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Abstract 

Due to the rising multidisciplinarity and connectivity of products especially modular product families, a 

sophisticated handling of the information is crucial for reducing complexity during the development. System 

modelling techniques have evolved to assist engineers with managing information. However, nowadays, it is 

rarely focusing on modular product families. This paper introduces a meta-model based on an ontology, which 

improves the creation and management of modular product family and its occurring data. The meta-model is 

presented using the example of a Passenger Service Unit (PSU). 
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1. Introduction 
Due to the increasing customer and market requirements for the development of products, additional 

effort is required in structuring product architectures to meet these requirements (Mertens et al., 2022). 

The development of product families offers a suitable and validated approach to this challenge to achieve 

a more efficient implementation of requirements and needs from both a technical and product-strategic 

perspective (Simpson et al., 2005; Krause and Gebhardt, 2023). 

The development of mechatronic and cyber-physical products is increasingly relevant when considering 

developing such product families (Hehenberger et al., 2016). However, their variety- and collaboration-

induced complexity impacts the development itself and the preceding and subsequent phases of the 

product life cycle (ElMaraghy et al., 2012; Tomiyama et al., 2019). 

This increase in complexity means that the management and coping of the relevant data and its 

dependencies are becoming more difficult. A suitable framework assisting with the representation and 

data handling might improve this challenge, but likewise, it needs to consider the particular aspects of 

product families beyond simply mapping variety on a technical level.  

This leads to the overarching research question of how the representation of modular product families 

can be supported during their development. 

Based on previous experiences and works, in order to tackle this challenge of modular product families, 

an implementation applying systems modelling techniques to support the data handling stands to reason. 

At that, modelling product families need to consider the technical development background and the 

resulting complexity of the different product variants as well. 

It is proposed to incorporate a higher-level model that enables engineers to transfer even more complex 

products and their structures into the system model. This allows the models to be consistently and 

semantically unambiguous across development teams and product variants. The modelling of product 

families carried out this way increases the traceability, compatibility and collaboration capability of 
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development and further product life phases. A possible procedure for establishing a superordinate meta-

model for product families is described below. 

2. Research background 
In the following, the essential meaning and the difference of the concepts "product family" and "product 

line" are clarified and stated. Additionally, system modelling and the associated meta-modelling are 

described as the background of this paper. 

2.1. Product Families and Product Lines 

Several literature sources view the terms product family and product line differently. A product line is 

a product set that utilises similar application areas, functions and production processes. These are 

grouped based on operational or organisational aspects (Krause and Gebhardt, 2023). The company-

specific aspects considered are based, for example, on production or market considerations. The 

executing goal is to offer product families within the product lines tailored to the market and demand 

(Walden et al., 2015).  

In software development, the product line is often considered a generic term for developing long-term 

investments for software-heavy products. The similarities and variability in different software 

implementations are defined and recorded with the help of product line architectures. In addition, 

software product lines are often constructed using features and different member variants are defined 

by characteristics of these features. Hence, this differentiation is based on an external feature view 

(International Standard ISO, 2021). This contrasts with the product development perspective, which 

maps the variety of product variants within product families (Rommes and America, 2006). A product 

family is a set of different product variants of an application area or production process characterised 

by similar functional principles or technologies (Meyer 1997). 

From a technical point of view, the combined product variants are characterised by using many shared 

components and very similar designs or functions (Krause and Gebhardt, 2023). Product variants have 

the same basic functionality but fulfil at least one differing property (Franke et al., 2002). The resulting 

differentiation between the different product variants is represented in the internal variety. The internal 

variety describes the variety of components, products or processes that occur within the organisation in 

the product family. In addition, there is external variety, which represents the variety of products on 

offer, i.e., the product variants offered to the customer. When considering product families, it is 

important to ensure that the internal variety is as small as possible; otherwise, it implies variety-induced 

complexity in the whole product life cycle that must be avoided. A product family can be expanded so 

that the synergy between the modules used within the product family is significantly increased. In the 

resulting modular product family, individual product variants can be configured by combining 

individual module variants using standardised interfaces (Krause and Gebhardt, 2023). 

 
Figure 1. Difference between Product Line and Product Family (Krause and Gebhardt, 2023) 

An illustration of the different levels of product lines and product families is given in Figure 1. The 

exemplary Product Lines of Household and Professional Robots are separated from the Product Families 
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of Vacuum Cleaning and Dusting Robots. Those are subsequently split into different external product 

variants at the bottom of Figure 1. 

2.2. System-Modelling (as originated from MBSE) 

The modelling of systems is most prominently being used within the scope of Model-based Systems 

Engineering (MBSE), where the INCOSE describes it as "the formalised application of modelling to 

support system requirements, design, analysis, verification and validation activities beginning in the 

conceptual design phase and continuing throughout development and later life cycle phases " (INCOSE, 

2007). Specifically targeting the tasks of Systems Engineering (SE), it was established to cope with the 

challenging handling of information of increasingly larger and more complex products and projects by 

moving from document-based to model-based documentation. SE goes beyond the task of engineering 

or developing systems. Instead, it is an interdisciplinary approach that "means to enable the realisation 

of successful systems" and "focuses on defining customer needs and required functionality early in the 

development cycle, documenting requirements, then proceeding with design synthesis and system 

validation while considering the complete problem […]" (Walden et al., 2015). At that, it provides 

methodologies and specifically defined tasks for engineering these systems. It comes with much 

information that needs to be clearly defined and used across different teams and domains. 

With the application of system modelling, the information is handled in system models, often in the 

graphical form of models using the System Modeling Language (SysML) (NoMagic Inc., 2011). 

Specialised authoring tools allow for the easy creation of models and provide a single source of truth 

management for the modelled elements (Friedenthal et al., 2015). With multiple views representing 

different aspects of the system of interest, a clear definition and structure of the system can be created. 

Depending on the application, different modelling methods guide the user through the modelling 

process. However, these three pillars of modelling, "modelling language, modelling tool and modelling 

method," as described by Delligatti (2014), are not bound to the application, to the tasks and processes 

found in Systems Engineering. While this, then, strictly speaking, is no SE, thus, no MBSE, the evolved 

approaches can be transferred to tasks that face similar challenges. As the challenges regarding the 

handling of data can be found in many disciplines, today, System Modelling techniques are applied to 

many different applications and scenarios (Berschik et al., 2023). 

It should be noted that the product family itself is rarely considered in modelling. Influenced by software 

development, various approaches to modelling product lines are summarised in Product Line 

Engineering. There are multiple methods for extending SysML to include variety, such as VAMOS 

(Weilkiens, 2016), or special plug-ins, such as MBPLE (NoMagic Inc., 2023) or pure::varients (Pure-

Systems, 2023), which were developed for specific tools such as the CAMEO Systems Modeler by 

Dassault Systems. However, there is no superordinate modelling method for modelling Modular Product 

Families. 

2.3. Meta-modelling 

When applying system modelling techniques, the closest possible proximity of the models to the real 

conditions of the respective application facilitates the comprehensibility and usability of these models. 

Basing the actual models on a definition using so-called meta-models helps by allowing for some 

framework of available elements and relations. The meta-model provides a basic structure that facilitates 

the compatibility of the resulting models and ensures their re-usability. A methodical approach for 

creating this meta-model is to base it on a model-independent ontology based on the structures and 

definitions found in the real application. Such ontologies define common terminology for a specific 

scope like a system, perspective, domain or asset. With this definition, they can ensure that the same 

term is interpreted identically across stakeholders and that there is the same cognitive connection 

between the term and concept (Lehner, 2021). 

Regarding this, meta-models allow the transparent definition of the structure of knowledge within a 

subject and bolster the communication between involved people or even between people and machines 

(El-Haji, 2014). The modelling based on such an ontology-based meta-model supports consistent 

modelling across different people, teams and even projects. This improves the compatibility not only 

between different models but also between processes that need to work with these models.  
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A meta-model can be used to describe the syntax and semantics of a model. It is, in a manner, a model 

of a model. It represents and thus specifies the use of a model. Models, in particular meta-models, utilise 

the so-called closed-world assumption, i.e., everything that is not specified in the model is not explicitly 

defined and hence not available for further modelling. Furthermore, meta-models are prescriptive, i.e., 

they prescribe what the modelled world looks like. In contrast, an ontology is descriptive. It uses the 

open-world assumption and, thus, an under-representation as a stylistic element to describe the world 

for which it was created (Aßmann et al., 2006).  

It explicitly admits that things exist even though they are not defined in the ontology. This coherent 

creation of the models using methodically created meta-models is endorsed, especially when targeting 

comprehensive and dynamic systems that need to grow and are handled by different stakeholders. 

3. Methodology 
As explained in the research background, the term product family is rarely used in the modelling context. 

On the one hand, this can be attributed to the strong influence of the term product line engineering from 

software development; on the other hand, the topic of variety is regarded as a fundamental aspect and is 

therefore mainly considered. Due to the often-missing consideration of the internal variety within the 

conglomerate of product variants of the product family, variance in different technical solutions is not 

taken into account appropriately. Yet, this is very important for further consideration and the associated 

processing and complexity reduction within the product family. As a result, many development artefacts 

remain unrelated to the model and cannot be consistently mapped.  

As shown in Figure 2, the proposed approach is divided into four major steps. In step 1, the database on 

which the description is based should be collected. To do this, the data to be analysed must be defined. 

This can be done based on existing development data, which is prepared in such a way that in step 2, a 

visualisation of the required data and its connections is created in an ontology. The ontology is used as 

an interface to raise the data used to describe the product family to a more abstract level. With the help 

of this description, the development team can discuss whether all relevant data has been mapped and 

linked together. By using an ontology, everything that could be relevant can initially be included without 

a descriptive limit. This descriptive model can then be used in step 3 to create an initial version of a 

prescriptive meta-model. To do this, the syntax and semantics of a modelling language such as SysML 

are used to abstract the scope further.  

 
Figure 2. Approach to establish a modelled Product Family 

All fundamental data elements and their links can now be modelled in the meta-model in a prescriptive 

manner. The models based on this thus have a group of modelling elements that can be used to 

implement the description of holistic product families. Afterwards, step 4 of the system modelling can 

begin, and the system can be modelled based on the meta-model. Through the standardised definition 

of the data elements to be used, relevant views for product families can be derived based on the holistic 

meta-model. When analysing product families, the RFLP approach can be used as a basis. Thus, the 

various views that can occur during product development can be organised. (Eigner et al., 2014; Gräßler 

et al., 2018). However, other product family-relevant data must be categorised within the approach. 

These are, for example, the various elements that can be classified at the physical level of the approach. 

Not only parts and assemblies are introduced there, but also components; in other words, a further level 

of clustering is strategically selected for further consideration. These components are combined in 
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modules. If the different module variants are combined, variants are created that are offered to the 

customer, also described in (Berschik et al., 2022b; Krause and Gebhardt, 2023). A possible simplified 

concatenation of different data elements for modelling product families is given in Figure 3. It provides 

an excerpt of different data used in the methodical development of product families and displays them 

in the different clusters regarding requirements, function, logical constructs and physical structures. 

These four layers are essential for product family design because they consider and include the occurring 

variety and, thus, allow for strategic and holistic management of the product family. 

In the next section, the provided approach is applied to a realistic application example of a Passenger 

Service Unit Product Family.  

 
Figure 3. Possible simplified concatenation of data elements for the description of  

Product Families 

4. Exemplary case study 
An aircraft's cabin design is one of the main differentiators regarding an airline's competitiveness. The 

airline is, therefore, forced to guarantee its customers ever-better prices, greater reliability and better 

comfort. Digital services are also playing an increasingly important role in order to satisfy those 

demands (Berschik et al. 2022a).  

 
Figure 4. Passenger Service Unit built in the aircraft cabin 

One of those interfaces between the cabin and the passenger is the so-called Passenger Service Unit (PSU). 

The PSU is installed above the seat rows underneath the so-called Overhead Stowage Compartment 

(OHSC) - the hand baggage stowage in the cabin - in the PSU channel. Various service functions such as 

a reading light, ventilation and other display options are implemented on the PSU. In addition, safety-

relevant components, such as the emergency oxygen supply via oxygen masks, are installed in it. The 

oxygen masks drop down from the PSU in the event of a pressure drop. The PSU is highly individualised 

due to its interface with the passenger but offers a clear, functionally oriented modularised structure. 
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Figure 4 shows the PSU's installation situation in the aircraft on the left. On the right, an enlargement 

of the PSU is shown. It is clear to see that different functions are strictly differentiated in the design. For 

example, reading light and air ventilation are spatially separated. However, depending on customer 

needs, the PSU can also be offered in a different configuration. The resulting variants of the PSU are 

summarised in a product family and will be considered below as a case study. 

4.1. Data acquisition and preparation 

The product families are analysed based on existing parts lists, configuration tables and engineering 

bills of materials (EBOM). The relationships between the various components can be taken from the 

parts lists. The composition can also be further deepened using Aircraft Configuration Guides and 

verified using extracts from EBOMs. Furthermore, development procedures and standards for 

developing and certifying aircraft components were consulted and included in the development 

procedures analysed. To better visualise the PSU, Figure 5 shows a Module Interface Graph (MIG) of a 

simplified PSU with the components and flows used. 

 
Figure 5. Module Interface Graph of simplified Passenger Service Unit Product Family 

It should be noted that a PSU can consist of different functional areas. Depending on the design, these 

can, for example, provide the oxygen masks, the ventilation or the reading light. There are also so-called 

dividers, which provide areas without functionality. These dividers are used to change the distance 

between the modules to cope with the layout of the aircraft cabin. Different areas, which are also grouped 

as modules, have predefined interfaces to the installation channel, such as a standardised connector for 

the power transfer of the reading light. The modules exist in different module variants due to the 

attachment of different components, which can be combined into different modules. 

4.2. Ontology definition 

Once the development data and the existing documents have been analysed, an ontology is constructed 

from them. To do this, the data used was abstracted and linked to the data recorded for the development 

with the help of the development processes used. 

Various existing ontologies, such as the ACRE-Ontology (Holt et al., 2012), were used as the basis for 

the development data. Based on this representation, further data elements can be linked to the earlier-

mentioned RFLP clustering. In addition, the data relevant to mapping product families is supplemented. 

Figure 6 shows an excerpt from the product family ontology created for the P-level. 

The linking of the components that are organised within modules can be seen. Different modules form 

a variant, summarising different variants in a product family. Other data elements are not shown in this 

excerpt, e.g., development-related data such as working principles or functions, which are also relevant 

to the ontology.  
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Figure 6. Excerpt of established ontology for Product Families 

Meta-modelling 

The existing data can be transferred to the modelling environment based on the ontology. SysML is 

chosen as the modelling language for these purposes. The SysML profile mechanism is used to 

implement a meta-model for modelling product families. Cameo Systems Modeller by Dassault Systems 

is used as a modelling tool. It extends the existing SysML stereotypes to include the context of product 

family-relevant stereotypes. The modelling is applied to the introduced PSU. Modelling aims to provide 

easy access to modelling and the reuse of models that describe product families. 

To define the meta-model, the elements represented in the ontology are modelled in SysML as ontology 

elements, including their dependencies. These elements are stored in the Ontology - Definitions package. 

In the next step, all mapped ontology elements are linked to elements of the SysML. If elements already 

exist within SysML, they are connected to the OntologyElement with a representation link. New 

elements are added using custom stereotypes and linked to the respective OntologyElements as well, as 

shown by the red dotted line in Figure 7. For example, this can be the Component stereotype, which is 

referred to as a Component in the scope of the ontology. This generic description provides the base for 

numerous implementations of product families and can be reused or tailored accordingly. 

  
Figure 7. Excerpt of established Meta-Model with the representation of resulting stereotypes in 

SysML from ontology elements  

If some elements do not exist in the native SysML, these can be implemented in SysML using 

customised stereotypes. The implementation of custom stereotypes is modelled in Figure 7 using the 

OntologyElements already shown. As an example, it can be seen that a module consists of different 

components and is also applied in different variants. With the help of the red representation link, each 

ontology element is assigned a stereotype in the Custom Stereotypes package. These stereotypes are 

combined in the Meta-Model Profile. Thanks to this abstract description, it is also subsequently possible 

to clearly trace which elements have which links in the model. This results in a framework that can be 

used to model further application examples. 
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4.3. System modelling 

Based on the meta-model, the model can now be established using a modelling method. A range of 

modelling methods are available, such as SysMOD (Weilkiens, 2008) or OOSEM (Friedenthal et 

al.,1998), from which one can be selected to establish the basic information in the model. Creating a 

custom modelling method is feasible as well. The method is tailored using the meta-model in such a 

way that it is suitable for modelling modular product families. Hence, the product families of PSU can 

be modelled using the existing data. In the following, the basic modelling of the product family will not 

be discussed further. However, a possible further view, which can be used when dealing with modular 

product families, will be generated based on the underlying system model of the product family. The 

possible product family view discussed below is that of a so-called product catalogue. Traditionally, 

offer catalogues are prepared as printed books for the sales department. This catalogue will be generated 

based on the system model and used to select variants in this implementation. The basis for this is the 

implementation built on the meta-model, as this is the only way to ensure that the data is fully linked 

with each other in the previously defined manner. 

By holistically linking the development data from the requirements to the single variant in the product 

family, it is possible to access a single variant via a Meta-Chain through a targeted selection of customer-

relevant properties. The linking of data built up in the meta-model, see Figure 3, enables implicit access 

via the development data modelled in the different layers. The Meta-Chain is a tool to provide such an 

implicit connection via the modelled relations and connections between different data elements. This 

has the advantage that if development artefacts are changed, this directly affects the Meta-Chain and, 

hence, the selection. As no parallel model has to be created for the selection of variants, on the one hand, 

double work can be saved, and on the other hand, the single source of truth is maintained. 

 
Figure 8. Representation of an offer-catalog in two diagrams, building on the holistic system 

model of the Product Family 

A possible interface for the model is shown on the left in Figure 8. The various customer-relevant 

properties and their characteristics for the PSU are shown here. Exemplarily different kinds of Air Flows 

can be selected. Checkboxes can be selected and deselected to choose specific attributes of the product 

variants. In the background, the input is checked with the help of a plausibility check to see whether, for 

example, all properties have been selected or no property has been selected twice. If there is an error, 

the colour of the error is marked in red, and if it is a warning, it is marked in yellow. 

In the figure, all entries are green; hence, the selection is complete. Due to the traceability within the 

model, the selection determines which variant comes closest to the customers' needs. The above-

described Meta-Chain determines how many modules were implicitly selected for the different variants 

via the selected characteristic of the provided customer-relevant properties. This results in the relevance 

ranking, which is shown on the right-hand side of Figure 8. Here, Variant 7 of the PSU should be chosen 

according to the selected product properties. Additionally, all included modules of the variant are 
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displayed. Beyond the relevance ranking, further information, such as the selected variant's costs or 

weight, can be displayed. The explained product family view is completely built on the modelled system 

model. Only the two diagrams are additionally modelled. Therefore, the fundamental workload to 

establish such a view is minimised. 

5. Conclusion and outlook 
In Systems Engineering, the term Product Line Engineering is often used. This term is frequently 

associated with the mapping of variety. However, considering variety or variants is only a fraction of a 

product line's scope and should be linked to the term product family. Especially when developing 

different variants from a technical perspective, the term product family (engineering) is more 

appropriate. Product lines can be used more as a superordinate term for the organisational or 

management perspective. For example, to represent the consideration of different market segments. 

Accordingly, the contribution presented here introduces a methodical approach to creating a meta-model 

for modelling modular product families. Based on this, the product family system model can be used to 

create various additional views that profit from the holistic system model. One of these perspectives was 

presented based on the exemplary build-up system model. The methodical approach for creating a 

product family system model based on the introduced meta-model makes it possible to involve all 

stakeholders in creating this specific model. In particular, using ontologies to define the syntax in a 

meta-model supports establishing the underlying system model. It provides a tool for discussing the 

relationships between development artefacts more abstractly. The use case presented has shown that the 

use of a meta-model offers added value in the systematic preparation of a system model. It is, therefore, 

an assistance for modelling and leads to a reduction in later modelling time. By using the meta-model 

and the resulting implied syntax of the various development artefacts, holistic mapping and modelling 

are easier to implement. The resulting models are comparable and compatible as they use the same scope 

of data. This modelled data is more easily visible to all stakeholders involved via the meta-model and 

is, therefore, very useful as a basis for ongoing or new development. This means that models of different 

product variants can be merged into one holistic product family. Herby, the strategic management of 

modular product family is improved using the RFLP layers and the Meta-Chain. 

In addition, further work has to be done on mapping the product architectures of entire product families 

to provide additional views of the system model. Usually viewed from a technical perspective, the 

modules can be enriched with further information, particularly product strategy aspects. Parametric 

descriptions can also enable recursive calculations in the early design phase. Furthermore, the models 

can be further developed to validate and verify requirements inside the system model. 
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