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Abstract—The research initiative Industrie 4.0 offers wide
potential for the enhancement of industrial productivity. Besides
the optimization of value-chains, there are also new challenges
for product development. Products in the form of cyber-physical
systems are characterized as highly customer individual and
technologically diverse. In this context, the methods of systems
engineering provide an interdisciplinary approach for handling
these complex systems. This is enabled by modeling of systems
for analysis and optimization. Model-based systems engineering
(MBSE) helps to formalize system models with the aid of the
graphical modeling language SysML. This facilitates the cre-
ation of highly integrated product models, which can be utilized
throughout the engineering process. However, the practical im-
plementation of MBSE is regarded as challenging, particularly
because of the lack of discipline-specific methodology. In this
paper we introduce a methodology that aims at leveraging
existing product documentation by extending and transferring
it to a system model. This is achieved by the customization of
the SysML to the specific needs from the domain of mechanical
engineering. Furthermore, we demonstrate how the resulting
models may be used for improvements in an environment of
mass-customization.

Index Terms—Industrie 4.0, virtual product development,
mass-customization, complexity management, SysML, MBSE

I. INTRODUCTION

NDUSTRIE 4.0 is a strategic research initiative aiming

at taking advantage of the high potential that is provided
by the digitalization of manufacturing. Though Industrie 4.0
started as a German project, similar efforts can be found
around the globe, following the trend of digitalization in
manufacturing [1]. The basis for the so-called fourth indus-
trial revolution is formed by cyber-physical-systems (CPS)
[2]. According to Lee, CPS “are integrations of computation
with physical processes” [3]. In practice CPS are highly
integrated systems with communication interfaces connecting
them directly to the Internet. This also enables new business
models around the product which are often characterized by
high customer individuality [4]. A multitude of products and
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production equipment in the form of CPS make for a decen-
tralized production network - a cyber-physical-production-
system (CPPS) [5]. Also known as industrial Internet of
things (IIOT), these production systems are envisioned to
be capable of a product-driven, highly flexible and self-
optimizing production flow [2]. This is again motivated by
the increase of customer-individuality in products. Initial
examples of such production systems have been shown by
industry and research in recent years. The ultimate goal is be-
ing able to manufacture ’batch size 1’ at the same efficiency
of a rigid mass production [4]. This demand of flexibility
poses unanswered questions to product development, since
flexibility in manufacturing depends on its anticipation in
the early stages of design. Consequently, the challenges for
product development can be summarized as:

« Short product lifecycles
« High customer individuality
« Interdisciplinarity

From the perspective of product development, these are
typical challenges of complexity in a product. Hence, the
field of engineering design has developed a set of methods
which can be used for optimizing product structures in order
to be suitable for mass-customization. Modularization as
a common approach to product architecture of this type
relies on an optimized physical-to-functional mapping [6].
This is enabled by creating a solution-neutral functional
architecture of a product alongside the physical structure.
The physical structure implements the functional description
of what the product is expected to do. Diagrams such as the
design structure matrix (DSM) are used to visualize product
architecture for the purpose of optimization [7]. Additionally,
a high flexibility in product development requires a high
traceability from customer requirements over design specifi-
cation to the components of a product. Only then the impact
of changing customer requirements can be anticipated prior
to the production process. Traceability in the development
phase is also demanded in highly regulated fields such as
the medical devices industry. In order to fulfill the regulations
from 21 CFR 820 and ISO 13485 for quality management
systems of medical devices, traceability matrices have to be
created as part of the product documentation [8].

A. Model-based Systems Engineering

A broad approach to managing complexity is given by
the discipline of systems engineering which can be traced
back to the challenges of early astronautics [9]. Systems
engineering is an approach to manage complexity in tech-
nical problems through an interdisciplinary way. This is
typically done by using modeling techniques in a top-
down development process. A specialized form of systems
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engineering is provided with model-based systems engineer-
ing (MBSE). MBSE makes use of the Systems Modeling
Language (SysML) to transform systems specification from
a document-based form to a formalized, model-based form
[10]. SysML is a graphical modeling language based on the
Unified Modeling Language (UML). It is designed to provide
a language for integrating specifications of multiple disci-
plines into a single system model. This can be achieved by
a multitude of diagrams representing the view on a system’s
structure, behavior and requirements [11]. By integrating
these aspects into a single data model, MBSE offers the
possibility to depict the relations between different modeling
elements such as requirements and functions of a system.
Those relationships can be analyzed with the help of SysML
modeling tools to achieve a multi-domain traceability which
can be visualized as graphs or matrices.

From a few specialized companies in the aerospace and
defense industry using MBSE, its application has recently
extended to multiple industrial branches. Especially for In-
dustrie 4.0, MBSE is regarded as a key enabling technique
[12].

B. Challenges

As the use of UML is very common in software engi-
neering, engineers of this domain are likely to adopt the
concept of MBSE. However, engineers from the mechanical
domain are typically not familiar with graphical modeling
languages. This poses an obstacle to the multi-domain inte-
gration intended with MBSE. Moreover, SysML is a generic
language providing an abundance of modeling options, which
can overstrain new users [13].

The methods for optimizing product architectures which
are used in engineering design are commonly applied with
the help of spreadsheets or specialized software. From the
perspective of data integration along the entire product
lifecycle this results in an isolation from existing product
data. Maisenbacher et al. have shown an example for creating
DSM with the help of SysML and pointed out the benefit
of this technique for a better understanding of complex
systems [14]. However there is still a lack of concrete
procedures leading to system models, that can be used for
further analysis such as DSM and provide a comprehensive
traceability.

II. STATE OF THE ART

Since the SysML is a generic language, every MBSE
approach needs be supported by a specific development
process which determines the aspects of systems that have
to be modeled in the particular development stages. The

Reference product
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MBSE development approach. Own representation based on [15]
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approach shown in this paper is based on the approaches
introduced in the following paragraphs.

A. General Approach

According to Maurer, “most development projects can
be classified as change and adaption projects, as they are
largely based upon existing products” [7]. Following this
conclusion, Bursac suggests an approach to use MBSE for
gathering information from existing Products using it for
the development of new variants and generations (Fig. 1)
[15]. The bi-directional approach describes the induction
of information into the SysML-Model on one side and
the deduction of information from the model to the new
generation on the other side. This procedure ensures that
insights from previous product generations are incoporated
into the new design.

B. Complexity management in Engineering Design

Approaches for managing complexity as a result of high
individuality are successfully applied in engineering de-
sign. Fundamentally this is based on the optimization of a
product’s architecture containing its physical as well as its
functional structure [6]. Modular structures are regarded as
particularly suitable for mass-customization [16]. Regarding
the product’s architecture, modules are characterized as func-
tionally and physically independent from each other [6].

1) Structural complexity management: Structural com-
plexity management is a discipline of engineering design for
optimizing complex structures. As a means of visualizing
dependencies between components, matrices are used. A spe-
cialized form of these matrices is the DSM which “represents
a subset of a single domain, for example the geometrical
relations between components of a structure” [14]. DSM can
also be optimized with the help of computer algorithms as
shown by [17].

C. MBSE Methodology

The *V-Model’ is an interdisciplinary development process
commonly used to apply systems engineering. It combines a
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"top-down’ system design process with a “bottom-up’ system
integration of discipline specific systems [19]. The MVPE
process model is a specialized V-Model for MBSE. Adopting
product architectures used in engineering design, the MVPE-
Model also distinguishes between functional and physical
structures. These are extended to the following modeling
artifacts, which are established subsequently in the design
phase [20]:

« Requirements (R)
« Functional (F)

e Logical (L)

« Physical (P)

The artifacts, also called R-F-L-P, allow for discipline-neutral
system descriptions in early development stages [20]. Yet,
the concrete relationships are not defined in the MVPE-
Model. Moreover, functional modeling is not integrated into
SysML by default. Thus, methods for functional modeling
techniques such as functional architectures for system (FAS)
have been developed [21]. Such modeling techniques are
usually supported by customizations of the SysML. This can
be achieved by SysML-Profile in which additional, more spe-
cific elements are specified based on the existing objects. An
approach to simplify the SysML is given by the Friedenthal
et al. with the SysML-Lite’. In SysML-Lite, the number of
diagrams is reduced significantly and functional modeling
is realized by using the SysML activity diagrams [18].
The scheme of functional modeling in relation to physical
components is shown in Fig. 2. Functions are represented
by the ’activity’ element in SysML. The allocation to the
physical components is achieved by activity partitions. As a
result, both functions and their related components can be
shown in a single diagram.

III. OBJECTIVE

The aim of this paper is to show a generic approach
using SysML to increase the understanding of complex
products as they can be found in Industrie 4.0. This shall
be done with a particular focus on the mechanical domain.
The models created shall enable the traceability of customer
requirements down to the component level. Furthermore,
the model shall facilitate the application of methods and
tools from engineering design such as DSM and modular
architectures. This shall be done with a particular focus on
simplifying the given tools and providing a framework for
intuitive application.

IV. A METHOD FOR OPTIMIZING PRODUCT
ARCHITECTURES USING SYSML

The method for making existing products accessible for
SysML-based optimization and analysis consists of a high-
level macro cycle, a SysML-Profile and a reference model.
In the macro cycle, the overall approach with the model-
ing artifacts is determined. The SysML-Profile provides a
customization of the SysML for more intuitive modeling of
objects in mechanical designs. With the reference model,
a generic framework for modeling is given, showing the
possible relations between elements.
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A. Macro Cycle

The macro cycle of the methodology (Fig. 3) resembles
the generic procedure of modeling with its key modeling
artifacts. Herein, an existing reference product is used to
create a reference system model in SysML. This is done by
transferring the existing physical product structure to SysML.
Additionally, the model is extended by a functional structure
and a requirements model. Together the modeling artifacts
form a reference model, which can be used for creating new
product variants or generations.

B. SysML Profile

The SysML profile shown in Fig. 4 customizes the SysML
for modeling physical product structures. In SysML, ’blocks’
are commonly used as modeling elements to represent such
structures. Yet a block is an unspecific element, which may
represent a system, sub-system or any other object of interest
[22].

Therefore, with the profile, specialized blocks are defined
in relation to typical physical structures of a product. As a
result, the composition of a product as defined in the bill
of material (BOM) can be represented. This is achieved by
introducing new blocks of the type ’product’, ’assembly’
and ’component’. For further specification, attributes such
as item- and material number can be assigned to the blocks.
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The hierarchy in the BOM, however, lacks the relations
between components which are necessary for analysis. For
this reason, ’features’ and ’interfaces’ are defined in the
profile. The *feature block’ shall represent mechanical joints
as part of an interface between two components. Such
features may be all kinds of mechanical design features such
as latches, grooves, etc. Interfaces are modeled as association
classes, which allows for further specification and allocation.
Interfaces may be either dynamic or rigid connections that
can occur between two components.

C. Reference Model

The reference model shown in Fig. 5 provides a framework
for establishing product architectures in SysML. The left side
shows an assembly as part of a product. The assembly in this
case consists of two components. Each of these components
has a feature, linked with an interface.

For representing a physical-to-functional mapping, the *al-
locate’ relationship is used. This relationship can either exist
between the product and "main functions’ or components and
’sub-functions’. Each of the sub-functions must be part of a
main-function. The *main-functions’ allocated to the product
are generally independent from each other and determined
by the interaction with the user. User interaction with the
product is first defined in use case diagrams and refined
later on in activity diagrams showing more detailed flows of
functions. Functional flows are modeled separately in activity
diagrams according to Fig. 2.

In order to establish relationships between the products
architecture and requirements, the ’satisfy’ relation is used.
Since requirements can be adressed to either product func-
tionality or directly to physical properties, requirements are
distinguished in functional and non-functional requirements
[23]. Consequently, a non-functional requirement can be
satisfied by the product, its assemblies, components or inter-
faces. Functional requirements may be satisfied by functions

is designed to provide a general purpose framework for
modeling by limiting the relations between the modeling
artifacts. This leads to a consistent model which enables
analysis later on.

V. RESULTS

As a result of the consistent modeling on the basis of the
reference model, various forms of analysis can be performed.
As an example, a DSM which shows the dependencies be-
tween two components can be generated automatically from
the model (Fig. 6). These dependencies shown in the DSM
are given by the specific interfaces between components. This
information can be used for further evaluation of adaption.
Additionally, the physical-to-functional mapping can be vi-
sualized in the form of matrices. Through this, products may
be optimized towards modular or integral architectures. The
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practical application of the modeling procedure has shown
advantages when single components have to be changed
according to the customer’s demand. In this case, the impact
of the change of one component on other components could
be anticipated saving time in development. The enhanced
traceability inherently provided by the system model has
also shown significant advantages of the model-based ap-
proach in comparison to conventional methods. Thus, the
approach helped to overcome the hurdles given by regulatory
constrains for medical devices.

VI. CONCLUSION AND OUTLOOK

This paper has shown a generic methodology for trans-
ferring existing product structures to a SysML-Model. With
the modeling artifacts of functions and requirements, the
physical structure of products could be extended for further
analysis. This has shown to be a suitable approach to
managing the high individuality in products that is demanded
by the vision of Industrie 4.0. It has been shown that limiting
the modeling elements and providing a framework assists
users with adopting MBSE in their workflows.

Despite the performed customization of the SysML, the
language still remains complex and intuitiveness of the mod-
eling process has yet to be improved. Since the demonstrated
approach focuses on the mechanical domain, the successful
application in interdisciplinary projects has still to be proven.
Using the SysML as discipline-neutral language generally
offers the ability to integrate the introduced model into an
interdisciplinary product specification.

Sate-of-the-art product lifecycle management systems
(PLM) provide interfaces for the exchange of product data
created by computer aided design (CAD) to SysML models.
This offers the possibility to automatically transfer physical
structures to SysML which could reduce modeling efforts.
Hence, further research is needed to investigate the potential
of the method introduced in this paper in combination with
PLM-Systems.
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