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ABSTRACT

Agile methods are increasingly important for developing mechatronic systems in
dynamic and volatile environments. These methods help development teams to deal
with uncertainties in the development process and utilize them as opportunities.
A feature of agile methods is the active involvement of developers in the flow
of communication and information, which has a positive effect on the quality of
decision making in terms of the development process. It is essential that the developer
understands, accepts, and respects the uncertainty in the development task/process to
realistically evaluate development scenarios and make well-founded decisions. Tailor-
made approaches are required to deal with uncertainties in the development process,
as the causes of these are manifold. This paper is based on extensive literature
research, analyses of agile development processes at industrial partners and a series
of studies on the agile development of physical products that have been carried out
regularly for six years. The goal is to differentiate uncertainties in such a way that the
artifacts and activities adopted in agile development can be used and adapted to deal
with uncertainties more effectively.

Keywords: Uncertainties, Agile product development, VUCA

INTRODUCTION

To respond appropriately in the dynamic and volatile development of
mechatronic systems, agile methods are becoming increasingly important.
The provision of mechanisms serves to facilitate the management of
uncertainties inherent to the development process, enabling their acceptance
and subsequent exploitation as opportunities (Böhmer et al., 2015). One
characteristic of agile development is the active integration of developers
into communication and information flows. It has a positive impact on the
quality of decision-making in product development. This is precisely why it
is necessary to recognise, accept and respect uncertainties in the development
process in order to be able to realistically assess development situations and
react in a context-specific manner (Thunnissen, 2003). Product development
processes are inherently characterized by uncertainties (Freisleben and Vajna,
2002). There are many reasons for this, but they are primarily based on
the fact that target systems are initially only theoretical ideas that need
to be successively concretised (Bender and Gericke, 2021). Mechatronic
systems are developed through the division of labour. Which means that
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sub-functions must be defined to implement the overall system behaviour,
resulting in organizational and functional interfaces. Further interfaces may
be added during the specification of the solution due to decisions on solution
principles, which are often not sufficiently communicated (Ehrlenspiel and
Meerkamm, 2013). Development tasks are often processed asynchronously.
This means that the necessary information may not be available at the
beginning of the development process and must first be supplemented by
assumptions. This leads to uncertainties that are associated with risks,
both for the development process itself and for the product or system
behaviour (Thunnissen, 2003). From a project perspective, uncertainties
arise primarily from the novelty of the development task, but also from
development constraints (Rupp, 2014). Product development is aware of
these risks due to the inherent uncertainty of the development process and
the constraints imposed by the project’s boundary conditions. The utilization
of risk analysis methodologies (e.g., as exemplified in Goldberg et al. (1994))
is employed, yet these processes are time-consuming and costly, ultimately
impeding the availability of development resources for the identification
of solutions (Sutherland, 2014). This domain encompasses the application
of agile development methodologies, which are founded upon the values
postulated in the Agile Manifesto (Beck et al., 2001) and aim to minimize
non-value-adding activities. Agile principles and procedures facilitate the
ability of development organizations to remain flexible in dynamic and
volatile conditions and to respond quickly to change (Böhmer et al., 2015).

Böhmer et al. (2015) define agility as follows: “Agility is the capability
to react, and adopt to expected and unexpected changes within a dynamic
environment constantly and quickly; and to use those changes (if possible) as
an advantage.”

Uncertainty is an inherent characteristic of complex systems. A key element
of agile development is that the iterative and incremental process not only
evaluates the results regarding the fulfilment of the requirements, but also the
goals underlying the requirements. The simultaneous consideration makes
it possible to recognise discrepancies between the original goals and the
current reality, thus enabling the goals to be realigned or corrected (Schrof
and Paetzold, 2020). This approach provides a foundation for a new way of
dealing with uncertainty.

• Agile approaches such as Scrum (Schwaber and Sutherland, 2020),
which are currently widely used (Weiss et al., 2023), were originally
designed to enable teams of eight to ten developers to complete
development tasks in a manageable amount of time. Adaptations of
agile methods appear necessary, as complex mechatronic systems are
always developed based on a division of labour, whereby the individual
development tasks are not independent of each other. This aspect is
addressed with scaling process models such as LeSS or SAFe (Dingsøyr
and Moe, 2014).

• The physicality of mechatronic systems requires suitable adaptations
(Ovesen, 2012) to employ elements such as increments and prototyping.
Ultimately, this is necessary in order to preserve the effects of agile
methods in terms of flexibility, self-organisation, transparency and the
organisation’s ability to learn (Heimicke et al., 2020).
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The research question that forms the basis of this paper is derived from
the aforementioned considerations:

What are the criteria for identifying and evaluating uncertainties in the
development process in order to draw conclusions about necessary and
targeted adaptations of agile methods in the specific organizational context?

THEORETICAL FOUNDATIONS

To identify and analyse uncertainties in the development of mechatronic
systems, a comprehensive understanding of uncertainties is required. To this
end, relevant existing approaches for describing and analysing uncertainties
as well as agile development methods are presented in the following.

Approaches to the Identification and Classification of Uncertainties

Uncertainty plays an important role in all types of decision-making processes,
as it is not possible to assume completely deterministic conditions (Walker
et al., 2003). Consequently, the management of uncertainties is an issue
of concern across various scientific disciplines, including political and
social sciences, economics, and engineering. The diverse perspectives on
uncertainties arise from a multitude of factors, including the system under
consideration, the decisions to be made, and the boundary conditions to
be taken into account (Walker et al., 2003). Thunnissen (2003) provides
an overview of approaches from various areas of expertise. Despite
the disparate approaches employed, it becomes evident that there are
similarities and patterns in their interpretation, classification, and root cause
analysis. Thunnissen (2003) summarizes these findings in his classification of
uncertainties for the design of complex technical systems. He differentiates
between ambiguities, epistemic and aleatory uncertainties, as well as
interactions, and further subdivides these (Thunnissen, 2003). Ambiguities
describe situations in which the decision is not based on a clear idea of
its effects. Such ambiguities are based not least on uncertainties regarding
cause-effect relationships. As a result, it is not possible to accurately assess
the impact of changing boundary conditions (Engelhardt, 2013). Aleatory
uncertainties are those that arise due to random variations in influencing
variables. In contrast, epistemic uncertainties arise when there is a lack of
precise knowledge about the object under consideration or when the available
knowledge is incomplete (Bedford and Cooke, 2001). Thunnissen (2003)
adds interactions as effects in which system elements interact with each other
unexpectedly. In Haberfellner et al. (2019), this phenomenon is also referred
to as emergence. Agile methods appear to be particularly suitable for so-
called VUCA conditions. VUCA stands for volatility, uncertainty, complexity,
and ambiguity. A detailed analysis shows that these characteristics are
not independent of each other but are hierarchically dependent (Pendzik
et al., 2023). Accordingly, complexity is seen as the primary source of
uncertainty. The diversity and multiplicity of elements, which in turn are
connected to each other by a diversity and multiplicity of relationships,
results in a high degree of variety and connectivity (Patzak, 1982). High
connectivity, in turn, can lead to emergence, i.e. to situations in which
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the system does not react in the expected way. The variability of system
elements and their dynamic behaviour over time is understood as a cause
of volatility (Patzak, 1982). Uncertainties in the boundary conditions of
development lead to ambiguities (Waller et al., 2019) that are either aleatory
or epistemic in nature. They also require different strategies for dealing
with them (Engelhardt, 2013). While aleatory uncertainties are primarily
information problems, i.e., the data required for decision-making exists but
is not available in the specific situation, epistemic uncertainties are more of
a knowledge problem. Interdependencies are virtually unknown.

McManus and Hastings (2005) focus on the understanding of
uncertainties with the aim of deriving implications for the design of
complex technical systems. Based on the causal chain, “uncertainties
lead to risks/opportunities lead to results” McManus and Hastings (2005,
485) identified causes of uncertainties:

Lack of knowledge describes that elements or facts are required but are not
or not yet available at the given time to be able to make rational decisions.
Lack of specifications or definitions describes that elements or facts are
not yet specified but would be necessary for a valid decision. Statistical
uncertainties describe elements that are known but whose characteristics
fluctuate or are statistically characterized. Known unknowns refer to
elements that are known to be considered but are not known. Unknown
unknowns are elements that are not known per se and are therefore not
considered.

Earl et al. (2005) have further developed this framework by arranging
the identified uncertainties on two orthogonal axes. In this way, they create
a framework for a further differentiation of uncertainties. The previously
defined categories of information problem and knowledge problem can also
be assigned here.

Walker et al. (2003) examine conceptual foundations for managing
uncertainties for decision support. System models form the basis
for classifying and assessing uncertainties. Models are always only
representations of reality that make the complexity of the systems
manageable by reducing it according to the purpose of the model (Bossel,
2018). Stachowiak (1973) defines three characteristics of models: Reduction
Feature, Pragmatic Feature, and Mapping Feature, each of which addresses
specific uncertainties and can therefore be taken into account. The basis
for the uncertainty analysis is the categorisation of uncertainties into
categories similar to those used by Thunnissen (2003), from which specific
characteristics for uncertainties can be derived. Three dimensions are defined:

Localization of uncertainty: Uncertainties come from the object under
consideration itself, the environment of the object under consideration or
from the data with which the model of the object is fed.

Degree of uncertainty: Addresses the gradual transition between
determinism and complete ignorance. Although subcategories are named
here (statistical uncertainty, scenario uncertainty, recognized uncertainty,
and complete ignorance), these correspond to the categories identified in
McManus andHastings (2005). However, when applied to different locations
or sources of uncertainty, there may well be differences in meaning.
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Type of uncertainty: This in turn differentiates according to the effort
required to gain knowledge to reduce uncertainties. Analogous to the
aforementioned sources, a distinction is also made here between epistemic
and aleatory uncertainties.

While the localization of uncertainties helps to identify them, the categories
relating to the degree of uncertainty are helpful in analysing and specifying
the reason for them. The type of uncertainty describes the effort required and
the options for reducing it. In Walker et al. (2003), an uncertainty matrix is
derived on the basis of this multidimensional categorization. This overview
is designed to enhance awareness of the interdependencies of uncertainties,
with the objective of enabling a more detailed analysis and control of their
effects.

Agile Approaches in Mechatronic Systems Development

Agile approaches are characterized by a high-frequency iterative, incremental
approach. Development teams create increments at predefined intervals
that can be validated by the customer (Schwaber and Sutherland, 2020).
In addition to Scrum as one of the most popular methods (Digital.Ai,
2021), there are many other methods that essentially follow the same logic.
Comprehensive descriptions of agile methods can be found in Dingsøyr et al.
(2012).

Figure 1: Scrum process; according to Schwaber and Sutherland (2020).

The process model behind Scrum is summarized in Figure 1. The indicated
cycle comprises both technical-physical development activities and technical
management activities. The cycle begins with sprint planning based on
user stories and the product backlog (Plan). During the sprint, the defined
task is completed using product development methods (Do). Daily meetings
serve as a control element, where the current work status is recorded,
and problems and difficulties are discussed. At the end of a sprint, the
functionalities implemented in prototypes (Increment; Control) are discussed
with customers, product owners and other stakeholders in sprint review
meetings (Act). This creates further potential to sharpen requirements,
recognize problems and initiate changes. It enables the development team
to remain agile, minimize waste in resources and ultimately deliver a
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product tailored to the customer’s needs. Sprint retrospectives, which take
place after a sprint review but before the next sprint planning, give the
team the opportunity to reflect on their own work as part of a learning
process. An analysis of agile development methods and their elements reveals
fundamental strategies for dealing with uncertainties:

• Elements that support team communication create transparency and help
to solve information problems.

• Elements of customer integration help to clarify and concretize
requirements and boundary conditions regarding customer needs and
product use.

• Prototyping serves two primary purposes: it validates the results with the
customer and it facilitates exploration by developing technical interrela-
tionships. This approach helps to reduce the knowledge problem. The
incremental and iterative approach in short cycles allows decisions to be
postponed, thereby creating opportunities to complete the knowledge and
information base, which in turn helps to reduce uncertainty.

However, in the development of complex mechatronic systems, there are
also uncertainties that are determined by the product characteristics but are
not explicitly addressed by elements of agile development:

• Development is based on a division of labour; the separate view can lead
to a loss of integration into the overall context. Conflicts of objectives
are difficult to identify, functional and organisational interfaces are not
considered.

• The required regular prototyping after each increment is difficult to
realize. This is not only due to the division of the development process
into phases (planning, conceptualizing, designing, integrating (Bender and
Gericke, 2021)), but also due to the resulting product itself. As a result,
vertical prototypes are increasingly being used (Weiss et al., 2023), which
only represent parts of the product. This means that the properties of the
prototype do not correspond to those of the entire product, which leads
to distortions in the interpretation of the system behaviour.

The previous points demonstrate that agile methods for the development
of mechatronic systems require adaptations, additions, and novel elements to
realize improved uncertainty management.

APPROACH FOR IDENTIFYING AND CLASSIFYING UNCERTAINTIES
IN AGILE DEVELOPMENT PROCESSES

The aforementioned classification schemes must be integrated to analyze
uncertainties in the development process and adapted problem specific. The
starting point is the differentiation and definition of types as proposed by
McManus and Hastings (2005). Following Walker et al. (2003) the types
should be differentiated according to the place of origin too. The systemic
approach is useful here, as it also considers uncertainties in relation to
the system description and the data and information used. The distinction
between epistemic and aleatory uncertainties serves above all as an indication
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of which strategies can provide support in dealing with them, as these are
indicative of an information or knowledge problem. The identification of
uncertainties is a consequence of the analysis of the development process,
which must be considered in conjunction with the management processes
that are employed to organise the development work. The findings were
summarised in a matrix for identifying and describing uncertainties based on
Walker et al. (2003) (see Table 1). The next step is to complete and refine the
listed uncertainties. To this end, interviews and workshops will be conducted
together with an industry partner, to check the approach for accuracy and
plausibility, and to discuss and complete the contents of the matrix itself. This
then serves as the basis for determining specific elements for the development
process, with the objective of enabling the management of uncertainties.

CONCLUSION

The paper presents a matrix for identifying uncertainties in the development
process. Several uncertainties were also found to be linked through causal
chains as thematrix was built. This is in line with the findings from the studies
on VUCA, as described above. For taking this into account, it is necessary to
extend the approach to consider the dependencies between uncertainties in
the development process. Based on thematrix, elements for dealing with these
uncertainties were developed and integrated into the development process
with the intention of supporting agile product development.
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