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Abstract: This paper shows how a methodical development and configuration of modular product
family concepts and their effects on economic targets can be implemented in SysML. For this purpose,
different sources of inconsistency between different methodical tools are highlighted and the need
for research is shown. As a solution approach, a methodical framework is presented, which can be
used to implement product development methods for the developing of modular product family
modeling by means of Model-Based Systems Engineering (MBSE) in the modeling language SysML.
By applying the framework, it is shown on the one hand how a product family of vacuum cleaner
robots as a simple example can be modularized in a methodical, model-based manner. On the other
hand, a configuration system and an impact model of modular product families are connected with
the system model and applied to a product family of laser systems as an industrial use case. This
made it clear that the framework can be used to model various methodical topics of product family
modeling in a consistent manner, to enable higher-level analyses with the use of MBSE tools. This
can reduce errors, decrease effort and increase traceability across different methodical tools.

Keywords: model-based systems engineering; methodical development of modular product families;
modularization; platform design in industrial context; configuration

1. Introduction

Individual customer demands force companies to offer a wide range of products on
the market. This high external variety leads to a high internal variety, accompanied by
high complexity and high costs for companies. One possibility to meet this challenge is
the use of modular product architectures or platform designs, as they offer high external
variety with low internal variety. Several methods for the development of modular product
architectures have already been developed and applied, such as the Integrated PKT approach
for developing modular product families or the use of Design Structure Matrices [1,2]. The
selection of the most suitable method is decisive for the success of a company, since methods
have different effects on the target time, costs, quality and flexibility, for which an impact
model of modular product families can provide qualitative support [3]. In addition, a clever
configuration management of developed modular product families is becoming more and
more important, as it allows product variants to be efficiently configured according to
individual customer needs [4].

These different areas of methodical product development use different data and
information, which are often stored in documents or only implicitly. However, product
development is often document-based, which leads to problems like inconsistencies and
contradictions. An examination of documents across all life cycle phases, as is also required
for the link of an impact model, is more difficult. Also, links to external data, which are
required within a configurator, cannot be guaranteed. All in all, the problem is that there
is no support in methodical research for consistently mapping and linking the data that
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Section 2

occurs during the methodical development of modular product families [5]. Model-Based
Systems Engineering (MBSE) can be a solution, since it is suitable for modeling a consistent
and linked system model based on a formalized approach. However, the use of MBSE has
not yet been sufficiently researched within methodological product developing research
and, in particular, the modeling of product families and modularization has not yet been
implemented, and it is unclear what a modeling approach for product developing methods
should look like [5].

The aim of this paper is to show how tools and approaches of the MBSE can be applied
in methodical research for developing modular product families through a methodical
framework. It is applied exemplarily for one method and one application example and,
in the outlook, it is shown how further methodical aspects can be connected. A software-
supported implementation of a consistent data model using tools and approaches of the
MBSE can help here if all relevant information is used within a central system model.
Especially, the use of a model-based approach will be investigated, and the overall imple-
mentation using the modeling language SysML for the application to modular product
family design will be determined. By considering MBSE in the context of methodical
product development, it becomes clear how consistency can be improved and modular
design can be supported. In order to implement this, a meta model for product data is
developed and implemented through a framework, with which a continuous modeling of
the different frames becomes possible.

In Figure 1 the paper structure is visualized.

Research Problen’ Framework ® SysML-Model of Discussion and
Modular Product Outlook
* Modelling * Connected Family Design
Methods with model-based Section 5 * Reduced
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* Consistent of modular Validati inconsistencies
linkage of product el RE el f Further
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Section 3 Section 4 Section 6 Section 7+8

Figure 1. Structure of the paper.

Section 2 explains the state of the art of the relevant topics of methodical develop-
ment of modular product families, the configuration management and the Model-Based
Systems Engineering. In Section 3, the research problem and its approach are analyzed
and the research questions are presented. Section 4 shows the research framework for
the connected model-based development of modular product architectures to support
the methodical product development with MBSE. The resulting product model for the
methodical development of modular product families, and its implementation using SysML
using the example of a product family of vacuum cleaning robots, is shown in Section 5.
Two different application examples are used here to illustrate the use in different industrial
sectors. Section 6 shows the extension of the data model by the topics of the impact model
and the configurator system, using the example of a laser system. This article concludes
with a discussion in Section 7 and the summary in Section 8.
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2. State of the Art

In this section, the basics for the methodical development of modular product families,
the configuration management, the consistency management and the MBSE are briefly
explained. These relevant topics are shown in green in Figure 2.

Section 2.1 Section 2.2 Section 2.3

Modulari-
gyl Configurator Impact Model

zation data data
methods data

Figure 2. Overview of the addressed methodical areas.

Within the three methodological topic areas (shown in green and explained in detail in
Sections 2.1-2.3), the associated unlinked data and documents are indicated in grey. These
data are not only unlinked within a methodical subject area, the link to the other areas
is also not provided (represented by the black bars). To solve this problem, the basics of
MBSE and consistency management are explained in Section 2.4.

2.1. Methodical Development of Modular Product Families

If a high level of variety is desired by the market, this is associated with a growing
internal variety, which results in high complexity costs and an immense effort. One solution
to this conflict of objectives is modularization or platform design in product develop-
ment. Modules are understood to be units of observation. Very often, functional units
are understood by this. However, modular product architectures hold potential above all
when product structuring which is not only based on technical-functional aspects, but also
takes into account product-strategic and organizational aspects of different life phases [1].
Modular product architectures are often used to reduce internal variety when external
variety is high. In the literature, different methods for the development of modular product
families are presented [1]. Min et al. analyze the lowest level of system decomposition
for modular system architectures [6]. Design Structure Matrices (DSM) [2] and structural
complexity management (MDM) [7] are examples of modularization through technical—-
functional relationships. According to Stone, module formation is based on the flows
between functions [8]. Otto et al. show how to build modularity based on fields. There-
fore, the authors work out how the integration of fields supports the designer in product
development [9]. Modular Function Deployment [10] is an example of modularization
according to product-strategic aspects. The focus here is on the building of modules based
on the so-called module drivers. An example of a module driver is the “common unit”.
This means that all components, which may not only be contained in one product variant
but in several, are grouped together in a module. Thus, this module could be standardized
across a product family, which brings complexity-reducing economies of scale. Baylis et al.
presented a method for product family platform selection with a balance of commonality
and strategic modularity. For this, they use a Pareto front of maximum commonality and
strategic modularity [11]. Chen et al. presented a Decision-Based Design approach for
complex decision making in product family designs [12].

The Integrated PKT Approach for developing of modular product families combines
the two strategies, technical-functional and product-strategic modularization, and contains
numerous methodical units to reduce internal variety, while external variety is not compro-
mised [1]. Design for Variety brings a product family closer to the ideal of a variety-oriented
product architecture. Such product architecture represents an ideal starting point for the
application of modularization strategies. The first step is to analyze the existing external
variety of a product family using the Tree of External Variety (TEV). It includes the char-
acteristics of the variant product that are relevant for customers and the product variants
offered (see Figure 3, top left). The internal variety can be analyzed using the Product
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Family Functional Structure (PFS) and the Module Interface Graph (MIG) for the variety
of components and connection sequences (see Figure 3, middle). The components receive
their shape from the existing physical product, and are displayed in the color scheme. The
variant components are colored grey, while the standard components are colored white.
The Variety Allocation Model (VAM) contains this information in a form that shows the
relationships between the differentiating characteristics, functions, working principles
and components (Figure 3, top right). In the VAM, all variety problems are identified,
and solutions for an optimized variety product family are found, which may lead to new
product architecture [1].

Tree of external Variety (TEV) Product Family Function Structure (PFS)
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Figure 3. Schematic illustration of Tools of the Integrated PKT Approach for developing modular
product families, based on [1,5].

Based on the variant-oriented product architecture through the Design for Variety,
the Life Phase Modularization is based on a harmonization of different modularization
concepts of individual life phases. For this purpose, a DSM, or the heuristics according
to Stone, can be used for the technical-functional modularization, and network plans for
all relevant product life phases can be used for the product-strategic modularization on
the basis of module drivers (see Figure 3 bottom left). The set of module drivers used here
represent a further development of the module drivers according to Erixson. Especially,
the characteristics of the individual module drivers, which should explicitly adapt the
generic module drivers according to Erixson to the application, play a major role. In the
Module Process Chart (MPC) (see Figure 3, bottom right), the different modularizations are
combined and harmonized in order to develop alternative concepts that meet the needs of
all phases of life [1,10].

The data of the numerous visualizations and analysis tools are continuously developed
and supplemented in an iterative process. The data preparation is complex, especially if
you consider a whole product family and not only single variants [1].



Systems 2023, 11, 449

50f22

As already described, there are different methods of modularization in which different
data and information are used. In general, development methods can be represented
as processes that have an input and an output [13]. Depending on which method is
considered, different inputs and resources are needed for the implementation of the method.
For example, for the application of Stone’s method [8], a functional structure is used as
input. Other methods start directly with the product architecture, such as the Life Phase
Modularization of the Integrated PKT approach [1].

2.2. Effects of Modular Product Families

With the help of different modularization methods, concepts for the modular design
of product families can be generated. Different methods lead to different results, even if the
input is the same. To confirm the statement, the same methods were applied for the same
input and the differences were shown [14,15]. For the final concept selection, the effects of
these concepts represent an important evaluation support. In order to describe the effects
of different modular product architectures, the product architectures themselves must first
be described.

Modular product architectures can be described according to Salvador [16]. The two
main characteristics are common use and combinability. Common use describes the use of
a module in several product variants. Combinability allows different product variants to
be configured, similar to the modular principle [16].

Hackl has collected the different effects in all life phases of the common use and the
combinability of modules in modular product families, which can be found in a broad
literature study [3], and then presented them in an Impact Model of Modular Product Families
(IMF). An example of a connection represented in the impact model is that, in a variant-
oriented and modular product architecture, the part numbers can be reduced, whereby the
procurement lot sizes increase. By the increase in the procurement lot sizes, the procurement
conditions can be improved, which affects the process costs positively [3]. Further effects
are listed in the indicated literature. In further research, modularization methods were
linked to the impact model of modular product families. Thus, the effects of different
modularization methods and their results can be shown. The impact model can be used to
compare the effects of different concepts. By showing the economic impacts, a decision for
or against a concept is reinforced. The literature-based content of the impact model was
validated in various survey-based and interview-based studies, which strengthened this
model [1,3,5].

2.3. Configuration Management

In general, configuration management is regarded as the task of using existing (mod-
ular) architectures and combining them according to specific underlying requirements.
Configuration systems are, therefore, essential for mastering comprehensive product ar-
chitectures [17]. Liebisch describes the configurator as a tool for optimally matching
specific customer requirements with a suitable product variant [18]. Since customers do
not purchase customer-relevant features, but decide on variant features based on them,
a configurator’s task is usually to process all the information between the customer’s
requirements and the BOM, i.e., to perform a kind of “translation” [19].

Pakkanen et al. shows a brownfield process for modular product family development
aimed at product configuration. Therefore, the authors present a method which the aspects
of include partitioning logic, a set of modules, interfaces, architecture and configuration
knowledge [20].

2.4. Consistency Management and Model-Based Systems Engineering

A system is considered consistent if it does not contain any contradictions [21].

Finkelstein et al. show that overlaps occur when multiple people work on a system [22].
Consistency can be achieved by using clear version management, a common data model
and strict access rights [23]. Only if a model respects the formal system, the designer’s
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preferences and the laws of nature, is it useful [24]. According to Stachkowiak, a model is
an abstraction of reality, which has three characteristics [25].

Since product generation development plays an important role in methodological
development, version management is also important in this context. It is necessary to
identify which version currently represents the correct one [26]. This problem proves to
be even more difficult in the further development of modular product families. If a new
module is to be added to the existing modular product architecture, compatibility must
be checked, and also whether the module already exists. However, consistency testing is
more difficult with modular kits than with product architecture without variance, since
there are many more dependencies than in the description of the product variants, and it is
no longer manageable without software support.

In the context of product development, the models can be divided into those that
represent the process and those that represent the products [27].

The MBSE is defined as support for the formalized application and modeling of
systems, and is thus part of the Systems Engineering [28].

With MBSE usually being considered as a competitive branch to using PLM systems,
the following paragraph examines the differences and commonalities in the use and field of
application for these two data management systems in a detailed way. However, it is often
problematic that the data formats of the individual subsystems are not always compatible,
so that the ontology is not guaranteed [29]. Here, the use of MBSE can help, by using the
underlying semantic language SysML. It is based on nine diagrams, five of which are used
to create a structure like a block definition diagram (BDD), and four to create a behavior like
an activity diagram. The BDD is used to represent the structure of the system, where the
system elements are represented as blocks and their connections can be the generalization
or directional composition [30].

Until now, a physical item hierarchy was created using the bill of material (BOM), on
the basis of which different models from different subsystems were combined. The MBSE
now opens up the possibility of efficiently using structural and behavioral information,
as well as abstracted links to merge individual models into a coherent meta model [31].
In addition, requirements can be linked to individual product architecture elements, i.e.,
boundary conditions or links can be provided for components and modules, such as those
specified by the MIG in the Integrated PKT approach [1].

Furthermore, MBSE allows the integration of individually adapted, but nevertheless
compact, models and methods into the existing data structure. Eigner et al. show that pure
PLM systems have strong limitations in terms of openness and free programmability [32].

Therefore, we consider the use of MBSE not as a replacement, but as an extension of
already existing PLM systems [4], which is also supported by Sendler and Weilkins, who
describe the linking of PLM and SysML as the basis for data consistency, in that not only
the geometry and structure of a product are managed, but also its logic and functions,
which are the requirements behind this system [33]. Above all, the forward and backward
integration of all systems is one of the greatest benefits created by MBSE. On the basis of this
object-oriented modeling, logic and function can be mapped in addition to a representation
of geometry and structure, as they can be mapped in a classical PLM system, for example.
The use of MBSE thus opens up the consistent integration of the ontology of modular
product architecture. Thus, validations of the individual models can be carried out one
below the other, to ensure a continuous consistency of the data even during versioning or
adaptation of the models [4].

Albers et al. show how the model-based systems engineering approach (MBSE) can be
used to model the complex real-world problem of vehicle kits. The aim is to investigate the
potential in this context, how modular kits and products can be efficiently modeled and,
finally, how MBSE can support modular design [26]. Bursac defines a framework for the
use of MBSE for the development of building kits in product generation development [34].
Scheerer investigates different modeling methods for the development of modular kits
using the example of hybrid powertrains [35]. Stirgwolt shows an integrated approach for
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developing modular systems based on SysML ontology [36]. Weilkins describes the model-
ing of variants using MBSE by variation points, variant elements, variant configurations
and variant boundary conditions [37]. Kim et al. show a modeling and evaluation process
to analyze the architectural complexity of product families using DSM [38]. Reid et al.
show the impact of product design representation on customer judgement [39]. Hvam et al.
show a procedure for building product models that contain knowledge and information
associated with products in different phases of their life cycles [40]. Gréfler et al. present
a methodology to support engineers in developing certification-compliant effect-chain
models [41]. For the support of variant management in the automotive industry, an MBSE
based approach with SysML is also presented [42].

3. Research Problems and Research Approach

In the methodical development of modular product families to reduce internal variety,
data and documents of different variants must be considered in different steps of the
methods. At the same time, information available in companies on the effects of modular
concepts, as well as an effective configuration system, must be considered, and a compre-
hensive linkage must be ensured. Since this is only insufficiently possible so far, an analysis
of possible inconsistencies will be shown here as a basis for the modeling. Different types
of consistency can be considered.

Possible sources of inconsistencies in the methodological development of modular
product families in this context are shown in Figure 4.

-
1
BMC Company Data BRC  Real System I
|
I, |
Network W Company Cruesglc:ir:"\ee_r Final |
Plan I | targets T Product |
|
I, I
| |
: |
Design Modular I I CAD Configu-
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I, |
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— - . . S S e e e e e e e e s ol
— Sources of inconsistencies
WIM  Within models BMC  Between methods and company data
BMO - Between models BRC Between real System and Company Data
BAP By the Application BPI Between Persons involved

Figure 4. Considered inconsistencies, based on [5].

On the left side, the methodical tools are shown, whereas in the middle, the documents
available in the company for the development of real products (right side of Figure 4) are
shown. The MIG is shown in the upper left corner, where the components, their position,
the type of variance and the flows are contained. In the DSM, modules are formed based on
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the couplings between components and thus support a technical-functional modularization.
The MPC can be used in combination with the product strategic modularization, in which
the components are combined into modules within each life cycle phase from the Network
Plans, thus supporting harmonization [1]. Common to these four models is that they all
contain components that are used at different points in the methodical procedure. However,
there is no adjustment of the component types, which can lead to errors, especially when
changes are made. Large product families are difficult to map. In the literature, the limit
for the existing document based approach of the Integrated PKT approach is indicated at
about 80 components [5].

A configurator system can access the network plan on the one hand and the customer
requirements on the other hand, which is why inconsistencies can occur between data on
the research side as well as on the company side with linked models. An impact model of
modular product families uses, on the one hand, the modularization concepts created by
methods and, on the other hand, the effects on time, costs and quality, which is why there
should also be a continuous link between these tools.

To illustrate the problem, the application of the document-based Integrated PKT
approach is shown here as an example. To determine the number of possible inconsistencies
and thus errors, the Gaussian summation formula can be used. For this purpose, the
inconsistency index (IQI) is introduced here. This tells us how many possible inconsistencies
can occur when using this method and, thus, how many errors can occur in the application.
The number of the individual elements, n, says in how many documents an element occurs.

IQIG:(n—l)xg

So, for example, for the element component, the index can be determined. The compo-
nent occurs in four documents (MIG; VAM, MPC, network), so the index IQI is equal to 6.
This number with the real number of components for an application example then results
in the real number of inconsistency sources and thus error possibilities. The following
formula can be used to calculate the real sources of inconsistency for the application of a
method to a product family:

I QI R=2ZXx1I QIG

where Z stands for the number of components actually occurring in the product.

As already described, the consistent management of such complex and diverse data
systems and structures is one major task of modern product architecture development. Es-
pecially, the management of different data types and the forward and backward consistency
is considered the main issue within this area.

One approach to solve these problems is MBSE, since the problems described above
can be reduced or even avoided by consistent data storage and consistency checks.

As already described, the concept of MBSE can offer one possible solution to address-
ing these major challenges of data management and consistency. The literature analysis
shows that there are many individual contributions to the topics, but MBSE and modular-
ization are almost not linked at all and, if they are, it is not clear how to move from one
to the other and how to link different methodical aspects together. In the use of MBSE,
advantages are thus possible, whereby an application to the methodical development of
modular product families could solve the challenges described. However, since, as already
mentioned above, MBSE is originally intended for the SE, adaptations of the tools of MBSE
are necessary here and a methodical approach is needed.

It becomes clear that the relevant research topics of methodical development have
not yet been linked, and MBSE was rarely used for the methods for the development of
modular product families. Therefore, in this paper, we focus on two specific problems,
which are reflected in the following research questions:

1.  How can methods such as those used to develop modular product families be modeled
and applied in a systematic way in MBSE, so that added value can be achieved?
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2. How can different methodical aspects be consistently linked with each other in an
MBSE model?

To make this possible, the gap between the methodical product development view
from the design methods area and the modeling view from die MBSE area should be closed
by a feasible framework. In particular, the question of how these different data sets of
the three considered areas can be used and linked in order to make efficient use of the
corresponding synergies.

4. Research Framework for the Connected Model-Based Development of Modular
Products Architecture

The literature analysis in Section 2 has shown that there is no description for how to
move from method models to MBSE application. In order to solve the problems described,
the associated research procedure is presented here.

Based on the problems analyzed in Section 3, the following requirements for the
methodological approach have emerged:

o  The procedure should consider and be able to model methods;
Both static and dynamic models should be modeled, since methods contain both tools
and a procedure;
A link to real product data should be possible;
A model should be adaptable and extendable with the procedure;
e  Further methods and methodical data should be linkable.

For this purpose, a developed framework is presented, in which the steps processed
in this paper are shown in Figure 5.
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Figure 5. Framework for a connected Model-Based Development of modular Product Architecture.
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In Figure 5, different modeling strategies are shown in the rows. The columns show
the modeling procedure for the methodical case. The specific coupling or procedure
step between individual elements is illustrated with the different arrows. In the general
approach, methodical activities and tools are divided into a process and a product view.
In this paper, the focus is on product view (highlighted in gray). In the columns, different
levels of view for the linked model-based development of modular product family are
visible. The first column schematically shows the modeling of a continuous process model,
which is not considered in this paper. The process model should be linked to the product
data model.

The first level shows the existing methodical data and documents for the product
development context. The first step in this approach is the structuring of these methodical
data and documents. For this purpose, the available literature is analyzed, correlations are
recognized and approaches to the solutions are identified. The insights gained from this
analysis help to structure the data. An abstract meta model (level two) is needed, in which
the basic data and their interrelationships are analyzed and represented on an abstract
level. Next, this meta model can be implemented in SysML, which creates a basic system
model in which the individual models and model elements are modeled consistently but
also abstractly (level three). For evaluation purposes, this model should then be filled with
a use case where the advantages of the SysML model can be used (level four). Further
software can be integrated by interface programming, as shown on level five.

The focus of this paper is the consistent modeling, implementation, and evaluation
of a product data model for the topics, and methodical development of modular product
families, configuration systems and impact models of modular product families. For this
purpose, the framework for the product view is detailed for the three areas (see Figure 6).

The basis for this is the product data model of modularization methods, which is
presented in Section 5. Its implementation by means of the MBSE is carried out in a SysML
basic model, whereas one exemplary use case for a product family of vacuum cleaner
robots is shown in Section 5. The meta model of product data for the configuration system
and the impact model are linked to the meta model of the modularization methods, and
are described in Section 6. Their SysML Basic Models and their application for a product
family of laser systems are also described in Section 6. Further product data can be linked
in the future (see Figure 6, right).

The first step is the analysis of the existing literature in order to identify the corre-
sponding modularization methods and their data correlations (colored in green). This is
necessary for data structuring, and can be represented with an abstract data model on the
meta model level. Here, the Integrated PKT approach (explained in Section 2) is used. On
this basis, the modularization methods can be implemented using SysML-based software
like the Cameo Systems Modeler (Cameo Systems Modeler from No Magic, Version 19.0)
with SysML version 1.6. To understand the methods, the vacuum cleaning robot can be
used as a simple explanation example. The resulting findings help to support the discus-
sion and form the basis for iterative further development of the model. The first step of
the analysis is especially relevant by comparing the model-based and the PowerPoint-
based implementation of the methods. Furthermore, the abstract data model of the second
step can be supplemented by the findings of the SysML-based implementation and the
improved analysis.

The transfer of SysML models into industrial practice is difficult. Nevertheless, re-
searchers agree that with the support of MBSE, problems in companies, especially chal-
lenges posed by industry 4.0, can be solved. [43]. The integration of SysML models into
industry has already been studied by other researchers [44]. Among other things, design
thinking seems to make sense as an option for knowledge transfer and thus enable a
user-centered MBSE [45].

In Sections 5 and 6, the approach of the framework is validated on the basis of two
application examples.
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Figure 6. Detailing and proceeding of the framework for consideration of different methodical areas.

5. A Product Model for the Methodical Development of Modular Product Families,

and Its Implementation Using MBSE

Within the context of design methods research, validation can be carried out with
regard to applicability, usability and usefulness, according to Blessing and Chakrabati [46].
Pedersen et al. [47] and Olewnik et al. [48] also show how validation can look in the field of
methodological product development. In this paper, the focus is on validation in terms of
applicability. For this purpose, the framework was validated using the method Integrated

PKT Approach and two product examples in Sections 5 and 6.

This section shows the meta model of product data for the development method inte-
grated PKT approach as a result of the data structuring and its implementation with SysML.

5.1. Analyzing and Structuring the Data of the Methodical Product Development of Modular

Product Families in a Data Model

The analysis of the data correlations motivated in principle that a data model can be
used to minimize sources of inconsistency. A consistent data model should be designed to
use the data correlations as comprehensively as possible and to consider all aspects relevant
for the development of modular product families. Different types of consistency should
be taken into account to enable the most effective model-based support of methodical
product development. Especially, inconsistencies between single models as well as within
a model should be addressed. Due to the often-iterative nature of methodical product
development, data modeling must also ensure that changes are as easy and error-free as
possible. Redundant information should be identified and eliminated, and networking
between different data should be possible. The deposit of a data model is important when
the data connections become so extensive that they are difficult to handle. This also includes



Systems 2023, 11, 449

12 of 22

the fact that data from different domains are present in the data contexts. An example
of this is the use of data models to investigate the effects of modularization of product
families. Also, here already different data are used like, for example, product architecture
data, components and modules, and also functions. The possibility of interface modeling
can be of particular importance here if external models and systems are to be linked, as is
necessary for a configurator system.

Here, the methodical development of modular product families of the Integrated PKT
approach is used as a basis. The focus here is on the two methodical units, Design for
Variety and Life Phases Modularization. Their sub models were examined to determine
what types of data and links are available and the different hierarchical levels. The links
are not exactly defined in the data model, in order to remain as solution-neutral as possible
when implementing the modeling software. Subsequently, the data structure is created, in
which the relationships and elements are linked and mapped. Figure 7 shows schematically
the data structuring of the analyzed methodical product development data for a product
data model. Within the framework of modularization, components can be formed from
the assemblies and parts by decompensation, which form the basis of the methodical
procedures. These are used in the VAM and MIG in the context of Design for Variety,
whereas they are used in DSM, network and MPC for life-phase modularization. The
overlapping areas of these sub models are thus the components, since they each exist only
once. Changing an element in one partial model results in the same element being changed
in another partial model.

Modularization methods data

Tree of

external

Variety
(TEV)

I_Meta Model of Product Data for the Basis of the Integrated PKT Approach |- ===1

TEV Product Customer Rel.
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Fuhction Interface Allocation Network Process
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| |
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Figure 7. Data structuring of the analyzed data for modularization methods in an abstract data
model, based on [5].
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Each data element (such as the components) is created only once and can be used from
the centrally stored location in multiple partial models. All data elements can appear in
different versions during the application of the product development method. In order to
represent this, different layers have been selected in the data model [5].

5.2. Implemented Basic Model for Methodical Modularization in SysML

For the methodical product development of modular product families, an implementa-
tion of the basic model in SysML is shown here based on the data model for the Integrated
PKT approach. The basic model in Figure 8 is intended to serve as a template for the
model-based implementation of a concrete use case.

SysML-Basic model of modularization methods in Cameo
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Figure 8. Section of the meta model of product data (left) and its implementation as basic model in
SysML (right) for the Design for Variety.

Figure 7 shows a section of tools for variant-oriented product design (VAM, PFS and
MIG) of the Integrated PKT approach for developing modular product families. On the
right side of Figure 8, the containment tree of the SysML model is shown, on its top level
below the data all used model elements are found. These include the components, which are
stored centrally here and are used in the different models (MIG, VAM, PFS) (marked orange)
or the functions (marked black). This ensures consistency, since changes to a component or
function are automatically changed in the models in which they are used. Furthermore,
the variance reference is highlighted in color. In addition to the data describing a product
architecture (functions and components), other data required for methodical product
development (such as requirements and customer-relevant characteristics) are also stored
here [5]. For the MIG, an internal block diagram is used, since it can represent different
kinds of flows between the elements (in these case, components). The flows can be assigned
by the flowports of the individual elements, and the flows can be visualized thereby.
Furthermore, the VAM was modeled. Since different data are linked together here, a block
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SysML-Basic model of modularization
methods in Cameo

definition diagram is also useful here. In the PFS, the different data types, function and
state are connected with flows. In SysML, there is the activity diagram, where the definition
of the activities resembles those of the flows. Therefore, an activity diagram is selected
here, where the functions are defined as stereotypes and the states are also shown. Since
different data are linked together in the VAM, a block definition diagram is also useful here.
The tools for life-phase modularization can also be modeled with block definition diagram
for the network plans and the MPC.

5.3. Using the Basic Model to Develop a Vacuum Cleaner Robot Product Family

To fill this basic model in SysML with data from a use case and to develop a modular
product family, a product family of vacuum cleaner robots was used. The product family
consists of four variants and includes a total of 29 components.

Figure 9 shows a part of the implementation using the Cameo System Modeler.

SysML-based modularization of product family of a cleaning robot
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Figure 9. Section of the model-based modular concept for a vacuum cleaner robot product family,
based on [5].

The Figure in the middle shows the section of the containment tree that shows a part
of the components. Thus, the component wheel motor, which is stored centrally there,
is used in the section of the MIG on the right. Simple graphics have been added to the
individual components to visualize the rough shape, and the colored flows are connected
to the components via ports. The variant components are colored gray, such as the wheel
motor. The flows are defined by different stereotypes.

Here, pictures of the vacuum cleaner robot were added to the individual elements
and colored flows (such as electrical power, mechanical power and information flow)
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are connected to the components. The flows were defined by different stereotypes. For
example, the electrical power between the wheel motor and circuit board is shown in red,
whereas the mechanical power between wheel motor and wheel mechanics is visualized
in purple on the right. Ports are used to illustrate the flow direction and the position of
the components. Furthermore, it is possible to insert legends in Cameo. In the lower right
corner, you can see the legends for the rivers with their color scheme and the components,
including the visualization scheme for the component type [5]. The Figure on the right
shows a section of the VAM, where, for example, the components stored centrally in the
structure tree are used and are linked to the variants of active components, variant functions
and the variants of customer-relevant properties, which are also stored centrally.

As shown, MBSE software like Cameo Systems Modeler is suitable to support the
data correctness of methodical product development. Since visualizations can only be
created in a limited way using SysML, images are integrated for the visualization, which
are created outside the MBSE software. For the visual effect for the MIG, the individual
components are drawn in Corel or PPT and then integrated into the data model, which can
be understood as the fifth level of the framework.

6. Extension of the Data Model with Data of the Configurator and the Impact Model
and SysML Application for Configuration and Its Effects

In this section, it is shown how the developed model for methods for the development
of modular product families can be supplemented by means of an impact model of modular
product families and a configurator system. In addition, it shows the external connection of
customer data to the data model for the use of the configurator system for the configuration
of product variants for laser systems. The modularization characteristics and their effects
are likewise used by an external connection to the business goals of the laser equipment
company for the use by means of the data model.

6.1. Connection of the Elements of the Impact Model and Configuration System to the Existing
Data Model

As a basis for the extension, the data model of the methodical product development
from Figure 7 is used. Their connection can be seen in Figure 10.

The relevant section of the data model is shown in the middle. The impact model
ties in with the data of the life phase modularization (orange connections). In it, the
characteristics of modularization are linked to the properties of modularization via the
effects with economic targets. Thereby, the characteristics of the modularization are linked
to the modules and components. The effects, in turn, are linked to the module drivers [5].
The effects are linked to the life phases, in the Figure Sales, Purchase, Development,
Production, Product and After Sales.

The configuration system also uses the data of the Life Phases Modularization of the
Integrated PKT Approach, which is made clear by the black connection. The data of the
components, modules, and their module driver characteristics are relevant here. In addition,
the customer-relevant properties must be taken into account. Since a configuration system
is classically the interface to the customer, the sales life cycle phase must be considered
as the most important one. On basis of the above, a data model on basis of an adapted
sales network diagram (CND = Configuration Network Diagram (CND)) appears to be
meaningful (see Section 2).
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Figure 10. Expansion of the data model of the modularization methods to include additional data
interfaces.

6.2. Generic Data Modeling for Configuration Systems

The following section describes the use of MBSE as backend for configuration systems
of modular product families. In this context, it should be particularly emphasized that
MBSE is not used as an individual method with a specific model, but is used as a dynamic
data basis via appropriately developed interfaces.

In order to build on the existing research results in the area of database and interfaces
for an MBSE-based configuration system, the MBSE environment is first described as a
configuration backend.

Modular, dynamic product configurators are described as absolutely necessary for
the generation and maintenance of increasingly comprehensive, multi-variant product
architectures [49]. Thus, explicit customer requirements can be optimally mapped to an
available product variant. However, it should be noted that it is usually not possible to
cover all customer requirements [18]. With customers of complex product systems usually
not perceiving their requirements as customer-relevant properties, but as specific needs,
and therefore expressing these requirements from the customer perspective, a configurator
generally has the task of processing all the information between customer requirements and
the bill of materials into the company perspective, which is a kind of “translation”. Two
interacting systems are used: the front-end, which is the user interface, and the back-end,
which provides the product architecture to the customer.

The MBSE now opens up the possibility of efficiently using structural and behavioral
information, as well as extracted links, in order to combine individual models into a
coherent meta model [4]. In addition, requirements can be linked to individual product
architecture elements, i.e., boundary conditions or links can be provided for components
and modules, such as those specified by the MIG in the Integrated PKT approach [5]. In
order to link defined modules with specific customer-relevant properties, the database must
be capable of recording requirement links and customer-relevant properties as qualitative
data and their quantitative characteristics in a structured and processable manner. The
necessity of the use of MBSE becomes even clearer when considering the most important
requirements for configuration systems: on the basis of a complete information system, it
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is important to enable consistent product configuration and the possibility of plausibility
checks. This can only be illustrated by using a suitable modeling language, as provided
by the use of a suitable MBSE tool [4]. This means that not only are the geometry and
structure of a product managed, but also its logic and function. On the basis of these defined
requirements, it is necessary to select a suitable data structure that can simultaneously
represent customer-relevant properties, modules, components and their individual links.

The configuration algorithm for this was developed generically in such a way that,
by accessing exported linkage matrices from the MBSE environment, these dependencies
are derived and applied dynamically during the configuration process. The configuration-
relevant data, such as material costs of the individual components, their delivery time
or the respective design effort, are assigned to the corresponding components after the
required module variants have been determined. Since this data corresponds to the indi-
vidual parameters of the components, which, when added together, result in a total value
when a module or product variant is put together, this data is attributed in the form of a
configuration value vector (CVV). This allocation, as well as the output of the relevant data
via the interface, is performed by using a recursively applied parameter diagram in the
MBSE environment. This so-called RollupPattern enables a fast, efficient, consistent and
generic data assignment and data extraction [4].

Figure 11 shows the generic structure of a Network Plan with the link to the customer
relevant properties and the product model for individually configurable laser welding
systems in SysML.
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Figure 11. The translation process between customer requirements and corresponding product
variant based on the MBSE modelled configuration network diagram, based on [4].

6.3. Data Model of the Impact Model of Modular Product Families

The impact model of modular product families is first analyzed, and then a basic data
model is developed based on this to show the relationships between the individual model
elements [48]. This data model is the basis for the modeling of the impact model of modular
product families in SysML.
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Combinability &

6.4. Configurability and Its Effects in SysML

The impact model of modular product families is a static model. Nevertheless, it
has been found in the past that some effects of the impact model of modular product
families are more likely to occur under certain company boundary conditions than others.
For example, a common parts strategy for a mass producer can have a significant impact
on procurement costs [3]. This, and other information, can be stored in the model-based
impact model of modular product families. This creates a database on the effects of modular
product architectures which can be adapted and is therefore no longer static [5].

Based on the basic model for the impact model of modular product families, its data
connections were modeled in Cameo using SysML. By modeling the data relationships in
SysML, different views of the relationships are made possible. Additional information can
be stored, such as applications of the generic Impact model of modular product families to
specific use cases.

To illustrate the dynamics of the model, it was adapted to the previously presented
application example: configuration of laser systems. In order to ensure configurability, the
modularization property combinability is of great importance. This is made possible by
the characteristics of interface standardization and decoupling. Combinability is an input
variable in the impact model of modular product families. In addition to the assumption
that combinability plays a decisive role in the selected application example, validations
were also carried out in the form of surveys with a manufacturer of laser systems in special
machine construction [4]. Developers were asked which effects of the generic impact model
of modular product families result from configurability in the company. This knowledge
was stored in the SysML model in order to strengthen the informative value of the model
in the future.

All the effects that can be achieved through combinability can now be shown in a
relation map (Figure 12). The Figure shows, so to speak, an excerpt with an impact chain of
the filtered impact model.

¢4} Ease of variant derivation & = 8 1160 Process time & >.T - Positive Impact -PD
4} Consumerbased configurability & = 8 Time for offer generations & = 84000 Process time & >.T - Positive Impact - SM
~ £} Postponement & = 83010 Lead time & =@ T - Positive Impact - Prod

Figure 12. Excerpt with an impact chain of the filtered impact model of modular product families.

7. Discussion

The comparison of the modeled methodical support, the impact model and the con-
figurator system show that an MBSE-based implementation is helpful for a networked,
methodical and consistent consideration of modular product families. The three research
fields of modularization methods, effects of modular product architecture concepts and
configurator systems can thus be related to each other, and their dependencies can be iden-
tified and utilized. Due to the systematic approach, starting with the analysis of data for
product structuring, meta data modeling, SysML implementation and the application for
modular product families, all essential data can be considered comprehensively. Thereby,
the validation regarding applicability has been achieved. In particular, consistent data
modeling reduces errors and keeps the effort for changes low.

In this way, the identified sources of inconsistencies could be reduced. With regard to
the components, six sources of inconsistencies were identified at the generic level in the pre-
vious document-based use of the Integrated PKT approach (see Section 3). For the product
family of vacuum cleaner robots with its 29 components, this therefore means a reduction
of 174 inconsistency sources occurring in the real application, and thus 174 possible errors
according to the formula.

IQIg = Z x IQIg =29 x 6 = 174
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where Z stands for the number of components actually occurring in the product.

Especially in methodical product development, many steps are performed agilely
in workshops, where a quick and easy change can be supported by the model-based
approach. In addition to the data relevant for the design of modular product architecture
for product structuring and functional analysis, product-strategic data such as costs or lead
time can also be managed, used and changed. The large amount of data, as mentioned in the
application examples, could be managed and processed in a comprehensible way within one
model. The software support enables the further digitalization of the product development
and simplifies the methodical product development in the future. Automation can also
be implemented through software support. A link to external software can also be made
possible by means of SysML-based software. By the calculations and analyses made possible
thereby, the model for methodical development of modular product architectures can be
further improved via a standardized interface, and thus methodical product development
can be supported even more. The same applies to the use of additional tools and diagrams
within the SysML modeling language, which can be used to add correlations that were
previously not available. Thus, the method user can be provided with additional support
tools and the results can be optimized. Several additional dependencies are visible due to
the consistent and cross-model modeling. In addition to the easier application of methods,
the data model also facilitates the transfer of methods. The sustainability of modular
product families can thus also be supported.

However, it was found that the implementation effort can be high and the procedure
time-consuming. If the goals are not sufficiently considered in advance, there is still
the danger that too much modeling will be performed and the work will be inefficient.
Furthermore, the comparison of the SysML modeled tools using PowerPoint-based tools
shows that the visualization possibilities are limited. With the framework presented, all
these activities can be performed within a networked approach. The various steps and
areas can be edited in both the vertical and horizontal planes, with their links visible. An
extension with further method modules can also be easily implemented and built on the
existing modeling and is supported by the approach of the framework.

8. Summary and Outlook

In this paper, it is shown how modularization methods, configuration systems and
the Impact Model of Modular Product Families could be combined in such a way that a
comprehensive and consistent modeling became possible. Therefore, the development and
configuration of modular product family concepts and their effects and linkages can be
implemented based on a methodical framework. It was used to implement methods of
product family modeling by means of Model-Based Systems Engineering (MBSE) in the
modeling language SysML. For this purpose, the state of the art was shown in Section 2
and, based on that, different sources of inconsistency between different methodical tools
were highlighted and, based on a co-citation analysis, the need for research was shown. The
application of the methodical framework was presented, as was its use for supporting the
developing of a modular product family of vacuum cleaner robots. Also, a configuration
system and an effect model of modular product families were linked by the MBSE and
applied to a product family of laser systems. This made it clear that the framework can be
used to model various methodical topics of product family modeling in a consistent manner.
This reduces errors, decreases effort and increases traceability across different methodical
tools. In the future, the other missing elements of the framework should be modeled.
Especially, the process model with the product data model should be supplemented to
improve the temporal consistency. Existing SysML models can be integrated more easily in
the future, to provide access to the corresponding data. In particular, the modeling of a user
interface is planned, which will make the method application more consistent and valid
with the existing industrial data. In addition to the two use cases shown, application in the
aviation industry is also planned, where approaches of MBSE have also already begun to
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be tried out. Since this paper has shown validation in terms of applicability, future research
would still need to verify the usability and usefulness.

The complexity cost analysis [1] and key performance indices should also be linked
to the product architecture data, since it is not only important for methodical product de-
velopment, but also supports the estimation of the effects of modular product architecture
concepts and shows the effective selection of configurations. The application of the frame-
work to other methodical aspects such as modular lightweight design can also support
consistent SysML modeling in the future [50]. This could further improve cross-method
data management and expand existing interdisciplinary SysML-based approaches [51].

At the product data level, the connection to a digital twin should be further researched
and implemented [52]. In this context, the application for aircraft cabin development
is particularly interesting, as the different challenges of variant management and data
management can also occur there, and initial approaches to the use of MBSE have already
been applied [53].
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