26" INTERNATIONAL DEPENDENCY AND STRUCTURE MODELING CONFERENCE, DSM 2024
STUTTGART, GERMANY, 24 — 26 September, 2024

A Maturity Model for Data-Driven Model-Based Systems Engineering for
Producing Companies

Denis Tissen', Ruslan Bernijazov', Christian Koldewey', Roman Dumitrescu'

'Heinz Nixdorf Institute — Advanced Systems Engineering, University of Paderborn, Fiirstenallee 11,
33102 Paderborn, Germany
Mail: denis.tissen/ruslan.bernijazov/christian.koldewey/roman.dumitrescu@hni.uni-paderborn.de

Abstract: With recent trends in artificial intelligence and data analytics, producing companies are shifting their
development processes to digital methodologies. This allows to manage the complexity of produced systems more
efficiently and effectively. By this data from different lifecycle phases can be integrated into engineering models to
optimize their properties. A promising approach that combines the model-based and data-driven worlds is data-driven
model-based systems engineering (DDMBSE). DDMBSE focuses on a data-driven system model to continuously
manage and update engineering artifacts with multiple data sources. But DDMBSE is ditficult to practice due to a lack
of guidance. Therefore, a DDMBSE maturity model has been developed. It structures an organization's DDMBSE
maturity into six levels and organizes the criteria into model-based and data-driven categories. Each criterion includes
a description and recommended actions to reach the next level. The maturity model was evaluated by two companies in
the consumer electronics and electronic components industries.
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1 Introduction

It appears that data analytics is becoming a guiding principle for many domains and companies in the current era. The
exponential growth in the volume of data generated by the Internet, network infrastructures, software solutions, platforms,
and a wide variety of new products, including cyber-physical systems (CPS), has generated considerable optimism,
particularly in light of the advent of digitalization (Statista, 2021, 2022). This is because they all generate and use data for
a variety of integrated functions. The field of autonomous driving, for example, provides a useful illustration of this
phenomenon. In order for the system to drive independently and autonomously, it requires a large amount of information
in real time, such as camera systems and lidar, to carry out its functions safely. Data analytics (DA) is a fundamental
component of this process, serving to provide the requisite functionality. In addition, data analysis can be employed to
examine higher-level behaviors, such as those exhibited by fleets, or to conduct retrospective analyses of problematic
behaviors, with the objective of enhancing the overall performance of the system. Nevertheless, the implementation of
DA is a challenging process. As stated by Martinez et al. (2021) DA projects present three levels of challenge: team
management, project management, and data and information management. In the context of team management, several
issues have been identified, including poor coordination, difficulties in collaboration across teams, and a lack of transparent
communication. Additionally, there is a deficiency of individuals qualified for the role of data analyst, which results in an
over-reliance on leading data analyst and difficulties in the formation of multidisciplinary teams. Project management
challenges include low process maturity, unclear business objectives, unrealistic project expectations, and a biased
emphasis on technical issues. This can result in the delivery of incorrect solutions and projects that are not utilized by the
business. The management of data and information presents significant challenges, including a lack of reproducibility,
and accumulation of knowledge, as well as low data quality for machine learning. Furthermore, there is often a lack of
sufficient quality assurance checks, an absence of data validation, and concerns regarding data security, privacy, and
investment in IT infrastructure (Martinez et al., 2021).

A comprehensive examination of these challenges reveals several parallels with the development of modern technical
products, which are known as CPS (Trénkler and Kanoun, 2007). As technologies become increasingly integrated, the
development of CPS is affected by the diverse perspectives of the various stakeholders and the respective domains
involved. Projects in this context are inherently interdisciplinary and highly complex. The management of such projects
and the provision of information traceability present significant challenges. Model-based systems engineering (MBSE)
addresses these challenges by providing a system model of the system-to-be-developed (INCOSE 2023). To achieve this,
it is necessary to utilize a modelling language (e.g. SysML), a modelling method (e.g. FAM) and modelling tools (e.g.
CAMEDO). The system model enables stakeholders to view the system from different perspectives and provides access to
the specific information required by each domain, e.g., mechanical engineering (INCOSE 2023). A multitude of industries,
including aerospace, military, and consumer electronics, utilize MBSE to understand their products and services, their
environment, trace relations and changes, and coordinate processes (INCOSE 2023). Nevertheless, as DA is just emerging
in the engineering domain, particularly in MBSE, the integration of DA domain is not yet complete (INCOSE 2021).

Data-driven model-based systems engineering (DDMBSE) by Tissen et al. (2023, 2024) tries to solve this issue, by

combining MBSE and DA into one methodology and offers an integrated view of both domains. However, applying
DDMBSE due to its scares research is challenging for users and companies. A lack of methods is specifically mentioned
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by Tissen et al. (2023, 2024). Lead by this motivation the paper at hand addressed the research questions: How can
companies be supported in applying DDMBSE in their organization and process? What criteria are necessary to be
fulfilled for this? This paper begins with an overview of the scientific background in Section 2, which includes an
examination of DDMBSE and maturity models, as well as an analysis of the current challenges associated with these
topics. In Section 3, the research methodology is described, followed by the results in Section 4 and the evaluation of the
maturity model for DDMBSE in Section 5. The paper concludes with Section 6 outlining future research steps.

2 Scientific Background

In the following section, an overview of data-driven model-based systems engineering, and maturity models is given. Both
sections describe the status quo in each domain and serve as a foundation for the proposed approach presented in this

paper.

2.1 Data-driven model-based systems engineering (DDMBSE)

Tissen et al. propose that data-driven model-based systems engineering (DDMBSE) represents a promising approach for
the continued evolution of MBSE. The authors define DDMBSE by six core aspects, which are illustrated in Figure 1
(Tissen et al., 2023):
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Figure 1. Six core aspects of DDMBSE after Tissen et al. (2023)

In its initial form, DDMBSE integrates the capabilities of MBSE and DA. The term "utilities" is used to refer to domain-
specific processes, methods, techniques, languages, and tools that originate from MBSE and DA. This combination enables
the construction of a data-driven system model that integrates data from disparate, targeted sources. The crux of the matter
is that the data is iteratively looped and continuously acquired, ensuring that every change in the system model can be
reflected in real time. The system model itself gains a dynamic characteristic, as opposed to the static system model that
is characteristic of MBSE. As a requisite condition, standardized interfaces must be employed between the data sources
and the system model. The integration of data-driven methods into MBSE will result in more efficient and effective
development of complex technical systems (Tissen et al., 2023, 2024).

2.2 Maturity models

Maturity models represent a structured framework for evaluating current capabilities, identifying areas for improvement,
and guiding the enhancement of processes to achieve higher levels of maturity. They have been well established within
research and industry for this purpose. Maturity models are designed to assess and improve various aspects of processes
or systems within organizations, thereby allowing for standardization. Organizations utilize these models to assess their
actual status in a specific area (e.g., digitalization) and define target status to be achieved (Khoshgoftar and Osman, 2009).
A review of the literature reveals that numerous maturity models have been developed in the context of research. Notable
examples include SPICE, CMMI, and BPMM (Khoshgoftar and Osman, 2009, Ilin et al. 2022). In the field of data
analytics, Krol and Zdonek (2020) conducted a comparative analysis of eleven analytics maturity models, including
APMM, DAMM, Gartner's Maturity Model for Data and Analytics, and SAS Analytics Maturity Scorecard. In general,
the analysis indicates that most analytics maturity models lack transparency in their guidelines for assessing. In addition,
they stress the importance of human resources, information technology, software infrastructure, and organizational
aspects in the development of maturity models for data analysis (Krdl and Zdonek, 2020). In the field of systems
engineering (SE), maturity models are employed for a variety of purposes. The SE-CMM, as proposed by Cusick (1997),
is focused on the processes within a company, in alignment with the approach presented by Cornu et al. 2012. In the field
of requirements engineering, Solemon et al. (2012) propose a four-level model called REPAIM (Requirements
Engineering Process Improvement and Assessment Model). Bretz (2021) presents a maturity model for the introduction
of systems engineering and model-based systems engineering. The evolution and extent of maturity models in DA and
MBSE are both increasing. Nevertheless, the integration of these two domains has yet to be explored (Tissen et al. 2023,
2024). Given that DDMBSE is a new research field with limited research, this is understandable. However, it also presents
an opportunity for further investigation. Although the presented approaches are all focused on their respective domains, a
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shared view has not yet been achieved as it lacks supporting methods and tools (Tissen et al. 2023, 2024). However,
DDMBSE is dependent on this shared perspective, which leads to the conclusion that the application and measurement of
DDMBSE is not straightforward using current maturity models from DA and MBSE. To enable companies to actively
position themselves within DDMBSE and to use it in their organization and processes, it is necessary to provide them with
supporting materials. The following approach addresses this need.

3 Research Methodology

This chapter outlines the research methodology employed in the development of the DDMBSE maturity model. The
methodology is based on a six-phase approach, as proposed by Bruin et al. (2005), and is presented in Fig. 2 which is
followed in this paper:

Phase 1: Phase 2: Phase 3: Phase 4: Phase 5: Phase 6:
Scope Design Populate Test Deploy Maintain

Figure 2. Six phases for developing a maturity model after Bruin et al. (2005)

The initial phase (Phase 1) of the model development process involves defining the scope of the model. This includes
determining whether the model will be domain-specific or general. A domain-specific model is characterized by a fixed
subject of investigation, providing tailored solutions for a specific area or industry. In contrast, general models focus on
overall improvements in quality, time, and cost, such as in product development (Bruin et al., 2005). In this case, the focus
of the model is domain specific since it addresses DDMBSE particularly. The development stakeholders come from
academia, but with a near relation to practitioners and or pre-knowledge in practice. In the design phase (Phase 2), the
fundamental structure of the model is established (Bruin et al., 2005). This phase is guided by several key questions: Who
the audience is? How and where should the model be applied? Who needs to be involved in its application? Who will be
arespondent?. Answering these questions helps define the model's purpose, application process, stakeholder involvement,
and expected outcomes, ensuring that it is relevant and actionable. For the DDMBSE maturity model the audience will be
practitioners and executives of DDMBSE, but currently most likely MBSE and or DA in a company, since DDMBSE is
just at the horizon of being used widely. The application focuses on a self, or third party supported assistance, depending
on the intention of potential users but allowing a self-assessment of the model. As a result, the respondents of the DDMBSE
maturity model will be the company’s management and staff, including the users of maturity model. Since the application
of DDMBSE is not yet widely researched, not all development directions can be anticipated. Apart from that, several
maturity models in MBSE and DA (see Section 2) are available with a more diverse focus and practical assessments. They
can be used for domain specific aspects in DA and MBSE, but do not allow a combined view. Taking this into mind, the
maturity model should allow an easy usage and support users in taking action to achieve individual next maturity levels.
The populate phase (Phase 3) involves the detailed development of the model’s structure (Bruin et al., 2005). The primary
focus is on defining the subject of investigation and identifying its success factors. This phase ensures that the model is
comprehensive and addresses all critical aspects necessary for its effectiveness. Following the proposed vision of
DDMBSE after Tissen et al. (2023, 2024), a central artifact in DDMBSE will be the data-driven system model. Setting
this vision as the goal to reach and achieve DDMBSE, the current counter state is (MB)SE. With these two banks defined,
the figurative pillars (levels) can be graded and characterized. Following the widely used and suggested level concept by
Bruin et al. (2005), the maturity levels separation will set between six levels (SE Level 0 — DDMBSE Level 5). For the
assessment areas, the identified potentials, challenges, and preconditions after Tissen et al. (2023, 2024) are used as a base.
Deriving clusters from this, the assessment areas are defined. By the defined maturity levels and assessment areas, the
specific assessment criteria in each area and level were defined. Following an iterative approach, the maturity model was
filled out. In parallel, necessary actions to reach each level in each area were considered into this. During the test phase
(Phase 4), the model is validated in real-world scenarios (Bruin et al., 2005). This phase assesses the practicality and
effectiveness of the model by testing it in practice. The focus is particularly on the applicability of the success factors. The
testing process is iterative, often requiring multiple rounds of feedback and adjustments to refine the model further. For
this phase we tested the maturity model with two producing companies, currently in different stages of integrating DA and
MBSE into their processes. In separate interviews of 1 to 1,5 hours with two leading practitioners and executives from
each company. The results show a clear practical applicability, offering an important aid for the wider application of
DDMBSE. In the deployment phase (Phase 5), the maturity model is made available to users within the organization
(Bruin et al., 2005). This phase entails a gradual introduction, typically commencing with a pilot implementation in a
specific area before expanding to other parts of the organization. This two-step approach facilitates the transition and
ensures a smooth adoption, allowing the organization to adapt progressively to the new model. The final phase (Phase 6)
of the model development process is dedicated to the ongoing maintenance and enhancement of the model (Bruin et al.,
2005). As the needs of the organization and external conditions evolve, it is imperative that the model be continuously
updated to maintain its relevance. Furthermore, this phase entails the standardisation of the model with the objective of
facilitating its broader acceptance and integration within the organisation. The continuous adaptation and improvement of
the model ensures its continued effectiveness over time. By adhering to this structured methodology, it is ensured that the
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maturity model developed is both robust and applicable, thereby providing a reliable framework for organizational
improvement.

4 Results

By application of the research methodology, a maturity model for data-driven model-based systems engineering
(DDMBSE) was developed. It defines the transition from classical SE, over MBSE towards DDMBSE in steps of six
levels. The assessment criteria for each level are clustered into five areas: competencies, organization, data-driven system
model, IT & tools, and data. Each area contains several sub areas to rate the maturity level. As an addition,
recommendations for action for each sub area are developed, describing necessary actions to evolve from one level to
another in each sub area.

4.1 Maturity levels for DDMBSE

The maturity model for DDMBSE comprises a six-level grading system, commencing with Level 0, which encompasses
SE as a foundational base (see Fig. 3). Level 1 represents the transition from SE to MBSE, whereby models are employed
for the development of technical systems without any contact or involvement of a software modelling tool (usually done
in a workshop). At this juncture, Level 2 is attained, signifying the establishment of a robust foundation in MBSE with
software modelling tools. At Level 3, it is established that the company has nearly fulfilled its commitment to the use of
MBSE, and that the first involvement with DA is underway. The two domains operate independently, with minimal
interconnectivity. The initial concepts for data analysis are presented and subjected to evaluation. At Level 4, there is a
shift in focus, with MBSE now integrated with DA. The initial demonstrators, which include the linking of data sources
from the system of interest (Sol) to the DA and MBSE domains, are constructed and linked between the aforementioned
domains and their underlying tools. Both domains now communicate about the results of analysis and potential actions
based on them. The highest level of development, Level 5, represents the fully applied DDMBSE. This is a data-driven
system model that is connected to a multitude of data sources, both within and outside the company. It is capable of
autonomously managing itself (Tissen et al., 2023, 2024). The decision-making regarding the necessity of a given action
is then conducted by the developer (systems engineer).
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Figure 3. Levels in the maturity model for DDMBSE

4.2 The maturity model for DDMBSE

With the level grading described in section 4.1, now the complete maturity model for DDMBSE can be described (see
Fig. 4). It contains five areas and twelve sub areas called action elements (AE). Each area including the AE will be
described in the following.

Area Competencies: In this action element group, competencies within MBSE, DA and the integration of both are
measured. For the MBSE competencies, grading goes from “The user has not MBSE competencies.” (Level 0) to “MBSE
knowledge is at an expert level and is applied at the highest level in all projects” (Level 5). A similar grading is available
for DA. Also, the integration of both domains is graded, whether they have no overlaps or are completely linked. As
DDMBSE is based on MBSE and DA, both areas need a high level of knowledge, theoretical and practical wise (Tissen
etal., 2023, 2024).

Area Organization: For the area organization, the maturity model provides a rating for the grade of MBSE and DA
integration into the companies’ organization. For each action element the grading goes from *“...is not integrated into the
organization” (Level 0) to “... is fully integrated into the company and its organizational structure.” (Level 5). MBSE is
a method that needs wide and deep acceptance in a company since its benefits will not show directly but in long term.
DDMBSE takes this characteristic also, as described by Tissen et al. (2023, 2024).

Area Data-driven system model: As a central artifact in DDMBSE, the data-driven system model also needs to be looked
at. Since DDMBSE after Tissen et al. (2023, 2024) postulates a fully autonomous and linked system model, a system
model needs to be available and necessary information must be visible for the user. So, the development stage of the
system model and its visualization level are important to be looked at, here included by the action elements.
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Area IT & Tools: Both MBSE and DA (and therefore also DDMBSE) rely on a well-functioning and connected IT
infrastructure together with the use of software tools from different domains (Tissen et al., 2023, 2024). As an important
factor the maturity of DDMBSE tools (and similar MBSE and DA tools) needs to be looked at, as well as the level of
available interfaces within the company. This also results into the IT infrastructure adaptability, going from no IT

infrastructure to fully integrated.
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Figure 4. The maturity model for DDMBSE

Area Data: Without data, DDMBSE cannot be performed (Tissen et al., 2023, 2024). Rating the companies’ data
management and data acquisition are essential. On the highest level, data management represents comprehensive data
storage including a high degree of cyber security. The data acquisition is integrated and allows automated data analysis.
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Figure 5. Overview of the recommendation for actions based on the maturity model for DDMBSE (excerpt)

In order to apply the DDMBSE maturity model, it is necessary to record the actual and target states of the company. This
is accomplished by the company evaluating the actual status within the individual fields of action. The desired target state
is then recorded. It is important to note that the target state is typically higher than the actual state in relation to the
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individual levels. Once both steps have been completed, the necessary action steps for implementing the target status can
be derived from the difference between the two. These recommendations are presented in a separate overview (see Fig.
5). Due to space limitations, only a partial representation of the visual illustration of the recommendations of the maturity
model will be presented as an image. The recommendations for action are based on the transition from Level X to Level
X+1. Thus, for instance, if an assessment of the actual status of a company is at Level 2, and the desired status is at Level
4, the recommendations from Level 2 to Level 3 and from Level 3 to Level 4 should be followed to reach the target status.
The recommendations are presented in a general manner, providing a framework for the logical steps that must be taken
to reach the next higher level. The recommendations do not specify how the actions should be carried out; rather, they
outline the necessary actions. Given that DDMSBE is not currently a topic of extensive research, particularly from a
strategic perspective, it would be inappropriate to attempt to provide a contemporary and up-to-date answer to the question
of how the transition should be made.

5 Evaluation

In view of the description of the results in the previous chapter, it is now necessary to test the maturity model for DDMBSE
in practice. The evaluation was conducted by applying the maturity model to two producing companies in context of a
research project focusing on the application of sustainable engineering by applying DDMBSE. Both companies produce
goods in the field of electronic components (Company 1) and consumer electronics (Company 2). An anonymized
overview is provided in the following table (Table 1).

Table 1. Overview of the companies and representative for the evaluation (anonymized)

Name Company 1 Company 2
Domain Electronic components Consumer electronics
Amount of employee over 5.000 over 20.000
Representative A Project coordinator System architect
Representative B Digital engineer Systems engineer

The evaluation was conducted in distinct workshops, each spanning one to one and a half hours. In each workshop, two
representatives (interviewees) from the company and the lead moderator were present. At the outset of each workshop,
the moderator provided a concise overview of the topic of DDMBSE, presenting the definition of DDMBSE as outlined
by Tissen et al. (2023). Subsequently, the structure of the maturity model as a whole was elucidated in order to afford the
interviewees a comprehensive overview. In particular, the specific details of the maturity levels and the assessment groups
were elucidated in greater depth. Building on this, each action element (AE) was subjected to a comprehensive examination
in order to ascertain its actual status. Once all the AEs had been considered, the target status was evaluated. The two
assessments were then integrated into a unified whole and applied to the corresponding counterpart in order to derive
recommendations for action. The distinction between the actual and desired statuses is of significant consequence, as it
enables the formulation of recommended actions. The discrepancy between the current and desired statuses provides
insight into the specific actions that must be taken to achieve the desired status. This derivation was subsequently discussed
with the interviewees. Finally, interviews were conducted with the representatives to ascertain their impressions of the
maturity model for DDMBSE directly after the application as the most suitable form considering the number of people
involved in the evaluation. By this, feedback can directly be considered.

A review of the data indicates that company 1 is at an early stage regarding both the use of model-based systems
engineering (MBSE; AE 1) and data analysis (AE 2). However, the desire for greater maturity is also evident.
Consequently, AE 3 and AE 6 are relatively low. In contrast, company 2 is more advanced in this regard, which is also
evident from AE 1 and AE 2. For both companies, the objective is to integrate MBSE (Company 2) and DA (Company 1)
extensively and deeply into the company (see Fig. 6 AE 4 and AE 5). This indicates that both domains represent crucial
functions for the companies to bring successful products to the market in the future and to maintain competitiveness. A
particularly noteworthy point emerges in AE 9 of the technical and ontological interfaces. Both companies rate their actual
status as level 0 and emphasize that standardized interfaces are currently hardly supported by the tool providers (MBSE
as well as DA). This indicates that there is currently no standardization or transparency of interfaces, which is therefore
an essential point for the successful application of the DDMBSE in the future. In the context of the assessments of AE 10,
AE 11, and AE 12, it can be observed that companies are already well advanced in their digitalization transformation.
This, in turn, suggests that a significant proportion of digital artifacts and the corresponding data and information are
managed in silos.
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Figure 6. Application results for the maturity model for DDMBSE for two companies

The evaluation of the maturity model for the DDMBSE thus demonstrates its practical suitability, which also becomes
evident in the interviews:

- “I like the maturity model very well and it is easy. The images help to understand the levels.” (Representative A,
Company 1)

- "l have had the opportunity to observe and utilize several maturity models throughout the course of my professional
career. The DDMBSE maturity model is readily accessible and intuitive to employ. I particularly appreciate the
straightforward derivation of recommendations for action, which I have never encountered before.” (Representative
B, Company 1)

- “There are currently no general criticisms of the maturity model. Some terms need to be transferred to our own
company because we use others for this purpose.” (Representative A, Company 2)

- "The application of the maturity model is straightforward and intuitive. Nevertheless, it might be advisable to remove
Level 0, which pertains to Systems Engineering, as MBSE would be a sufficient minimum requirement.”
(Representative B, Company 2)

Although the general maturity model is relatively practicable due to its straightforward usability, it is clear that phase 6,
"maintain," represents a future step that must be taken. Given the time-consuming nature of the deployment of the maturity
model, it is advisable that companies initiate it in smaller circles, for instance, pilot projects. It is important to document
the insights gained from this research to finish the development of the maturity model for DDMBSE. Nevertheless, the
current version represents an initial step towards enabling companies to position themselves in the field of DDMBSE.

6 Conclusion and Future Research

Summary and contribution: This paper presents a maturity model for data-driven model-based systems engineering
(DDMBSE), accompanied by recommendations for action at each maturity level and action element. The maturity
model comprises six levels, beginning with systems engineering (Level 0) and progressing to MBSE (Levels 1 and 2),
MBSE and DA (Level 3), MBSE with DA (Level 4), and finally DDMBSE (Level 5). The twelve action elements are
classified into five categories, which begin with competencies, organization, data-driven system model, IT and tools, and
data. Each action element can be evaluated on each maturity level based on a clear description of each criterion. The
maturity model sets itself apart from the existing maturity models from (MB)SE and DA. Users and companies can assess
their actual and desired maturity levels in relation to DDMBSE in a straightforward manner. Furthermore,
recommendations for actions to achieve the desired level of maturity are provided in a general manner. The
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recommendations can be derived by the differences between the desired and actual maturity levels in each action element,
thereby providing users and companies with a plan to follow and act on. The maturity model for DDMBSE was subjected
to an evaluation by two producing companies in the context of separate workshops. Each company was asked to rate their
current and desired levels of maturity, and they were provided with recommendations for how to reach each level. The
interviews conducted serve to illustrate the practical applicability of the maturity model and its user-friendly nature. The
maturity model for DDMBSE provides companies with a framework for assessing their current position in the transition
from (MB)SE to DDMBSE and represents one of the first support items in this research area. It opens the way for further
methods to apply DDMBSE in a wide and deep aspect.

Limitations: The results are conveyed through the research methodology as outlined by Bruin et al. (2005) It should be
noted that the application of an alternative research methodology may result in differing outcomes in terms of action
elements, areas, and the underlying procedure. However, due to the high variety of maturity model design approaches,
these aspects are very individual and subjective. Further testing of the maturity model, including a wide deployment and
maintenance, may result in modifications to the presented version of the maturity model for DDMBSE. These
modifications may include adjustments to individual criteria and descriptions. Nevertheless, due to the extensive process
involved, the current version serves as an invaluable resource for implementing DDMBSE.

Future research: Further research is required to identify and address the limitations of the maturity model. As time
progresses, this research will result in a more precise delineation of the areas, action elements, and recommendations.
Moreover, the potential applications in an industrial context must be monitored, including the anticipated growth of
DDMBSE over the next few years and the emergence of future technologies.
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