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Agile development promises responsiveness and faster feedback, yet its applicability beyond the development of
software to cyber—physical systems (CPS) remains limited by physical constraints, cross-domain dependencies,
and the need for planning stability. While previous work frequently suggests that consistency mechanisms
support agility in such settings, this relationship has largely remained implicit and insufficiently explained.
This paper explicates how consistency preservation and inconsistency management influence agility in CPS
engineering. Drawing on a design science research approach, we derive an interdisciplinary network of
influencing factors that makes explicit the dependencies between consistency mechanisms, organizational and
technical conditions, and key agility outcomes such as responsiveness, transparency, and the realizability of
development increments. To illustrate the explanatory power of this model, we apply model-based consistency
preservation to an industry-motivated inconsistency situation from the development of a hybrid braking
system using consistency preservation tools. By systematically maintaining the alignment of interdependent
development artifacts across engineering disciplines such as software, electrical, and mechanical engineering
(reflected in artifacts like SysML diagrams), cross-disciplinary dependencies in CPS development can be
explicitly managed. This enables agile practices to be applied more effectively in physically constrained and
interdisciplinary development environments. The case demonstrates how increased transparency of the current
consistency state and automated change propagation can support faster feedback cycles and cross-domain
coordination without undermining necessary planning stability. The results show that consistency preservation
is neither an obstacle to agility nor a universal remedy, but a context-dependent enabling mechanism whose
effectiveness depends on domain maturity, recurring dependencies, and organizational context.

1. Introduction

Agility in development projects is not a phenomenon confined to
software engineering. Classic engineering domains such as mechan-
ical engineering have long investigated agile or agile-like practices
as responses to product development environments characterized by
volatility, uncertainty, complexity, and ambiguity (VUCA) (Atzberger
et al.,, 2019). In these contexts, agility is understood less as a specific
method and more as a conceptual capability that enables development
organizations to adapt to rapidly changing and increasingly interde-
pendent conditions. One of the biggest threats to quickly developing

such systems is complexity (Dumitrescu et al., 2021): Besides the inter-
nal complexity of advanced mechatronic systems and cyber—physical
systems (CPS), there is additionally the external complexity in devel-
opment organization of, for example, the tight integration of multiple
disciplines, technologies, and abstraction levels. This complexity is
further compounded by ambiguity, because design decisions in one
domain may affect not only the solution space but also the decision-
making capacity of other domains. Local optima achieved within in-
dividual disciplines may therefore obstruct the global optimum of the
system as a whole. While agility seems to be one answer to this chal-
lenge, transferring agility into hardware-intensive and cross-domain
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engineering contexts such as CPS development has proven challenging
(Heimicke, 2025). It seems that when developing with steel (or less
provocatively, with hardware in general), engineering has difficulties
deploying agility.

That brings the concept of consistency into focus. Consistency de-
scribes a system state in which development artifacts with overlapping
semantics do not contradict one another (Spanoudakis and Zisman,
2001a; Albers and Lohmeyer, 2012). While consistency preservation is
manageable for simple products, consistency becomes harder to achieve
as system complexity increase and as coupling between domains be-
comes tighter. To sustain reactive and agile development under these
conditions, approaches for preserving and managing consistency are
required (Reussner et al., 2023). These approaches must encompass
formalized techniques supported by tools and processes and methods
that effectively support engineers in practice (Cicchetti, 2016).

Traditionally, consistency management and agile development have
been treated as separate concerns. Nevertheless, there is good reason
to consider the two phenomena, instead, as one joined phenomenon.
Consistency management seeks to ensure correctness by preventing
or resolving inconsistencies in development artifacts and processes.
Yet preserving consistency has become increasingly difficult not only
because systems grow more complex but also because development
processes involve larger and more heterogeneous collaborations across
organizational and disciplinary boundaries (Reussner et al., 2023; Du-
mitrescu et al., 2021). Existing consistency management solutions are
therefore typically restricted to specific application contexts and exhibit
notable limitations even within those contexts (Hebig et al., 2016; Rose
et al., 2009). The same applies to agility. Agile methods are applied to
cope with problems raised by complexity in engineered systems and
engineering processes by rapidly increasing the maturity of developed
systems (Dumitrescu et al., 2021; Weiss et al., 2023). However, agile
methods are likewise limited by organizational complexity and cross-
disciplinary challenges (Weiss et al., 2023; Atzberger and Paetzold,
2019; Michalides et al., 2023b).

These parallel challenges indicate a convergence between the prob-
lems faced by agility and those faced by consistency management.
Existing literature frequently asserts (on the basis of expert experience
or isolated empirical observations) that preserving consistency may
support agility in cross-domain system development (Cicchetti, 2016;
Reussner et al., 2023; Feldmann and Vogel-Heuser, 2024). The missing
element here is an explicit theoretical explanation of how and why
consistency preservation can contribute to agility, as a phenomenon,
but also as an engineering practice; further, it is also important to learn
which influencing factors are responsible for this lack of theoretical
sophistication.

In this paper, it is our goal to provide an in-depth description of con-
sistency and agility as a jointly understood phenomenon. We provide
this insight by first discussing related work on consistency practice and
how it affects agility in Section 2. Based on a interdisciplinary derived
research methodology explained in Section 3, we present two major
results in Section 4: an initial explanation of the influencing factors on
the phenomenon of consistency in agile development, as well as a case
study from industrial practice to highlight the applicability of the given
description approach on applying consistency preservation in a CPS use
case. The findings are discussed in Section 5.

2. State of research and related work

Here we present related work on maintaining consistency in multi-
domain engineering 2.1, on consistency preservation 2.2, and on the
potential for application of consistency preservation in agile develop-
ment 2.3.

To begin, we clarify the meaning of consistency, especially for
the model-driven community, then discuss present approaches to deal
with consistency in different engineering disciplines, describe previous
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notions of the phenomenon of consistency and agility, and finally con-
clude with a discussion of related work already (partially) addressing
the given problem. Consistency can be defined considering the negative
and positive sides of inconsistency (Spanoudakis and Zisman, 2001b).
Some researchers focus on aligning different representations of reality,
referred to as multi-model consistency (Klare, 2018; Klare et al., 2021),
while other researchers focus on the alignment between models and
the real-world phenomena represented. In the latter research direction,
a representation denotes any artifact that captures aspects of reality,
including documentation. However, regardless of the research focus,
there may always be multiple perspectives or views originating from
different stakeholder viewpoints; therefore, model-to-model and model-
to-reality consistency can only be maintained when all views of the
stakeholders remain mutually consistent. For this reason, it is equally
important that we clarify the meaning of view. A view can be under-
stood as a customized representation that comprises selected parts of
a single model or a combination of projections derived from multiple
models (Atkinson et al., 2008). Views are constructed by extracting and
composing relevant elements from the projections to address specific
stakeholder concerns. That technique of views construction demands
that both the underlying models and also the constructed views and
their represented reality be kept consistent (Klare et al., 2021).

2.1. Consistency preservation and inconsistency management in software
and hardware engineering practice

Two practices in particular are used to achieve consistency: the
first is to ensure consistency by continuously preserving it, and the
second is to manage inconsistency such that a consistent state can be
recovered at any moment in the development. For example, architec-
tural documentation can be built which helps to prevent inconsistency
between various documents (Clements et al., 2003). Hence, consistency
between views is as relevant to software engineering processes as it is
to architectural documentation (Clements et al., 2003) and again, as it
is to CPS development overall (Bhave et al., 2011).

Consistency preservation has been conceptualized from multiple
perspectives in the literature. In the context of Model-Driven Devel-
opment, consistency has received particular attention because models
originating from different engineering disciplines represent only partial
knowledge, some of which is usually shared. These models are typically
sufficient to describe the whole system in isolation; therefore, maintain-
ing consistency among them requires domain-specific knowledge that
spans disciplinary boundaries. For example, Jadoon et al. (2025) define
consistency with respect to property preservation, but Pascual et al.
(2024) emphasize semantic agreement concerning system-level goals.
Other approaches interpret consistency in terms of compliance with
predefined constraints that must not be violated across interrelated
artifacts (Braga et al., 2014).

On the other hand, inconsistency management has emerged as a
line of research which is complementary to consistency preservation.
In inconsistency management, temporary inconsistencies are not pre-
vented but instead tolerated within defined limits, specifically, as long
as the inconsistencies remain diagnosable and manageable throughout
development. Jongeling et al. (2022), for example, argue for short feed-
back cycles in which violations of predefined relations are continuously
detected and mitigated, often requiring human-driven decision-making.
The handling of incomplete changes leading to temporarily accepted
inconsistencies is likewise recognized in various domains (Kretschmer
et al., 2021). Inside of the general area of inconsistency management,
repair constitutes an important subarea. Macedo et al. (2016) dis-
tinguish between delta-based and state-based repair techniques, and
Klare et al. (2021) propose a delta-based framework that identifies
changes between model states and propagates necessary updates to
restore consistency. More recent work also highlights the need to
tolerate inconsistencies under uncertainty, so that instead of enforcing
a single corrective action, the researchers acknowledge how multiple
valid resolution strategies may coexist (Weidmann et al., 2021).
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2.2. Previous notions of the phenomenon of consistency and agility

Although the Agile Manifesto (Beck et al., 2001) does not explicitly
address consistency, previous work relates agility to different forms
of consistency in development processes. Three major categories of
work can be identified in this regard: (1) consistency between agile
requirements specifications and system models, e.g., the maintenance
of consistency between user stories and system representations (Wan-
derley et al., 2014); (2) rule-based consistency between development
artifacts, e.g., architectural documentation which supports traceability
through correspondence relations using, for example, extensions to the
ISO/IEC/IEEE 42010 metamodel (Wanderley et al., 2014); and (3)
consistency in development routines, i.e., the reliable application of
agile methods within teams (Clear and Clear, 2018). Although none
of this work explicitly targets Model-Driven Development, their use
of abstraction may share a conceptual overlap with agile and model-
driven paradigms; in particular, development artifacts produced within
agile processes can be interpreted as models at different levels of
abstraction (Bézivin, 2005).

The relationship between agile and model-driven abstraction be-
comes particularly relevant in CPS engineering, where heterogeneous
artifacts, tools, and disciplinary viewpoints increase the likelihood of
contradictions between evolving system representations (Feldmann and
Vogel-Heuser, 2024; Yeman and Malaiya, 2024). Such contradictions
are often detected only at system integration, thereby impeding itera-
tive development and reducing planning stability. Consequently, agility
in CPS development depends strongly on how cross-domain dependen-
cies are handled, either by continuously preserving consistency or by
explicitly managing inconsistencies until resolution becomes feasible
(Rinker, 2025; Albers et al., 2024b).

In this context, CPS disciplines typically employ domain-specific
practices, methods, and tools, while cross-domain dependencies must
be coordinated across heterogeneous artifacts and models. We refer to
this coordination as engineering orchestration. Based on the industrial
study by Jongeling et al. (2022), orchestration in practice focuses
on recurring areas of consistency concern between key artifact types,
including relationships between design models and implementation,
between models and tests, between architecture models and behavioral
implementations, as well as between multi-artifact dependencies. This
notion of engineering orchestration differs from deployment orchestra-
tion (e.g., Kubernetes), which operationalizes consistency as continuous
reconciliation between a declared desired state and the observed run-
time state (Burns, 2024). In contrast, engineering orchestration targets
cross-domain consistency among discipline-specific representations and
their underlying assumptions.

2.3. Implementation of consistency- and agility-related application

Related work on inter-model synchronization in safety- and mission-
critical embedded systems emphasizes tool-supported detection and
resolution mechanisms also for preserving consistency across evolving
artifacts. For example, AutoFOCUS 3 provides an integrated model-
based tool chain (including simulation, verification, and code gener-
ation) that supports continuous analysis of system designs (Aravanti-
nos et al., 2015). Similarly, proof-based engineering approaches built
around Architecture Analysis & Design Language (AADL) models enable
automated consistency assurance across different phases (Hugues et al.,
2008). Some AADL-centered tool chains further support automated
code generation, allowing early verification of architectural assump-
tions prior to late-stage system integration (Lasnier et al., 2009). Such
tool chains frequently rely on formal back-ends for contradiction detec-
tion (e.g., Satisfiability Modulo Theories (SMT) solvers for satisfiability
checking De Moura and Bjgrner, 2008 or component frameworks such
as Behavior, Interaction, Priority (BIP) for preserving system-level prop-
erties across design steps Basu et al., 2011). From the perspective of
consistency engineering, these tools function as mechanisms operating
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across abstraction levels to reduce the likelihood of contradictions
remaining undetected until costly integration phases (Lasnier et al.,
2009; Voelk et al., 2025a).

Model-driven approaches further operationalize consistency preser-
vation through mechanisms such as the Virtual Single Underlying
Model (V-SUM), which connects heterogeneous metamodels via explic-
itly defined consistency specifications (Kramer et al., 2013; Atkinson
et al.,, 2008). Approaches such as Virruvius (Klare et al., 2021) use
Consistency Preservation Rules (CPRs) to encode cross-domain agree-
ments and enable semi-automatic restoration after local changes (Klare
et al.,, 2021; Reussner et al., 2023). This is particularly relevant in
CPS contexts, where parallel work across domains frequently leads to
diverging assumptions (e.g., when software iterations modify actuator
requirements without corresponding mechanical design adjustments).
Literature suggests that automated preservation of such dependencies
can enable parallel iteration across disciplines while reducing inte-
gration rework (Albers and Lohmeyer, 2012; Reussner et al., 2023).
However, preservation typically requires upfront agreement on shared
semantics and therefore yields the greatest benefit when cross-domain
dependencies are recurring and sufficiently understood (Klare et al.,
2021; Reussner et al., 2023).

Conversely, inconsistency management tolerates temporary contra-
dictions provided that mechanisms for diagnosis, visualization, and
resolution are in place (Feldmann and Vogel-Heuser, 2024). Practition-
ers often report ambiguity in describing inconsistency situations, which
complicates ad-hoc analysis and motivates structured support (Albers
et al., 2024b; Voelk et al., 2025a). Hence, inconsistency management is
increasingly regarded as an inherent aspect of daily engineering activity
(Albers et al., 2024b). From an agility perspective, temporary tolerance
may facilitate local progress when the shared understanding of cross-
domain semantics is still evolving or when immediate propagation
is impractical due to tooling boundaries or organizational separation
(Feldmann and Vogel-Heuser, 2024; Albers et al., 2024b). However,
unmanaged accumulation of inconsistencies can cause disruptive inte-
gration issues that undermine iterative delivery (Voelk et al., 2025a).
Boundary conditions such as regulatory requirements, documentation
scope, system complexity, and variant diversity further influence the
frequency and resolution effort associated with inconsistencies (Albers
et al., 2025a). Empirical analyses identify recurring patterns, including
manual data transfer, tool incompatibilities, communication gaps, and
misalignment between agile and sequential processes, that contribute
to inconsistency emergence (Albers et al., 2025a; Voelk et al., 2025a;
Feldmann and Vogel-Heuser, 2024).

2.4. Summary

The literature indicates that agile CPS development benefits from
a combined strategy: consistency preservation is particularly advanta-
geous for frequent and well-understood dependencies, enabling shorter
feedback cycles and parallel work, whereas inconsistency management
supports iteration under uncertainty by allowing controlled deviations
that can later be resolved (Klare et al., 2021; Reussner et al., 2023;
Feldmann and Vogel-Heuser, 2024). Additionally, where correctness
constraints are critical, tool-supported detection and formal verification
mechanisms can complement both strategies (Aravantinos et al., 2015;
Albers et al., 2024a; Lasnier et al., 2009).

3. Research methodology

The description of the joined phenomenon of agility and consistency
requires knowledge and practices originating inside but also outside
the discipline of software engineering. Hence, our description will
necessarily be interdisciplinary by nature. We aim to ensure that our
description achieves transparency of the underlying causes and effects
of the phenomenon; we also seek to achieve with our description a high
level of acceptance beyond any single domain perspective. To that end,
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we describe agile development of CPS according to a design research
methodology

A typical research problem in design research entails two sides, a
human side and an artifact side (Hevner and Chatterjee, 2010b). Like-
wise, in this study, we also investigate the human side of consistency
problems when we investigate agile development of CPS; on the other
hand, since we provide a means to communicate the phenomenon of
consistency both in software and in hardware engineering research,
we also create artifacts and in that way, contribute to the body of
scientific evidence. There are different approaches to design research,
all of which are viable and interrelated even (Hevner and Chatterjee,
2010a). We have chosen the design science research methodology
(DSRM) of Peffers et al. (2007) because it is seen as an established de-
sign research methodology in both software and hardware engineering
research (Hevner and Chatterjee, 2010a).

DSRM comprises these six core activities:

. Problem identification and motivation
. Define the objectives for a solution

. Design and development

. Demonstration

. Evaluation

. Communication

U A WN

This work addresses the activities 1 through 4. We aim to provide
a strong foundation to describe the phenomenon of consistency in
agile development. To that end, our influencing factors describe the
phenomenon and the underlying cause-and-effect-chains derived from
the literature; moreover, we also show the viability of that network of
influencing factors to highlight consistency problems and its resolution
through engineering solutions. To the best of our knowledge, our
description of the intertwinement of consistency and agile development
is the first of its kind; for that reason, we have decided to aim for pre-
cision and comprehensiveness in our description. One of the tradeoffs
of this decision is that we can foreshadow activities 5 and 6. While
this limits the generalizability achievable by this work, it nonetheless
motivates further research in the field. Hence, the goal of this study
(and therefore our claim to validity) is not to provide a complete
solution for consistency preservation and agile development but instead
to lay the foundations for evaluation in future work.

For the DSRM activity 1, we showed in Section 2 that agility and
consistency can be understood as a joined phenomenon only when
investigating complex system development such as the development of
CPS.

For the DSRM activity 2, to operationalize our goal of laying a
foundation for evaluation, the following objectives were chosen by the
authors to evaluate the outcome of our work. These objectives (and
therefore the result for activity 2 of the DSRM) are as follows:

1. The generated result of this study should be understandable
across research disciplines.

2. The generated result of this study should explain detailed context
on the discussed phenomenon.

3. The generated result of this study must be validated through a
design practice example showing applicability on an industry use
case.

4. The generated result of this study must enable future work
to discuss contributions based on the research phenomenon
discussed.

To conduct activity 3, we pose our first research question:

RQ1: Which influencing factors describe the phenomena of consis-
tency preservation, inconsistency management, and agile develop-
ment of CPS and how are they interconnected?
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Quality of a

product [E] Market Share

Fig. 1. Notion example for a network of influencing factors based on Blessing
and Chakrabarti (2009).

To answer RQ1, we depict the current situation of agile develop-
ment in engineering environments by mapping out a conceptual model
that represents a network of influencing factors (hereafter referred
to as the “network of influencing factors”) based on the DRM —
Design Research Methodology by Blessing and Chakrabarti (2009). This
approach will enable researchers to identify the factors influencing
the agility of a development process and also the role played by
consistency in that phenomenon. Based on this knowledge, targeted
measures can be addressed and validated. To operationalize this task,
influencing factors are derived from multiple sources such as literature,
assumptions, experiments, hypotheses, but also based on experience
and research goals. An example of an influencing factor is the quality
of a product and how that may affect market share. Every influencing
factor comprises an attribute and its corresponding element; that is,
each attribute corresponds to a quality of some element in the problem
definition. Accordingly, when an influencing factor can be shown to
link to others, then those links are depicted as arrows, where the
direction of an arrow indicates the direction of factor influence and
the value assigned the arrow (+, —, 0) indicates the type of change.
Moreover, every arrow indicates, as well, the origin of information, as
follows: published results with reference number x [X], assumptions
[A], Experience [E], own investigations [O], and hypothetical links [?].
An example for such a notation is given in Fig. 1, using the dependency
between product quality and effect in the market share.

Finally, to conduct activity 4, we pose our second research question:

RQ2 How can consistency preservation be applied to an inconsis-
tency situation in agile development of CPS?

We show that consistency preservation can have a positive ef-
fect on successful agile implementation in the development of CPS
by presenting the effect, in an agile development environment, of
resolving an industrial inconsistency situation (i.e., where a lack of
consistency causes a problem). Our industrial inconsistency situation
is an anonymized data sample from industry (Albers et al., 2025c).
To operationalize the situation, we transferred it to a cyber—physical
brake system which is now an established research platform used by
domain specialists from software engineering, mechanical engineering,
and electrical engineering (Gesmann et al., 2025). The effectiveness of
our consistency preservation for CPS development is demonstrated on
the Vitruvius framework. We discuss implications based on the network
of influencing factors derived in Section 4.1.

Again, activities 5 and 6 lie outside the scope of this study. Nev-
ertheless, we discuss these activities as future work (Section 5-7),
detailing the current limitations, the next development steps, and the
implications for industrial practice.

4. Results
4.1. Consistency as a phenomenon of agile product engineering

Here we obtain the results to answer our RQ1. We do this in two
steps. First, we derive the influencing factors on an agile development
of CPS; and second, we use those factors as a basis for visualizing the
current understanding of consistency and agility in CPS development
practices.

Our derivation of influencing factors (Blessing and Chakrabarti,
2009) is based on an extended review of the literature about the groups
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Fig. 2. Network of influencing factors (Blessing and Chakrabarti, 2009) to describe the impact of consistency preservation on agility in CPS engineering.

of topics introduced in Section 2; additionally, our derivation is also
based on our own observations of current engineering practice and
on our own assumptions about interconnections with other factors.
Hence, this set of influencing factors has no claim to completeness;
nevertheless, we do claim that it provides a coherent and integrative
overview of current insights into agile development in CPS design. In
that way, this set of influencing factors serves as a solid foundation for
future investigation.

To begin, we explain briefly our formatting below. We have placed
in the heading of each influencing factor the citations which provide
those particular insights. To maintain readability and also to conform
to the method of visualization (Blessing and Chakrabarti, 2009), we
omit the literature from Fig. 2. Lastly, on each arrow in the figure, we
indicate the argumentative basis for that connection, that is, whether
the connection is based on literature (indicated by the citation or
citations) or on our own assumptions (indicated by A).

4.1.1. Influencing factors on consistency preservation

Transparency of the current consistency state (Dumitrescu et al.,
2021; Reussner et al., 2023; Schwaber, 2004)

Transparency is significantly enhanced through approaches like
Model-Based Systems Engineering (MBSE), where unified models al-
low actors to represent knowledge explicitly and trace technical con-
texts. This concept is extended by introducing virtual single underlying
(meta)-models for consistency preservation with the goal to enhance
agility. Digital consistency and the networking of IT systems provide

transparency through traceability, which is a primary expected benefit
for development teams. Additionally, agile frameworks like Scrum aim
for improved transparency in planning and documenting procedures to
enable continuous improvement.

Extent of consistency analysis (Reussner et al., 2023; Feldmann
and Vogel-Heuser, 2024; Spanoudakis and Zisman, 2001a; Albers et al.,
2026)

Inconsistency management requires a systematic diagnosis of the
current consistency state of a system in development, which involves
localizing the inconsistency, identifying its root cause, and classifying
it. Current research emphasizes the need for an in-depth analysis of (in-)
consistency and its propagation across real-world projects to establish
a unified understanding among domain experts.

Extent of consistency preservation (Reussner et al., 2023; Albers
et al., 2024b)

Preserving consistency among different stakeholders in CPS en-
gineering requires distinct tools and methods. A central vision for
future engineering is the implementation of (semi-)automatic consis-
tency preservation to reduce the high manual effort and coordination
currently required to keep models consistent.

Extent of consistency propagation (Reussner et al., 2023; Albers
et al., 2026)

Inconsistencies propagate through subsequent activities in engineer-
ing design, often crossing the boundaries of objectives, engineering
artifacts and development activities that transform them in a contin-
uous interplay. Tracing these cause-and-effect chains is essential for
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understanding how a change in one domain (e.g., software) impacts a
more “mature” (in the sense of “readiness” for integration) engineering
state in another domain (e.g., mechanics).

4.1.2. Influencing factors on agility

Time to market (Reussner et al.,, 2023; Albers et al., 2019;
Atzberger et al., 2019; Dumitrescu et al., 2021)

Shortening the time-to-market is considered a “hard” factor or key
performance indicator (KPI) and is a primary motive for companies
adopting agile development methods. Companies expect agile itera-
tions to lead to faster product development compared to traditional
plan-driven approaches.

Cost of product development (Atzberger et al., 2019; Dumitrescu
et al., 2021)

Product development cost is a critical KPI often overestimated
in its reduction through agility. However, early identification of er-
rors through improved system understanding leads to massive savings
in both development and manufacturing costs. Simultaneously, de-
signing complex interdisciplinary systems involves high costs for the
administration and orchestration of software tools.

Level of agility (Albers et al., 2019; Michalides et al., 2023b;
Paetzold-Byhain et al., 2026)

Agility is characterized as the capability to react and adopt to
both expected and unexpected changes constantly and quickly. Within
synchronization processes, there are different levels of “agile perva-
siveness”. It can be conceptualized both as an attribute (behavioral
pattern of the organization) and a construct (the underlying structure
of elements like roles, activities, and artifacts).

Responsiveness to changes in planning stability (Albers et al.,
2019)

There is a direct correlation between entropy and planning stability;
as entropy (lack of knowledge) increases, planning stability decreases.
In complex operative contexts, plans must be adjusted frequently to
react to emerging insights, while at the same time especially physical
deployment contexts (i.e. tooling machine manufacturing, or sourcing
of parts) need a more stable, long-term planning foundation.

Level of development complexity (Dumitrescu et al., 2021;
Schwaber, 2004)

Developmental complexity is driven by the interdisciplinary nature
of modern systems and their networking with other systems (especially
in the context of systems-of-systems (SoS)) that may be unknown
during the initial design phase. It is defined by three dimensions: re-
quirements, technology, and people. Size of organization (Michalides
et al., 2023a,b; Schwaber, 2004)

Scaling agile is primarily relevant for corporations and large en-
terprises that develop complex systems, as these organizations have
often reached a transition level where single teams can no longer
manage the entire product development process. Regardless of the
overall organizational size, individual team productivity is observed
to decline once a team exceeds seven people (plus or minus two);
beyond this size, miscommunications increase and the need for formal
documentation grows.

Realization of increment (Schwaber, 2004; Weiss et al., 2023;
Paetzold-Byhain et al., 2026)

An increment is defined as the product functionality developed by a
team during a single Sprint. For it to be “potentially shippable”, it must
be thoroughly tested, well-written, and integrated into a state that the
customer could use immediately. While software increments consist of
digital source code, the realization of increments for physical products
is a significant challenge due to the tangible nature of the components
and longer manufacturing lead times. Because regular delivery of a
final physical product is often impossible in short iterations, hardware
increments are frequently reinterpreted as working prototypes, simula-
tion results, or independent components that can be validated by the
customer. In complex mechatronic environments, declaring a working
prototype as the only measure of progress is often unrealistic; instead,
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progress is validated through engineering generations and a mix of
virtual and physical artifacts.

Adaptability of a system architecture (Dumitrescu et al., 2021)

Because constraints and boundary conditions in development objec-
tives change with every iteration, the design of the system architecture
and its technical implementation must be adapted continuously. For-
mal modeling is used to describe and master this increasing systemic
complexity.

Maturity of agile practice in a domain (Miiller et al., 2024;
Atzberger et al., 2019; Michalides et al., 2023a)

The maturity level of agile teams is often inconsistent in product de-
velopment, which creates obstacles for cross-domain synchronization.
Especially the gap between software- and hardware engineering are
considerable.

Scalability of agile frameworks (Michalides et al., 2023b,a; Voelk
et al., 2025b; Atzberger and Paetzold, 2019)

Scaling agile methods requires an appropriate infrastructure and
mechanisms for frequent synchronization between multiple teams. A
major challenge in the industry is the lack of systematic models for
introducing agile processes that satisfy scalability requirements across
many departments.

4.1.3. Influencing factors on inconsistency management

Ability to react to inconsistency situations (Schwaber, 2004;
Albers et al., 2024b, 2026)

Agile methodologies facilitate a quick response to inconsistencies
through frequent inspect-and-adapt cycles that allow for on-the-spot
adjustments when deviations are detected. Although these situations
are often identified retrospectively when a conflict becomes imminent,
regular retrospectives help teams resolve them by uncovering root
causes within the design process.

Robustness of version control between domains (Voelk et al.,
2025b)

Merging different versions of files into one consistent state is a
significant challenge in multi-domain development. Patterns of incon-
sistency are frequently linked to poor version control, leading to the
use of outdated models and missing validation steps.

Traceability of information flows (Paetzold, 2022; Voelk et al.,
2025b)

Traceability is a core component of digital continuity, linking model
elements, requirements, and test cases. In sectors like medical or auto-
motive technology, traceability and information availability are current
challenges in available software tools.

Compatibility of engineering tools (Feldmann and Vogel-Heuser,
2024; Reussner et al., 2023; Voelk et al., 2025b)

Views on a system are often isolated due to incompatibilities like
proprietary file standards, or vendor lock-in. Discontinuities are com-
mon because of a lack of standardized exchange formats or domain-
specific requirements and preferences.

Level of model heterogeneity (Voelk et al., 2025b)

A variety of actors from different disciplines use heterogeneous
modeling approaches, formalisms, and software tools. This creates a
model landscape characterized by overlapping and redundant infor-
mation, which is a major source of inconsistency when requirements
change.

Influence of human error (Voelk et al., 2025b)

Maintaining relationships across domain-specific models is a tedious
and error-prone task. The “Human Factor”, including time pressure and
forgetfulness in manual updates, is identified as a pattern that worsens
inconsistency occurrence.

Level of process resilience against inconsistency (Albers et al.,
2026)

When working in interdisciplinary engineering teams and, results
must have enough stability so that the probability and cost of a change
is lower than the potential cost of an inconsistent state. Resilience is
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also a central requirement for the integration of computational and
physical processes in modern CPS.

Amount of manual process steps (Voelk et al., 2025b)

Many inconsistencies are caused by manual intervention, manual
data transfers, and a lack of automated synchronization across different
tools. High manual effort is required to maintain consistency between
isolated views in separate modeling languages.

Heterogeneity of development process practices (Choi and Pak,
2006; Voelk et al., 2025b; Albers et al., 2024b)

Inconsistency arises when agile and sequential processes coexist
without proper alignment. This mismatch is amplified by the different
development cycles of hardware (long cycles) versus software (short
iterations).

Level of regulatory requirement (Albers et al., 2025b)

High requirements of the development process are often driven by
regulatory aspects like the Medical Products Act or liability for au-
tonomous systems. These regulations necessitate strict documentation
and verification phases.

Alignment of domain knowledge (Voelk et al., 2025d,b)

Collaboration requires a common, multidisciplinary development
language and common mental models to bridge “epistemic barriers”
rooted in domain-specific terminology. Misalignment occurs when dif-
ferent domains have differing interpretations of the same terminology
or priorities.

Level of cross-domain collaboration (Albers, 2023)

Complex systems like CPS can be developed only through cross-
disciplinary approaches that go beyond knowledge silos. Current
mechatronic development is often hindered by collaboration that is
limited to the exchange of “strictly separated partial results” rather
than integrated results.

4.1.4. Visualizations of influencing factors on consistency as a phenomenon
of agile product engineering

After deriving the necessary influencing factors, we now intercon-
nect them and thereby answer RQ1. Fig. 2 visualizes our influencing
factors as a network (based on Blessing and Chakrabarti (2009)).

4.2. Application of consistency preservation on a problem case study from
industry

The core line of argumentation which emerges from Fig. 2 is the
following: Agility and consistency are made mutually beneficial by the
“ability to react to inconsistency situations”, and also, this same ability
increases (1) as an organization’s “level of agility” increases, and (2)
as the “transparency of the current consistency state” increases too.

We now turn to providing an initial validation of the above core
finding, thereby answering our RQ2. This validation is our key con-
tribution to theoretical future work, namely, a first explanation for as
well as first prevention of an inconsistency which hindered the agile
development of an organization. To begin, we provide information
on the inconsistency situation to be resolved. To strike a balance
between industry relevance and transparency of inconsistency infor-
mation, we use a real inconsistency situation from industry stemming
from anonymized case descriptions (Albers et al., 2025a). As those cases
do not contain precise information on models, architectures, or even
data, we have transferred the cases to an explainable and modelable
situation: Our inconsistency situation is based on the example of a
cyber-physical brake system as an established research platform case
(Gesmann et al., 2025).

In Section 4.2.1, we describe the context in which inconsistencies
occur, present the inconsistency situation based on standardized SysML
models (Object Management Group, 2025), and outline the problem
using our influencing factor network. Section 4.2.3 provides a concep-
tual explanation of the chosen approach to realize transparency of the
current consistency state, as proposed in Klare et al. (2021) within the
Vitruvius framework through the Virtual Single Underlying Model (V-
SUM) concept. In Section 4.2.4, we present the implementation of the
consistency preservation rules and illustrate their effect on the resulting
consistency state.
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4.2.1. Description of an inconsistency situation in the development of a
cyber-physical brake system

In the development of automotive braking systems, the transition
from conventional hydraulic architectures to hydraulic and recupera-
tive electrical (and therefore hybrid) braking systems introduces sub-
stantial cross-domain complexity. In brake systems from the previous
generation of a generic car described by the notation G,_;, braking
functionality is realized through a purely hydraulic-mechanical chain:
pedal input is transformed via a brake booster into hydraulic pressure,
which is modulated by an anti-lock braking system (ABS) based on
wheel slip and subsequently applied to the wheel brakes to generate
frictional torque, as given in Fig. 3. This infrastructure has to be kept
for the next development generation due to regulatory requirements.

In the next (and currently developed) generation of the vehicles
series described by the notation G,, this architecture is extended by
an electromechanical braking path enabling regenerative braking for
hybrid-electrical cars. A central brake controller interprets pedal in-
put as a braking request and distributes it across both domains: the
hydraulic braking system and the new electric system components as
illustrated in Fig. 4. Through an inverter, the electric motor operates
in generator mode, contributing a negative torque while recovering
energy. Additionally, the system design introduces an active coupling
between the controller and the brake booster via a modulation interface
to the vacuum pump, allowing dynamic adjustment of brake force
amplification to coordinate overall braking behavior.

The synthetical derived inconsistency arises due to misaligned as-
sumptions across engineering domains. While control and system de-
sign explicitly rely on an actively controllable brake booster, the me-
chanical domain treats the booster and vacuum pump as off-the-shelf
components without external control interfaces. As a result, the in-
tended control strategy is not supported by the physical system ar-
chitecture due to system specification, leading to an inconsistency
between system-level design and domain-specific implementation. In
our industry case, the inconsistency itself only got detected during
system integration activities: All simulations relied on the own intended
use-cases and assumed the other domains result comply to the own
system architecture.

At first glance, such an inconsistency situation could be expected
to be resolved easily with given tool support. However, the presented
system model primarily constitutes a meta-model of the system struc-
ture rather than an integrated representation of consistent engineering
data. The underlying artifacts originating from heterogeneous tools and
domain-specific processes are only abstracted within the model and are
not inherently synchronized. Consequently, consistency is manageable
at the model level but not guaranteed at the domain-specific level.

While this abstraction is manageable for comparatively small sys-
tems such as our simplified braking example with a unified notion, lim-
itations arise when focusing on centralized system notions (or Single-
Underlying Models): Such approaches do not scale to larger, highly
integrated systems like full vehicle architectures, production plants or
electricity networks (and on the same time remain maintainable). Also,
scalability is not enabled for more detailed and heterogeneous descrip-
tions of the models introduced, as all representations have to be kept
consistent as well. Increasing system size and domain and modeling ap-
proach heterogeneity introduce a rapid growth in domain interactions,
artifact heterogeneity, and interdependencies, making it infeasible to
maintain complete and up-to-date consistency relations within a cen-
tralized model. This creates a gap between the perceived consistency
in system models and the actual consistency of the engineered system.

4.2.2. Using the network of influencing factors to explain the consistency
problem and its effect on agility

This gap directly relates to the research phenomenon addressed
by the network of influencing factors displayed in Fig. 2. In agile
development environments, the realizability of increments critically
depends on the ability to detect and resolve inconsistencies in a timely
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manner. This ability to react to inconsistencies is strongly dependent
on the transparency of the current consistency state. However, in our
case several systemic factors negatively influence this transparency. As
organizational size increases by adding an entirely new engineering
department (like an electrical engineering department in our case),
the overall ability for cross-domain collaboration typically decreases,
leading to a rise in the heterogeneity of development process practices.
This heterogeneity manifests in divergent modeling approaches (and
also system architectures as presented in the case), toolchains, and
engineering workflows. As a consequence, traceability across domains
deteriorates, tool interoperability decreases, and dependencies become
less visible. These effects reduce both responsiveness to change and
planning stability, as changes require extensive coordination and their
system-wide impact becomes harder to assess.

The combined effect is a significant reduction in transparency re-
garding system consistency. As inconsistencies become harder to detect
and evaluate, the ability of the development organization to react
to them is diminished. Ultimately, this reduction in agility directly
impacts the realizability of development increments. Increments can
no longer be reliably implemented within iteration boundaries due to
unresolved or late-detected inconsistencies.

The presented braking system example serves as a minimal yet rep-
resentative case to illustrate this phenomenon. Despite its limited scope,
it captures essential characteristics of modern system development:
cross-domain dependencies, heterogeneous engineering artifacts, and
implicit assumptions between teams. As such, it provides a controlled
environment in which the emergence and impact of inconsistencies can
be clearly demonstrated, while still being sufficiently complex to reflect
challenges observed in large-scale system development.

4.2.3. Conceptual Basis for Consistency State Transparency in VITRUVIUS
Vitruvius is a framework that provides tool support for consistency
preservation between interrelated models (Vitruv Team, 2024). The
framework is built upon EMF (Steinberg et al., 2008) and is based on
the Virtual Single Underlying Model (V-SUM) concept, which aims at
maintaining multiple models in a virtually synchronized state repre-
senting a single system. Vitruvius distinguishes between two primary
roles: methodologists, who define metamodels and their semantic rela-
tions using domain knowledge, and developers, who develop the system
under construction by instantiating the V-SUM specified by the method-
ologist. To operationalize these semantic relations, the framework pro-
vides a Domain-Specific Language (DSL), called “Reactions”, through
which developers specify Consistency Preservation Rules (CPRs) linking
elements of different metamodels. A Reaction defines a trigger (a
change in the source model) and an associated effect (the correspond-
ing updates required in the target model) to restore and maintain
consistency. In addition to enabling automated propagation of model
changes, CPRs contribute to improving transparency of the current
consistency state by making cross-model dependencies explicit and
traceable. This is achieved through the “Reactions” language, which
allows developers to specify which elements of which models must
remain synchronized, how consistency should be restored, and when
synchronization should occur. By explicitly defining these conditions
for change propagation, the synchronization process becomes both
transparent and documented. In this way, Vitruvius supports developers
in understanding how changes in one domain affect related represen-
tations in another domain and allows them to assess whether models
still jointly reflect a consistent state of the system. For instance, it
ensures that hydraulic (mechanical) and electrical representations of
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the brake system remain aligned while collectively representing a single
underlying system through the V-SUM. As illustrated in Fig. 5, a hybrid
view type integrates components from both mechanical and electrical
domains into a unified representation.

4.2.4. Implementation of the V-SUM concept using viTRuvius on the cyber—
physical brake system

We applied the Vitruvius framework to the inconsistency situation
described in Section 4.2.1 by first designing two metamodels that rep-
resent the relevant modeling elements (Figs. 6 and 7) and subsequently
specifying how consistency between them should be maintained. As
explained in Section 4.2.3, using the V-SUM concept proposed by Klare
et al. (2021), consistency between the corresponding models must be
preserved such that they remain virtually aligned and jointly represent
a single underlying system, despite being maintained as separate but
interrelated artifacts. Based on these specifications, CPRs were defined
to enforce synchronization between the models. An example illustrating
the use of Reactions is provided in Listing 1. As shown, changes to the
measured rotational speed on the mechanical side are automatically
propagated to the corresponding value on the electrical side to restore
and maintain cross-model consistency.

Listing 1: Reaction to a change in the value of the currentRPM attribute
in the brake booster engine

1 reaction RPMChange {
2 after attribute replaced at hb::
brakeBoosterEngine [currentRPM]

3 call changeRPM(affectedEObject)

4 3

5 routine changeRPM(hb::brakeBoosterEngine bbe) {

6 match {

7 val eb_bbe = retrieve eb::
brakeBoosterController corresponding to
bbe

8 }

9 update{

10 eb_bbe.rpmSetPoint = bbe.currentRPM

11 i

12 }

5. Discussion and future work

As indicated in Section 4, this work does not seek to provide a fully
developed solution for an engineering problem, but aims, instead, to
provide a consensus scientific description to make the phenomenon of
agility in the context of consistency preservation accessible. To that
end, we discuss the implications of our theoretical work and practical
evaluation on future research. First, we discuss hypotheses that can
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be derived from analyzing the network of influencing factors given in
Section 4.1. Based on those hypotheses, we discuss how future work
should approach the research phenomenon to provide more empirical
evaluation and also to provide necessary proof to the proposed items.

5.1. Discussion of the result for RQ1

To investigate the influence of consistency preservation and incon-
sistency management on an agile development of CPS, Section 4.1 in-
troduces a network of influencing factors. This network enables cause-
and-effect-argumentations, that enable the discussion of certain state-
ments on the influence of consistency practice and agility:

1. Consistency Preservation, Propagation and Analysis contribute
to transparency of developed increments, leading to a faster abil-
ity to react to inconsistency and therefore to a better realizability
of an engineering increment.

2. Consistency Preservation and Propagation lessen the influence of
human error, providing more flexibility regarding the required
planning stability of CPS development processes.

3. To increase the responsiveness to changes in planning stability
(leading to a higher level of agility), the resilience of processes
against inconsistency has to be increased.

4. A core barrier to increase the responsiveness to changes in
planning stability is collaboration between domains, manifested
in heterogeneous development practices, heterogeneous models
and artifacts, or compatibility of tools.

The case study in Section 4.2 shows that the application of the net-
work of influencing factors enables a discussion on the effects of an in-
consistency to agile practices. Also, this application provides initial ev-
idence for the hypotheses. Still, empirical research has to be conducted
to investigate those cause-and-effect-chains through implementation of
engineering support of processes, methods, and tools.

Especially the perspective of the effect of tool-based consistency
preservation enables future work on a new perspective to typical en-
gineering processes of cyber—physical systems and complex mecha-
tronic systems. Currently, most companies implement a form of “design
freeze” (Eger et al., 2005) as milestones in their process. Those “frozen”
system states enable the assumption of consistent reference states,
implementing transparency of the current consistency state in current
engineering practice. In those states, changes are not possible after a
given point, enabling a good planning stability for design and inte-
gration of subsystems during the development process. Such elements
lead to a high level of planning stability (i.e. to develop production
systems suiting for a product) but make a company unresponsive to
changes in planning stability. This rigid structure has a core weakness:
By assuming inconsistency is resolved in a design freeze, unforeseen
inconsistency propagates through all involved engineering domains,
potentially breaking a majority of subsequent engineering artifacts.

By overcoming design freezes as the current state of the art of trans-
parency mechanism for consistency assessment, tool-based approaches
for consistency preservation might enable a new kind of agility in the
multi-disciplinary development of cyber-physical systems. Continuous
assessment of the current consistency state helps engineers rating their
design decisions, even if propagation is not possible yet. The informa-
tion that something may potentially become inconsistent by deploying
a change makes this inconsistency visible, enabling communication
between developers.

To integrate the found approaches into actual development pro-
cesses, a completely new understanding of the integration activities
in agile and sequential process models has to be found. A single
process model most likely will not cover the domain-specific chal-
lenges resulting in the different engineering practices, as otherwise a
best practice like Scrum would have already dominated the market
(which is already the case only taking organizational benefits into
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account Michalides et al., 2023b). Therefore, a meta-perspective based
the function of integration activities in engineering has to be found,
building on established models for development processes, e.g., the
internationally renowned standards for hardware development pro-
cesses VDI2206 (Verein Deutscher Ingenieure e. V., 2021) or VDI
2221 (Verein Deutscher Ingenieure e. V., 2019), and the insurance
of consistency (building on established events, e.g. Scrums Sprint Re-
view). Such a meta-perspective should indeed not just be “yet another
Scrum”, but should be incorporable both into established frameworks
and individual development practice in industry.

5.2. Discussion of the result for RQ2

Section 4.2 shows that using Vitruvius supports change-based con-
sistency preservation of models, therefore showing that the application
of the framework can support agility in the case of an inconsistency
situation. The framework enables quick feedback cycles, as changes
can be propagated iteratively and rapidly, indicating the validity of

10

the found hypotheses. However, sufficient time needs to be invested in
building models, which creates a shared understanding and facilitates
interdisciplinary collaboration. Also, defining CPRs is time-consuming,
especially for non-standard models that require substantial upfront
effort, potentially undermining the possible time-related benefits asso-
ciated with agility. The specification and use of multiple views (tailored
to specific domains and the aspects needed for the developers in
these domains) allows tailoring the information to the needs of the
developers, improving focus on only the relevant parts of a system for
a specific task.

In our case study (which applied the Virruvius framework), mechan-
ical and electrical engineers reported that the integration of consistency
preservation tooling with their existing inconsistency management pro-
cesses enhanced development agility. Specifically, it facilitated faster
propagation of updates across related models and supported more
effective incremental model evolution.

It should be noted that new functionalities are going to be added
to ViTruvius to broaden its support for blended development practices.
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First, it will allow developers to customize the change propagation
decision, taking into account the maturity of the modifications and the
likelihood that a propagation will later be rolled back. Second, Vitruvius
will permit temporary “experiment” runs that resemble agile proto-
typing: the effects of a propagation can be observed and then either
continued or aborted. To enable this, a branching mechanism is being
introduced so that changes can be propagated on non-main branches
without disturbing the primary development line. These extensions give
Virruvius a range of integration points that combine the flexibility of
agile methods with the rigor of traditional model-driven engineering.

Additionally, further extensions are planned in line with adapt-
ability and incrementality. Incremental propagation enables selective
updates by modifying only the affected model elements, rather than
regenerating the entire model. In parallel, adaptive MDD approaches
leverage feedback gathered throughout the development process to
dynamically update models, ensuring their alignment with evolving
requirements and changing conditions. Together, these incremental
and adaptive capabilities promise to enable a new level of agility in
engineering systems.

6. Threats to validity

We base our discussion here on the validity threats outlined by
Wohlin et al. (2012).

+ External Validity: Regarding the application in Vitruvius, the con-
clusions drawn about overlaps may not be universally applicable
since the metamodels are designed for specific purposes. It should
be noted that extension of metamodels is possible to support more
general scenarios.

The derived reference model and the discussion of implications
mainly refer to academic publications. As Voelk et al. (2025c)
pointed out, only a limited amount of industrial practice is avail-
able in peer-reviewed literature. To derive a more representative
understanding of agility in the context of CPS, more industrial
cases have to be analyzed. The same situation applies to incon-
sistency situations: without large-scale industry background data,
the generalization of found results remains challenging.
Construct Validity: Regarding the application in Virruvius, inap-
propriate attributes may be used to synchronize overlap in the
analysis of semantic overlaps, and the overlaps themselves may
be misinterpreted. To mitigate this risk, expert interviews were
conducted.

The derived reference model and the discussion of implications in-
clude many assumptions, especially about cross-disciplinary col-
laboration and the extent of consistency preservation activities.
To verify the individual claims and therefore to validate the
reference model, further empirical research has to be conducted
so that the given factorial dependencies are evaluated.

7. Conclusion

This paper explored how consistency preservation and inconsistency
management influence the applicability of agile development practices
in cyber-physical systems (CPS) engineering. While agility is well estab-
lished in software engineering, its transfer to CPS remains challenging
due to physical constraints, heterogeneous engineering domains, and
the need for planning stability. Although prior work frequently sug-
gests that consistency mechanisms support agility, this relationship has
largely remained implicit and insufficiently theorized.

To address this gap, we developed a theoretically grounded expla-
nation of the interplay between consistency and agility by explicating
a network of influencing factors. Rather than proposing a prescrip-
tive process or reference architecture, this network makes explicit
the dependencies and trade-offs that shape agile CPS development
under conditions of cross-domain complexity answered by consistency
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mechanisms. By visualizing these relationships, the contribution of
this work lies in clarifying how consistency preservation, inconsis-
tency management, human involvement, tooling, and organizational
characteristics jointly influence responsiveness, planning stability, and
the realizability of development increments. These conceptual findings
were complemented by an industry-motivated case study of a hy-
brid braking system. The case illustrates how model-based consistency
preservation can improve transparency of the current consistency state
and support faster feedback cycles without compromising necessary
stability. At the same time, the case highlights that these benefits
are associated with significant upfront modeling and rule-specification
effort. This confirms that consistency preservation is not a universal
remedy for agility challenges, but a mechanism whose effectiveness
depends on domain maturity, recurring cross-domain dependencies,
and organizational context.

Our work contributes (1) by making the relationship between con-
sistency mechanisms and agility explicit through an interdisciplinary
explanatory model, (2) by positioning CPS development as a stress
test for studying agility in complex systems engineering, and (3) by
providing a structured foundation for future empirical research. Our
conceptual model of influencing factors does not claim completeness;
further, our case study serves as an illustrative validation rather than
causal proof. Future work should therefore investigate the identified
relationships across larger and more diverse industrial contexts.

Overall, in this paper, we have argued that consistency preserva-
tion should be understood neither as an obstacle to agility nor as an
end in itself; instead, we make the case that consistency preservation
(when appropriately combined with inconsistency management) is a
key mechanism to enable agile development in cyber—physical systems.
By making the underlying relationships explicit, this work provides a
basis for more informed design decisions and opens avenues for sys-
tematically studying agility in complex, interdisciplinary engineering
environments.
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