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1 Problem

Everyone who collaboratively worked on shared files has experienced the effects of
inconsistencies: Changes made by one contributor may not appear in another
contributor’s working file. Merging different versions of the same file into one consistent
state becomes challenging. This is already frustrating in an easy and less complex setting.
It becomes even more relevant in the development of complex systems containing multi-
domain models and artifacts in different contexts. A prime example of complex systems
are Cyber-Physical Systems (CPS). CPS integrate computation and physical processes
(Lee 2010). Their character as enabling technology has a huge innovation potential for
future applications (acatech - Deutsche Akademie der Technikwissenschaften, ed. 2011:
11). However, CPS engineering also presents challenges. These problems arise not only
from the technological complexity of CPS but also from the interdisciplinary nature of
development projects: Experts from different domains work together on a single System
in Development (SiD), each following different engineering cycles. Each domain is
working on different models representing distinct views of the SiD. Unfortunately, these
models are often not interoperable (Feichtinger et al., 2022). Inconsistencies emerge
when working with different views of CPS, whether in separate models or tools. Keeping
the involved models consistent requires specific coordination activities and thus high
manual effort. To address this, we propose two future visions for interdisciplinary
inconsistency management: 1) Demand-orientated situational process kits to quickly
handle inconsistency situations and 2) (semi-)automatic consistency preservation to
reduce the manual effort of keeping models consistent. This requires an in-depth
understanding of the inconsistencies occurring in practical applications. While formal
research in software engineering has contributed to our understanding, we lack insights
from practitioners across different engineering domains. Therefore, we aim to explore
practitioners’ perspectives on inconsistency in everyday agile engineering practice,
identify contradictions in designing processes for consistent CPS engineering, and
propose a strategy to create an empirical dataset to address the current lack of knowledge
needed to understand current (in-)consistency management in practice.

2 Current Understanding

Agile Product Development

Agile approaches are increasingly used in companies' processes to be able to react to
unexpected and expected changes in the dynamic context of product development
(Atzberger et al., 2020). This is particularly important when dealing with problems
arising from inconsistencies. Workflows for agile collaboration between developers in
Software Engineering, mainly for working with the distributed version control solution
git, for example in WunderFlow, were proposed (Rios et al., 2022). However, several
problems arise when introducing agile approaches in a non-software environment due to
major differences in the development areas (Albers et al., 2019a). Atzberger et al.
identified different challenges in the agile development of physical products, such as the
common understanding of agile development in physical products, time restrictions in
manufacturing processes, physical restrictions, and appropriate incrementation of the
product. (Atzberger et al., 2020).



Industry practitioners have reported that agility forms a challenge when facing the
development of cyber-physical production systems, especially regarding experience with
agile methods. Agile verification and validation of models changed during the
development and management of different life cycles of system elements for each
engineering domain. (Feichtinger et al., 2022)

Hybrid approaches can minimize these challenges in mechatronic systems (Boehm and
Turner, 2005). Implementing such hybrid approaches requires the assessment of planning
stability of individual process elements and different process levels which can be
achieved with the ASD — Agile Systems Design (Albers et al., 2019b). The introduction
of agile approaches in existing process models in practice is usually limited to individual
teams, departments, and projects, as common process models are reaching their limits in
the development of CPS.

Nevertheless, an unchanged adaption of software development approaches is not possible
to redesign non-software development processes (Schmidt, Paetzold, 2017), (Dumitrescu
et al., 2021). Agile methods deployment in CPS engineering has not been demonstrated
in industrial studies yet (Ahmad, 2020).

ASE — Advanced System Engineering

The increasing complexity and dynamic interrelations of technical systems with other
(socio)-technical systems within systems-of-systems lead to new challenges in the
development of these systems (Dumitrescu et al., 2021). This applies to CPS. ASE
combines the strengths of the three previously unconnected areas of advanced systems
(AS), systems engineering (SE), and advanced engineering (AE) to address these
challenges.

e AS describe the market performance of tomorrow, which is mapped via stronger
integration of services and internet- and platform-based services (Piller, 2013).

e SE is a transdisciplinary and integrative approach to enable the successful
realization, use, and decommissioning of systems, using systems principles and
concepts, as well as scientific, technological, and management methods.
(Walden et al., 2015)

e AE describes the support provided to the developer by intelligent tools, such as
artificial intelligence, digital twins, or so-called virtualized single underlying
models (V-SUM) (Stark and Damerau, 2019), (Klare et al., 2021).

Change Management in CPS

In the understanding of CPS as advanced systems (AS), changes play a central role in
mitigating deviations between the current state of development and the desired
development goals (Lindemann, 2016).

The development of CPS can be described with the model of SGE — System Generation
Engineering. The model is based on two hypotheses: Firstly, every development of a new
system generation Gi=, relies on a reference system Ri=n, where n stands for the generation
in development that will be launched on the market next. This reference system
comprises elements from existing or planned socio-technical systems (referred to as
reference system elements, RSE). Secondly, each new system generation is developed
with three types of variation: carryover variation (CV), attribute variation (AV), and
principle variation (PV). (Albers et al., 2015; Albers and Rapp, 2022)



Changes result in different increments, iterations, or maturity levels in the development
of a new system generation. These increments can be described as engineering
generations Ei=n, j=m Of the system generation Gi=n, also developed with three different
types of variation, where j=m can be defined as the next engineering generation
according to the project plan. (Albers et al. 2016)

Although change management processes are already established in the industrial practice,
CPS engineering challenges and shorter innovation cycles demand new approaches for
engineering change management (Gausemeier, 2014). Methods supporting aspects of
change propagation are mostly based on Model-Based Systems Engineering (MBSE) or
Engineering Change Management (Weilkiens, 2006; Walden et al., 2015; Altner et al.
2022; Martin et al. 2022). The usage and acceptance of such model-driven approaches
highly depend on the development situation: exploratory development in early stages
differs from the development of mature features in later stages (Kuhn et al., 2012).

The vision implicated by these developments is close to the tight and “flow-like”
connection of development activities enabled by automation in software engineering
which is called “continuous software engineering” (Fitzgerald and Stol, 2017).
Approaches for continuous model-based engineering of CPS are already discussed in the
context of CPS engineering, e. g. by Giaimo et al. (Giaimo et al., 2020) or Karsai et al.
(Karsai et al., 2008). Following this ideal, the next step of future development processes
would require a (semi-)automated feedback of information into models and views of a
CPS. This perception of continuous engineering for CPS is related to the notion of a
digital twin: a model of an object, an evolving set of data relating to the object, and a
means of dynamically updating or adjusting the model following the data (Wright and
Davidson, 2020). This would require consistency checks and consistency preservation
rules in a runtime scenario. The first approaches in this direction address these scenarios
for specific applications in mechatronic system development (Gausemeier et al., 2009) or
for software systems with simplifying assumptions (Mazkatli, 2020).

3 Research Aim and Research Questions

As changes serve as the primary driver of progress in CPS engineering, inconsistencies
will occur repeatedly during various stages of the engineering process, particularly in the
incremental work within agile development environments. To ensure seamless
collaboration between engineers from different disciplines and design spaces with
different perspectives on CPS, it is necessary to analyze the inconsistencies that occur.
This leads us to the following three research questions, that we want to answer in this

paper:
e What is the current understanding of inconsistency and inconsistency situations
in the development of CPS?

e Where do inconsistency situations arise in the agile development processes of
CPS?

e How can inconsistency situations in the development of CPS be characterized?

The data set of inconsistency situations presented in this paper will be expanded in
further studies. The results of those studies are necessary to cluster the inconsistency



situations into inconsistency scenarios with different levels of agility that can be
formalized to investigate systematic consistency preservation in CPS engineering.

4 Research Design

Our current understanding of inconsistency occurring in CPS development is limited to a
few examples from literature (e. g. Gausemeier et al., 2009). To describe inconsistencies
arising in the agile development processes of CPS and to describe them in formalized
situations and scenarios, an in-depth understanding of inconsistencies from practitioners'
experience is necessary. To answer the research questions, workshops, and interviews are
conducted with multiple partners. We consider a multi-level research design:

Workshop with Formula Student Interview study with industry partners
Aim Aim
m Create a common understanding of m  Sharpen understanding of inconsistencies
inconsistencies and categorise concrete case studies from
® First concrete case studies to describe industrial practice
inconsistencies ® Understand how to perceive and deal with

inconsistencies in industrial practice
Expected outcome

m Standardised formulation of inconsistency Expected outcome
situations ® Categorised inconsistency situations from
m 1-2 concrete, elaborated inconsistency situations industrial practice

m Validated and concretised patterns of
inconsistency situations

m Initial formulation of inconsistency scenarios
based on patterns of inconsistency situations

Workshop with industry participants

Aim °

m Validate the understanding of inconsistencies

m Develop concrete case studies from industrial Online Survey
practice

®m Develop an understanding of the perception Aim
and handling of inconsistencies in industrial

®m Evaluation of the relevance and significance

practice of inconsistency situations and scenarios

Expected outcome

® Validated and concretised formulation of
inconsistency situations

m  Concrete, elaborated inconsistency situations
from industrial practice

m |[nitially identified patterns of inconsistency
situations

Expected outcome

® Evaluated inconsistency situations and scenarios
with regards to defined criteria

Figure 1: Multi-level research design to identify inconsistencies in agile CPS
engineering

We conducted a workshop with Formula Student to achieve a common understanding of
inconsistency based on a proposed standardized description of inconsistency situations
(the focus of this paper). Then we would conduct workshops with experts from different
organizations to challenge our understanding created in the first workshop, to collect
more descriptions of inconsistency situations in industrial practice, and to discover how



inconsistency is perceived by industry professionals. Afterward, we would conduct
interviews to understand how representative our created situation sample will be and a
survey to collect a widely spread perspective on recurring patterns discovered in our
situation samples.

This paper presents the results of the first workshop. We decided to collaborate with a
Formula Student racing team. Our main goal was to better understand inconsistencies and
to compare research and practice. The Formula Student is an international construction
competition addressing the engineering, manufacturing, and marketing of a race car. The
Formula Student racing team contains participants from multiple engineering domains.
They develop a new generation of racing cars every year, which sets them apart from car
manufacturers in terms of development cycles. The team is self-organized, has over 10
years of experience in participation in the event, and won several Formula Student
events. The team is split into different sub-teams covering different aspects of the
development of the new racing car generation. Each team member works self-organized
and self-responsible. Topics concerning the overall project are discussed in weekly
management meetings. The development of the race car can be described as agile. The
developed race car is a battery electrical vehicle (BEV) able to operate autonomously.
Therefore, the race car can be classified as a CPS.

We used the “Think-Pair-Share”-methodology (Macke et al., 2016) to conduct the
workshop: The workshop contained three separate phases during which different tasks
had to be performed by the workshop participants:

e Think: The participants had a clear task to do in individual work. After this
phase, the participants were able to present their results to a partner. In our
workshop, the participants had to describe their personal experience with
inconsistency, its causes, and its effects occurring in their work at the formula
student team based on a given example organized in a template. They had 35
minutes to come up with at least two individual descriptions of inconsistencies,
that they experienced.

e Pair: The participants paired up and discussed their results. Every participant
should be able to present the results of their partners. In our workshop, the
partners also discussed solution strategies to resolve the inconsistencies. They
had 45 minutes to compare their results, discuss their situations, and come up
with solution strategies.

e Share: The pairs of participants presented their results to the plenum. The
plenum had 60 minutes to discuss their results.

The workshop was held with 10 participants from different positions within the
Formula Student racing team: They covered a range from single-domain engineering
team members (e.g., aerodynamics, electric drivetrain, monocoque) to interdisciplinary
team leaders. All participants had at least one season of experience in developing race
cars. As not all team members from the Formula Student racing team were German-
speaking participants, the workshop was held in English as their main communication
language. The following materials were used: A presentation, a document for the
synchronized documentation, a detailed task description containing step-by-step
instructions, a template, pens, and Post-its in different colors and sizes as well as
recording equipment. In addition, an example of an inconsistency situation was provided,



using a template, that contains the following information: interviewee, role in the
company, experience in the field, background, inconsistency situation, effects, and
solution strategies. Two exemplary inconsistency situations are shown in Figure 2 and
Figure 3 using the template as a visualization as described above.

5 Results

During the workshop, the participants came up with a total of 18 inconsistency situations.
Table 1 summarizes eight exemplary inconsistency situations, which are anonymized and
adjusted to the table format.

Table 1: Exemplary inconsistency situations as a result of a workshop with a Formula
Student racing team

No. Icon Name of inconsistency  Description

1 Uncertainty errors Inconsistency occurred in modeling (e.g.,
through the transfer of ~ Computer-Aided Design and Computational Fluid
models Dynamics models), and the transferability of

modeling results to reality

2 Parallel development Inconsistency occurred between the results of the
of different models different sub-teams, as individual modules were

developed independently of each other

3 Independent Sub-teams developed subsystems independently of
development each other, sometimes without any knowledge of

the dependencies of other subsystems.

4 Knowledge loss Inconsistency occurred due to loss of knowledge
(e.g., specific parameters in a model). Especially in
a constantly changing engineering environment
such as long-term student-driven development
projects.

5 Unstructured Inconsistency occurred due to unstructured

communication communication between team members and
information discrepancies.

6 Differences in targets Inconsistency occurred due to different target and
and requirements requirements documentation between the developer
documentation and manufacturer from another branch (e.g., no

data sheets available).

7 Incorrect models Inconsistency occurred due to errors in the creation
of a model. The new model is based on an incorrect
or outdated model. Hence the solution does not
meet the requirements and target specifications.

8 = Different milestones Inconsistency occurred due to unsynchronized

=3 development cycles and schedules (e.g., sub-team
!§1| = A is still in development and wants to make
= changes, that affect other sub-teams. Whereas, sub-

team B already reached the next milestone).

Further findings: The participants did not always describe the effects of an inconsistency
situation and/or possible solution strategies. Those are either not known or not



consistently integrated into the engineering process. Two examples are given in Sec. 6 of
this paper.

6 Discussion

The results shown in Table 1 can be discussed on multiple levels regarding different
aspects of the research goal of the paper.

RQ1: What is the current understanding of inconsistency and inconsistency
situations in the development of CPS?

The quality and the fit of the given descriptions in the workshop differ by a wide range.
According to the participants, this is mainly due to the unclear understanding of
inconsistency in engineering practices. This results in different described situations
focusing on inconsistency situations due to inconsistency of models to models,
inconsistency of models to reality, and inconsistency in modeling approaches. Besides
that, situations not addressing concrete inconsistencies, but rather overall problems of
interdisciplinary collaboration are described. This shows us that “inconsistency” as a
common term in engineering is currently not framed concretely and allows a broad range
of interpretations.

Besides the described problems of a unified understanding of inconsistency,
formalization issues are detected, especially during the processing of the given data.
Some participants told us that the chosen initial example for an inconsistency out of an
already known context was helping. The situation was presented in a PowerPoint
presentation and a pre-formalized structure on a blank template. This structure was
sparsely used as a reference, but most of the participants used plain text answers to
describe their respective inconsistency situations.

When processing the participants' responses, we propose an approach to formalize the
description of the inconsistency situations that arise. By arranging the situations like
those presented in Table 1, the given answers can be compared and discussed. This
requires much post-processing of the collected data with possible knowledge loss and
biased interpretation of the collected data by researchers. Therefore, more formalized
support in identifying inconsistency situations for practitioners is needed for future
research activities. We suggest the creation of a template, describing the exact type of
data required and supporting participants in giving comparable descriptions of their
identified inconsistency.

RQ2: Where do inconsistency situations arise in the agile development processes of
CPS?

The inconsistency situations in Table 1 will not individually be discussed in this section.
We want to provide a description of two selected examples directly addressing
inconsistency in different aspects of agile development (Figure 2 and Figure 3). Those
visualizations of the two exemplary inconsistency situations are a summary of the
workshop results proposed by the researchers. The structure of the template follows the
workshop methodology (see Sec. 3). As mentioned in the answer to RQ1 this
visualization has some improvement potential.
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Figure 2: Description of Inconsistency Situation No. 1 “Uncertainty errors through
transfer of models” on the Basis of the Workshop Results
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Figure 3: Description of Inconsistency Situation No. 2 “Parallel development of
different models” on the Basis of the Workshop Results



RQ3: How can inconsistency situations in the development of CPS be
characterized?
Based on the results of the workshop inconsistencies always occurred between artefacts.
By analyzing the inconsistencies, three initial patterns can be identified:

e Inconsistency inbetween one model

e Inconsistency between two or more models

e Inconsistency between a model and reality (e.g., physical artifacts, model

boundaries, and limitations)

These patterns are preliminary, as further research is needed to validate or adjust the
described patterns. The identified categories are based on the development experience of
students that might be different from professional engineering activities. Nevertheless,
the categories enable a better understanding of different situation categories. They can
potentially help future participants to better understand and describe the inconsistencies
in their daily work in agile environments.

7 Contribution and Practical Implications

We want to connect experts from different engineering backgrounds in a common
empirical-based understanding of inconsistencies in CPS engineering. By doing so we
aim to enable cross-industry awareness and different solution approaches. With this
network and empirical evidence of the need for processes for consistent CPS
development, we want to enable future research in this area.

The given study is a first attempt to describe inconsistencies occurring in an agile
development environment. It identifies a broad range of understanding of the term
inconsistency in a CPS development environment. The study shows that even in small
development projects, several inconsistencies arise that potentially hinder the
development of CPS. Inconsistencies mainly occur between two or more models or
between models and the reality.

Once a variety of concrete inconsistency situations from practice have been found, key
factors will be derived from these. These key factors make it possible to characterize each
inconsistency situation. The next step is to define inconsistency scenarios. A scenario
comprises several situations and abstracts them into formalized patterns for further use.
To enable the formalization of inconsistency scenarios for further application, i. e. in
automatic consistency checking, further formalization of inconsistency situations is
needed. The empirical dataset to enable inconsistency scenario deriving is not mature
enough to give a valid explanation of occurring situations. The given dataset serves as an
explorative fundament for future investigation.

In the long term, requirements from the industry for the implementation of methods,
processes, and tools shall be identified. We want to achieve a formalization approach for
inconsistency scenarios to preserve consistency through a specification language. This is
necessary to easily maintain consistency in the increasingly complex development
processes. Furthermore, it enables the creation of automated consistency preservation
rules that allow simple consistency management. This should be based on the models
from continuous software engineering.
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9 Feedback

We hope for input and feedback on the following questions:

e Which understanding do other researchers have of inconsistency and
inconsistency situations?

e How could we identify inconsistencies and inconsistency situations in industry
practice and research?

e How could we describe inconsistencies and inconsistency situations
systematically?

e Which patterns in inconsistency situations do other researchers know?
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