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Abstract

Quantifying the extent of engineering changes is essential for
assessing inconsistency risk in cross-generational development
of Cyber-Physical Systems (CPS), yet existing metrics remain
largely domain- or artifact-specific. This paper develops a
domain-independent basis for operationalizing the Amount of
Change. Based on a systematic literature review, relevant
metrics are identified, evaluated, and synthesized into a
framework that integrates relative cross-generational deviation
with the absolute extent of affected elements. Its applicability is
demonstrated in a brake system case across requirements and
functions, showing how Amount of Change can be quantified in
a structured, comparable way across different view types.
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1. Introduction

Engineering changes are a persistent source of effort and risk in the development of
complex technical systems. In Cyber-Physical Systems (CPS), even local modifications may
propagate across mechanical, electrical, and software-related artifacts, causing cross-domain
inconsistencies, additional coordination effort, and project delays [1, 2].

This challenge is particularly relevant in System Generation Engineering (SGE), where new
generations are derived from reference system elements through carryover, attribute, and
principle variation [3]. Recent work conceptualizes inconsistency risk in CPS along the three
dimensions Amount of Change, Knowledge about the Reference System Element, and
Complexity. Among these, Amount of Change is central because it captures the extent of the
intended modification itself [4].

However, a standardized and domain-independent operationalization of Amount of Change
for cross-generational CPS development is still missing. Existing metrics are typically domain-
or artifact-specific and therefore do not directly support transferable assessment in
interdisciplinary development settings.

Against this background, this paper develops a domain-independent basis for quantifying
Amount of Change in cross-generational CPS development. Existing metrics are identified and
evaluated, synthesized into a transferable framework, and illustrated using a brake system
case. The contribution is a metric logic that combines relative cross-generational deviation with
the absolute extent of affected elements and thus provides a first structured basis for
integrating Amount of Change into inconsistency risk assessment in CPS.

2. Background
2.1. Cyber-Physical Systems and System Generation Engineering

CPS integrate mechanical, electrical, and software-based elements and therefore require
coordination across multiple interdependent engineering view types and domains (Gesmann
et al.,, 2025a). In contrast to mono-disciplinary systems, CPS development involves a high
degree of structural and organizational complexity because knowledge, models, and tools are
distributed across several engineering domains [5], [6]. As a consequence, modifications
introduced in one domain often affect other domains indirectly, which makes cross-domain
alignment a central challenge in development projects [7].

To describe the development of such systems, the understanding of SGE is useful.
According to [3], new system generations are not developed from scratch, but on the basis of
reference systems. SGE assumes that system elements of a new generation are derived from
reference system elements and realized through three fundamental types of variation:
carryover variation, attribute variation, and principle variation. Carryover variation denotes the
reuse of a subsystem with only interface adaptations, attribute variation modifies selected
properties of an existing subsystem, and principle variation changes the internal elements or
links of a subsystem more fundamentally. [3]

This perspective relevant in our context because it links technical modifications to cross-
generational evolution. Accordingly, SGE provides a useful conceptual basis for understanding
how changes emerge between generations, but it does not in itself provide a standardized
guantitative measure for the extent of those changes.

2.2. Engineering Changes and Change Propagation

Engineering changes are an inherent part of system development and can substantially
affect time, cost, and quality, especially in highly coupled CPS contexts [8], [9]. These changes
may affect structures, behaviors, functions, or relations between system elements, and their
consequences can range from isolated local adjustments to broad systemic repercussions [9].



For this reason, change management cannot be reduced to documenting modifications; it must
also account for how changes spread through a system and across development domains [10].

A central concept in this regard is change propagation. [2] describe how components within
a system can act as absorbers, carriers, or multipliers of change. Absorbers reduce the effects
of surrounding changes, carriers transmit them without substantially altering their magnitude,
and multipliers intensify propagation by triggering additional changes. Depending on the
interaction of these roles, propagation patterns may take the form of ripples, blossoms, or
avalanches. [2]

For the present research, this understanding is important because the amount of change is
not only a descriptive property of modification, but also a likely driver of propagation behavior.
In cross-generational CPS development, larger or more invasive modifications increase the
probability that additional artifacts, interfaces, and domain models will have to be adapted as
well. Quantifying the amount of change is therefore a necessary step toward a more systematic
anticipation of cross-domain consequences.

2.3. Inconsistency Risk in CPS Development

A key risk of engineering changes in CPS development is the emergence of inconsistencies
between domain-specific models, artifacts, and views [11]. Because different engineering
disciplines rely on their own representations, tools, and abstraction levels, cross-domain
consistency cannot be taken for granted and must be actively maintained throughout
development. This challenge becomes even more pronounced when several system variants
and generations have to be developed and maintained in parallel [12].

Approaches such as Model-Based Systems Engineering (MBSE) aim to support
consistency by treating models as primary development artifacts and by connecting
information across disciplines [13]. However, standard MBSE approaches often struggle to
ensure full consistency in CPS because such systems must be represented across multiple
abstraction levels and views, while still preserving domain-specific requirements and
autonomy. Similar limitations apply to the Single Underlying Model (SUM), which seeks
consistency through unified formal modeling but becomes difficult to scale in highly
heterogeneous CPS contexts [12].

To address these limitations, [14] propose the Virtual Single Underlying Model (V-SUM),
which virtualizes semantic overlaps between engineering models while keeping the original
domain models separate. This makes it possible to manage consistency relations without
forcing all artifacts into one monolithic representation [14]. Nevertheless, even with such
consistency-oriented approaches, the practical assessment of change-related risk still requires
a better understanding of how strongly a planned modification affects the evolving system. In
other words, consistency management approaches address how relations between models
can be maintained, but they do not by themselves provide a domain-independent metric for
guantifying the amount of change that threatens those relations.

2.4. Amount of Change as a Dimension of Risk Assessment

To support the risk-oriented assessment of planned changes in CPS, prior work frames
inconsistency risk in CPS along the three dimensions Amount of Change, Knowledge about
the Reference System Element, and Complexity. Within this model, Amount of Change
captures the extent of the intended modification and must be distinguished from both the
structural difficulty of the system context and the available knowledge about the reference
element. [4]
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Figure 1: The Amount of Change as a dimension of the three-dimensional risk matrix for assessing inconsistency
risks [4].

Despite its relevance, the Amount of Change has so far lacked a standardized and domain-
independent operationalization for cross-generational CPS development. Existing work
provides methods for evaluating complexity in CPS contexts and offers ways to reason about
knowledge availability, but comparable approaches for objectively quantifying the amount of
change across engineering domains remain missing. Moreover, many existing change metrics
have been developed for specific domains or view types and therefore cannot be transferred
directly to interdisciplinary CPS development without further synthesis and abstraction. This
gap motivates the research presented in this paper and provides the basis for the
methodological approach described in the following section.

3. Research Approach

The research follows the Design Research Methodology (DRM) to develop and
demonstrate a domain-independent basis for quantifying the Amount of Change in cross-
generational CPS development. This framing is suitable because the objective is not only to
analyze an existing problem, but also to derive a methodological artifact and illustrate its
applicability in a technical case context. [15]

The research process comprised three main steps. First, a systematic literature review was
conducted to identify existing metrics and frameworks related to engineering change
guantification across different engineering domains. Scopus was selected as the primary
database because of its interdisciplinary coverage, and the search process yielded 1,646 initial
records. After staged screening at title, abstract, and full-text level, 15 publications were
retained as the final core sample for detailed analysis.

Second, the identified metrics were evaluated with regard to their suitability for
operationalizing the Amount of Change in CPS development. Following the logic documented
in the underlying thesis and abstract, the assessment considered criteria such as domain
coverage, applicability to change propagation contexts, quantifiability, and transferability
across engineering domains. This step was intended to determine which underlying metric
principles are sufficiently general to support a domain-independent operationalization of the
Amount of Change.

Third, the most suitable principles were synthesized into a domain-independent framework
and applied to a brake system case example spanning successive generations and variants
[16]. The case application serves as an initial demonstration of how the synthesized logic can
be instantiated for CPS view types such as functions and requirements.



4. Quantifying the Amount of Change
4.1. Understanding the Amount of Change

To quantify the Amount of change, we need to have a common understanding of it. In this
paper the Amount of Change refers to the extent to which a system generation differs from its
previous generation with respect to selected engineering view types and their relevant
properties. It thus captures how much of a system is retained, modified, added, or removed
during cross-generational development.

Before its operationalization, the Amount of Change must be distinguished from related
constructs. First, the Amount of Change is not identical to change impact, which concerns the
consequences of a modification, for example in terms of affected dependencies, redesign
effort, or propagation through neighboring system elements [2], [17]. Second, the Amount of
Change is not equivalent to system complexity, which describes the structural and relational
difficulty of the system context [4], [18].

4.2. Evaluation of existing metrics

To support cross-generational CPS development, the Amount of Change must be
guantifiable, transferable across heterogeneous view types, and interpretable from different
engineering domains [4], [5], [19]. Against this background, 14 change-related metrics from
the literature were evaluated using the criteria shown in Table 1.

Table 1: Comparison of the identified metrics based on different criteria.

Author Domain Coverage | Propagation | Facility | Quantification | Transferability
Clarkson et al., [20] ° ° o o °
Koh et al., [21] ° ° 0 o) °
Eltaief et al., [22] © ° 0 ° ©
Nejati et al., [17] © ° o ° ©
Masmoudi et al., [23] © ° © ° ©
Chua and Hossain, [24] 0 © ¢
Sepahvand et al., [25] © ©
Champagne and Carver, [26] © 0 ¢
Sun et al., [27] ) ° 0 o) °
Hanna et al., [28] o © 0 © o
Suh et al., [29] ° ° © o °
Nowak-Meitinger et al., [30] o0 © o © o
Ouertani, [31] o0 © © © ©
Wong and Wynn, [19] o0 o o ° °

o fully satisfied © partially satisfied © not satisfied

The review shows that no single metric provides a sufficiently transferable and domain-
independent operationalization of Amount of Change for CPS. Broadly, these metrics can be
grouped into two main categories. Consequence-oriented metrics, which describe how
changes spread through a system and which components are particularly sensitive or exposed
[2], [21], whereas structure-oriented metrics quantify the change itself in relative or absolute



terms [17], [19]. For operationalizing Amount of Change, the most suitable candidates are
therefore those that directly quantify the extent of modification and remain interpretable beyond
a single narrow domain context.

From this perspective, the Commonality Index and Impact Magnitude emerge as the
strongest foundations for synthesis. The Commonality Index is especially valuable because it
captures relative cross-generational deviation. It answers the question of how strongly a
successor generation differs from its previous generation under a selected scope [19]. This
aligns directly with SGE, where change is inherently understood in relation to a reference
system [3]. Impact Magnitude on the other hand, captures absolute change extent by
measuring the cardinality of the affected set within a defined scope of analysis [17]. Together,
they cover the two key dimensions of Amount of Change: how different the new generation is,
and how much of the view type is actually affected.

4.3. Synthesis

The synthesis combines two complementary principles. From the Commonality Index, it
adopts the idea that cross-generational change should be expressed relative to a baseline and
interpreted across selectable comparison view [19]. From Impact Magnitude, it adopts the idea
that the amount of change should also be expressed through the size of the affected set in
absolute terms [17].

The first dimension captures relative deviation between a current generation and its
successor generation by quantifying the share of units that remain unchanged versus those
that are modified, added, or removed under a selected comparison view, for example
requirements or functions. In the framework, this dimension is expressed through the
Commonality C, which denotes the proportion of retained units in the comparison set and
thereby reflects how closely a successor generation still aligns with its reference system [19].
The second dimension captures the absolute extent of change by counting all units that are
affected by the transition, irrespective of whether they are newly introduced, altered, or
removed. This dimension is expressed through the absolute change extent Impact Magnitude
(IM), which denotes the cardinality of the affected set and provides a direct indication of how
much of the view type is touched by a modification [17].

To ensure comparability across different cross-generational transitions, the Impact
Magnitude is normalized. This is done by dividing the Impact Magnitude of the current cross-
generational transition by the maximum value of all cross-generational transitions within a
given view type. This yields a normalized impact magnitude (IMnom). Based on these
components, the Amount of Change (AoC) for a given transition and view type is quantified
as: AoC = (1-C) x IMnom.

The implementation of the framework follows four steps. First, the relevant view type and
unit of comparison are defined. Second, each unit is classified according to whether it is
retained, modified, added, or removed between the current generation and the successor
generation. Third, the relative deviation is derived from the proportion of unchanged and
changed units in the comparison set, corresponding to the commonality-oriented logic. Fourth,
the absolute affected scope is determined by counting the affected units, corresponding to the
impact-magnitude-oriented logic. Finally, both views are interpreted jointly to characterize the
Amount of Change.

5. Application to a Brake System Case Example

To illustrate the applicability of the synthesized framework, it was applied to a brake system
research platform that represents successive generations and variants of a CPS [16]. The case
serves as an initial demonstration rather than a comprehensive validation.



For the analysis each transition between generations is evaluated from two view types:
requirements (Req.) and functions (Func.). Within each view type, the relevant units from the
reference and successor generation are classified as retained, modified, added, or removed,
based on the detailed lists documented for the generations of the brake system research
platform. This classification provides the input needed to derive the Commonality (C) and
Impact Magnitude (IM) according to the framework introduced in chapter 4.3.

As part of this study, we examined the various development paths of the three generations
of braking systems and analyzed how the requirements and functions have changed across
the generations (see Table 2).

Table 2: Quantified Amount of Change for two view types across different generations of braking systems.

Transition View type | Retained | Modified | Added | Removed | C IM | IMnom | AoC

Req. 34 2 4 0 0.85| 6 0.75 0.11
Gn to Gn+1,v1

Func. 23 0 2 0 092 |2 0.29 0.02

Req. 37 0 5 1 0.86 | 6 0.75 0.10
Gn+1,v1t0 Gn+2v1

Func. 24 0 1 1 092 | 2 0.29 0.02

Req. 34 2 4 0 0.85| 6 0.75 0.11
Gn to Gn+1,v2

Func. 23 0 4 0 0.85 | 4 0.57 0.08

Req. 37 0 7 1 0.82 | 8 1.00 0.18
Gn+1,v2t0 Gns2,v2

Func. 26 1 1 1 0.90 | 3 0.43 0.04

Req. 37 0 7 1 0.82 | 8 1.00 0.18
Gn+1,v2t0 Gn+2,v3

Func. 22 1 1 5 0.76 | 7 1.00 0.24

The table shows that all transitions preserve a substantial share of unchanged units, with
commonality values between 0.76 and 0.92, while differing in the extent of affected units and
resulting AoC. The AoC evolves differently across the two view types. Within the requirement
view, the later transitions Gn+1v2 t0 Gnizv2 and Gniave 10 Grszvs reach the highest Impact
Magnitude, leading to AoC values of 0.18 and indicating comparatively strong specification-
side interventions in these paths. Within the function view, change is more concentrated: the
transition Gn+1,v2t0 Gns2,v3 Yields the highest functional AoC (0.24). Rather than suggesting that
one view type is universally more extensive than the other, these results underline that the
AoC must be interpreted per view type and that some transitions are driven primarily by
adjustments on the requirement level, whereas others involve stronger functional adjustments.

The application indicates that the framework is able to quantify the Amount of Change in a
structured and comparable way across multiple system generations and variants. This is
relevant for the intended use of the framework in inconsistency risk assessment. At the same
time, the results also confirm that the measured delta depends on the chosen view type, which
supports the paper's argument that a domain-independent comparison logic must still be
instantiated through view type-specific data.

6. Discussion

The case application demonstrates that the proposed framework provides a structured way
to quantify the Amount of Change across successive generations of a CPS using view type-
based information. By combining relative deviation from a reference generation with the
absolute extent of affected elements, the framework transforms cross-generational differences
into interpretable deltas and thereby complements predominantly qualitative descriptions of
engineering change with a more explicit basis for comparison.



A key strength of the proposed framework is that it enables the Amount of Change to be
represented as a quantified deviation between generations rather than as an intuitive or purely
experience-based judgment. Thereby, the framework supports more consistent reasoning
about how strongly a successor generation differs from its previous generation and creates a
clearer basis for discussing change-related coordination effort and measuring inconsistency
risks in CPS development.

The brake system case further shows that Amount of Change is not a uniform property of a
cross-generational transition, but depends on the selected view type. A high Amount of Change
for one view type does not necessarily mean that the other view types also have a high Amount
of Change (e.g. the transition from Gn:1v21t0 Gni2v2). This is important because it underlines
that a domain-independent quantification logic does not eliminate the need for view type-
specific interpretation.

At the same time, the study has clear limitations. First, the application is restricted to
requirements and functions. While this is sufficient to demonstrate the basic applicability of the
framework, it does not yet show whether the same logic can be transferred without loss to
other CPS-relevant artifacts such as interfaces, components, software structures, or further
discipline-specific models. The claim of domain independence should therefore be understood
as a methodological proposition that still requires broader empirical validation across additional
view types and development contexts.

Second, the underlying research context describes inconsistency risk as emerging from the
interaction between Amount of Change, Knowledge about the Reference System Element, and
Complexity, but the current contribution operationalizes only the Amount of Change dimension
itself. As a result, the interplay of these three dimensions remains unresolved, and the study
does not yet show how a quantified Amount of Change translates into a concrete inconsistency
risk level in practice.

Overall, the main contribution of the framework currently lies in providing a transparent and
transferable basis for describing how extensive a change is, and thus supplies one essential
input for future inconsistency risk assessment in cross-generational CPS development. The
next step is therefore not to replace broader risk reasoning, but to integrate the quantified
Amount of Change with the remaining dimensions of Knowledge and Complexity in a
consistent assessment model.

7. Conclusion

This paper addressed the lack of a domain-independent basis for quantifying the Amount
of Change in cross-generational CPS development. Since existing metrics either focus on
consequences of change or remain tied to specific domains and view types, they do not by
themselves provide a sufficiently transferable operationalization for interdisciplinary CPS
contexts.

To address this gap, the paper evaluated existing change-related metrics and synthesized
two complementary principles into a unified framework: relative deviation from a reference
generation, represented through Commonality, and absolute affected scope, represented
through Impact Magnitude and its normalization. On this basis, the Amount of Change was
operationalized as AoC = (1-C) x IMnom, providing a structured way to characterize how
strongly a successor generation differs from its previous generation with respect to a selected
view type.

The brake system case illustrated that the framework can be instantiated for requirements
and functions and can reveal different change patterns across generational transitions. In this
sense, the contribution of the paper is not only the formal synthesis of existing metric ideas,
but also the demonstration that cross-generational change can be described in a comparable
and view type-sensitive way without reducing the analysis to a single engineering domain.



At the same time, the scope of the contribution should be interpreted carefully. The present
work does not yet validate the framework across the full range of CPS-relevant view types, nor
does it derive a complete inconsistency risk from Amount of Change alone. Rather, it
establishes a methodological foundation for making Amount of Change more explicit,
comparable, and discussable in interdisciplinary CPS development.

Future research should therefore extend the framework to additional engineering view types
and validate its applicability beyond requirements and functions. In addition, the quantified
Amount of Change must be integrated with the dimensions of Knowledge about the Reference
System Element and Complexity in order to clarify their interaction and to enable a more
complete inconsistency risk assessment model for changes in CPS development.
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