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Abstract— Model-based approaches such as Model-Based 
Systems Engineering (MBSE) are widely regarded as a necessity 
to enable and support the development of ever more complex 
Systems of Systems (SoS). A key to the application of model-
based development approaches in companies is the introduction 
of systems engineering architecture frameworks (SEAF) to 
structure the models of systems to be developed. This paper 
displays the research to develop a SEAF for SoS. Through 
workshops and interviews with 18 partners from industry and 
research, we derived perspectives to be considered for 
describing and modeling SoS. By analyzing existing SEAFs from 
literature we concluded, that not all perspectives we identified 
as relevant are covered by a single framework. Based on our 
research, especially the explicit consideration of SoS 
characteristics such as autonomy and interdependence, the 
integrated consideration of product, production system and 
validation system development, as well as consideration of 
different product generations and (re-)use of models appears to 
be not profoundly addressed. Advancing the state of research, 
we therefore propose a six-dimensional SoS engineering 
architecture framework to cover all perspectives we identified 
as relevant. The proposed framework can further serve as a 
reference for developers to derive and build specific frameworks 
tailored to their needs while at the same time supporting 
consistency, reusability and compatibility of the specific 
frameworks. The presented framework is an initial proposition 
which continuously being used and evaluated by its application 
to structure modeling for a variety of real systems from different 
industries. Insights from the application are fed back for its 
further development.  
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I. INTRODUCTION

Technology advances e.g. in digitalization are driving 
innovation and changing both, systems and the associated 
engineering. The continuous increase of hardware and 
especially software in systems increases the performance as 
well as the interconnectivity of systems, so that characteristic 

properties and behaviors may change over the lifecycle. 
Developing such systems requires powerful model-based 
development approaches that coordinate different 
perspectives from several engineering domains. In this 
contribution we outline an SoSE – System of Systems 
Engineering architecture framework, that includes different 
perspectives derived from the state of the art as well as needs 
from examples of industry partners to describe architectures 
of today’s and future technical systems. This paper is based 
on research conducted in the BMBF funded research project 
MoSyS. In MoSyS, 18 partners from industry and research 
aim at developing new methods and tools to support the 
development of technical systems and the associated value 
networks as parts of complex Systems of Systems. Therein, 
the harmonization of different aspects of engineering under 
the premise of human orientation is a focus. 

II. STATE OF RESEARCH AND RELATED WORK 

A. ASE - Advanced Systems Engineering

ASE is a guiding principle that will be essential for the 
successful design of innovative products, services and 
product-service systems and their development process in the 
future. The topics of Advanced Systems, Systems 
Engineering and Advanced Engineering are considered 
holistically and in an integrated manner. [1]  
Advanced Systems are intelligent, cyber-physical systems 
with a high degree of networking, autonomy and socio-
technical interaction and are mostly integrated into a larger 
system that provides capabilities that cannot be provided by 
a single system. Those Systems of Systems (SoS) come with 
new challenges that need to be addressed while developing 
tomorrows architectures [2]. Systems engineering is an 
approach that describes the collaboration of different 
disciplines and the handling of the associated complexity in 
project and organization [1]. The INCOSE – International 
Council on Systems Engineering, states, that the future of 



 

 

systems engineering is model-based [2]. In this 
understanding, the term Model-Based Systems Engineering 
(MBSE) is described as a formalized approach for creating 
consistent cross-domain system models to support in the 
areas of requirements management, analysis, verification and 
validation over the entire product lifecycle [3]. 
In addition, new technical and organizational trends in 
engineering are developing with Advanced Engineering, 
which enrich methods, processes, tools and work 
organizations with the aspects of creativity, agility and 
digitalization [1]. 
The SoSE Architecture Framework presented in this 
publication is intended to support the structuring of SoS 
models across domains and thus improve the handling of 
technical and organizational complexity in the context of 
systems engineering. 

B. System Architectures in Product Development 

According to ISO 42010, Architecture is defined as the 
"fundamental concepts or properties of a system in its 
environment embodied in its elements, relationships, and in 
the principles of its design and evolution" [4, p. 2].  
To describe an architecture, rules and principles need to be 
established that align to the needs of the applied domain and 
community of stakeholders [4]. When describing SoS in 
particular, it is important to use models as a basis for all 
engineering disciplines. Holt and Perry explain that an 
architecture has to follow an architectural design process and 
has to conform to an architecture framework for a defined 
purpose [5]. Therefore, the use cases and concerns of the 
stakeholders of an architecture must be evaluated as they 
determine the purpose of the architecture framework. 
Especially when using models, a framework should be 
established that uses an ontology and different viewpoints as 
described in [5].  
Therein, the ontology defines terms, concepts and their 
relations to form the basis for the language used for modeling. 
The developed ontology is used to customize and extend a 
general-purpose modeling language like SysML. The 
viewpoints use elements as subsets of the ontology to 
describe a “filter” for a specific modeling purpose. All of the 
used viewpoints are arranged in the model framework. [5]  
According to Gurbuz and Tekinerdogan [6] there are three 
types of architecture frameworks in the context of systems 
engineering.  

 software architecture frameworks (SOAF) 
 enterprise architecture frameworks (EAF) 
 systems engineering architecture frameworks 

(SEAF) 
While SOAFs focus on software architectures and EAFs, 
such as TOGAF or UAF, focus on enterprise architectures, 
SEAFs aim at supporting systems modeling covering all 
disciplines required for the engineering from a more focused 
systems engineering point of view [6, 7]. In this contribution 
we focus on SEAFs for multidisciplinary technical systems 
without describing organizational structures as in EAFs. 

C. Systems Engineering Architecture Framework  

In literature, several existing frameworks, that can be 
considered SEAFs, can already be found. A prominent 
representative of such a framework is the MagicGrid 
framework [7]. The MagicGrid framework can be 

represented as a two-dimensional matrix containing a set of 
views to structure a model and the corresponding modeling 
process. The two dimensions of the framework represent the 
domain (problem, solution, and implementation) as well as 
the so called “pillars” (requirements, structure, behavior, 
parameters, safety & reliability) for modeling a product. 
Similar frameworks can e.g. be found in the SPES XT 
methodology [8] or Capella (arcadia methodology [9]).  
While those SEAFs mainly focus on the modeling of 
products, the framework created in the project mecPro2 
targets the integration of product and production system 
modeling [10]. Further approaches for an integrated 
modeling of product and production system have been 
researched in the project I4TP [11]. In addition, a more high-
level architecture framework concerning production is the 
RAMI – Reference Architecture Model Industry 4.0 [12]. 
Using MBSE to support the validation of technical systems 
appears to be not profoundly investigated [13, 14]. A 
framework with characteristics of a SEAF, is the IPEK-XiL-
framework [15]. The IPEK-XiL-framework aims at 
supporting an effective validation by providing a framework 
for modeling a SiD – System-in-Development in interaction 
with its residual system, a user interacting with the system, 
the system environment as well as test cases to be performed. 
Therein, modeling can be performed over several system 
layers, from a system in its whole to individual working 
surface pairs. 

III. RESEARCH APPROACH AND RESEARCH QUESTIONS  

Analysis of the state of research shows, that the development 
and use of SEAFs is being pursued for various use cases. 
Those frameworks should support a consistent modeling and 
description of systems of the domain they are stemming from. 
However, a comprehensive SEAF covering aspects of 
product, production system and validation system description 
in an integrated manner appears to be missing, even though 
those three systems are closely interlinked in product 
development. Furthermore, specifics of SoS such as 
connectivity and autonomy, seem to be not comprehensible 
addressed. In addition, the consideration of different product 
generations and (re-)use of existing models appears to be not 
profoundly addressed in existing SEAFs.  
In order to harmonize terms to describe SEAFs, we will use 
the terms viewpoints/views, perspectives and dimension. The 
term viewpoint/view will be used according to the 
descriptions in paragraph II.B. Following the description of 
Weilkiens et al. [16], we use the term perspective to cluster 
several viewpoints. Following this convention, e.g. the 
“pillar” requirements of the MagicGrid (see paragraph II.C) 
would be considered a perspective. In addition, we will use 
the term dimension to cluster perspectives to an axis of the 
(visual) representation of the proposed framework. 
The goal of this contribution is to identify necessary 
perspectives to support the modeling of SoS and consolidate 
them in dimensions of an SoSE architecture framework. The 
developed framework aims at supporting the modeling of the 
product and is to be understood as an SEAF, not an EAF. We 
therefore formulate three research questions (RQ): 
  



 

 

RQ 1) Which perspectives are required to describe and 
model the architecture of SoS? 
RQ 2) How can those perspectives be clustered in a set of 
dimensions? 
RQ 3) How can an SoSE architecture framework, that 
considers all the dimensions, look like? 
For the research described in this contribution, we base on the 
approach by Holt and Perry mentioned in section II.B. 
Therefore, the development of an SoSE architecture 
framework encompasses an ontology, a set of viewpoints and 
associated views as well as an architecture framework to 
arrange the viewpoints in a reusable structure. As described 
in the ISO 42010, a viewpoint is governed by the concerns of 
one or more stakeholders with an interest in the (model of) 
the system architecture [4]. Furthermore, the concerns 
expressed to construct the viewpoints serve as a foundation 
to identify and abstract relevant elements that need to be 
described in the ontology. 
The research for this paper largely takes places in the MoSyS 
project and is supported by input and several workshops with 
some of the 18 partners. The partners stem from different 
backgrounds in engineering (e.g. automotive, mechanical and 
plant engineering or production system engineering), 
research and a union. Our iterative research approach is 
schematically shown in Figure 1.  

 
Figure 1: Schematic visualization of the research approach 

To answer RQ 1, we initially identify concerns of relevant 
stakeholders. This was done with two parallel activities. On 
the one hand, four companies participating in MoSyS filled 
out templates to directly formulate their concerns on a SoSE 
architecture framework. On the other hand, eight partners 
described tools and artifacts they are using at the moment to 
describe their system architectures. Based on the input from 
the partners as well as existing approaches described in 
literature (see section II.C), a first ontology was developed. 
Using the developed ontology and references from SEAFs 
from the state of research, multiple workshops have been 
performed to define viewpoints. Results from these 
workshops were used to extend and concretize the ontology. 
In addition, the viewpoints were initially clustered in a set of 
perspectives.  
For RQ 2, we propose a set of perspectives and dimensions 
for the SoSE architecture framework.  
Using the developed dimension, an initial abstract version of 
the SoSE architecture framework is created to answer RQ 3. 
Oriented in the framework, the ontology and theoretically 
described viewpoints/views are implemented in a software-
tool environment (iQuavis [17] and Cameo Systems Modeler 

[18]). The software tools with the implemented ontology and 
viewpoints/views are continuously used to exemplarily 
model systems. This exemplary modeling serves as an input 
to further challenge the ontology, viewpoints and the SoSE 
architecture framework by using real use cases and systems 
from the MoSyS partners. The modeling includes a variety of 
diverse systems and use cases. In this paper, the theoretical 
foundations of the framework are presented. The case studies 
and further evaluation in the MoSyS project are still ongoing 
and will be subject of future research. 

IV. IDENTIFYING REQUIREMENTS AND PERSPECTIVES TO 

CONSIDER FOR AN SOSE ARCHITECTURE FRAMEWORK 

A. Analyzing stakeholder concerns for a SoSE architecture 
framework in the project MoSyS 

In the process of our research following the descriptions of 
the last chapter, several aspects were identified that are 
relevant for modeling across systems and use cases. For 
example, the representation of the functional, logical and 
physical architecture as well as the representation of 
requirements are required across use cases. Likewise, a 
representation of the time scale as well as the representation 
of product and development generations is needed. In 
addition to the hierarchical representation of the system on 
different levels, a clear separation of the problem space is 
essential. Furthermore, possibilities to characterize SoS-
specific interfaces are required. 
While there is a lot of research available for MBSE 
approaches to model requirements and system architecture, 
the initial findings from analyzing the state of research 
(section II) can be concretized. We identified four use cases 
that have not or only partially been supported by existing 
SEAFs and will be discussed in the following sections: 

 Modeling while considering that the System in 
Development is part of a SoS or represents a SoS 
itself (IV.B) 

 Modeling while considering that the development of 
a product and its individual increments is performed 
in generations and always bases on references 
(IV.C) 

 Integratively modeling of product and production 
system, enabling product-production co-design 
(IV.D) 

 Integratively modeling of product and validation 
systems (IV.E) 

B. SoS – System of Systems 

A SoS is described by characteristics, such as managerially 
and/or operationally independent constituent systems (CS), 
evolutionary development and emergent behavior [19, 20]. 
Since there is no central authority, that coordinates the 
interaction and development of SoS, it is important to put 
effort in the problem analysis when developing CS that 
integrate into an SoS (managerial independence). It is 
necessary to analyze and anticipate the SoS as good as 
possible including the structure, goals and behavior of the CS 
and the stakeholders involved (operational independent). 
This is described for example by Böhm et al., who propose 
the goal element as a central aspect, that needs to be 
considered as part of the SoS analysis [21]. In a SoS, CS 
interact and transfer information, energy or material in order 



 
to achieve outcomes, that a single system cannot achieve by 
itself (emergent behavior). It is therefore important to 
describe and analyze the interaction via use cases and 
structure diagrams that also include interfaces. Based on the 
problem analysis, requirements can be derived that describe 
the desired role of the CS in the SoS. These requirements can 
further be refined as part of the system design process through 
the solution space. Knowing that SoS will evolve over time, 
goals and even CS can change (evolutionary development) 
[22]. It is therefore important to use an iterative approach 
along with a central model, in which the stakeholder and 
goals are traced to the CS of the SoS.  
As explained in chapter IV.A, the framework concept to 
consider SoS characteristics was evaluated by examples of 
the MoSyS project. In particular, problem analysis in terms 
of an extended analysis of CS and their goals and 
stakeholders, which may change over time, has proven to be 
important. For example, cooperation between companies can 
intensify over time in order to develop interface standards for 
SoS collaboration and improve interaction in the SoS. 

C. SGE – System Generation Engineering 

Systems are developed in generations by creating a new 
system through the deliberate variation of reference system 
elements [23, 24]. A new system generation (SG or product 
generation, PG, when referring to a product) is based on at 
least one reference system element. In addition to system 
generations, engineering generations (EG) can also be used 
to represent intermediate stages with evolving maturity in the 
development of a system generation [25]. 
To enable efficient and systematic system generation 
engineering, it is necessary to represent different system 
generations as well as the associated engineering generations 
over time and for different system types, such as: product, 
production system or validation system. 

D. Integrated Modeling of Product and Production System 

The approach product-production co-design describes a 
parallelized as well as highly networked creation of products 
and the production system necessary for it. This involves 
planning and development over several product generations 
and the associated production system evolutions. [26] 
In order to address product-production co-design, elements 
and relations are needed that support cross-domain, 
consistent and traceable modeling of the product-production 
system architecture. In addition to the cross-system and 
cross-use case modeling needs (see Section IV.A), it must be 
ensured that interfaces between product features and 
production operations as well as the associated resources are 
represented by suitable relations. Furthermore, product- and 
production-side requirements and restrictions should also be 
considered in the modeling across domains. 

E. Integrated Modeling of Product and Validation System 

Following the definition of VDI norm 2221, validation means 
“check as to whether the test results really show what is to be 
determined by the test” [27, p. 10]. As described by Albers, 
validation is the central activity in product engineering and 
enabler for a product to be successful on the market [28]. 
However, validation and verification are rarely explicitly 
addressed in existing SEAFs and their applications [13]. 
Using SEAFs and, more general, MBSE can however support 

continuous and early validation, which is a necessity in 
product development [14, 15]. Therefore, the notion of 
validation system is introduced, which includes all systems, 
methods and process which are used of validation during the 
product development process [20]. MBSE can support in 
integrating the modeling of product and validation system, 
creating a traceability to support decision making in the 
planning and selection of suitable test cases and validation 
environments as well as in drawing conclusions from test 
results [14, 29]. Therefore, the integrated and traceable 
modeling of product and validation system needs to be 
included in the developed SoSE architecture framework. 

V. DEVELOPING DIMENSIONS FOR A SOSE-ARCHITECTURE 

FRAMEWORK 

To develop an SoSE architecture framework, that integrates 
the all of the identified perspectives, we propose different 
modeling dimensions based on the descriptions from section 
IV as well as references from the state of research.  
The first dimension consolidates perspectives, that are 
derived from standard literature as well as carved out 
approaches from industry to describe technical systems using 
MBSE. Namely this includes problem space, requirements, 
functional, logical, and physical. We call this the PS-RFLP-
dimension. 
There are multiple perspectives that have a particular focus 
and need to be analyzed and defined across the architecture, 
such as safety and security or traceability. These topics are 
consolidated in the crosscutting perspectives dimension. 
In addition, we derived different types of systems from the 
industry examples in MoSyS. These are part of the system 
type dimension, which consists of product, production 
system and validation system. 
A central perspective of systems thinking describes, that 
systems consist of system elements, which can also be 
systems themselves. Especially in complex systems with 
many elements, this leads to several system levels that need 
to be described. We summaries this perspective in the 
hierarchy dimension. 
During the development of systems, architecture descriptions 
evolve and can be changed over time. Especially in industrial 
engineering processes, different concept stages are defined in 
the product development with regard to a defined time. 
Therefore, we propose a generic time dimension to consider 
the evolution of architectures over time. 
The planning of maturity stages in systems engineering is 
done in engineering- and system generations. The system 
and engineering generation-dimension represents the 
different system generations.  

VI. SOSE ARCHITECTURE FRAMEWORK 

A. Ontology 

An excerpt of the developed ontology as the basis for the 
SoSE architecture framework is shown in Figure 2. The 
ontology focusses on relevant terms and their relations to 
build a common basis for a shared modeling language (as 
described in section II.B). The displayed excerpt focusses on 
functional and logical elements to model a product. In this 
form, the ontology is independent from an implementation in 
a modeling/tooling environment. However, in MoSyS 



 

 

implementations are performed using SysML and Cameo 
Systems Modeler as well as iQuavis. 

 

B. Model of the SoSE Architecture Framework  

In the following, a first state of the SoSE Architecture 
Framework is presented, considering all dimensions 
consolidated in Section V. The representation is oriented on 
the visualization of the RAMI 4.0 model [12]. For clear 
presentation, the SoSE architecture framework is divided into 
three parts and finally presented in a consolidated manner. 
For the first part, Figure 3 shows three dimensions: “System 
Hierarchy”, “System Type”, and “Time”. The first axis maps 
the dimension of the system hierarchy. The number and detail 
of the system levels is usually company-specific. The second 
axis shows the dimension of the system types. This can be 
used to describe the parallel development of e.g. product, 
production system, validation system and other system types. 
The third axis represents the time dimension, which 
represents the life cycles of the various systems. 

 
Figure 3: Representation of the dimensions: System Type, Time and 
System Level 

Figure 4 illustrates relevant dimensions within a system type, 
e.g. Product System. Here, in addition to the already 
presented dimensions "Time" and "System Level", the 
dimensions "System Generation" and "Engineering 
Generation" are introduced. "Engineering Generations", 
representing the maturity level of a system, are arranged 
within a "System Generation" over the time dimension. Thus, 
a parallel development can be represented. 

Figure 4: Representation of the dimensions: System- (SG) and Engineering-
(EG) Generations, Time and System Level within a System Type 

Within an engineering generation, each system level of a 
system is described by two dimensions (see Fig 5).  Here, the 
"Time” dimension is not represented. The PS-RFLP 
dimension introduced in Chapter V, which is based on 
frameworks from the literature such as MagicGrid, is 
supplemented by another dimension, the Crosscutting 
Aspects, to which any number of additional aspects can be 
added. This enables the location of application-specific, 
system-specific and system-typical crosscutting views, e.g. 
regarding traceability. In the abstraction area "Problem 
Space" SoS aspects are considered 

 
Figure 5: Representation of the dimensions: PS-RFLP Abstraction, 
Crosscutting Perspectives and System Level within a Engineering 
Generation. 

Figure 6 shows the consolidated SoSE Architecture 
Framework with all dimensions presented before.  

 
Figure 6: Consolidated SoSE Architecture Framework 

VII. STATEMENT OF CONTRIBUTION  

The developed SoSE architecture framework and its 
visualization aim at gathering different dimensions for 
modeling of SoS in an integrated description. The dimensions 
have been consolidated from existing SEAFs and in various 
workshops and applications with academia and industry in 
the project MoSyS. Our analysis showed, that no existing 
SEAF covers all dimensions necessary for modeling SoS. 
The overarching and abstract framework supports the 
integration of different system types, such as product, 
production system and validation system, and can be 
extended to include additional system types. The framework 
considers the integration of system- and engineering- 
generations across the time axis and supports the modeling of 
different system levels. In addition, possible SoS 
characteristics are systematically considered in the problem 
space of the individual system types. The SoSE architecture 
framework can therefore serve as a reference to enable 
researchers and companies to derive and build specific 
frameworks tailored to their needs. The reference supports 
the consistency, reusability and compatibility of the specific 
frameworks as it establishes dimensions and perspectives 
necessary for the description of their specific systems.  

 
Figure 2: Excerpt of the developed ontology 



 

 

VIII. DISCUSSION AND OUTLOOK  

The developed SoSE architecture framework and the 
underlying ontology are still being refined based on feedback 
from their application in MoSyS. Especially, the tailoring of 
frameworks to a specific application area that base on the 
SoSE architecture framework is still under investigation. 
Therefore, future research will further investigate case studies 
for application and tailoring of the framework with examples 
from industry. To supplement the analysis from application, 
a more detailed comparison of similarities, interfaces but also 
differences of the developed framework and existing SEAFs 
and EAFs like TOGAF or UAF will be subject of future 
research. In addition, implementation of the framework in 
software tools needs to further demonstrate the usability for 
companies and serves as a valuable source for refinement. In 
this way, the necessity to refine or add dimensions or aspects 
therein is being investigated. Another area of research 
focusses on the interaction of the developed framework and 
models for process descriptions, as e.g. from the VDI 2221 
[30] or the Systems Engineering Handbook/ISO 15288 [3]. 
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