followed by validation with domain experts through walkthroughs or sim-
ulations. The model serves as the authoritative blueprint for downstream
implementation and as a dynamic artifact to be updated as the ecosystem
evolves.

Guiding Design Principles

1. Manage emergence instead of enforcing control.

2. Iterate rather than follow a linear sequence.

3. Balance divergence and convergence.

4. Emphasize co-creation with ecosystem stakeholders.

5. Maintain systemic sensitivity and context awareness.

The following subsections detail the activities, artifacts, and recommended
methods for each step.

6.2.1 Analyze

The Analyze step serves as the divergent opening move of the EDE method-
ology. Its objective is to draw an evidence-based picture of the Digital Ecosys-
tem, examining CORE PARTICIPANTS and their needs, as well as the existing
structures within the application domain. Building on lessons learned from
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the three iterations in Chapter 5, we discovered that merely “collecting data”
is insufficient; this step must establish a shared problem frame that can
accommodate limited resources, diverse stakeholder perspectives, and ini-
tially fuzzy requirements. By explicitly broadening the design space, this
initial step safeguards subsequent work from blind spots and premature so-
lution bias. Figure 6.5 illustrates the purpose, task, and application of the
Analyze step.

Best Practices

PURPOSE Triangulate data

Establish a comprehensive understanding of Immerse in context

the Digital Ecosystem. Visualize early
Document constraints

Maintain Traceabilit
TASK .

Make the Digital Ecosystem legible.

APPLICATION

Figure 6.5: Step 1 - Analyze: Purpose, Task, and Application.

6.2.1.1 Purpose

Establish a comprehensive understanding of the Digital Ecosystem before
any design decisions are taken.

The primary obligation is visibility, not consensus. The analysis offers a
holistic view of the Digital Ecosystem, incorporating commercial, regulatory,
and technical perspectives to establish a common factual baseline. A disci-
plined, data-driven assessment up front creates an explicit problem frame
that designers, domain experts, and sponsors can confidently reference.
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6.2.1.2 Task
Malke the Digital Ecosystem legible: Who is involved, how is value created
and exchanged, and where do unmet needs or structural barriers lie?

Turn the fuzzy “idea of an ecosystem” into a clear design brief that all stake-
holders can reference. Concretely, this involves:

* Demarcate the arena: Outline clear ecosystem boundaries and adja-
cent domains.

e Map the cast: List actors (people, organizations, systems) and chart
how value (data, money, reputation) flows among them.

 Surface intentions & pain points: Document stakeholder goals, fric-
tions, and success metrics through observation and dialogue.

* Logexternal forces: Record regulatory, technological, and market fac-
tors that could enable or constrain the ecosystem.

 Link evidence: Store raw quotes, statistics, and field notes alongside
every insight for traceability.

6.2.1.3 Application

Deliberately diverge: fact-finding takes precedence over synthesis.

The Analyze step operates in a deliberately divergent mode: fact-finding
takes precedence over synthesis. Therefore, a cyclical breadth-to-depth re-
search cadence should be employed. First widen the lens and then zoom in
until informational saturation is achieved—typically after two to three itera-
tions:

1. Widen the lens: Cast a broad net to surface facts and signals from four
complementary views:
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e Process: howwork is done (e. g., process exploration, lightweight
subject-oriented modeling);

e Need: what users and stakeholders want or struggle with (e. g.,
high-volume user stories, interviews);

» System: how tangible and intangible value circulates (e. g., value-
network and ecosystem mapping);

e Strategy: why each actor participates and how success is framed
(e. g., vision-building workshops, horizon scans).

2. Zoom in: Probe the most consequential discoveries: domain stan-
dards, regulatory pinch points, legacy architectures, developing col-
laborations. Deep-dive methods such as value-network analysis, tar-
geted expert interviews, and mini vision workshops confirm or refute
hypotheses.

Alternating between breadth and depth prevents tunnel vision while main-
taining a manageable workload. Each cycle enhances insight, ultimately re-
sulting in an evidence-linked repository that supports subsequent design
decisions. When new cycles merely confirm existing patterns, the Analyze
step is considered complete.

Best Practices

e Triangulate data: Combine qualitative and quantitative sources (e. g.,
interviews, surveys, desk research) to avoid single-method bias.

e Immerse in context: Short ethnographic site visits or contextual in-
quiry expose tacit routines and hidden frictions.

e Visualize early: Ecosystem and value-flow diagrams give stakeholders
a common reference and reveal gaps.
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* Document constraints: Log regulatory hurdles, incentive conflicts, or
technical bottlenecks while they surface.

e Maintain traceability: Capture quotes, user stories, and workshop ar-
tifacts in a living repository so later design choices stay evidence-linked.

Suggested Methods

e Contextual Inquiry: Observe users in situ, asking clarifying questions
while they work to uncover tacit practices and unmet needs.

* Ecosystem Mapping: Graphically represent the overall ecosystem struc-
ture, value flows, and connections, including dependencies, gaps, and
interaction points.

* Journey Mapping: Visualize end-to-end experiences for archetypal
personas, flagging friction points and opportunity moments.

* Rapid Ethnography: Conduct two- to three-day field immersions
that add cultural insight without the burden of full ethnography:.

 Stakeholder Mapping: Systematically position actors by power and
interest to reveal allies, blockers, and engagement priorities.

e Structured Ideation: Enhance collaboration in brainstorming by em-
ploying techniques such as the Six Thinking Hats or the Walt Disney
Method.

» Surveys / Questionnaires: Validate qualitative findings quantitatively
and segment user groups at scale.

* Trend & Literature Scan: Inventory external technological, regulatory,
and market forces that may enable or constrain the ecosystem.

e User & Stakeholder Interviews: Run semi-structured “probe-why”
conversations that expose motivations, pain points, and success cri-
teria.
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¢ Value-Network Analysis: Map how data, money, and reputation cir-
culate; detect bottlenecks and leverage points.

6.2.2 Define

Following the divergent scan of Analyze, the Define step constitutes the
methodology’s first explicit convergence step. Its objective is to distill the
dispersed findings into a compact, non-overlapping set of CORE VALUES
that can serve as a design compass.

The define step builds on the Purpose, Vision, Mission, Values, Strategy,
Goals, and Tactics framework, which is commonly used to define and guide
the direction of an organization, or in this case, the Digital Ecosystem:

Purpose frames the existential “why”, Vision articulates the desired future
state, Mission clarifies the ecosystem’s enduring role, and Values translate
these elements into succinct principles that guide design trade-offs. Lower-
tier constructs—goals, strategies, tactics—are deliberately excluded here be-
cause they are too short-term or context-specific to serve as stable alignment
devices throughout the ecosystem’s life cycle.

By negotiating these four cascading statements, stakeholders address the
overarching question: “Why should we collaborate?”. Consequently, we con-
sider all of these four concepts when defining CORE VALUES. Figure 6.6 illus-
trates the purpose, task, and application of the Define step.

6.2.2.1 Purpose

Converge on CORE VALUES that articulate why the Digital Ecosystem exists
and what principles will govern its design.

Where Analyze sought visibility, Define seeks alignment. By translating dis-
persed insights into four interlocking statements—Purpose, Vision, Mission,
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Best Practices

= Visual clustering PURPOSE

bzl re e Converge on CORE VALUES.
= Limit Values (4-6)

= Publicly disseminate

TASK

Transform scattered findings into a
consensus-based value charter.

APPLICATION

Facilitate structured convergence, turning
many voices into one.

Figure 6.6: Step 2 - Define: Purpose, Task, and Application.

and Values—we establish a stable North Star for all stakeholders to reference

during trade-offs.

This cascade addresses the fundamental question, “Why should we collabo-
rate?” While maintaining sufficient abstraction to transcend short-term ob-
jectives or tactics, the resulting “value charter” serves as the definitive refer-
ence for creating and synthesizing CORE SERVICES.

6.2.2.2 Task
Transform scattered findings into a consensus-based value charter that
captures Purpose, Vision, Mission, and Values.

The value charter consolidates qualitative insights into an actionable align-
ment artifact that serves as a reference for all future design activities. The
overall task of the Define step can be broken down into four components:

e Cluster insights: Group themes from Analyze around shared aspira-
tions, constraints, and motives.
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¢ Draft the cascade: Formulate a one-sentence Purpose, a vivid future-
state Vision, a durable role-orienting Mission, and 4-6 crisp Values.

¢ Facilitate consensus: Run cross-stakeholder workshops to negotiate
wording and resolve trade-offs.

e Publish CORE VALUES: Communicate the agreed upon charter loud
and clear to all stakeholders.

6.2.2.3 Application

Facilitate structured convergence, turning many voices into one coherent
value charter.

Unlike the deliberately divergent Analyze step, Define operates in a converg-
ing mode. We begin by visualizing diverse insights using affinity diagrams,
insight clusters, or thematic maps to identify commonalities. Next, we guide
stakeholders through a sequence of co-creation moves that progressively re-
duce variation while allowing for emergence. Negotiate and iterate by facili-
tating discussions and employing lightweight voting to merge duplicates, re-
solve conflicts, and refine phrasing. Capture the agreed cascade in a single-
page, version-controlled document for easy reference and governance. Dis-
seminate the value charter publicly, frequently, and emphatically. Iterate be-
tween Analyze and Define if coherence or completeness is lacking.

Note that the value charter does not need to only specify the purpose, vision,
mission, and values but may also define other tangible ecosystem consider-
ations, such as CORE PARTICIPANTS, or use cases. Furthermore, the vision
aspect of the charter should be examined across different time horizons. A
short-term vision may differ significantly from the desired long-term future.
This value charter serves as a stable benchmark when new stakeholders join
or when priorities shift.
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Best Practices

e Start with visual clustering to make areas of agreement and conflict
immediately visible.

e Use neutral facilitation so no single stakeholder dominates the word-
ing of purpose, vision, mission or values.

¢ Limit values to 4-6 items to keep the charter memorable and avoid
principle overload.

 Publicly disseminate and version-control the charter.

* Iterate between Analyze and Define if coherence or completeness is
missing.

Suggested Methods

 Affinity Diagramming: Cluster raw observations into thematic groups,
exposing patterns that feed directly into Purpose-Vision-Mission-Values
wording.

* CATWOE Analysis: Frame the problem through six stakeholder lenses
(Customers, Actors, Transformation, World-view, Owner, Environ-
ment) to surface hidden assumptions the charter must reconcile.

¢ How-Might-We Questions: Convert key insights into open, opportunity-
oriented challenges that keep the emerging value set actionable.

* Personas: Personify archetypal user segments to test whether pro-
posed statements resonate with real stakeholder motivations.

e Purpose Canvas: Structured tool to collaboratively define the ecosys-
tem’s overarching purpose and long-term vision.

e Journey Mapping: Visualize end-to-end stakeholder experiences to
reveal value gaps the charter should explicitly address.
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¢ Quality Function Deployment (QFD): Link prioritized stakeholder
needs to measurable design criteria, anchoring each value in concrete
specifications.

* Root Cause Analysis (5 Whys): Probe persistent tensions until foun-
dational causes emerge, ensuring the charter tackles root issues rather
than symptoms.

¢ Value Proposition Design: Systematic development of stakeholder-
specific value propositions that reflect CORE VALUES.

6.2.3 Create

The Create step marks the methodology’s return to divergence. Building on
the value charter, we treat ecosystem design as a search process in the Si-
monian sense—systematically exploring a solution space to locate satisfying
concepts rather than a single optimal answer (Simon 1996). Corresponding
to the Develop stage in Design Thinking, this step promotes breadth: mul-
tiple CORE-SERVICE ideas are generated, sketched, and rapidly prototyped,
followed by iterative refinement. The three iterations documented in Chap-
ter 5 illustrate how successive cycles of ideation and low-fidelity prototyping
resulted in increasingly concrete ecosystem solutions for each use case. Fig-
ure 6.7 illustrates the purpose, task, and application of the Create step.

6.2.3.1 Purpose

Conceptualize CORE SERVICES of the Digital Ecosystem.

Where Define aligned intent, Create ignites invention. Its objective is to
transition from "what must be achieved" to "how it could be achieved"
by generating and refining multiple CORE SERVICE ideas. This phase in-
tentionally expands the design space—encouraging bold, even specula-
tive notions—before converging on a select few prototypes or architectural
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Best Practices
= Heterogeneous cast APPLICATION

RCEVEECEWACIENE jterate through expand-prototype—refine
Stress-test loops.

Balance Innovation
Keep evidence visible

EDE PURPOSE

q@ \g, Conceptualize CORE SERVICES of the Digital
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TASK
Explore the solution space to locate satisfying
concepts.

Figure 6.7: Step 3 - Create: Purpose, Task, and Application.

sketches that clearly meet the constraints and opportunities identified in
Analyze and Define. By its conclusion, at least one concept is deemed viable

enough to enter formal synthesis.

6.2.3.2 Task

Explore the solution space to locate satisfying concepts.

The responsibility involves transitioning from CORE VALUES and abstract in-
tent to tangible designs through an iterative process of ideation, prototyp-
ing, and evaluation. Specifically, the work entails:

e Generate concepts: Run divergent ideation sessions (brain-writing,
SCAMPER, morphological charts) to identify ecosystem functionali-
ties and create a wide set of CORE SERVICE candidates.

* Visualize early: Sketch architectures, storyboards, or process models

that make ideas concrete enough for critique.
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¢ Prototype & test: Build low-fidelity or Wizard-of-Oz prototypes; col-
lect rapid feedback from stakeholders and potential users.

o Filter & refine: Merge complementary ideas, drop weak ones, and en-
hance promising concepts.

* Document rationale: Capture why each design decision was taken,
linking back to user insights, domain constraints, and success metrics.

6.2.3.3 Application

Iterate through expand-prototype-refine loops until one concept stands
out.

Create operates within a controlled divergence framework: each loop be-
gins with broad ideation, translating ideas into rough artifacts (sketches,
paper prototypes, service blueprints), and subsequently narrows the focus
through rapid validation against CORE VALUES and feasibility constraints.
Typically, two to four such loops are conducted, alternating group creativ-
ity, artifact refinement, and lightweight testing, until one or two concepts
consistently outperform the others based on desirability, feasibility, and vi-
ability metrics. The phase concludes when a shortlist, ideally comprising a
single lead concept, has been prototyped and demonstrated to meet the es-
tablished thresholds of feasibility, desirability, and viability, thus preparing
it to enter Synthesize.

When designing Digital Ecosystems, it is beneficial to concentrate on a sin-
gle domain, use case, or function at a time. This approach allows for more
manageable design cycles and targeted iterations, facilitating the effective
management of complexity and rapid adaptation to specific requirements.
However, a previous iteration of the Create step must first identify these po-
tential focus areas.
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Best Practices

* Engage a heterogeneous cast: Invite technical, business, and user-
domain experts to maximize idea diversity.

* Prototype early, prototype often: Use low-fidelity artifacts so feed-
back cycles are measured in hours, not weeks.

* Stress-test with extremes: Include edge-case scenarios (extreme users,
peak loads) to uncover hidden constraints or breakthrough ideas.

e Balance the innovation triangle: Weigh desirability (user value), fea-
sibility (technical/operational realism), and viability (economic sus-
tainability) in every down-selection round.

» Keep evidence visible: Display user quotes, domain rules, and evalu-
ation scores alongside prototypes so trade-off decisions remain trans-
parent and traceable.

Suggested Methods

* Brain-writing (Group Ideation): Fast, rule-based sessions that un-
leash a broad set of ideas by deferring judgment and encouraging “yes-
and” building, while continuously documenting results.

e Co-Creation Workshops: Mixed teams of designers, end-users, and
stakeholders jointly sketch, storyboard, and critique concepts, boost-
ing buy-in and diversity of insight.

* Low-Fidelity Prototyping: Paper sketches, wire-frames, or Wizard-of-
Oz facades that make ideas testable within hours, enabling rapid feed-
back cycles.

e Morphological Analysis: A function-by-function matrix that system-
atically explores all component options and their combinations, en-
suring thorough coverage of the design space.
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¢ SCAMPER: Seven prompt lenses (Substitute, Combine, Adapt, Modify,
Put to other use, Eliminate, Reverse) applied to spark creative modifi-
cations or entirely new concepts.

e TRIZ Inventive Principles: Leverage a curated set of contradiction-
breaking patterns from global patents to inspire technically novel so-
lutions.

6.2.4 Synthesize

The Synthesize step is the convergent finale of the EDE methodology. In this
step, the various artifacts produced during Create—including prototypes,
service blueprints, and feedback logs—are consolidated into a single, for-
malized, and validated functional architecture of the Digital Ecosystem: the
Synthesis Model. The focus shifts from creativity to coherence as the CORE
SERVICES are iteratively refined and validated. The final design is commu-
nicated to stakeholders through the layered presentation of the Synthesis
Model. An exemplary implementation of the application of the Synthesize
step is illustrated in Section 6.5.

Figure 6.8 illustrates the purpose, task, and application of the Synthesize
step.

6.2.4.1 Purpose

Synthesize the Functional Architecture of the Digital Ecosystem.

Where Create provided candidate solutions, Synthesize ensures viability.
This step confirms that the preferred design meets all practical require-
ments—technical, organizational, and economic—while integrating indi-
vidual CORE SERVICES into a cohesive whole. Different artifacts are syn-
thesized into a coherent and formalized Synthesis Model, which facilitates
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PURPOSE

Synthesize the Functional Architecture of the
Digital Ecosystem.

TASK

Combine all components into a singular,
validated, and communicable representation.

Best Practices

APPLICATION = Subject-orientation

= Repository versioning
= Validate R-E-U
= |terate releases
= Layer communication

Iterate integrate—test-refine and release a
clearly-communicated Synthesis Model.

Figure 6.8: Step 4 - Synthesize: Purpose, Task, and Application.

communication, enabling CORE USERS, CONTRIBUTORS, and ORCHESTRA-

TORS to implement the ecosystem with confidence.

6.2.4.2 Task

Combine all components into a singular, validated, and communicable

representation: the Synthesis Model.

The work focuses on three interconnected streams:

e Integration: Merge the concepts from the Create step into one coher-
ent specification of the Synthesis Model.

* Validation: Iteratively test and refine relevance, enrichment, and us-
ability of the Synthesis Model.

e Communication: Effectively communicate the Digital Ecosystem de-
sign to all stakeholders by using the layered presentation of the Syn-
thesis Model.
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6.2.4.3 Application

Iterate the Digital Ecosystem design through integrate-test-refine cycles
and release a clearly-communicated Synthesis Model.

Integration, validation, and communication function as interleaved micro-
loops. Each loop extracts the most recent artifacts from Create into a unified
source-of-truth repository for the Synthesis Model. The modeling employs
a strictly subject-oriented approach, supported by pair modeling. Synthe-
sis can follow either a distinct top-down or bottom-up structure; however,
a middle-out rhythm is predominantly utilized. The consolidated model
undergoes relevance, enrichment, and usability checks, followed by ap-
propriate refinements, and is subsequently republished as an updated ver-
sion. The cadence is scalable—from a narrow, domain-specific slice to a
comprehensive ecosystem release—but consistently produces a layered,
human-readable package: diagrams and markdown narratives combined
in a machine-readable schema that can be interpreted and acted upon by
ORCHESTRATORS, CONTRIBUTORS, and CORE USERS.

The resulting Synthesis Model is publicly accessible and effectively commu-
nicated throughout the Digital Ecosystem. Consequently, ORCHESTRATORS
and CORE PARTICIPANTS are consistently informed about the current CORE
SERVICES architecture and any upcoming changes.

Best Practices

¢ Embrace subject-orientation: Express every element of the Synthesis
Model in clear Subject-Object—Verb form. Using the same grammatical
backbone in all layers and diagrams prevents role/function mix-ups
and keeps cross-domain mappings consistent.

¢ Maintain a single version-controlled repository: Store all diagrams,
schemas, and markdown narratives in one canonical repository; tag
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releases (e. g., semantic versioning) so every stakeholder can locate the
exact model state under discussion.

e Validate on three axes: Check relevance (still solves the right prob-
lem), enrichment (adds meaningful detail without bloat), and usabil-
ity (target roles can navigate and apply it) before advancing a model
version.

e Iterate in releasable slices: When the ecosystem is large, integrate and
publish per use case or domain; short cycles keep feedback focused
and reduce merge complexity.

e Layer the communication: Guide each audience to the domain of in-
terest and right depth of information from the Synthesis Model (SFIB-
Layer) so both technical and managerial stakeholders can understand,
adopt, and extend the ecosystem design.

Suggested Methods

* A/BTesting: Run live experiments comparing design variants to gather
quantitative evidence of which configuration best meets the success
metrics.

e Heuristic Evaluation: Invite usability experts to inspect the model’s
interface layers against established principles, surfacing problems
early and cheaply.

e Pair Modeling: Seat a domain expert and a modeling specialist side-
by-side to merge artifacts, validate semantics in real time, and capture
tacit knowledge without rework.

* Pilot Testing (Field Trial): Deploy the integrated solution at limited
scale to verify socio-technical fit and expose latent defects before full
roll out.
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¢ Scenario Analysis: Stress-test the Synthesis Model against alternative
future contexts (market shifts, regulatory changes) to ensure robust-
ness and reveal contingency needs.

e SWOT Analysis: Assess the strengths, weaknesses, opportunities, and
threats inherent in the current model version, guiding focused im-
provements.

¢ Usability Testing: Observe representative users performing real tasks
with the model’s interactive views to uncover effectiveness, efficiency,
and satisfaction issues.

¢ User Acceptance Testing (UAT): Have end-users execute predefined
acceptance scenarios to confirm the final model meets operational
and business criteria.

6.2.5 Conclusion

The EDE Double Diamond Approach is inherently iterative. It encourages
micro-iterations within individual steps, iterations within the CORE VALUES
and CORE SERVICES cycles, and planned iterations to re-evaluate CORE VAL-
UES and CORE SERVICES, while also allowing for the introduction of entirely
new ideas.

These steps are highly collaborative and participatory, utilizing qualitative
methods such as workshops, interviews, and facilitated modeling sessions
to ensure stakeholder inclusion and alignment. By the end of the CORE SER-
VICES cycle, the EDE methodology generates a comprehensive, stakeholder-
aligned, and machine-readable model of the Digital Ecosystem, which serves
as the foundation for technical implementation. This Synthesis Model is the
guiding framework for the realization of the Digital Ecosystem SOLUTIONS.
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6.3 Layers of the EDE Synthesis Model

The EDE Synthesis Model organizes the presentation of Digital Ecosystems
into four interconnected and semantically distinct layers: Structure, Func-
tion, Interaction, and Behavior (SFIB). This layered approach promotes mod-
ularity, separation of concerns, and traceability across different levels of ab-
straction—from ecosystem-wide architecture to the individual behaviors of
participating entities. Figure 6.9 presents a conceptual overview of these
layers and their interrelations.

_ | Actors Domains B ® [ eMessage1 g
[7) Domain . (Data-) Object .
Al Acor | Subdomain SLiEG Subject
5| =

UseCase |

1 r
q>’\ @ m <<extends>> Fi Subject 1 Fi Subject 1 Yu
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g :
v Function = ®
- Send State Do State

Figure 6.9: Overview of the SFIB layers in the EDE Synthesis Model

Each layer addresses a specific modeling question and focuses on a dedi-
cated aspect of the overall system logic:

e S-Layer (Structure) - Who is involved? Defines the structural com-
position of the digital ecosystem. The primary modeling elements are
Actors, Domains, and Use Cases. This architectural view includes only
hierarchical relationships of model elements.

e F-Layer (Function) — Which functions are realized? Connects the
architectural elements of the S-Layer to functional perspectives. For
each Use Case, relevant Functions are identified, and the Roles as-
sumed by Actors are defined. Roles are active entities specific to the
Use Case level and are conceptually distinct from Actors.
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¢ I-Layer (Interaction) — What is exchanged? Models the exchange of
information between Subjects within the scope of a Function. These
interactions occur within a defined process context and are repre-
sented as message flows, abstracting from technical implementation
details while maintaining semantic clarity.

¢ B-Layer (Behavior) - How does a Subject act? Specifies the internal
logic of a single Subject, including message handling, decisions, and
autonomous actions. This view reflects the localized and often par-
tial understanding of a Subject in the context of a larger distributed
system.

The four layers are not isolated; rather, they are interconnected through
an explicit referencing structure. Elements in each layer are linked to their
counterparts in adjacent layers via a directed graph:

e Each Use Case from the S-Layer is linked to its UCD on the F-Layer.
¢ Each Function from the F-Layer is connected to an SID on the I-Layer.

¢ Each (fully specified) Subject in the I-Layer owns an SBD on the B-
Layer.

This reference-based architecture enables a consistent and clear mapping
from high-level ecosystem design to executable subject behavior. The re-
sulting model is modular, scalable, and supports both top-down analysis
and bottom-up synthesis of complex socio-technical systems.

6.3.1 Structure Layer

The Structure Layer (S-Layer) delineates the static architecture of a Digital
Ecosystem. It serves as the conceptual foundation of the Synthesis Model by
identifying and organizing the participating Actors, along with the respec-
tive ecosystem Domains and Use Cases. Positioned at the apex of the SFIB
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hierarchy, the S-Layer addresses the question “Who is involved?” and pro-
vides structural anchors for the subsequent dynamic and functional layers.

In the general solution of the Synthesis Model, the S-Layer builds upon the
principles of SysML BDDs, specifically tailored to the requirements of socio-
technical Digital Ecosystems. Instead of modeling technical system com-
ponents, it presents elements derived from the ecosystem decomposition
framework. Each of these elements is distinctly categorized and hierarchi-
cally structured to improve clarity and interpretability. The diagrams in the
S-Layer fully conform to BDDs but restrict the expressions to enhance un-
derstanding and reinforce a subject-oriented approach. The expressibility

of the S-Layer is illustrated in Figure 6.10.

Generalization
<<Actor Block>> General Actor ] Specific Actor
Actor

. Composition

<<Domain Block>> Domain P Subdomain
(Sub-) Domain

<<Use Case Block>> (Sub-) Aggregation

s Domain o Use Case

Figure 6.10: EDE S-Layer: Modeling elements.

Table 6.3 provides a comparison between the S-Layer and similar diagram
types from SysML and UML, highlighting its domain-specific adaptations
and constraints.

The S-Layer adopts the BDD notation but refines it to a deliberately concise,
subject-oriented vocabulary, ensuring that every element and relationship is
immediately interpretable by ecosystem stakeholders. Only three block cat-
egories are permitted: Actor Blocks represent the active entities that perform
behavior within the ecosystem, while Domain Blocks and Use Case Blocks
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Table 6.3: Comparison of S-Layer to SysML BDD and UML Class Diagram Features.

EDE

(S-Layer)

Ecosystem design | Systems Software
Engineering Development

Socio-technical Multidisciplinary Software and

systems systems (hardware, |software-based
software, etc.) systems

Actor Block, Block Class

Domain Block, Use

Case Block

Generalization, Association, Association,

Composition, Aggregation, Aggregation,

Aggregation Composition, Composition,
Generalization, Generalization,
Dependency, Dependency,
Realization Realization

- Allocation, Item Template Binding,
Flow, Binding Package
Connector, Import/Merge,
«satisfy», «verify», | Qualified
«deriveReqt» Association

depict the passive structural context as identified by the EDE decomposition
framework. A Domain may contain one or more Sub-domains; this exclu-
sive whole-part relationship is expressed with composition. In contrast, Use
Cases are intentionally kept independent of the Domains in which they may
execute; their non-exclusive association is therefore modeled with aggrega-
tion. Beyond these two containment relationships, the palette is restricted
to single-inheritance generalization hierarchies; all ambiguous or weak de-
pendencies (e. g., «uses», «realizes», item flows, allocations) are omitted. By
prohibiting multiple inheritance and low-semantics links, the S-Layer dia-
gram remains compact and unambiguous while still capturing the complete
static topology of the Digital Ecosystem.
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The S-Layer serves both as a descriptive tool and as a stabilizing structure
for the entire modeling process. By clearly delineating the participating Ac-
tors, Domains, and Use Cases, it facilitates the consistent development of
functional, interactional, and behavioral views across the SFIB layers.

6.3.2 Function Layer

The Function Layer (F-Layer) delineates the functional decomposition of
the Digital Ecosystem. Each diagram reflects the context of a specific Use
Case. It defines the Use Case along with its associated Functions, Actors, and
Roles. Positioned between the structural and processual layers, the F-Layer
serves as a crucial link between static system components and their behav-
iors within concrete processes. It addresses the question, “Which functions
are realized?” The expressibility of the F-Layer is illustrated in Figure 6.11.

L [ ]
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. Function Function
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‘ . < Generalization ‘
Role | Use Case [Paren Child

Figure 6.11: EDE F-Layer: Modeling elements.

Table 6.4 provides an overview of the terminology alignment between the
EDE F-Layer and the documentation of UML/SysML UCDs.

The F-Layer employs the graphical conventions of a UML/SysML UCD while
adapting the terminology to align with the EDE decomposition framework.

211



EDE Methodology

Table 6.4: Terminology alignment between the EDE F-Layer and UML/SysML UCDs.

| EDE UML/SysML  Notes |

System Defines the functional context being
boundary decomposed.

Use Case Represents an internal capability that
realizes the EDE Use Case.

Actor Same semantics; an active entity of the
system connected to the use case.

Actor «role» Active entity with a specific role in the use
stereotype case.

In this layer, the element typically identified as the system in UML is rede-
fined as the Use Case— a bounded, value-creating scenario within the Dig-
ital Ecosystem. The term use case in UML is redefined as a Function, high-
lighting that it represents a capability that fulfills the EDE Use Case. UML
actors can be represented as EDE Actors or Roles, preserving the same core
semantics.

In practice, an F-Layer diagram focuses on a single Use Case and illustrates
the corresponding Functions, Actors, and Roles. These diagrams provide the
structural foundation for the subsequent I- and B-Layers; every PASS model
references the Functions defined within this layer. Standard UML depen-
dencies, such as «include» and «extend», are maintained between Functions,
providing analysts with a modular and reusable approach to express func-
tional variation without cluttering the diagram with implementation details.

6.3.3 Interaction Layer
The Interaction Layer (I-Layer) specifies the communication between Sub-

jects within a particular Function. It addresses the question “What is ex-
changed between whom?” and elucidates how coordination and information
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flow occur within the Digital Ecosystem. The means of representation is a
PASS SID. This expressibility is illustrated in Figure 6.12.

IS-llj_l')aj)e’(?trlnteraction Diagram Subject * Message
- .
Sub Multi- T — | Interface E
ubject Subject s l_ffbj_egt_ _'

! Interface ! ]
i _Sft_)jfst__i {Message Box= | Subject |« . Message

Figure 6.12: EDE I-Layer: Modeling elements.

This layer builds upon the F-Layer and accommodates the inclusion of an
SID for each Function. Each SID delineates a set of interacting Subjects, the
messages exchanged between them, and the structure of the communica-
tion process. The modeling abstraction of the I-Layer intentionally omits
internal logic. Given that PASS is fully subject-oriented and optimized for
modeling distributed systems, no enhancements to the notation are neces-
sary to better align with the characteristics of Digital Ecosystems. Conse-
quently, the I-Layer supports the use of all model elements specified in the
Standard-PASS-Ontology for SIDs.

6.3.4 Behavior Layer

The Behavior Layer (B-Layer) defines the internal logic of a single Subject.
It answers the question “How does a Subject act in a given Function?” and
completes the SFIB model by specifying the behavioral patterns that result
in the message exchanges between Subjects depicted on the I-Layer. The
notation complies to PASS SBDs and is illustrated in Figure 6.13.
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B-Layer Send From: Subject
Subject Behavior Diagram State : Message 2_|
stat & [ Subject Receive

Do State State M’Q‘MT“L State

. 1 |
Receive | Do State

State End Stati , @

Send Do State

State

From: Subject

Figure 6.13: EDE B-Layer: Modeling elements.

Behavior in the B-Layer is described using SBDs derived from PASS. Con-
ceptually, an SBD closely resembles a classical finite state machine: it con-
tains exactly one well-defined start state and one or more explicit end states.
The control flow consists of states and transitions that can form either linear
paths or cyclic loops. In the context of the EDE methodology, each state cor-
responds to a Task, enabling the direct representation of the Subject’s task
sequence within the diagram.

Execution begins when the Subject enters the initial state; it then progresses
through a series of Do States, Receive States, and Send States. Since each tran-
sition is event-driven, the resulting model is, in principle, executable while
maintaining an abstract level.

Compared to general-purpose behavior notations, such as UML Activity Di-
agrams or flowcharts, SBDs explicitly focus on message-based coordination.
They maintain a strict separation between a Subject’s actions and its com-
munication with other Subjects.
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Finally, the B-Layer is integrally connected to the overall layering scheme:
each SBD is directly linked to one Subject in an SID on the I-Layer, and ev-
ery SID is, in turn, associated to a Function in the F-Layer. This chain of
references ensures behavioral completeness and traceability throughout the
entire model hierarchy.

6.3.5 Conclusion

The SFIB layering concept of the EDE Synthesis Model provides a struc-
tured and scalable framework for modeling Digital Ecosystems. By differ-
entiating between structural, functional, interactional, and behavioral as-
pects, the model improves clarity and modularity in both analysis and de-
sign. This is further strengthened by adhering strictly to the paradigm of
subject-orientation.

Each layer serves a distinct purpose: the S-Layer defines the static com-
position of the ecosystem; the F-Layer captures purpose-driven functional-
ity; the I-Layer models communication among distributed roles (subjects);
and the B-Layer specifies executable behavior at the subject level. Together,
these layers form a coherent modeling framework that enables traceability
from abstract actor constellations to concrete system behaviors.

The integration of SysML-inspired diagrams, which emphasize structure
and function, with PASS-based diagrams, which focus on interaction and
behavior, ensures that the model is both expressive and formally grounded.
Furthermore, the layered design supports gradual refinement, model reuse,
and compatibility with MBSE approaches.

As Digital Ecosystems increase in complexity, the SFIB model provides a
methodological foundation that harmonizes abstraction, specificity, and
implementability, making it suitable for both academic research and practi-
cal system architecture tasks.
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6.4 Representation of the EDE Synthesis
Model

The synthesisModel? JSON schema provides a structured representation
of entities within the Synthesis Model. The primary entities include actors,
roles, domains, use cases, and functions. Additionally, the relationships con-
necting these entities can also be defined. To ensure proper versioning and
model management, each synthesisModel must include a metadata sec-
tion. This core structure is illustrated in Figure 6.14. The schema adheres to
JSON Schema Draft 2020-123. The following subsections detail the specifica-
tions of JSON objects permitted in a synthesisModel and their properties.
All required properties of an object are denoted with an asterisk (*) in the
itemizations.

6.4.1 Metadata

Metadata provides essential identifying and descriptive information for the
synthesisModel. The structure of the metadata object is illustrated in Fig-
ure 6.14.

The properties of the metadata object are as follows:

e id* (type: string): Unique identifier for the entire synthesisModel.
This identifier must remain consistent across versions of the same
model to ensure traceability and reference. The pattern of the id is
not specified, as it should conform to the ORCHESTRATORS naming
conventions.

2 The notation synthesisModel is used from here on out to denote that a representation of

a Synthesis Model according to the here described schema definition is meant.

3 vschema":"https://json-schema.org/draft/2020-12/schema"
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Figure 6.14: JSON Schema structure and metadata of the synthesisModel.

* name* (fype: string): Human-readable name of the synthesisModel.
This serves as the primary display title for the model in user interfaces
and documentation.

 description* (type: string): A concise textual description providing an
overview of the model’s purpose and scope. This single-paragraph de-
scription helps users quickly understand the model’s intent.

* version* (type: string): Version number of the model, typically follow-
ing semantic versioning (e.g., "1.0.0"). This tracks the evolutionary
development of the model over time. The version number is associ-
ated with a planned or actual release of the model and does not reflect
all commits in the model’s repository.

e lastUpdated* (type: string, format: date): Date of the most recent up-
date to the model, following the ISO date format (YYYY-MM-DD). This
provides temporal context for the model’s currency.

* longDescription (type: string): Extended textual description that elab-
orates on the model’s context, applications, and relationships to other
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models. This optional field allows for more detailed explanations than
the concise description field.

¢ basePath (type: string): Relative path to the directory containing ad-
ditional resources associated with the model, such as documentation,
images, or supplementary files. This helps maintain organized refer-
ences to external content.

6.4.2 Core Structure of Synthesis Model Entities

The synthesisModel object consists of four primary entity collections:
actors, domains, useCases, and functions. Each collection is manda-
tory and is implemented as an array of entity objects. The schema enforces
a consistent structure across all entity types while permitting entity-specific
attributes.

Common properties shared among these entities include:

o id* (type: string, format: uuid4): Universally Unique Identifier (UUID)
conforming to the RFC4122 v4 format. This ensures that each entity
has a globally unique reference that can be reliably used for cross-
entity references and external system integration.

o shortID (type: string, max length: 8): Abbreviated identifier used for
compact notation and references in diagrams or relationships. While
notrequired, this is particularly useful in visualizations and shorthand
references where full UUIDs would be unwieldy. Typically, it involves
truncating the UUID to its first eight characters.*

The first eight characters of a UUID represent 32 bits, allowing for about 4.3 billion unique
combinations. Even though it’s only a portion of the full UUID, this is usually more than
enough to avoid collisions in practice. The chance of duplicates remains extremely low
unless you're generating millions of identifiers, due to the large number of possible values.
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"non "o

entityType* (type: string, enum: ["actor", "domain", "useCase", "func-
tion"]): Classification that identifies the entity’s type within the model.
This enforces consistent type identification and enables type-specific
validation and processing.

name* (fype: string): Full descriptive name of the entity. This serves
as the human-readable label for the entity in diagrams, listings, and
documentation.

shortName (type: string, max length: 8): Abbreviated name used for
display in space-constrained contexts such as diagrams or tables. Un-
like shortID, which is used for references, this is meant for human
readability in compact visualizations.

description* (type: string): Textual description explaining the entity’s
purpose, characteristics, and role within the model. This provides
context and clarification to aid in understanding the entity’s function
and significance. This property should not exceed a one-paragraph
description.

MDrelativePath (type: string): Relative path to a markdown documen-
tation file providing further elaboration on the entity’s details. This
facilitates the separation of extensive documentation from the model
structure while maintaining linked references.

6.4.3 Actors

Actors represent active entities at the ecosystem level. The full schema for

actor objects is illustrated in Figure 6.15.

In addition to the common properties listed above, actor objects possess

specific attributes:

* isA (type: string, format: UUID reference): References another Actor
entity by its UUID, establishing an inheritance relationship. When
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Figure 6.15: JSON Schema for EDE actor objects.

specified, the Actor inherits characteristics from the referenced par-
ent Actor, facilitating hierarchical Actor taxonomies and minimizing
redundancy in Actor definitions.

category (type: string, enum: ["Core Participant", "Orchestrator", "Ser-
vices and Software", "Governance Body"]): Classifies Actors into prede-
fined functional categories that reflect their roles within the ecosys-

tem:

— Core Participant: Primary actors directly engaged in the ecosys-
tem’s main value exchanges - see Section 2.1 for a definition of
CORE PARTICIPANT

— Orchestrator: Actors coordinating and facilitating interactions
between other Actors - see Section 2.1 for a definition of OR-
CHESTRATOR
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- Services and Software: Service providers or technological com-
ponents supporting the Digital Ecosystem and its functionality

- Governance Body: Regulatory, oversight, or standards-setting ac-
tors establishing rules and policies

e multiplicity (type: string, format: number, wildcard, or range: Indi-
cates the permitted number of Actor instances that can coexist con-
currently within an implemented system. This cardinality constraint
is essential for modeling the scalability of ecosystems and the rela-
tionships among instances. The multiplicity property supports vari-
ous formats, each with specific semantic meanings:

- Number (n): Exactly the specified number of instances must ex-
ist (e.g., "1")

- Wildcard ("*"): Any number of instances can exist, including
none

- Range ("min..max"): Between the minimum and maximum (in-
clusive) number of instances can exist (e.g., "1..5"). A Wildcard
can be used to indicate an unbounded upper range (e. g., "1..*")

6.4.4 Domains

Domains group Use Cases and may contain hierarchical Sub-Domains, as
illustrated in Figure 6.16.

In addition to the common properties, domain objects include:

» useCases (type: array of strings, format: UUID references): Collection
of references to useCase entities associated with this Domain. This
property establishes the Domain’s functional scope by linking to the
specific Use Cases contained within it, enabling functional grouping
and organization.
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Figure 6.16: JSON Schema for EDE domain objects.

e subDomain (type: boolean): Flag indicating whether this Domain can
be included as a Sub-Domain within another Domain. When set to
true, the Domain is designated as eligible for inclusion in Domain
hierarchies, but cannot itself contain further Sub-Domains (enforcing
a single level of nesting).

e subDomains (type: array of strings, format: UUID references): Refer-
ences to domain entities that are hierarchically contained within this
Domain. This enables the representation of nested Domain struc-
tures, allowing for the organization of Domains into coherent tax-
onomies with parent-child relationships.

The schema enforces a crucial constraint: Domains cannot contain further
Sub-Domains when marked as subDomain = true. This restriction pre-
vents multi-level nesting, thereby avoiding excessive complexity. The con-
straint is implemented through a conditional validation rule:
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Listing 6.1: JSON structure with if/then logic for subDomain.

mifh: {
"properties": {
"subDomain": { "const": true }
}
},
"then": {
"properties": {
"subDomains": {

"maxItems": O

6.4.5 Use Cases
Use Cases connect all entities within their scope. The structural breakdown
of these in the synthesisModel is illustrated in Figure 6.17.

Along with the common properties, useCase objects exhibit the following
specialized attributes:

e roles (type: array of objects): Collection of Role definitions specific to
this Use Case. Roles represent active entities at the Use Case level.

Each role object contains:

- shortID* (type: string, max length: 8): A compact identifier for
the Role, used in relationship references and diagrams.

- name* (type: string): A descriptive name for the Role that indi-

cates its function or responsibility.
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Figure 6.17: JSON Schema for EDE useCase objects.

— shortName (type: string, max length: 8): An abbreviated Role
name for compact display.

— description (type: string): An explanation of the Role’s respon-
sibilities, capabilities, and significance within the Use Case. If
the Role requires further elaboration, this can be provided in the
markdown file linked to the useCase object.

 functions (type: array of strings, format: UUID references): References
to function entities that implement or support this Use Case. This
establishes a connection between abstract Use Case descriptions and
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specific Functions, forming a directed graph that reflects structural

decomposition and enhances traceability.

e relationships (fype: object): A structured definition of the connec-
tions among entities within the context of the Use Case. This complex
object represents the associations, generalizations, and dependencies
that delineate the internal relationships of the Use Case.

6.4.5.1 Relationships

Relationships between entities are explicitly defined within a Use Case. The
corresponding relationship objects adhere to the structure illustrated in

Figure 6.18.
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Figure 6.18: JSON Schema for EDE relationship objects.

The synthesisModel distinguishes among three types of relationship

objects:

2
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226

e associations (fype: array of objects): Connections between entities

that represent general relationships or communication pathways. As-
sociations denote weak relationships, modeling interactions such as
"communicates with", "interacts with", or "uses", depending on the
types of entities (active or passive) linked through the association.
Each association object contains:

- from* (type: string, reference to shortID): Source entity of the re-
lationship, identifying the initiator or origin point.

— to* (type: string, reference to shortID): Target entity of the rela-
tionship, identifying the recipient or destination.

— label (type: string): Optional descriptive text characterizing the

nature of the association, such as "manages", "requests", or "pro-
vides data to".

generalizations (type: array of objects): Hierarchical relationships that
express patterns of specialization and generalization, similar to in-
heritance in object-oriented design. Generalization is commonly em-
ployed to link Roles with Actors and vice versa, as well as to establish
hierarchies among Roles. Each generalization object contains:

- general* (type: string, reference to shortID): Reference to the more
general (parent) Role or Actor, from which characteristics are in-
herited.

— specific* (type: string, reference to shortID): Reference to the more
specific (child) Role or Actor, which inherits and potentially ex-
tends the general entity.
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» dependencies (type: array of objects): Function-to-Function relation-
ships expressing inclusion or extension® patterns. These relationships
model functional composition and architectural dependencies. Each
dependency contains:

- from* (type: string, reference to shortID): Source Function that
incorporates or extends another Function.

— to* (type: string, reference to shortiD): Target Function that is in-
cluded or extended.

- type* (type: string, enum: ["extends", "includes"]): Nature of the
dependency relationship.

+ extends: The source Function extends or augments the ca-
pabilities of the target Function, adding additional function-
ality while preserving the original behavior.

* includes: The source Function incorporates the target Func-
tion as part of its implementation, making the target Func-
tion a constituent component.

The synthesisModel schema enforces uniqueness constraints on all rela-
tionship arrays to prevent duplicate connections ("uniqueItems": true),
thus ensuring a clear and non-redundant model of entity interactions.

6.4.6 Functions

Functions encapsulate defined actions or processes within the Digital Ecosys-
tem, and they are allocated to specific Use Cases. Figure 6.19 illustrates the
representation of function objects.

5 Applied to Function-to-Function dependencies, includes indicates that one function al-

ways invokes another as part of its behavior, while extends suggests that the additional
functionality is invoked only in specific scenarios.
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Figure 6.19: JSON Schema for EDE function objects.

Beyond the common properties, function objects possess the following
specific attributes:

o PASSrelativePath (type: string): Relative path to the detailed PASS
model representation in JSON-LD (see Section 6.4.7. This allows link-
ing the Function to a formal process definition expressed in PASS no-
tation.

e preconditions (type: array of strings): Collection of conditions or
states that must be satisfied before the Function can be executed.
These describe the required input states, available resources, or con-
textual requirements that must be present. Preconditions serve as
both documentation and potential runtime validation checkpoints.

¢ postconditions (type: array of strings): Collection of conditions or
states that will be true after the Function’s successful execution. These
describe the Function’s effects, guarantees, or produced output states.
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Postconditions document the Function’s contract with its consumers
and can be used for verification.

6.4.7 JSON-LD for PASS Process Models

PASS models are maintained as independent artifacts, separate from the
synthesisModel. This separation facilitates modular development while
ensuring consistent references across models. Specifically, PASS models are
referenced through the PASSrelativePath property within the function
objects, thereby establishing a connection between information for the SF-
Layers and IB-Layers.

All PASS models adhere to the Standard-PASS-Ontology 6, which provides a
common vocabulary for subject-oriented process modeling.

Although the Standard-PASS-Ontology utilizes RDF/XML as its canonical se-
rialization format’, this format is not optimal for integration with contem-
porary web technologies and data pipelines. Therefore, PASS models are
converted and stored as JSON-LD®, which preserves the semantics of the
original ontology while enhancing interoperability and usability.

Since both RDF/XML and JSON-LD are serializations of RDF data, the con-
version between them is straightforward. Listing 6.2 demonstrates how this
conversion can be achieved using a concise Python script.

6 The Standard-PASS-Ontology is defined and maintained at https: //github.com/I2PM/

Standard-PASS-0Ontology and further explained in the PASS Standard Book available at
https://github.com/I2PM/PASS-Standard-Book-Tex-Project.

RDF/XMLis an XML-based serialization format for RDF (Resource Description Framework)
data. While it is a W3C standard, its syntax is often verbose and not easily human-readable.
Seehttps://www.w3.org/TR/rdf-syntax-grammar/.

JSON-LD (JavaScript Object Notation for Linked Data) is a lightweight Linked Data format
based on JSON. It allows the representation of RDF data using a compact and developer-
friendly syntax, making it easier to integrate semantic data into web technologies. See http
s://json-1d.org/.

8
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Listing 6.2: Convert OWL to JSON-LD using Python and rdflib

from rdflib import Graph

Load the OWL file
g = Graph()
g.parse( , format= ) # OWL is RDF/XML

Serialize to JSON-LD
g.serialize(destination= , format=

)

6.4.8 Validation and Constraints

The synthesisModel schema implements a comprehensive set of valida-
tion rules to ensure data integrity, consistency, and appropriate relation-
ships among all model entities. These constraints can be categorized as fol-
lows:

6.4.8.1 Structural Validation

* Required Properties (type: constraints): For each entity type, certain
properties are essential to ensure complete and valid definitions:

— All primary entities require id, name, and description to estab-
lish identity and provide essential documentation.

— Relationship objects necessitate both source and target end-
points, as well as the relationship type, to ensure a comprehen-
sive definition of connections.

- Role objects require shortID and name for identification and
user-friendly labeling.
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e Additional Properties (type: constraint: "additionalProperties": false):
The schema enforces strict property sets by disallowing undefined
properties across the model. This ensures consistency and prevents
unintentional misspellings of properties or unstructured extensions.

* Schema Version (type: metadata): The schema complies with the
Draft 2020-12 JSON Schema standard and utilizes advanced valida-
tion features, including conditional validation, format assertions, and
reference resolution.

6.4.8.2 Type and Format Validation

e Pattern Constraints (fype: regex patterns): Several properties must
conform to specific regular expression patterns to ensure validity:

- UUIDs must match the pattern in Listing 6.3, enforcing RFC4122
v4 UUID format with specific version and variant bits:

Listing 6.3: UUID Pattern

2 "pattern": "~ [0-9a-f]{8}-[0-9a-f]1{4}-4[0-9a-
£1{3}-[89ab] [0-9a-f]1{3}-[0-9a-f]{12}8"

- Multiplicity values must match the pattern in Listing 6.4, en-
abling numeric values, ranges, and wildcard notations (e. g., "*"
for "many"):
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Listing 6.4: Multiplicity Pattern

2 "pattern": "~ (0[1[\\*][1-91\\dx*)
ANANLCOTTINN*] [1-91\\d*)) 78"

¢ String Length Limits (fype: numeric constraints): Properties with ex-
plicit length restrictions to ensure compact representation:

— shortID and shortName are limited to maximum 8 characters,
enforcing their role as brief, display-friendly identifiers

¢ Date Format (type: format: date): The lastUpdated property in the
metadata object must comply with the ISO 8601 date format (YYYY-
MM-DD), thereby facilitating chronological tracking and sorting.

¢ Enumerated Values (fype: enum arrays): Several properties must be
selected from predefined value sets to ensure consistent classification:

— entityType mustbe one of: "actor", "domain", "useCase", "func-
tion", establishing clear type boundaries.

— Actor category must be one of: "Core Participant", "Orchestra-
n n

tor", "Services and Software", "Governance Body", providing a
controlled taxonomy for Actor classification.

non

- Dependency type must be one of: "extends", "includes", limit-
ing the dependency semantics to well-defined relationships.

6.4.8.3 Reference Validation

o ID References (type: JSON schema $ref): The schema validates the ref-
erences between entities to ensure referential integrity:
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Actor’s isA must reference a valid Actor ID, enforcing proper in-
heritance chains.

- Domain’s useCases must reference valid Use Case IDs, ensuring
Domains only contain existing Use Cases.

— Domain’s subDomains must reference valid Domain IDs, main-
taining consistent Domain hierarchies.

Use case’s functions must reference valid Function IDs, facili-

tating functional breakdown.

¢ Relationship Endpoints (type: oneOflanyOf constraints): The schema
validates relationship endpoints to ensure coherent connections:

- Association endpoints (from, to) must reference existing entity
shortIDs, preventing dangling connections.

- Generalization endpoints (general, specific) must reference
valid Actor or Role shortIDs, limiting generalizations to appro-

priate entity types.

- Dependency endpoints (from, to) must reference valid Func-
tion shortIDs, ensuring Function dependencies connect actual
Functions.

6.4.8.4 Hierarchy and Relational Constraints

* Domain Hierarchy Rules (type: conditional validation): Complex
constraints within the domain object:

— Domains marked as "subDomain":true cannot have any Sub-
Domains (enforced via if/then conditional schema), prevent-
ing multi-level nesting.
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— All Domains referenced in subDomains array must themselves
have "subDomain":true set, ensuring consistency in the Do-
main model.

— Circular references in Domain hierarchies are prevented through
validation rules, avoiding infinite loops in the Domain tree.

e Uniqueness (type: array constraints): Validation to prevent duplicate
entities and relationships:

— All relationship arrays (associations, generalizations, dependen-
cies) enforce uniquelItems:true, preventing redundant con-
nections.

— Entity IDs must be unique within their respective collections, en-
suring clean entity identification.

The schema validation rules collectively ensure that any synthesisModel
document conforming to the schema has a consistent structure, maintains
referential integrity, and accurately represents the intended Domain model,
including its entities and relationships. These technical validations provide
a foundation for reliable model exchange, analysis, and visualization.

The synthesisModel schema provides a comprehensive and systemat-
ically structured foundation for modeling Digital Ecosystems within the
EDE methodology, enabling a clear and precise representation of SFIB-
Layer information. By formalizing entity properties, relationships, and con-
straints, this schema facilitates model analysis, supporting both qualitative
and quantitative assessments across diverse application scenarios.
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6.5 Practical Application of the EDE
Methodology

This section provides an example of the practical application of the EDE
methodology. It acts as a supplementary guide for practitioners, demon-
strating how the theoretical concepts previously described can be opera-
tionalized through specific tools, workflows, and technical configurations.
The focus here is on establishing an environment that facilitates the CORE
SERVICES cycle of the EDE approach.

In the previous sections, the conceptual foundation and structure of the
synthesisModel within the EDE methodology were introduced and dis-
cussed. Building on this, the following presents a comprehensive workflow
that facilitates distributed modeling, collaborative development, and auto-
mated model integration. This is particularly pertinent in the context of Dig-
ital Ecosystems, where multiple ORCHESTRATORS and CORE PARTICIPANTS
independently contribute to the evolving ecosystem framework.

The technical implementation utilizes a GitLab-managed repository for fed-
erated entity management, Python tools for entity creation and automated
merging, and a specialized web-based Model Viewer application. This ap-
proach emphasizes modularity, reusability, and interoperability and pro-
vides a transferable blueprint for applying these principles in practice.

6.5.1 Federated Repository Management

The collaborative modeling of Digital Ecosystems within the EDE method-
ology can be improved through a Git-based repository setup. A central Git-
Lab repository provides the technical foundation for distributed modeling
efforts. This configuration allows all ORCHESTRATORS and CORE PARTIC-
IPANTS of a Digital Ecosystem to work concurrently on the model outline
while maintaining consistency and traceability of changes.
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6.5.1.1 Structure of the Repository

All entities of the synthesisModel can be managed independently within
the repository. In the root folder, entities are organized into directories by
primary types and stored as modular JSON files, each detailing a specific
ecosystem entity. The entities are categorized by type: Actors, Domains, Use
Cases, and Functions. A dedicated Python-based tool (see Section 6.5.2) gen-
erates a subdirectory for each of these entities, as illustrated in Figure 6.20.

Repository Structure

3 Eaas-a23ad002

e Ecovity_va4/ : Main direc(ory contaim‘ng all entities
o actors/ : Contains actor entities E] HOmOlOgal'\OnfegOSGZle
o domains/ : Contains domain entities

. L B3 MaaS-2477a561
o useCases/ : Contains use case entities
o functions/ : Contains function entities

B3 ModEng-d25879eb
« schema/ : Contains schema definition and scripts

o synthesisModel-schema.json : Schema definition 9 ModProd-gféfales
o scripts/: Contains Python scripts
= entityCreation.py : Tool for creating/editing entities E3 Onboarding-d2775370
= mergeModel.py : Tool for merging models
+ model-vuer/ : Web-based viewer for the synthesis model B3 PPM-30215d97
(a) Repository Structure (b) useCase Directories

Figure 6.20: EDE Application: Structure of the repository.

A UUID is assigned to each entity upon creation, ensuring conflict-free in-
tegration of entities from various locations or contributors into a unified
model. Additional properties can be configured using the Python tool or
manually within the JSON file. Markdown files can be utilized to enhance
the descriptions of entities. PASS process models for Functions can be inde-
pendently created, exported to JSON-LD, stored in the entity or assets folder,
and linked to the entity within the JSON object.
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6.5.1.2 Support for Federated and Intersecting Ecosystems

While this example focuses on a single central repository, the approach in-
herently supports federated collaboration across multiple Digital Ecosys-
tems. The use of UUIDs facilitates the seamless integration of entities from
various repositories or ecosystems.

This flexibility allows Digital Ecosystems to intersect and share entities across
organizational or domain boundaries, similar to the overlapping regions of
a Venn diagram. Entities developed within one ecosystem can be reused,
extended, or referenced in another, thereby enhancing interoperability and
collaboration across ecosystems without necessitating centralized control.

6.5.2 Creation of the synthesisModel Entities

To facilitate the definition of entity descriptions for the synthesisModel, a
dedicated Python-based GUI tool is provided. This tool enables contributors
to create, edit, and relate ecosystem entities in a structured and schema-
compliant manner, thereby eliminating the need for manual management
of JSON files or directory structures.

6.5.2.1 Purpose and Integration in the Workflow

The tool is central to the GitLab-based workflow. It enables ORCHESTRATORS
and CORE PARTICIPANTS to independently create entities, each uniquely
identified by UUIDs. This approach eliminates merge conflicts and facili-
tates contributions from distributed teams.

Each entity (i. e., Actor, Domain, Use Case, or Function) is stored as a JSON
file within a directory named after the entity’s short name and UUID suffix.
Additionally, a Markdown file for human-readable documentation is gener-
ated alongside the JSON file.
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6.5.2.2 Usage and Features

The graphical tool facilitates the creation and editing of all four primary sy
nthesisModel entities. Figure 6.21 depicts the main GUI window.

*%. Synthesis Model Entity Manager _ Y

Create New

Synthesis Model Entity Manager
Target Directory: C:\ el _

Type: ® Actor Domain secas Function
Name: Jakob Bansch
Short Name (Optional):  Jeo

Description: Author of this thesis

Category | Orchestrator Multiplicity: 1 _

No parent actor selected

Create Files

Figure 6.21: Main interface of the entity-creation tool with type selection and metadata input.

The tool is intentionally streamlined yet powerful. It offers two distinct
working modes, namely Create New and Edit Existing, allowing contribu-
tors to either introduce new entities or update those already under version
control without switching applications. When a new entity is created, the
program assigns a UUID and embeds that identifier in both the file name
and the enclosing directory. This convention virtually eliminates merge
conflicts when multiple teams push to the same Git repository. All data
entered through the GUI conforms to the formal synthesisModel JSON
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schema. For convenience, operations involving cross-references—such as
allocating Use Cases or adding relationships—are managed in dedicated
pop-up dialogs. These dialogs present filtered lists of eligible targets and
visual summaries of existing relations, facilitating the establishment or revi-
sion of inter-entity connections without manually editing JSON.

6.5.2.2.1 Creating a new entity.
1. (Optional) Change the target directory.
2. Choose Create New mode and select the desired entity type.
3. Enter a short name and a descriptive text.
4. Fill in type-specific details (e. g., category, multiplicity).
5. Press Create Files.

Upon submission, the tool assigns a UUID and generates a JSON file along
with a corresponding Markdown file, following the structure outlined below

for each entity:
¢ <shortname>-<uuid8>/ - <uuid8> = first 8 characters of the UUID

- <uuid>. json — structured entity definition

- description.md —human-readable description

These files are located in their respective directories (e.g., actors/, useCa
ses/) within the repository. This organization ensures compatibility with
the merge tools and the GitLab workflow.

6.5.2.2.2 Editing an existing entity.
1. Choose Edit Existing mode.

2. Select the entity in the tree view; its metadata is loaded into the form.
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3. Modify any field as required.
4. Click Update.

The modified properties of the JSON object are updated while preserving
the previous input, particularly the UUID, to ensure compatibility for down-
stream merging. No changes are made to the Markdown file.

6.5.2.2.3 Managing relationships. Pressing Manage Relationshipsopens
the dialogue displayed in Figure 6.22. Here, the user can establish or modify
associations, generalizations or dependencies. Changes are written back to
the JSON object.

[———

Delete Selected Clear Form

Cancel

(a) Selection of related entities (b) Definition of associations

Figure 6.22: Relationship management within a Use Case.

240



6.5 Practical Application of the EDE Methodology

6.5.3 Consolidating the synthesisModel

After entities have been created and committed to the GitLab repository, the
Python scriptmergeModel . py is utilized to consolidate the distributed com-
ponents of the synthesisModel into a single, schema-compliant file. This
merged model serves as the foundation for visualization and subsequent
processing.

6.5.3.1 Functionality Overview

The merge script performs the following key tasks:

1. Recursively collects all entity JSON files (Actors, Domains, Use Cases,
Functions).

2. Automatically links Markdown descriptions if available.

3. Assembles a hierarchical synthesisModel structure with updated
metadata.

4. Validates the resulting model against the provided JSON schema.

5. Copies all source files to the model-vuer application directory for vi-
sualization.

6.5.3.2 Usage Example
The script is executed from the repository root directory as follows:

Listing 6.5: Running the merge script for the synthesisModel

python schema/scripts/mergeModel.py
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The user is prompted to enter a model name. If no input is provided, a de-
fault name is used (e. g., EcoVity_v4_r0).

The script generates two primary outputs:

¢ model-vuer/public/synthesismodel/<model-name>.json
A consolidated synthesisModel file for visualization.

¢ model-vuer/public/synthesismodel/assets/<model-name>/
A directory containing all source files (JSON and Markdown) for the
model viewer application.

6.5.3.3 Validation and Quality Assurance

The script validates the generated synthesisModel against a defined JSON
schema (schema/synthesisModel-schema. json) to ensure structural con-
sistency and compliance.

In future work, this validation process can be directly integrated into the
GitLab CI pipeline to automatically verify all contributions before merging
them into the main branch of a given release.

6.5.4 Model Viewer
The visualization of the synthesisModel is achieved through the model-

vuer, a web application based on Vue 3, designed to offer an interactive and
user-friendly interface for exploring Digital Ecosystem models.

6.5.4.1 Core Technology Stack

The application follows a modern frontend architecture and incorporates
the following technologies:
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* Vue 3: Reactive frontend framework using the Composition API.

» TypeScript: Provides type safety across the application.

e Vite: Fast build tool and development server.

* Element Plus: Ul componentlibrary for consistent interface elements.
e Pinia: State management with persistent storage support.

¢ Vue Router: For handling application navigation.

e Markdown & PlantUML: For content editing and diagram rendering.

* webPASS-Viewer: Web-based viewing of PASS models directly from
JSON-LD, built on Vue Flow.

¢ Vue Flow: Customizable Vue 3 component for interactive flowcharts.

6.5.4.2 Integration with the GitLab Workflow

The synthesisModel generated by the merge script is stored in the model-
vuer/public/synthesismodel/ directory. Upon deployment, the model-
vuer application can select all models in this directory for visualization.

This automated integration facilitates a seamless workflow encompassing
entity creation, repository management, model merging, and visualization
within a containerized, reproducible environment.

6.5.5 Conclusion

This section demonstrates the practical application of the EDE methodol-
ogy. The presented toolchain facilitates the distributed and collaborative
development of Digital Ecosystem models by integrating structured reposi-
tory management, automated model merging, and interactive visualization.
The described application setup is used like that in IntWertL.
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The GitLab-based repository setup allows all CORE PARTICIPANTS and OR-
CHESTRATORS of a Digital Ecosystem to independently contribute entities,
supported by UUID-based identification and standardized directory struc-
tures. The Python tools facilitate the creation, editing, and merging of en-
tities in a schema-compliant manner, thereby ensuring model consistency
across distributed contributions.

Finally, the model-vuer application provides an intuitive web-based inter-
face for exploring and analyzing the resulting Synthesis Model. The auto-
mated deployment process guarantees that new versions of the model can
be integrated and visualized with minimal effort.

Overall, this approach exemplifies the core principles of the EDE methodol-
ogy—modularity, interoperability, and federated collaboration—and pro-
vides a transferable blueprint for modeling and managing complex, dis-
tributed Digital Ecosystems.

6.6 Summary

The Engineering Digital Ecosystems (EDE) methodology serves as a general-
ized foundation for the model-based and subject-oriented design of Digital
Ecosystems. This methodology constitutes the main artifact of this thesis
and addresses the two primary research questions:

RQ1 How can the design process of Digital Ecosystems be supported by a
model-based methodology?

RQ2 What kind of subject-oriented model can be used to describe a Digital
Ecosystem?

Therefore, the EDE methodology consists of two complementary compo-
nents, as illustrated in Figure 6.23.
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Figure 6.23: Core components of the EDE methodology.

First, it presents a structured methodological approach that guides the de-
sign process. This four-step process adapts the Design Council’s Double
Diamond model and addresses both CORE VALUES and CORE SERVICES of
the Digital Ecosystem. The EDE Double Diamond serves as the response to
RQ1. The second component, the Synthesis Model, corresponds to RQ2. It
facilitates the subject-oriented and model-based (re-) presentation of Digi-
tal Ecosystems. At its core is a layered presentation of Structure, Function,
Interaction, and Behavior (SFIB). Completing the EDE methodology is the
formal model representation of the synthesisModel as a JSON schema.
Together, these components address the fundamental challenges of EDE,
specifically the inherent complexity, federated structure, and diversity of
stakeholders typical of Digital Ecosystems.

To facilitate the implementation of the EDE methodology, this chapter in-
cludes best practices, methodological toolboxes, and an example of practi-
cal application. The EDE methodology presented here is validated and dis-
cussed in the subsequent chapter.
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7 Validation and critical reflection

DSR contributions are persuasive only to the extent that they are supported
by relevant, rigorous, and useful evidence. Consequently, this chapter con-
solidates insights gained from the IntWertL case study and situates the pro-
posed EDE methodology within the theoretical framework of DSR.

It aims to achieve three complementary objectives:

1. to demonstrate how the research satisfies the seven DSR guidelines
articulated by Hevner et al. (2004);

2. to critically reflect on the hypotheses that underpin the EDE method-
ology; and

3. to delineate the methodological and practical limitations that temper
the generalizability of the results and frame a future research agenda.

Therefore, the following section 7.1 maps each guideline to specific deci-
sions and outcomes of the study. The subsequent section 7.2 offers a crit-
ical reflection on the six guiding hypotheses, while section 7.3 delineates
the substantive and procedural limitations of the EDE methodology. Col-
lectively, the chapter provides a transparent and coherent account of how
this thesis both adheres to and expands upon the canon of DSR.
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7.1 Validation of the application of the
Design Science Research Guidelines

This section discusses the application of all seven DSR guidelines of Hevner
etal. (2004) in this research study, thereby demonstrating its contribution as
effective DSR. Hevner distills this into two fundamental questions:

The fundamental questions for design-science research are, "What
utility does the new artifact provide?" and "What demonstrates
that utility?" Evidence must be presented to address these two
questions. That is the essence of design science. Contribution
arises from utility. If existing artifacts are adequate, then design-
science research that creates a new artifact is unnecessary (it is
irrelevant). If the new artifact does not map adequately to the
real world (rigor), it cannot provide utility. If the artifact does not
solve the problem (search, implementability), it has no utility. If
utility is not demonstrated (evaluation), then there is no basis
upon which to accept the claims that it provides any contribu-
tion (contribution). Further more, if the problem, the artifact,
and its utility are not presented in a manner such that the im-
plications for research and practice are clear, then publication
in the [Information Systems] literature is not appropriate (com-
munication). (Hevner et al. 2004, p. 91)

Consequently, the EDE methodology is validated against these guidelines to
demonstrate its utility.

7.1.1 Problem Relevance
The significance of designing Engineering Digital Ecosystems is clearly out-

lined in Chapter 3. German federal ministries and the European Union have
allocated hundreds of millions of euros in grants for research projects aimed
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at developing, implementing, and establishing Digital Ecosystems. Most of
these funds are matched with equivalent industrial investments.

Nonetheless, the analysis of the academic and industrial research landscape
regarding design methodologies for Digital Ecosystems identified four major
research gaps. This research study aims to contribute knowledge to the first
two of these gaps:

1. Lack of holistic modeling methodology for Digital Ecosystems.

2. Insufficient integration of formalized modeling paradigms into Digital
Ecosystem design.

Therefore, this study is deemed relevant as it addresses two primary research
questions associated with the identified gaps:

RQ1 How can the design process of Digital Ecosystems be supported by a
model-based methodology?

RQ2 What kind of subject-oriented model can be used to describe a Digital
Ecosystem?

7.1.2 Research Rigor

Based on Hevner et al. (2004), research rigor comprises three aspects: the
application of appropriate methods in conducting research, the utilization
of the knowledge base, and the implementation of artifacts in suitable envi-
ronments.

The first aspect is addressed in Chapter 4. This chapter outlines the ratio-
nale for selecting the SDSM approach, the design of the evaluation based on
FEDS, and the distillation of Level 1 results into the EDE methodology.
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Second, the knowledge base is employed to inform design decisions through-
out the iterations of the SDSM, as well as directly for the EDE method-
ology. The EDE Approach is based on the Design Council’s Double Dia-
mond framework and principles of MBSE. While the Synthesis Model em-
ploys JSON schema for representation, it bases its presentation on subject-
orientation, SysML, and PASS.

Lastly, the IntWertL project offers an ideal implementation environment. It
is sufficiently large to encompass over twenty organizations and a variety
of stakeholders from all relevant Engineering Digital Ecosystem domains,
while remaining small enough to allow comprehensive observation of all
ecosystem design activities.

7.1.3 Design as a Search Process

For the EDE methodology, we seek an appropriate design approach, as well
as a satisfactory means of presenting and representing the Synthesis Model.
This design process is inherently iterative. Given the extensive solution
space for modeling approaches and techniques, we do not seek the optimal
solution but rather aim for a "satisficing" (Simon 1996) solution, meaning a
solution that is sufficiently effective. The search process employed through
the SDSM is illustrated in detail in Chapter 5. In line with the search for a
satisficing solution, we focus on demonstrating that the identified solutions
are effective rather than explaining why they work. Consequently, the SDSM
approach iterates requirement specification, solution generation, and test-
ing, as illustrated in Figure 7.1.

The search process in this work operates on three levels:

¢ SDSM Cycle: Full nine-step SDSM approach. Possibility to define an-
other focal point (e. g., process-centric, or structure-centric).
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SDSM Steps:

. Analyze Specific Problem Domain

. Define Specific Requirements

. General Problem and Requirements
General Solution

Ex Ante Evaluation (General)
Design Specific Solution

. Ex Ante Evaluation (Specific)
Implement Specific Solution

. Ex Post Evaluation

Test Solution
against
Requirements

Specify
Requirements

Generate Solution

CENOORONS

Figure 7.1: Iterative Generate-Test cycle employed in the SDSM search process.

» Specialization Loop: The three generate-test loops in one SDSM cy-
cle. Starting from the general solution, through the specific solution,
until the specific solution in its application domain.

¢ Micro-Iterations: Refinements of the solutions based on the immedi-
ate evaluation feedback.

7.1.4 Design as an Artifact

Hevner et al. (2004, p. 82) do not limit the term artifacts to only include in-
stantiations "but also the constructs, models, and methods applied in the
development and use of information systems". Thus, this work presents two
types of artifacts: First, the instantiations of Level 1 artifacts in Chapter 5.
Second, and more importantly, the EDE methodology, its design principles,
methods, and the Synthesis Model, presented in Chapter 6, constitutes an
artifact in its own right.
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7.1.5 Design Evaluation

Each instantiated design artifact is evaluated meticulously. The correspond-
ing evaluation design is elaborated on in Section 4.2.3. Building on the FEDS
of Venable et al. (2016) four steps are taken: First, the goals of the evaluation
are established; second, the evaluation strategy is selected; third, evaluation
properties are defined; and finally, the individual evaluation episodes are
planned. The evaluation goals include relevance, enrichment, usability, and
timeliness. As no other artifacts addressing the same problem exist, direct
comparison is not feasible. Nonetheless, three primarily formative evalua-
tion steps are conducted during each SDSM cycle. The results of these eval-
uations are presented throughout Chapter 5.

The EDE methodology is validated by the collective findings from these
Level 1 evaluations. However, as this is a nascent approach to designing
Digital Ecosystems, further evaluation through future work is necessary. For
now, the utility of the EDE methodology is substantiated by its established
existence and rigorous development.

7.1.6 Research Contributions

This research offers two distinct contributions to the field:

e Level 1| Design artifacts: Instantiations of the Digital Ecosystem de-
sign are true inventions as both the solution maturity, and the applica-
tion domain maturity are to be considered low. These design artifacts
are the Synthesis Models V1-V3 from Chapter 5.

¢ Level 2| Methodology: The EDE methodology meets the criteria for
exaptation as well known solutions are combined in a new way and
applied to a new application domain. The corresponding emergent
knowledge contributions, i.e. the EDE Double Diamond Approach
and the Synthesis Model, are presented in Chapter 6.
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The hypotheses discussed subsequently may serve as a basis for developing
more advanced knowledge contributions, such as a comprehensive design
theory for Digital Ecosystems. However, although some interesting findings
support each of these hypotheses, further research is necessary to integrate
this and other knowledge into a cohesive Level 3 knowledge contribution.

7.1.7 Research Communication

DSR necessitates effective communication of research to both technical and
managerial audiences. In the context of Digital Ecosystems, this extends to
include ORCHESTRATORS, CONTRIBUTORS, and CORE USERS. Consequently,
this thesis aims to engage a diverse audience, including but not limited to:
researchers in Digital Ecosystems, model-based design, subject-orientation,
and DSR, as well as industry representatives from the engineering and soft-
ware development sectors.

The need for effective communication is emphasized through a clear struc-
ture throughout the thesis. In particular, the EDE methodology in Chapter 6
is presented to facilitate stakeholders in easily locating relevant information.
Each step of the EDE Double Diamond is systematically outlined, detailing
its purpose, tasks, and applications. Furthermore, the Synthesis Model is
first introduced in conceptual terms, followed by its notation, and is then
specifically addressed for technical audiences in its representational form.

Chapter 5 addresses all practitioners seeking a deeper understanding of the
iterative artifact creation and search process. It provides valuable insights
into how instantiations of the Synthesis Model can manifest and address var-
ious concerns associated with the specific needs of CORE PARTICIPANTS.

Chapters 3, 4 and 7 are targeted towards the research community, while
Chapters 1, 2 and 8 offer a shared framework for all readers.
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7.2 Critical Reflection

Based on the current state of research and applications discussed in Chap-
ter 3, six hypotheses (H1 - H6) are proposed: the first three focus on RQ1
(model-based methodology), while the remaining three concentrate on RQ2
(subject-oriented model). Each of these hypotheses guided the design of the
EDE methodology.

H1 CORE VALUES and CORE SERVICES need to be considered in Digital
Ecosystem design.

H2 Digital Ecosystems are complex enough that a model-based approach
only makes sense.

H3 A Digital Ecosystem is a system of systems and CORE PARTICIPANTS
perform a complex choreography.

H4 Subject-Orientation is well suited for socio-technical Digital Ecosys-
tems.

H5 A Digital Ecosystem model requires multiple perspectives.

H6 Digital Ecosystems evolve over time.

Subsequently, each of these hypotheses will be discussed in terms of how it
is motivated by the state of the art, its application in the iterative design of
Synthesis Model V1-V3, and its reflection in the EDE methodology.
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7.2.1 CORE VALUES and CORE SERVICES need to be
considered in Digital Ecosystem design.

This hypothesis aims to prioritize the inclusion of CORE VALUES rather than
solely relying on CORE SERVICES. Design invariably starts with an explo-
ration of the problem space, which, in the context of Digital Ecosystems, in-
volves understanding the CORE VALUES. Effective engineering of CORE SER-
VICES can only begin when these elements are aligned among stakeholders.
Initiating with CORE VALUES is expected to shorten subsequent consensus
cycles, reduce design conflicts, and serve as a stable reference for iterative
improvements in functionality.

This need is recognized in the first two steps of the SDSM during each itera-
tion. In particular, I1 and 13, through their extensive vision workshops, place
significant emphasis on formulating CORE VALUES for the IntWertL ecosys-
tem. Moreover, the design and implementation of the specific solution are
evaluated for alignment with the previously defined CORE VALUES.

The inclusion of both CORE VALUES and CORE SERVICES is evident in the
EDE methodology, as the EDE Double Diamond Approach comprises the
CORE VALUES cycle and the CORE SERVICES cycle, as illustrated in Figure 7.2.

7.2.2 Digital Ecosystems are complex enough that a
model-based approach only makes sense.

The analysis of the state of the art demonstrates that informal "box-and-
line" notations are prevalent tools for modeling Digital Ecosystems. More-
over, there is a recognized need for models, possibly even multi-perspective
models, to effectively describe Digital Ecosystems. Formalizing the em-
ployed modeling techniques should introduce minimal overhead while sig-
nificantly enhancing cross-stakeholder understanding and reducing rework.
The hypothesis posits that measurable improvements in clarity and defect
avoidance will occur when compared to informal box-and-line sketches.
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CORE SERVICES
cycle

CORE VALUES
cycle

Figure 7.2: CORE VALUES cycle and CORE SERVICES cycle of the EDE methodology.

In accordance with this hypothesis, all three iterations utilize formal model-
ing languages to support the model-based approach. By constraining mod-
eling elements and integrating informal annotations, these models achieve
universal comprehensibility. However, as demonstrated in I1 with the pro-
cess explorations, these modeling tools can not only aid in articulating the
design of the Digital Ecosystem but also in analyzing its problem space. The
ex post evaluations revealed, that stakeholders created their own models for
perspectives that where not included in the current version of the Synthesis
Model. However, if their models were not properly connected to the Synthe-
sis Model framework, this led to inconsistencies and contradictory models
from different participants. Additionally, some of these models were so in-
formal that multiple lengthy meetings were necessary to explain the content
and notation, rendering the model basically useless for communication.

By the third iteration at the latest, it becomes evident that Digital Ecosystems
are sufficiently complex to necessitate standardized modeling. In this con-
text, eleven use cases involved modeling fifty-nine functions, not to mention
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the numerous related subjects and tasks that would arise if all process mod-
els were fully elaborated.

Consequently, the EDE methodology employs a model-based approach, in-
troducing the Synthesis Model as an outcome of the CORE SERVICES cycle.
Both the Creation and Synthesis steps require model-based work. How-
ever, in the earlier Analyze and Define stages, employing incomplete mod-
els or fragments is advised based on best practices and suggested meth-
ods. This model-based approach helps manage complexity by providing a
common frame of reference and enhancing interpretability, particularly for
socio-technical systems.

7.2.3 A Digital Ecosystem is a system of systems and
CORE PARTICIPANTS perform a complex
choreography.

A Digital Ecosystem encompasses more than a singular, monolithic work-
flow. It can only be defined through the interconnected use cases in which
the CORE PARTICIPANTS are involved. The full spectrum of activities within
this complex system of systems cannot be centrally orchestrated. Thus, it
resembles a natural ecosystem, from which the concept and term is derived:

Imagine an old-growth temperate forest as an ecosystem of interacting par-
ticipants: Canopy trees capture sunlight and fix carbon, providing the struc-
tural “platform” on which the system rests. Fungi establish an underground
network that transfers water, nitrogen, and chemical signals among other-
wise competing tree species. Pollinators, such as bees, moths, and birds,
navigate the underbrush, facilitating genetic exchange among understory
plants. Beetles and earthworms decompose fallen wood and leaf litter, re-
cycling nutrients back into the root-fungus network. Predators, including
owls and martens, regulate herbivore populations, thereby preventing the
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overgrazing of saplings. No single organism schedules or directs these ex-
changes. Yet, through countless local interactions—each species “perform-
ing its role” and responding to its neighbors—the forest exhibits a stable,
self-regulating choreography. The removal or distortion of any key actor
causes the entire ecosystem to falter, illustrating that the system’s health
arises from decentralized cooperation rather than central control.

The process-centric approach in I1 aimed to reflect the choreography of ac-
tors through interconnected SIDs. However, this approach was insufficient
to adequately capture the dynamic nature of a Digital Ecosystem. Therefore,
12 and I3 placed the CORE SERVICES at the center of consideration. These are
separable building blocks for describing the Digital Ecosystem. This struc-
ture resembles that of Catena-X and other X-projects, which are organized
around use cases. Each of these use cases comprises interrelated yet inde-
pendent processes among different actors. This organization is characteris-
tic of federated choreography rather than centralized orchestration.

This separation of functionality is evident in the EDE methodology frame-
work. Within this framework, Use Cases and Functions can be identified
and described independently. The Synthesis Model supports the modeling
of stand-alone processes for each Function, allowing their integration into
Use Cases. However, the Use Cases are not interconnected within a com-
prehensive Digital Ecosystem process or workflow. Nonetheless, Use Cases
delineate the characteristic functionality of the Digital Ecosystem. The con-
cept of systems of systems is further emphasized by the ability to integrate
entities from different Synthesis Models, analogous to a Venn Diagram, to
create a new Digital Ecosystem.

7.2.4 Subject-Orientation is well suited for
socio-technical Digital Ecosystems.

Subject-orientation originates from research in distributed systems and is
thus tailored for federated Digital Ecosystems. This is supported by literature
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that indicates most descriptions of Digital Business Ecosystems (DBEs) pri-
marily focus on process descriptions, with actors being the most commonly
utilized elements. This emphasis on actors and processes also serves as the
foundation for subject-oriented modeling. However, explicitly incorporat-
ing a subject-oriented description, rather than solely relying on implicit se-
mantics, significantly enhances the expressiveness and comprehensibility
of these descriptions. Moreover, the paradigm of subject-orientation can be
applied to other modeling perspectives, extending beyond process model-
ing. The essence remains in the clear identification of all active entities.

Subject-orientation is particularly advantageous when multiple active en-
tities engage in shared processes. Socio-technical systems, such as Digital
Ecosystems, inherently comprise multiple active entities, specifically at least
one human and one technical actor.

Consequently, all three iterations of SDSM incorporated the general require-
ment to clearly identify active entities within the utilized notations. This
alignment was evaluated and found satisfactory for all three iterations. The
subject-oriented focus received positive feedback from stakeholders, with
PASS generating the most interest among the various modeling notations
employed throughout IntWertL. This may suggest an enhanced reception of
subject-oriented models; however, a comparative analysis for validation is
beyond the scope of this study.

The notation choices made for the Synthesis Model facilitate consistent
subject-orientation throughout the EDE methodology. As demonstrated,
the EDE methodology supports a persona decomposition that identifies ac-
tive entities, namely actors, roles, and subjects, across various levels. Each
of these entities is described in the synthesisModel at its respective level
in a manner applicable solely to active entities. Consequently, all elements
in each layer of the Synthesis Model can be easily classified as either active
or passive as is illustrated in Figure 7.3.
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BT Subject o

Figure 7.3: Enumeration of active entities on each SFIB-Layer.

7.2.5 A Digital Ecosystem model requires multiple
perspectives.

Digital Ecosystems unite numerous CORE PARTICIPANTS from diverse back-
grounds and encompass various CORE SERVICES across different domains.
Therefore, it is highly unlikely that a single perspective can fully capture
the complexity of a Digital Ecosystem. Consequently, both experience from
MBSE and and the literature on DBE modeling suggest the inclusion of dif-
ferent types of models. However, since subject-orientation has primarily
been viewed in the context of process modeling, this raises the question of
how to implement subject-orientation in other model types.

This finding is supported by I1 and I2 of the SDSM, indicating that neither
the process-centric nor the structure-centric approach is satisficing to com-
prehensively describe Digital Ecosystems. 12 has demonstrated that omit-
ting process information leads to the "wild growth" of incoherent and infor-
mal descriptions, as developers and adopters rely on more precise process
information. This point is further emphasized in I1, where the Synthesis
Model V1 lacks behavioral information, resulting in the development of the
scenario process model as a foundation for MVP creation and validation.
Furthermore, it has been determined that separating interests and creating
new perspectives through context differentiation is advantageous. This al-
lows stakeholders to concentrate on the content that is relevant to them.

Both distinctions of perspectives are incorporated into the EDE methodol-
ogy. First, the SFIB-Layers of the Synthesis Model provide four distinct per-
spectives through their respective model types. In this context, the S-Layer
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and F-Layer aggregate information that establishes a reference framework
for subsequent context separation. Thus, the structural description serves
as the basis for functional decomposition, thereby facilitating context sep-
aration. Consequently, S-Layer and F-Layer must engage with managerial
stakeholders. However, a process description is essential for the adoption
and implementation of the use cases. In this regard, the IB-Layers are uti-
lized.

Second, the separation of context for both model utilization and main-
tenance offers additional perspectives. As a result, FIB-Layers incorpo-
rate multiple diagrams specifically adapted to the context derived from the
next higher Synthesis Model layer. Each diagram can be understood and
designed independently of the others within the same layer. This allows
adopters and developers with practical interests to access the necessary in-
formation without requiring a comprehensive understanding of all inter-
connected components within the Digital Ecosystem, while still maintain-
ing coherence among all diagrams.

7.2.6 Digital Ecosystems evolve over time.

Constant growth, iterative evolution, and open innovation are fundamental
to Digital Ecosystems. Therefore, their only constant is change. The rep-
resentation of the subject-oriented model must facilitate easy and ideally
federated maintainability. This necessitates rigorous versioning and release
planning of the model artifacts.

The three SDSM cycles demonstrate that the Synthesis Model undergoes
intentional evolution over time. This evolution encompasses not only the
emergence of Digital Ecosystems but also constitutes a defining charac-
teristic of the ecosystem itself. Therefore, clear identification of the model
version is essential for effective stakeholder communication. Observations
from the SDSM iterations suggest that developing subsequent versions in
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a federated manner is beneficial; additionally, sharing updates and infor-
mation about upcoming releases improves stakeholder engagement and ac-
ceptance.

This evolution is natively supported by the EDE Synthesis Model. Firstly, its
metadata includes not only an ID but also a version property. Since the ID
is not constrained by a specific pattern, it can be readily employed for re-
lease management and versioning across various levels. Secondly, integrat-
ing new use cases or entire domains is straightforward. The same applies
to the ecosystem personas, particularly as roles and subjects are already de-
fined at the use case and functional levels, respectively. Section 6.5 clearly
describes a suitable approach to support evolution in the application of the
Synthesis Model and EDE methodology.

Furthermore, the EDE approach is also based on the concept of evolution.
It not only iterates the CORE SERVICES cycle to further refine the functional
architecture, but it also intends to regularly revisit the CORE VALUES of the
Digital Ecosystem. This allows for the integration of this evolution into the
fundamental definitions of purpose, vision, mission, and values of the entire
ecosystem.

7.3 Limitations of the EDE Methodology

Although the EDE methodology adheres to the seven DSR guidelines out-
lined in Hevner et al. (2004), several limitations hinder the strength and gen-
eralizability of its contributions. These limitations should guide the inter-
pretation of the presented results and inform the design of future studies
aimed at extending this research.

1. Single-case setting.
Validation is based on a longitudinal case study (IntWertL) conducted
in the German mechanical engineering sector, specifically targeting
SME:s in the automotive industry. While this environment offers a
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rich context for exploratory evaluation, claims of external validity re-
quire replication across other industries, ecosystem scales, and cul-
tural contexts.

. Predominantly formative evaluation.

The evidence of utility primarily derives from formative evaluation
episodes of design artifacts. A rigorous summative comparison with
alternative Digital Ecosystem design artifacts remains to be conducted.

. Adoption challenges of subject-orientation.
Subject-oriented modeling has demonstrated benefits in federated,
socio-technical environments. However, its cognitive overhead and
unfamiliar notation may hinder adoption in domains where process-
centric thinking is not well established or where alternative process
modeling methods are more commonly used.

. Limits of JSON.

The JSON-based synthesisModel currently lacks expressiveness and
semantic reasoning capabilities. Additionally, there’s no assessment
of efficiently integrating inputs from multiple contributors. Future re-
search should investigate if utilizing graph databases or OWL encod-
ings could enhance reasoning and facilitate version control.

. Tool support and automation.

Prototype scripts facilitated model generation; however, no integrated
toolchain, such as an IDE plugin or web workbench, currently exists.
The absence of mature tooling limits practitioner adoption and com-
promises repeatability.

. Incremental evolution not yet empirically verified.

Although the methodology prescribes iterative evolution cycles, only
three releases have been observed. The long-term governance mech-
anisms and continuous application of the EDE methodology remain
uncertain.
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7. Limited summative analysis.
Utility was validated solely through construction and demonstrated
through qualitative stakeholder feedback and acceptance of artifacts.
However, the application of the EDE methodology itself was beyond
the scope of this study. Consequently, summative evaluation with
practitioners of the EDE methodology will broaden the evidence base
for claims of efficiency.

Further investigation is necessary to compare the effectiveness of alterna-
tive methodologies in the context of Engineering Digital Ecosystems. This
statement is not a critique of the current work but rather a call for further re-
search in this emerging field. As research progresses from this foundational
study, rigorous assessment and comparison with other methods across var-
ious contexts are essential to substantiate claims of general applicability.

7.4 Summary

This chapter situates the EDE methodology within the framework of DSR
and consolidates the empirical insights obtained from the IntWertL case
study.

Initially, a structured mapping against the seven DSR guidelines of Hevner
etal. (2004) indicated that the study addresses a problem of significant prac-
tical relevance, employs rigorous methods and a transparent knowledge
base, conceptualizes design as an iterative search process, produces artifacts
of demonstrable utility, evaluates those artifacts through multiple formative
episodes, articulates clear research contributions at two levels (instantiated
design artifacts and the EDE methodology itself), and effectively communi-
cates the results to both academic and practitioner audiences.

Second, a critical reflection revisits six guiding hypotheses derived from the
current state of the art. The analysis demonstrated how each hypothesis in-
fluenced the three iterations of the SDSM presented in Chapter 5 and is now
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integrated into the EDE methodology, the Double Diamond framework, and
the Synthesis Model. The discussion highlighted the benefits of incorpo-
rating CORE VALUES, embracing a model-based approach, recognizing Dig-
ital Ecosystems as systems of systems, adopting subject-oriented modeling,
providing multi-perspective views, and facilitating continuous evolution.

Third, the chapter identifies seven limitations that impact the generalizabil-
ity of the findings: the single-case setting, the predominance of formative
evaluation, the adoption of a subject-oriented approach, issues related to
the current JSON representation, limited tool support, emerging evidence
on ecosystem evolution, and the absence of summative evaluation of the
methodology itself. These constraints establish a clear agenda for future re-
search.
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8 Conclusion and Outlook

This final chapter summarizes the key points of the study, draws conclu-
sions, and offers an outlook with suggestions for future research.

8.1 Conclusion

Digital Ecosystems are socio-technical systems whose emergent properties
present significant potential for securing competitive advantages. However,
effective design is obstructed by the complex interaction patterns among
CORE PARTICIPANTS. Although both academia and industry recognize the
critical importance of modeling these ecosystems, practical modeling ap-
proaches remain inadequate, and no formal modeling languages have been
established. Therefore, this work proposes the comprehensive Engineering
Digital Ecosystems (EDE) methodology for the model-based and subject-
oriented design of Digital Ecosystems.

The conclusion is organized into three subsections. First, it delineates the
status quo and the initial context of the research. Next, it summarizes the
Design Science Research (DSR) approach utilized to examine the solution
space and gain insights. Finally, it reassesses the resulting EDE methodology.

8.1.1 Summary of the initial situation

Chapter 1 introduces the potential of Digital Ecosystems for their partici-
pants. These networks enhance flexibility, resilience, and adaptability by
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emphasizing collaborative value creation, particularly for SMEs. By promot-
ing coopetition, the Digital Ecosystem serves as an incubator for innova-
tion, fostering the emergence of disproportionate value creation. However,
the development of these complex socio-technical systems, involving multi-
ple stakeholders, necessitates adequate resources. This motivates the main
objectives of this work: a model-based methodology and a subject-oriented
model for Engineering Digital Ecosystems. Based on this, the chapter details
the research outline.

Chapter 2 establishes the foundational context essential for understand-
ing the remainder of this work. Initially, the term Digital Ecosystem and
its primary components are defined: CORE VALUES influence CORE SER-
VICES. ORCHESTRATORS oversee these components and facilitate the devel-
opment of interoperable and competitive SOLUTIONS. Meanwhile, CORE
PARTICIPANTS seamlessly adapt roles and engage in coopetition when uti-
lizing or contributing to SOLUTIONS. Next, the term model-based within
Model-Based Systems Engineering (MBSE) is clarified, introducing the Sys-
tems Modeling Language (SysML) and focusing on its diagrams: Block Def-
inition Diagram (BDD) and Use Case Diagram (UCD). The paradigm of
subject-orientation and its application through the Parallel Activity Specifi-
cation Scheme (PASS) are additionally presented. Lastly, design is explored,
connecting human-centered design thinking, the Double Diamond model’s
divergence-convergence process, and the disciplined approach of DSR.

Chapter 3 reviews current research and industry practices in Digital Ecosys-
tems and their modeling. In academia, there is a recognized need for im-
proved modeling methods for Digital Business Ecosystems (DBEs) as cur-
rent practices primarily employ informal and non-standardized notations
that focus on a singular perspective. Subject-oriented modeling demon-
strates promise, as it aligns with the distributed nature of Digital Ecosystems
and offers the necessary expressiveness for process information, which is
considered integral. On the industry side, initiatives such as IDS, Gaia-X,
and Catena-X are analyzed as they advance operational ecosystems. The
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analysis of the state-of-the-art in academia and industry identifies four re-
search gaps, validating the utility of the two research questions. These find-
ings form the foundation for formulating six guiding hypotheses for the
EDE methodology regarding: CORE VALUES and CORE SERVICES, the model-
based approach, the system of systems concept, subject-orientation, inte-
gration of multiple perspectives, and the evolution of Digital Ecosystems.

At this stage, existing research gaps are clearly identified, accompanied by
two distinct research questions (RQ1 & RQ2) that guide the research pro-
cess. The six hypotheses (H1-H6) will inform the development of the EDE
methodology and will provide the foundation for qualitative evaluation.

8.1.2 Design Science Research

This study employs DSR as its methodological foundation. Chapter 4 intro-
duces the DSR paradigm and the design guidelines by Hevner et al. (2004).
In addition to the research approach, the application context, IntWertL, is
also introduced. Utilizing a comprehensive DSR methodology framework,
the Soft Design Science Methodology (SDSM) is chosen and adapted for this
study by developing a specific evaluation strategy based on the Framework
for Evaluation in DSR (FEDS). This approach ensures that evaluations vali-
date the contribution of each artifact version in addressing the design issue
and generating transferable knowledge. The adapted SDSM comprises nine
steps across three iterations, resulting in three general solutions, three spe-
cific design artifacts, and nine evaluation episodes. The chapter concludes
by discussing how insights from the SDSM are transformed into the primary
contribution: the EDE methodology.

Chapter 5 presents findings from the three SDSM iterations conducted within
the context of IntWertL. Both the design artifacts and their evaluation re-
sults, along with the design process itself, inform the EDE methodology;
thus, special emphasis is placed on presenting all nine SDSM steps for each
of the three iterations. The first iteration, which employed a process-centric
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approach with PASS SIDs, established the foundation for the MVP and the
IntWertL ecosystem. However, a Digital Ecosystem cannot be confined to a
single process. The second iteration addressed structural issues by utilizing
a modified BDD for representation, enabling the development of business
and operational models, as well as the breakdown of functional architecture.
The third iteration integrated the previous approaches by employing BDDs,
UCDs, SIDs, and SBDs for a cohesive representation.

In the context of DSR, business needs from the IntWertL environment, along-
side applicable foundations and methodologies from the knowledge base,
inform the iterative build-test cycle. The resulting artifacts are then uti-
lized within the IntWertL ecosystem. Moreover, and crucial to DSR, insights
gained from all three iterations contribute to the development of the EDE
methodology, thereby enriching the DSR knowledge base.

8.1.3 Summary of the EDE methodology

The EDE methodology constitutes the primary contribution of this study
and is detailed in Chapter 6. It establishes a generalized framework for
the model-based and subject-oriented design of Digital Ecosystems. As de-
picted in Figure 8.1, the EDE methodology comprises two complementary
components: the EDE Double Diamond Approach and the Synthesis Model.

Establish a comprehensive What?
understanding. Converge on CORE VALUES.
Approach
\ How?
y ize the F i C ize CORE SERVICES.
Architecture.
(a) EDE Approach (Double Diamond) (b) Synthesis Model

Figure 8.1: Core components of the EDE methodology.
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To address RQ1, a structured methodological approach is presented, that
guides the model-based design process. This approach consists of four steps
and modifies the Design Council’s Double Diamond model into two cycles:

e CORE VALUES Cycle (Analyze, Define), which elicits and refines the
ecosystem’s problem domains, purpose, vision, mission and value
propositions;

* CORE SERVICES Cycle (Create, Synthesize), which concretizes the func-
tional architecture that will deliver those values.

The Synthesis Model, corresponding to RQ2, facilitates a subject-oriented
and model-based (re-) presentation of Digital Ecosystems through intercon-
nected layered views of SFIB (Structure, Function, Interaction, and Behav-
ior). This encompasses a formal synthesisModel representation in JSON
schema. These elements address EDE’s core challenges: complexity, feder-
ated structure, and diverse stakeholders.

The chapter outlines best practices, recommended methods, and a prac-
tical application example to assist practitioners in implementing the EDE
methodology.

In Chapter 7, the EDE methodology is critically examined. First, structured
mapping through the seven DSR guidelines by Hevner et al. (2004) con-
firms its effectiveness as a DSR artifact. Next, a reflection on six guiding
hypotheses demonstrates advantages of including CORE VALUES with CORE
SERVICES, utilizing a model-based approach, recognizing Digital Ecosys-
tems as systems of systems, applying subject-oriented modeling, offering
diverse perspectives, and facilitating ongoing evolution. Finally, the chapter
identifies seven limitations that affect the generalizability of the findings:
reliance on a single case, predominance of formative evaluation, adoption
of a subject-oriented approach, challenges with the current JSON represen-
tation, insufficient tool support, early evidence of ecosystem evolution, and
lack of conclusive summative evaluation.
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Through its Validation by Creation, the EDE methodology represents the
first satisficing methodology of its kind. It effectively addresses both re-
search questions: first, by advocating a model-based engineering approach
through the EDE Double Diamond; and second, by providing a comprehen-
sive subject-oriented Synthesis Model for characterizing Digital Ecosystems.
Additionally, the coherence and efficacy of the entire methodology rely on
the six originally proposed hypotheses, which serve as the foundation for
every aspect of EDE’s design and validation.

8.2 Outlook

To conclude, this outlook will address unresolved methodological issues and
propose directions for future research.

These issues can be categorized into two groups: tasks for further valida-
tion of the EDE methodology and areas requiring additional development.
All specific insights are derived from a single case study. Future research
should apply the EDE methodology in designing other Digital Ecosystems
with varying levels of maturity across diverse domains, including aerospace,
automotive, plant engineering, railway, and robotics. This entails following
the complete approach for designing these ecosystems and creating a Syn-
thesis Model of existing Digital Ecosystems within these fields. A summative
evaluation of these efforts will provide substantial evidence regarding the
utility of the methodology. The research should also investigate the quality
of SoLUTIONS and their design processes that instantiate the CORE SERVICES
based on a Synthesis Model as further validation for the methodology.

Additionally, while all six hypotheses have been shown to be supported, fur-
ther evaluation is necessary to determine whether the application of these
hypotheses can be inferred as causative for the utility of an artifact within
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the EDE context. Furthermore, the activities should investigate which addi-
tional hypotheses should be considered to develop a comprehensive design
theory regarding the embedded phenomena in Digital Ecosystems.

Lastly, two primary avenues exist for enhancing the EDE methodology. The
first involves refining the prototypical tools that facilitate its application,
particularly in the creation and visualization of the Synthesis Model. In
terms of creation, this may incorporate interactive methods for editing and
viewing, including synchronous shared editing functionality. Regarding vi-
sualization, there is significant potential to improve the user experience of
the model viewer through dedicated application styling and more coher-
ent diagramming. Additionally, this includes revisiting the current JSON
schema and analyzing whether alternative means of representation may be
superior. For instance, it is plausible that the use of the Web Ontology Lan-
guage could yield benefits in terms of expressibility; however, a simplified
YAML structure might enhance readability and support a diagramming-in-
code approach.

Secondly, the EDE methodology is employed to design the functional archi-
tecture of a Digital Ecosystem, i. e. its CORE SERVICES. However, it currently
does not encompass the design of SOLUTIONS, business cases, and operating
models. Nevertheless, all of these elements depend on the information pro-
vided in the Synthesis Model. Future research should investigate whether
notation refinements, additional layers, or another dimension could sup-
port the respective design processes while ensuring adherence to CORE SER-
VICES specifications. In this context, an interesting avenue of research could
be to employ ALPS for modeling CORE SERVICES. The process descriptions
for instantiating SOLUTIONS can then be automatically checked for compli-
ance, thereby reducing certification efforts. Extending the Synthesis Model
to include SOLUTIONS would position it as a holistic artifact for both the de-
velopment and operation of Digital Ecosystems.

Overall, this study serves as a foundation rather than a conclusion for the
rigorous design of Engineering Digital Ecosystems.
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