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3 Foreword

Foreword

Systems Engineering (SE) is not a new phenomenon. It has been practised for decades, 

for example by merging different technologies or safety-related missions that cannot be 

investigated using a prototype. SE plays a leading role and is an established standard 

in the aerospace industry. It is firmly anchored in projects and organisation. Without the 

holistic and systematic approach, as well as the consistent use of systems engineering 

methods and processes, a successful mission in zero-gravity conditions and under all 

space travel effects cannot be guaranteed to be “first time right”. The systems engineer 

ensures that the outcome satisfies requirements, on the first attempt and at the right 

time. Systems engineering has established itself in fields where complicated connections 

prevail or where critical safety aspects have an influence and human lives are in jeopardy. 

Nothing is left to chance and nothing should go wrong upon introduction. Thus SE has 

also been used in rail and shipbuilding for many years. 

 The founding of the International Council on Systems Engineering (INCOSE) in 1993, 

followed by the founding of the German-speaking chapter in 1997, the Gesellschaft 

für Systems Engineering e.V. (GfSE), was the start of further establishment. Systems 

engineering gained increasing importance with the publication of the SE handbook and 

collaboration on international standards and norms, the compilation of best practices, 

the introduction of the SE-Zert® programme, prestigious study prizes and international 

and national conferences. Support and demand for systems engineering has risen sharply 

again in recent years. This could be because the complexity and requirements in system 

development across all sectors have significantly increased.

 Therefore this study conducted for GfSE e.V. is a good method of gauging to what 

extent systems engineering is recognised and established in different sectors. Until now, 

the only indications concerning the expansion and application of systems engineering 

had to be garnered through the backgrounds of members and participants at the GfSE 

conference, “Tag des Systems Engineering” (TdSE). A verifiable overview or study based 

on interviews was lacking. As a result, there was never any doubt that the study, which was 

conducted by three corporate members, would be supported by the GfSE. On the contrary, 

it is the basis for further activities, whereby the user should demonstrate the benefits to  

a wide public. Systems engineering is not a niche in individual sectors, rather it can 

support the development of successful products across the wider industry and thus 

represents a competitive edge for Germany as a development location. 

With this in mind, I hope you enjoy reading about systems engineering.

Sven-Olaf Schulze 

Chairman of GfSE e.V. (German chapter of INCOSE)
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Introduction

Starting situation
The products of mechanical engineering 

and related sectors such as the automotive 

industry or medical technology have gone 

through a period of continuous change in 

recent years, shifting from mechanical to  

mechatronic systems. Information and 

communication in particular became a 

major driving force for innovation. The end 

of this development is not in sight. More 

importantly, other disciplines such as e.g.  

artificial intelligence research will contri-

bute to systems becoming more and more 

efficient. Technical systems with adaptive, 

robust and forward-thinking functionalities 

and that exhibit a high degree of user-

friendliness are emerging.

 The development of these systems 

can no longer be analysed from the 

perspective of an individual specialist 

discipline; the established discipline-

specific methodology reaches its limits 

here because it does not consider the 

interaction of the disciplines involved. The 

approach that satisfies this requirement is 

Systems Engineering (SE).

Scope and objective
SE is not new; it has been established for 

decades in the aerospace industry and is 

now being met with increasing interest in 

many other industries. That said, the actual 

efficiency and benefits for many of these 

industries are still unclear. SE methods are 

often rated too abstract and generic, and 

less practical. The objective of this study is 

therefore to gain a clear representation of 

the capability of systems engineering and 

to obtain the current level of use of SE in 

practice and in activities in training and 

further education. Furthermore, the current  

barriers preventing full exploitation of 

potential benefits should be highlighted 

and recommendations to overcome 

these should be given. These overriding 

objectives give rise to questions to be 

answered in the individual chapters.

On the way to the products of tomorrow  
Fascinating prospects are opening up for 

the products and services of tomorrow. 

In order to illustrate these prospects and 

the associated challenges, the following 

questions are discussed in this chapter: 

•	 What features characterise the pro-

ducts of tomorrow? 

•	 What challenges arise in product 

engineering?

•	 What must be done to overcome these 

challenges?

Systems engineering at a glance
This chapter provides a general overview 

of systems engineering. In addition to the 

definition of the term, the development 

trajectories of SE are outlined and the 

current representatives in systems 

engineering are investigated. The following 

questions are addressed accordingly: 

•	 What is systems engineering and what 

are its claims?

•	 What are the origins of systems 

engineering?

•	 What milestones and schools have 

shaped systems engineering?

•	 What are the current standards and 

who are the current advocates for 

systems engineering in Germany?
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Systems engineering in practice
The study is based on 33 interviews 

with experts from industrial companies 

and service providers from Germany, 

Austria and Switzerland (DACH region). 

The different-sized companies are all 

leaders in their field (see page 57 for 

list of companies). Various sectors were 

considered when selecting the companies: 

in addition to the supposedly typical SE 

sectors of aerospace engineering, the 

automotive industry, mechanical and plant 

engineering and equipment manufacturers 

are also represented (Figure E-1). 

 Both well-known companies and 

“hidden champions” were interviewed. 

The study participants hold various 

positions within their companies; 

primarily CEOs, development managers, 

production managers and systems 

engineers were interviewed, provided that 

these positions were explicitly appointed. 

This provides a broad picture of different 

levels of responsibility and application. 

The understanding and benefits of SE 

were discussed at length in technical 

discussions. Using an interview concept 

containing many open questions, it 

was possible to analyse the various 

perspectives and prior SE knowledge 

of the interviewees and to highlight the 

special aspects of the various sectors. 

Bar charts visualise the interview analysis 

in the main part of the study and show 

the mention of an aspect in relation to 

all those interviewed. In addition to the 

understanding and expansion of systems 

engineering in general, selected systems 

engineering topics were discussed in 

more detail in the interviews. As such, 

it was possible to carve out the role and 

performance level of systems engineering 

in various sectors. Accordingly, emphasis 

was placed on the following questions as 

part of the analysis:

•	 What is the level of understanding of 

SE by companies from various sectors?

•	 To what extent is SE already dispersed 

in practice?

•	 How are the companies currently 

positioned in the central topics of SE?

•	 What benefits and obstacles do 

industry representatives envisage for 

the application of SE?

•	 What are the challenges of introducing 

SE?

21%

17%

7%

31%
14%

10%

Automotive industry

Aerospace

Mechanical and 
plant engineering

Other vehicle manufacturing

Equipment manufacturer

Automation engineering

Figure E-1: Sector distribution of interviewees
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Systems engineering in training and 
further education
As a basis for successful application, this 

chapter analyses current provisions in 

training and further education and relates 

these to practical requirements. For this, 

the current courses of study available are 

assessed. The different further training 

measures are also taken into account. Key 

questions are:

•	 What is the skills profile of a systems 

engineer?

•	 Does the courses available correspond 

to industry demands? 

•	 How must the training be shaped in 

the future?

Résumé and forecast
To conclude, the most important outcomes 

of the study are summarised once more 

and an overview of further potential 

activities is provided.

Authors
This study was produced by the following 

people, under the direction of Prof. Dr.-
Ing. Jürgen Gausemeier, Heinz Nixdorf 

Institute of the University of Paderborn, 

Dr.-Ing. Roman Dumitrescu, of  the Project 

Group Mechatronic Systems Design at 

the Fraunhofer Institute for Production 

Technology (IPT) and Dr.-Ing. Daniel 
Steffen, UNITY AG:

•	 Dipl.-Wirt.-Ing. Anja Czaja,  

 Heinz Nixdorf Institute

•	 Dipl.-Wirt.-Ing. Olga Wiederkehr,  
 Heinz Nixdorf Institute

•	 Dipl.-Wirt.-Ing. M.Eng. Christian  
  Tschirner, Fraunhofer Institute for  

Production Technology IPT, Project 

Group Mechatronic Systems Design

The Heinz Nixdorf Institute is an 

interdisciplinary research centre for 

computer science and technology of the 

University of Paderborn. Its research and 

teaching activities focus on designing 

intelligent technical systems. The Project 

Group Mechatronic Systems Design is 

based on a collaboration of the Heinz 

Nixdorf Institute and the Fraunhofer 

Institute for Production Technology IPT. It 

concentrates on designing mechatronic 

and intelligent technical systems, as 

well as conceptualising the necessary 

production systems. UNITY AG is a 

management consultancy firm for future-

oriented company planning. Among 

other things, it supports its customers in 

aligning their product development with 

the requirements of their company. 

We would like to thank Sven-Olaf Schulze 

(GfSE), Prof. Dr. Robert Cloutier (Stevens 

Institute of Technology) and Dr.-Ing. 
Sascha Kahl (Smart Mechatronics GmbH) 

for their valuable support in producing this 

study. A special thanks goes to the sought-

after experts from the companies that 

enabled the depth of context of this study. 
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Notes for the reader
This study is constructed in such a way 

that the most important information can 

be ascertained quickly. It suffices to look 

at the graphics and read sub-chapter 

summaries printed in bold. Each summary 

is also brought forward, directly after this 

introduction. Furthermore, the statements 

highlighted in the page margins also 

provide quick orientation and acquisition 

of the content.
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Summary

Chapter 1 – On the way to the products of tomorrow

Current technical systems are shaped by the shift towards mechatronics. Intelligent 

functions, networking, function integration and user-friendliness are features that 

characterise the products of tomorrow. The terms intelligent technical systems and Cyber-

Physical Systems directly account for this. Companies are adjusting in order to offer such 

systems on the global market in the future.

Intelligent technical systems require new development approaches; this is due to the 

interdisciplinarity and complexity of the products and production systems. Companies are 

aware of this. A comprehensive system analysis across specialist disciplines is missing. 

The more complex the products, the larger the requirement for highly efficient methods. 

Systems engineering seems to be the ideal approach; but the question still remains, why 

systems engineering has not yet been widely adopted.

Chapter 2 – Systems engineering at a glance

Systems engineering is a consistent, interdisciplinary approach for developing 

multidisciplinary systems. Not only does it address the system to be developed, but also 

the associated project.

Systems engineering is very multifaceted. It originates from systems theory and has been 

evolving steadily. The catalyst was always the increased complexity of problems. The 

current research topics Industrie 4.0 and Cyber-Physical Systems are significant driving 

forces behind systems engineering.

The existing norms do not offer sufficient support for the widespread application of 

systems engineering. It is difficult to gain an overview of how norms interact to bring 

systems engineering closer to the user.

The most important promoter of systems engineering worldwide is INCOSE. In the German-

speaking region, its subsidiary is GfSE. Both institutions bring together SE experts and 

enthusiasts and play an important role in the fields of standardisation, training and 

further education. 
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Chapter 3 – Systems engineering in practice

The term systems engineering is familiar in practice; most have a basic understanding. 

However, only real experts have a deep understanding. Often, when systems engineering 

is discussed, the focus is only on software development and is too narrow. Nevertheless, 

the interviews show that expectations towards systems engineering are high, even if the 

range of the activities, methods and tools required cannot be grasped.

In principle, all the people interviewed see considerable potential in the application of 

systems engineering. Fundamentally, it is hoped that it forms a basis for communication 

and cooperation, making activities more aligned and easier to coordinate and promoting 

the use of tried and tested partial solutions. The benefits, according to experts, increase 

as the complexity of tasks grows.

Particularly in small and medium-sized companies, thus far the topic of systems 

engineering has been very person-specific. However, these people in particular are mostly 

keen to transfer the ideas and approaches of SE to everyday work. Similarly, company-

wide awareness of SE is also not yet evident in large companies. Surprisingly, the opinion 

of some companies, despite the progressive shift to mechatronics, is: “My products do 

not need systems engineering.”

Across all sectors and company sizes, all topics were deemed important, regardless of the 

SE expertise of the persons interviewed. On average, companies with less SE expertise 

rate themselves better than companies with more expertise. While there is already great 

interest in some topics (e.g. requirements management), other activities are still in their 

infancy. The following aspects must be overcome here: Lack of know-how and a methodical 

approach, as well as insufficient tool support. All topics are closely interlinked; successful 

activities in one area support the view of other areas. Accordingly, shortcomings in one 

area may weaken the entire structure.

In the German-speaking region, the expansion of systems engineering depends largely on 

the sector. Therefore, systems engineering is firmly established in the aerospace industry. 

Meanwhile, systems engineering is regarded as an “enabler” in the vehicle manufacturing 

industry and is promoted by OEMs. However, in general, particularly in the largely SME-

shaped mechanical and plant engineering sector in Germany, systems engineering is not 

used despite its importance.
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Chapter 4 – Systems engineering in training and further education

The interviewees anticipate two types of engineer in the future: specialists and generalists. 

A specialist possesses detailed knowledge in a specialist discipline. Whereas a generalist 

has a basic knowledge of the specialist disciplines involved and is distinguished by 

their holistic, systematic mind-set. In order to satisfy their role, they possess soft skills, 

practical knowledge and methodical competence. 

A majority of the courses offered are discipline-specific. The actual idea of systems 

engineering is rarely found in teaching. The interdisciplinarity of SE also seems to pose a 

challenge to universities, which are barely able to cover this field with one faculty.

The variety of activities in further education reflect the practical demand for SE expertise. 

However, a comparable teaching programme for systems engineering must be given in 

the future to provide a standard basic knowledge. The standardisation efforts of the GfSE 

are a way of equalising further education in systems engineering and accurately meeting 

practical requirements.

This study proves that, from the industry’s perspective, systems engineering is a 
necessary prerequisite for developing complex technical systems. However, it has not 
been widely established thus far; the current performance level of systems engineering 
in industrial practice exhibits a gap between the expectations and the demand of 
companies. In particular this concerns the applicability and acceptance of existing 
methods and tools.
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1 On the way to the products 
 of tomorrow

Promising product innovations of modern mechanical engineering and related sectors 

increasingly rely on close interactions between mechanics, electrics/electronics, control 

engineering and software engineering. This is defined by the term mechatronics. The word 

is taken from mechanics and electronics, which reflects the expansion of mechanical 

systems to include electronic functions. The emerging development of information and 

communication technology will enable further perspectives: mechatronic systems with 

inherent partial intelligence. In the future, such intelligent systems will be capable 

of adjusting to their surroundings and to the operational requirements of their user. 

They bring benefits in terms of budget, production, trade and on the street; they save 

resources, are intuitive to operate and are reliable. Thus the physical world in which 

these systems operate merges with the virtual world (cyberspace) through which they 

are networked and which they use to communicate. These types of intelligent technical 

systems are thus designated Cyber-Physical Systems (CPS)1, which possess self-x-

capabilities (self-diagnosis, self-optimisation, self-configuration, self-healing, etc.) and 

are the basis for swarm intelligence and the realisation of a fourth industrial revolution 

[aca11]. The features of present and future products are described in detail below and 

the accompanying challenges in the product engineering process are discussed. Key 

questions are:

•	 What features characterise the products of tomorrow? 

•	 What challenges arise in product engineering?

•	 What must be done to overcome these challenges?

1.1 Intelligent technical systems – 
 the products of tomorrow

In order to gain perspectives of the products of tomorrow, this section illustrates how the 

companies characterise their products. The features of both current and future products 

are of interest here. 

Regardless of the sectors and products, 

the interviewees confirm the strong 

significance of the “shift towards 

mechatronics” for their products in 

recent years. Evidently the interaction 

of mechanics, electronics and software 

engineering characterises the products 

of today. The depth and complexity 

of the shift towards mechatronics are 

determined by the products and/or the 

Industrie 4.0

Swarm intelligence

Self-optimisation

Cyber-Physical Systems

1  Cyber-Physical Systems and Industrie 4.0 are key components of the German government’s 
High-Tech Strategy and the theme of the Hanover Messe 2014 trade fair [Bun10].
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sector. While e.g. the automotive industry 

would be inconceivable without the close 

interaction of mechanics, electronics and 

software, the products of other sectors are 

still predominantly centred on mechanics. 

 The integration of disciplines will 

increase considerably in the future. 

Furthermore, there will also be a shift 

in terms of the importance of individual 

disciplines, particularly from mechanics 

to information technology. This is also 

reflected in the future properties of the 

products mentioned by the companies 

(Figure 1-1):

Intelligence
Future products are adaptive; they 

interact with the environment and 

autonomously adjust to it. Thus they  

can evolve at runtime within a framework 

anticipated by the developer. They are 

robust; i.e. they overcome unexpected 

situations that have been disregarded by 

the developer in a dynamic environment. 

Uncertainties or missing information can 

be compensated for to a certain extent. 

Based on practical knowledge, they 

anticipate the future effects of influences; 

dangers are detected early and the right 

strategy to overcome them is chosen.

Networking
The systems are capable of communicating 

and cooperating with other systems. The 

functionality of these networked systems 

can only be harnessed by the interaction 

of the individual systems. Neither the 

networking nor the role of the individual 

systems is static. The interconnection 

of systems must be capable of reacting 

dynamically to changing overall 

functionalities (demanded by human 

beings). Due to the rapid development of the 

internet, geographic proximity is no longer 

important. Networking is increasingly 

becoming global. Thus approaches are 

integrated in terms of Cyber-Physical 

Systems, which, such as for example Cloud 

Computing, were analysed completely 

separately in the past. The networked 

system will no longer be controllable 

exclusively by a global governance. Global 

good conduct must be ensured by highly 

dynamic, local strategies.

Increased function
Further perspectives arise through 

the increasing spatial integration of 

mechanical and electronic components, 

combined with function integration and 

miniaturisation [GF06]. The increasing 

number of automated functions lead to 

improved efficiency and relieves the user 

of various tasks.

The products of tomorrow are 
adaptive, robust, predictive and 
user-friendly.

Mentions/Number of respondents

High standardisation

7%

7%

13%

13%

12%

10%

 9%

17%

27%

27%

30%

38%

57%

57%

Miniaturisation

Multidisciplinarity

High flexibility
High reliability

High modularisation

Hybrid service packages

Complexity
Efficiency
Automation

User-friendliness
Increased function

Networking
Intelligence

Figure 1-1: Features of the products of tomorrow
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Figure 1-2: Information processing in ITS; left: Three-layer model according to Strube; right: 

operator control module of a self-optimising system as an example [ADG+09]  

Companies are adapting to make 
their products more intelligent and 
operatively networked with other 
systems.

User-friendliness
The systems adapt to user behaviour and 

consciously interact with the user. Thus 

their behaviour can always be understood 

by the user.

First and foremost the type of information 

processing determines the change from 

mechatronic to intelligent technical 

systems. Mechatronic systems possess 

a strong coupling between sensors and 

actuators. Intelligent technical systems 

also have this coupling. Most existential 

system mechanisms must work reactively 

and reflexively for safety reasons. The 

special characteristic of intelligent 

technical systems lies in the modification 

of the coupling between sensor input 

and actuator output. The information 

processing enables a flexible adjustment 

of the system’s behaviour according to 

the subjective perception of external 

and internal conditions. The three-layer 

model for behaviour control stemming 

from cognitive science illustrates these 

connections (Figure 1-2). This model is 

based on the notion that in complex 

cognitive systems, such as human beings, 

the strong connection of sensors and 

actuators co-exist with the modifiable 

connection. Strube defines a layer for 

non-cognitive and a layer for cognitive 

regulation here. The interface of this 

purely reactive and cognitive layer forms 

an intermediary level, which describes the 

associative regulation.

 The bottom level of the layer model 

contains non-cognitive regulation; this is 

always the closed loop in a mechanical 

engineering system. Due to the strong 

connection between sensors and 

actuators, no learning process takes 

place. The system can only learn in the 

associative and cognitive layers. The 

learning process in the middle level, the 

associative regulation layer, takes place 

through classical or operant conditioning. 

This refers to associative learning. The top 

level of the three-layer model performs 

cognitive regulation. Cognition comprises 

all types of processes that are associated 

with absorbing, processing and retaining 

information, as well as using and applying 

it. Cognitive learning encompasses all 

higher and conscious stages of information 

processing [Dum10], [Str98]. The concepts 

Information processing 
of an intelligent technical system

Cognitive regulation

Goal management, planning 
and handling control

Stimulus-reaction-associations 
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Non-cognitive regulation
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Mentions/Number of respondents

Ansteigende Flexibilitätsanforderungen

Increasing flexibility requirements

High documentation requirement

Dispersed knowledge

Increasing risk

Increasing cost pressure

Ensuring product reliability

Shorter product life cycles

Increasing product variation

Increasing requirement complexity

High interface diversity

Growing multidisciplinarity73%

33%

30%

27%

27%

20%

17%

13%

13%

13%

10%

7%

Figure 1-3: Challenges in the product engineering of tomorrow

1.2 Challenges in product engineering 

The development of intelligent products is uncharted territory; it requires new development 

approaches. This section illustrates the challenges in the product engineering process as 

a result of increasing system complexity and lists methods of resolution.

The product engineering process stretches 

from product and or business ideas to 

the start of production (SOP). It consists 

of the tasks strategic product planning, 

product development and production 

system development. Product engineering 

increasingly takes place globally and in 

cooperation with various suppliers and 

value-adding partners whose deliverables 

must be clearly specified and integrated 

into the overall system. This produces the 

following effects on product engineering 

(Figure 1-3):

Current technical systems are shaped by the shift towards mechatronics. Intelligent 
functions, networking, function integration and user-friendliness are features that 
characterise the products of tomorrow. The terms Intelligent Technical Systems and 
Cyber-Physical Systems directly account for this. Companies are adjusting in order to 
offer such systems on the global market in the future.

Cyber-Physical Systems and the venture 

Industrie 4.0 correspond to this tendency. 

Not only are they buzzwords, they also 

reflect the continuing development of the 

products. 
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Growing multidisciplinarity
Intelligent technical systems are 

multidisciplinary; this also applies for 

stakeholders in the development. Commu-

nication and cooperation beyond the 

limits of individual specialist disciplines 

is imperative. However, every specialist 

discipline has specific approaches, 

methods and thought patterns. Therefore, 

ensuring a standard system understanding 

represents a key challenge. 

High interface diversity
The collaborative development of com-

plex systems leads to a high number of 

varied interfaces in products and in the 

corresponding product engineering pro-

cesses. Only complete control of the 

interfaces enables successful system 

integration. 

Increasing requirement complexity
The increasing complexity of products 

normally increases the complexity of the 

process. The number and networking of re-

quirements and the associated increasing 

dynamics of requirements management 

pose new challenges for the companies. 

The process steps must be controlled from 

the integration of requirements to the 

hedging of product features.

Increasing product variation
Customer expectations for individualised 

products are increasing. As a result, this 

leads to customer-specific production 

(mass customisation). In order to guarantee 

their competitiveness, companies are 

reacting externally with a high degree of 

product variation, which must be managed 

internally. 

Shorter Product Life Cycles (PLC)
Dynamic technological development 

and global competition is leading to 

increasingly shorter product life cycles. 

However, this means shorter development 

times despite increasing demands on the 

product. The interplay between quality, 

costs and time determines the entire 

product engineering process and can only 

be solved with a more systematic and 

more efficient approach. 

The aforementioned challenges in product 

engineering prove that the products of 

tomorrow can no longer be analysed from 

the perspective of one individual specialist 

discipline and thus nor can they be 

developed using its methodology alone. 

In future, the gap between the efficiency 

of established, largely discipline-specific 

development methods and the necessary 

efficiency of development methods 

will increase considerably, based on 

the product complexity (Figure 1-4). 

This gap gives rise to the need for an 

interdisciplinary development method that 

focuses on the overall system. 

 The interviews show that this gap 

already exists. New multidisciplinary ap-

proaches, such as the VDI Guideline 2206 

entitled “Methods for the development 

of mechatronic products” [VDI2206], 

are insufficient for the development of 

technical products, as they have long since 

failed to cover all aspects of a complex 

technical system and its creation. From the 

interviewees’ perspective, the following 

topics in particular would have to be 

addressed more strongly (Figure 1-5):

Companies regard increasing 
interdisciplinarity as a major 
driving force for changes in product 
engineering.
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Continuous tool chains
A consistent virtualisation of the product 

engineering process is indispensable 

for mastering the complexity of 

multidisciplinary products. Consistent 

relationships between the part models 

of product and production system 

development (particularly with different 

levels of detail and various specialist 

disciplines) must be established and the 

specific tools must be combined to form 

coherent tool chains [EGZ12].

Methodological competence
The capacity for the targeted application of 

work techniques, approaches and methods 

is the basis for successful development. 

The successful implementation of the 

tools available requires a suitable 

methodology. A company must possess 

exceptional methodological skills, both 

within specialist disciplines and across 

disciplines. This is the only way of ensuring 

systematic and targeted development.

Creating acceptance of new approaches
Acceptance is achieved largely through 

three central aspects: (1) Stakeholders 

in product engineering must acquire an 

awareness of new challenges. (2) The 

methods, approaches and tools must be 

oriented towards the user; the user must 

perceive these as support rather than a 

burden. (3) A new method that focuses on 

the overall system requires considerable 

endeavours in terms of training and further 

education.

However, as mentioned above, the 

major challenges do not lie in the 

individual specialist disciplines, but in 

the synchronisation of these and in the 

overarching design of the overall system. 

Systems engineering (SE) has the potential 

to integrate disciplines and various 

aspects while at the same time increasing 

demand for this, and can thus serve as 

a basis for furthering the development 

methodology. It grasps the challenges 

referred to by the interviewees by 

addressing a multidisciplinary approach. 

The more complex the products, the 

larger the requirement for highly efficient 

SE methods. Systems engineering is not 

new; this begs the question why it has not 

been widely established. This question is 

addressed in the following chapters.

Systems engineering is not 
new; this begs the question why  
it has not been widely established.

Mechanics Mechatronics

Industry 4.0

Self-optimisation

Cyber-physical systems

Intelligent systems

Swarm 
intelligence

Efficiency of discipline-specific development methods
Product complexity

Time

Figure 1-4: The gap between necessary and established development methods is widening
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Intelligent technical systems require new development approaches; this is due to the 
interdisciplinarity and complexity of the products and production systems. Companies 
are aware of this. A comprehensive system analysis across specialist disciplines is 
missing. The more complex the products, the larger the requirement for highly efficient 
methods. Systems engineering seems to be the ideal approach; but the question still 
remains, why systems engineering has not yet been widely adopted.

Mentions/Number of respondents

Continuous tool chains

Methodological competence

Acceptance of new approaches

Requirements management

Data management

Interface management

Compatibility of new methods in the previous development world

Module-specific development teams

Precise definition of goals

Early functional tests

50%

43%

23%

23%

17%

17%

13%

10%

10%

7%

Figure 1-5: What must be done?
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2 Systems engineering at a glance

The term systems engineering is very present at the moment: engineering and consultancy 

firms as well as providers of IT solutions are strongly positioning themselves under this 

buzzword. Specialist conferences in the field of product development strongly address 

the topic and are used by interested parties as a platform for exchanging information and 

experience. The interest in systems engineering is higher than ever. Thus this chapter 

gives beginners in particular an overview by addressing the following aspects:

•	 What is systems engineering?

•	 What are its important milestones?

•	 What standards are there?

•	 Who are its advocates?

Systems engineering is a consistent, 

multidisciplinary discipline for developing 

technical systems that consider all aspects. 

It focuses on the multidisciplinary system 

and covers the entirety of all development 

activities. Therefore, interdisciplinarity and 

the targeted, holistic analysis of problems 

are paramount. The International Council 

on Systems Engineering (INCOSE) defines 

SE as follows: “Systems engineering is 

an interdisciplinary approach and should 

methodically enable the development 

of systems. SE focuses on a holistic and 

cooperative understanding of stakeholder 

requirements, the discovery of potential 

solutions and the documentation of 

requirements, as well as the synthesising, 

verification, validation and development of 

solutions. Meanwhile, the entire problem 

is analysed, from conceptualisation to  

system development. Systems engineering 

provides suitable methods, processes and 

best practices for this purpose [INC10].“

 Systems engineering thus increases 

the demands that key players orchestrate 

in the development of complex systems. It 

addresses the system to be developed and 

the associated project in equal measure. 

Beyond the central tasks of product 

development, SE takes into account the 

mutual dependencies of these activities, 

right through to the socioeconomic envi-

ronment of the entire sector (Figure 2-1).

Systems
engineering

System
System model Process model

Project

▪ Requirements
▪ System architecture
▪ Analysis, simulation

▪ Resources
▪ Stakeholder
▪ Activities

▪ Test, validation
▪ Optimisation
▪ ...

▪ Risks
▪ Costs, time
▪ ...

Figure 2-1: Joint analysis of system and project – the core aspects of SE

2.1 A brief description of systems engineering
In theory, systems engineering has many definitions. But ultimately there are only 

marginal differences between them. 
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System
The system structure extends over the 

entire development process and covers the 

following tasks in particular: requirements 

management, system architecture struc-

ture, analysis, simulation, testing and 

validation. New technologies and appli-

cations necessitate interdisciplinary de-

velopment teams. The current situation 

sees every specialist discipline having their 

specific point of view on the systems to be 

designed, as well as their own established 

technical language and methods.

Project
The project design covers the coordination 

of activities taking into account available 

resources, as well as time, cost and 

quality restrictions to guarantee that the 

development goals area achieved. The 

higher the number of stakeholders in 

the development, the more complex the 

task. Systems engineering focuses on 

integrating new specialist disciplines, 

as well as the associated increasing 

complexity of solutions in specific 

development projects. 

A significant focus of SE stems from 

the integrative assessment of systems 

and projects: the consistent and 

multidisciplinary description of the system 

to be developed, which leads to a unique 

system model. This comprises a graphic 

representation (known as a diagram) 

and an internal computer representation 

in the form of a data model (known as a 

repository). While data in the repository 

only appears once, it can be used 

repeatedly in the diagrams and even 

interpreted differently in order to generate 

specific views of the system. Model-Based 

Systems Engineering (MBSE) places a 

multidisciplinary system model at the 

heart of the development. Thus MBSE does 

not exclude the presence of other models 

of the system, particularly discipline-

specific models, but rather integrates 

these using suitable interfaces. There are 

different languages (e.g. SysML), methods 

(e.g. CONSENS, SysMod) and IT tools 

(e.g. Enterprise Architect) for generating 

the system model and which can also 

be combined with each other. There is 

not yet a standard and recognised MBSE 

methodology (see Chapter 3.4.2).

Systems engineering = consistent, 
interdisciplinary approach for de-
veloping multidisciplinary systems.

Systems engineering is a consistent, interdisciplinary approach for developing 
multidisciplinary systems. Not only does it address the system to be developed, but also 
the associated project.
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1940

1950

1960

1970

1930

General System Theory
Ludwig von Bertalanffy

1930/40

Cybernetics
Wiener

1948

Goode/Machol
1957

Bell Laboratories
1943

Systemtechnik im 
Ingenieurbereich VDI

1971

Konstruktionswissenschaft
Hansen

1965

General systems theory and cybernetics 
The discussion surrounding SE is rooted in 

the philosophical observations on general 

systems theory. Bertalanffy criticised the 

deductive procedures of natural sciences 

and the associated isolated analysis of 

individual phenomena [Ber32]. Instead of 

individual phenomena, phenomena should 

be described in their network - the term 

system expresses this: “systems” co-exist 

in different disciplines; they are in constant 

interaction and are mutually influential. 

General systems teaching describes the 

“multidisciplinary” interaction of any 

systems and disciplines. The technical and 

scientific works on cybernetics performed 

by Wiener and Küpfmüller/Steinbuch 

grasp the approach of systematic thinking 

to generalise model concepts of regulation 

and information teaching [Wie48].

Systematic thinking in major projects
Operations research applications in the 

Second World War and the work of Bell 

Laboratories in the 1940s in the planning 

of telecommunications networks were the 

start of industrial systems engineering. 

Interdisciplinary systematic thinking 

played an important role here. However, 

SE began its practical breakthrough at the 

end of the 1950s as part of the military 

aerospace programme in the USA. Various 

handbooks, best practices and standards 

were published, mainly as pragmatic 

“how-to” approaches.

The systems approach
In the mid-1950s, Goode and Machol 

recognised a change in working procedures 

in US industry. This is often referred to 

as systems design, systems analysis or 

systems approach [GM57]. At the heart 

of systems approach were new tools, 

procedure models and approaches to team 

work. However, this systems approach was 

often poorly implemented, functioned 

chaotically and was only vaguely 

documented; in particular the individual 

components did not seem properly 

coordinated. The different terminology 

of the individual specialist disciplines in 

particular often had the same impact as 

language barriers and impeded successful 

communication and cooperation [Cha74]. 

In Russia, Altschuller systematised 

development activities using the theory 

of inventive problem solving (TRIZ) to 

discover new solutions more quickly and 

efficiently [TZZ98].

Management of product development
In the 1980s, Blanchard/Fabrycky in 

particular shaped the term “system life 

cycle engineering” [BF81]. The potential 

life cycle of a system should be analysed 

in closer detail during development. From 

this point on, SE was increasingly regarded 

as a type of management theory consisting 

of three closely-related elements: systems 

management, systems methodology 

and a set of methods and tools. Sage 

2.2 Milestones in systems engineering
Historically, as a discipline SE always came to the fore if the problem to be solved 

was characterised by as yet unprecedented complexity. The consequences are various 

development trajectories, which are outlined below. Figure 2-2 also illustrates the 

different schools of systems engineering.
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and Armstrong describe SE as an 

interdisciplinary approach for technical 

and organisational problems [Sag95].

Design and system technology
Motivated by a lack of skilled employees, 

the first methodological approaches in 

design arose in the former GDR with the 

aim of achieving increased efficiency 

in development [Han56], [Han65]. The 

cognitive psychological view was focussed 

on better assisting the designer in their 

work [Mue90], [PB93]. Particularly in 

the 1980s, design theory in the Federal 

Republic of Germany focussed on design 

catalogues and special aspects such as 

costs and quality, which was expressed by 

the term Design for X [SWM10], [Rot82].

 The term systems technology – 

often used synonymously with system 

engineering – was first coined by Ropohl 

in Germany in the 1970s. In his opinion, 

the definition of systems technology lay in 

making working procedures and resources 

accessible in engineering practice. 

Furthermore, its benefit lies in seeing 

known individual phenomena in a new 

context and thus being able to understand 

and master them more efficiently. It looks 

as though systems engineering has made 

a breakthrough into the design theory of 

mechanical engineering. Thus the theme 

of the German Engineers’ Day organised by 

the VDI in 1971 was “systems technology”. 

This year, Beitz published a paper entitled 

“Systemtechnik im Ingenieurbereich“ 

(Systems technology in engineering) in the 

VDI reports [Bei71]. Pioneering works by 

Daenzer/Huber [DH76] or Patzak [Pat82] 

appeared during this period. 

SE on the path to standard analysis
The majority of works led to initial 

consolidation efforts at the end of 

the 1980s, particularly in the USA: 

Organisations such as the Electronic 

Industries Association (EIA) and the 

largest international systems engineering 

organisation INCOSE pledged their 

commitment to this task. In recent years,  

criticism of practical SE in particular has 

led to various academic initiatives. They 

see their task primarily in “transforming 

SE” to prepare for future requirements in 

system development, whilst at the same 

time better presenting the benefits of SE 

[Sys12], [Hon11]. 

Systems engineering today
Mechanical engineering and related sectors 

such as the automotive industry began 

the shift from mechanics to mechatronics 

some two decades ago. Paradoxically, 

this took place completely independently 

of systems engineering, despite the fact 

that mechatronics presupposes systems 

engineering. So mechatronics was 

neither shaped by systems engineering, 

nor did systems engineering experience 

considerable impetus due to mechatronics.

 The various facets of systems engineer-

ing are currently being advanced worldwide 

at renowned research institutes, as well as 

in various interest groups. This ranges from 

requirements management and project 

management to model-based verification 

and validation. The consistent description 

and analysis of the systems to be devel-

oped based on multidisciplinary internal 

computer “system models” (model-based 

systems engineering) has developed as 

an exposed focus of systems engineering. 

Methoden und Praxis
Sage/Armstrong
2000

German government’s 
High-Tech Strategy 2020
2012

Research agenda “CPS”
2010

Launch of the platform 
Industrie 4.0 for project 
venture of the same name
2013

Systems Engineering 
Handbook
INCOSE
1994

System-Life-Cycle 
Engineering
Blanchard/Fabrycky
1981

Methoden und Praxis
Daenzer/Huber
1976

1990

2000

2010

2020

1980
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This goes hand in hand with the aim 

to integrate system models into the 

widespread Product Data Management/

Product Life cycle Management system 

(PDM/PLM). The venture Industrie 4.0 

and the research field of Cyber-Physical 

Systems is currently driving the research 

activities in Germany and Europe; they set 

new standards in universal engineering 

across the entire product life cycle.

Systems Approach

▪ Drivers: Goode, Machol
▪ Focus:  scientific 
approach, tools, 
procedure models, 
approaches to team work

▪ Start: ca. 1957

System-Life-Cycle-Engineering

▪ Drivers: Blanchard, Fabrycky
▪ Focus: life cycle of the system

▪ Start: ca. 1980

SE concept of ETH Zurich

▪ Drivers: Haberfellner
▪ Focus: Three fundamental principles are defined:  (1) From rough 
to detailed plan, (2) Creating variations, (3) Procedure model

▪ Start: ca. 1975

Ilmenauer school

▪ Drivers: Hanson, Bischoff, Bock
▪ Focus: Cognitive psychological 
and heuristic approaches, 
as well as computer science 
and/or  data processing 

▪ Start: ca. 1960

Theory of inventive problem solving (TRIZ)

▪ Drivers: Altschuller (initiator), currently: Orloff, TRIZ Centrum, 
ETRIA, MATRIZ, TRIZ Zentrum Austria

▪ Focus: Systematic analysis of a problem using a collection 
of methods; core method: conflict analysis 

▪ Start: ca. 1950

Systems technology and design

▪ Drivers: Ropohl, Beitz, VDI, etc.
▪ Focus: Implementation-oriented analysis based on theory 
of classic mechanical engineering

▪ Start: ca. 1970

Practice-based SE in the USA

▪ Drivers: Operations research, Bell Laboratories, 
US Space Programme

▪ Focus: application-oriented, as well as industrial deployment 
via best practice, standardisations, norms and certifications

▪ Start: ca. 1940

Figure 2-2: Schools of systems engineering

Systems engineering is very multifaceted. It originates from systems theory and has 
been evolving steadily. The catalyst was always the increased complexity of problems. 
The current research topics Industrie 4.0 and Cyber-Physical Systems are significant 
driving forces behind systems engineering.
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The existing norms do not offer sufficient support for the widespread application of 
systems engineering. It is difficult to gain an overview of how norms interact to bring 
systems engineering closer to the user.

2.3 Norms, standards and guidelines
An expansion of SE in practice presupposes norms. This section provides an overview 

of which norms, standards and guidelines exist and why the expansion of systems 

engineering has failed previously in this regard. 

Figure 2-3: Opaque range of norms in 
the context of SE according to [Arm05]

Norms describe the formulation and 

application of regulations and policies 

that are based on firm results of 

science, technology and experience. The 

statements are made in consensus and 

above all promote application and quality 

assurance. A norm is decisive. A guideline 

is a regulation that is binding but not of 

a legal nature. Whereas a standard is 

regarded as a recommendation.

 The norms, standards and guidelines 

of SE are largely based on best practices 

and were drafted by representatives/

institutions based on their experience 

(e.g. from aerospace industry or US 

Ministry of Defense). This means that the 

standards only contrast with each other in 

particular aspects and address different 

perspectives. Both practical users and SE 

experts find it difficult to get an overview 

of the norms; this can lead to confusion in  

application. It is not clear which norms 

are relevant and how these relate to one 

another. Figure 2-3 provides a simplified 

illustration of the number of norms 

assigned to systems engineering, how 

they are linked and their variety. 

ISO/IEC 15288
ISO/IEC 15288 positions the topic of 

systems engineering in Europe with the 

title “Systems development - the system 

life cycle and its processes”. The following 

four views are analysed in this norm: (1) 

Agreement processes, (2) Organizational 

Project-Enabling processes, (3) Technical 

processes and (4) Project-specific pro-

cesses.

VDI 2206
In the German-speaking region, the VDI 

Guideline 2206 entitled “Methods for the 

development of mechatronic products” 

serves as the established standard for 

orientation. 

ISO/IEC
15288

ISO/IEC
29148

ISO/IEC
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ISO/IEC
20000

ISO/IEC
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ISO/IEC
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ISO/IEC
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CMM
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ISO
14001
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DOD-STD-
2167A
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2168

DOD-STD-
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016

MIL-STD
499B

IEEE
1220

EIA/IS
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ISO 15939

ANSI/
EIA 632

RTCA
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PSP
INCOSE SE
Handbook

PSM
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NASA SE Handbook
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Process standards
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2.4 The promoters

Contact data
International Council on Systems 

Engineering

7670 Opportunity Rd., Suite 220

San Diego, CA 92111-2222

USA

 

Phone: +1 (0) 858-541-1725

Toll Free Phone (US): +1 800-366-1164

Fax: +1 (0) 858-541-1728

E-Mail: info@incose.org 

www.incose.org

There are only a few organisations that promote the development and expansion of 

systems engineering, provide companies with assistance and are available as a point 

of contact. The development and expansion of SE is strongly promoted by INCOSE 

(International Council on Systems Engineering). This is the main organisation for 

establishing SE, particularly in the USA and UK. The German subsidiary, Gesellschaft für 

Systems Engineering e.V. (GfSE), has been attracting more attention since around 2010. 

Furthermore, there are a number of smaller promoters, e.g. regional topic networks such 

as OWL Maschinenbau e.V., Kompetenzzentrum Baden-Württemberg e.V. or Mechatronik-

Cluster München Augsburg; these are not discussed in detail here.

Vision/motivation
•	 Conveying knowledge in systems 

engineering
•	 Promoting cooperation between 

industry and academia in the fields 
of research, teaching and further 
education

•	 Providing a platform for dialogue 
on systems engineering

•	 Introduction of standards in 
systems engineering

Size of the institution
8,344 members 
(as of December 2012)

Activities and events
•	 Organisation of a variety of 

symposia and conferences for 
exchanging knowledge and 
developing strategic programmes

•	 Distinction/promotion of 
exceptional services (INCOSE 
Foundation)

•	 Events supporting further 
education (in the form of face-to-
face meetings or webinars/virtual 
meetings)

•	 Certifications

Publications
Publications, manuals, knowledge 
databases (partly published on the 
INCOSE website e.g. the Systems 
Engineering Handbook, as well as 
statements on a variety of topics in the 
field of SE (vision, indicators, etc.))

International Council on Systems Engineering (INCOSE)

Target audience
The activities of the GfSE are aimed at 

students, individuals from industry and 

academia, industrial enterprises and 

government institutions.

The institution/self-image
The International Council on Systems Engineering (INCOSE), established in 1990, is 

an independent, non-profit organisation that operates worldwide. It originates from 

the National Council on Systems Engineering (NCOSE), which was originally founded 

to foster US interests.  The basic rational was and is the development and expansion 

of interdisciplinary principles and practices for realising successful systems.
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Contact data
Gesellschaft für Systems

Engineering e.V.

Zeppelinstr. 71-73, 81669 München

Deutschland

Phone: +49 (0) 893-603-6808 

Fax: +49 (0) 893-603-6700

E-Mail: office@gfse.de 

www.gfse.de 

Vision/motivation
•	 Application and further develop-

ment of SE in the German-speaking 
region

•	 Proliferation and exchange of 
knowledge in systems engineering

Size of the institution
37 organisations (institutes and 

companies from almost all sectors).

Activities and events
•	 Hosting expert events in systems 

engineering (e.g. Tag des Systems 
Engineering)

•	 Development of products for 
systems engineering

•	 Collaboration in standardisation 
activities

•	 Promoting training and further 
education in the field of systems 
engineering

•	 Topic-related work groups
•	 Seminars and workshops in 

systems engineering

Publications
Publications of GfSE members (mainly 
published in INCOSE Journal)

Target audience
The activities of the GfSE are aimed at 

students, individuals from industry and 

academia, and industrial enterprises.

The most important promoter of systems engineering worldwide is INCOSE. In the German-

speaking region, its subsidiary is GfSE. Both institutions bring together SE experts and 

enthusiasts and play an important role in the fields of standardisation, training and 

further education. 

Gesellschaft für Systems Engineering e.V. (GfSE)

The institution/self-image
The German subsidiary of INCOSE is the Gesellschaft für Systems Engineering e.V. 
(GfSE), established in 1997. As a non-profit, voluntary association, it promotes science, 
training and further education in the field of systems engineering in industry, research 
and teaching. The association’s objective is the optimum application and further 
development of systems engineering in the German-speaking region, i.e. Austria, 
Germany and Switzerland. It participates in the activities of INCOSE on a European and 
international level and offers German-speaking services in systems engineering.
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3 Systems engineering in practice

The previous chapter showed how multifaceted systems engineering is in theory. The 

following chapter highlights the understanding and efficiency of systems engineering 

from an industry perspective and represents the core of the study. The knowledge of 

the experts interviewed varies; both certified experts and managers less familiar with 

systems engineering were interviewed. The evaluation addresses four central aspects: 

•	 Understanding of SE in practice

•	 Benefits and obstacles in the application of SE

•	 Capability of companies in SE-relevant fields

•	 Differences in various sectors

Integral systematic thinking
More than three quarters of the interview-

ees regard SE as a holistic approach to the 

development of a multidisciplinary system. 

However, the key players in system devel-

opment consider the implementation of 

this holistic approach to be a major hurdle. 

In particular, the mind-set of thinking in 

terms of individual product components 

(component-oriented thinking) is still too 

3.1 Understanding of SE in practice
A standard understanding is the basis of successful application. In order to clarify the 

understanding of systems engineering in practice, the key SE terms mentioned most 

frequently in the interviews are discussed below (Figure 3-1). These are reflected in the 

definition of INCOSE (see Chapter 2.1).

strongly embedded and prevents a holistic 

and function-oriented analysis. It should 

be noted that the product to be developed 

is mainly referred to as the overall system. 

However, the overall system also includes 

the project, the company, the sector and 

the socioeconomic environment. Every in-

dividual component is therefore an integral 

component of the higher level. The system 

boundaries are therefore too narrow.

From requirements right up to system 
development
39% of the interviewees regard sys-

tems engineering as a general approach  

to systems development – thus from the 

definition of requirements, through the 

conceptualisation phase and right up to 

the validation and testing of the system. 

Requirements management and also 

change management are given a key role 

Mentions/Number of respondents

Interdisciplinary approach

Methods, processes, best practices

Analysis of all stakeholders

Methodical development

From requirements right up to system development

79%

39%

36%

32%

29%

25%

Integral systematic thinking

Figure 3-1: Key terms for defining systems engineering
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Holistic systematic thinking is es-
sential; nevertheless, system 
boundaries are often too tight.

The term systems engineering lacks 
traction and clarity. Systems engi-
neering is often understood as a 
“collective term”.

during development. The consistent moni-

toring, implementation and processing 

of all requirements poses a challenge to 

companies. It is frequently overlooked that 

systems engineering places particular em-

phasis on conceptualisation and normally 

takes a top-down approach (from abstract 

to specific), and thus forms a good basis 

for monitoring the requirements.

Interdisciplinary approach
Approximately a third of the interviewees 

regard systems engineering as an interdis-

ciplinary approach that unites all special-

ist disciplines in the development. Many 

of the interviewees are therefore not aware 

that systems engineering goes far beyond 

the actual task of development: Thus distri-

bution and marketing help to identify cus-

tomer wishes and to define requirements; 

production planners ensure that the prod-

ucts are manufactured economically, etc. 

Systems engineering is also present here. 

Systems engineering also addresses or-

ganisational aspects and offers a frame-

work for designing development processes 

and enabling development organisations.

Methods, processes, best practices
For 32% of the interviewees, systems engi-

neering is heavily shaped by best practices, 

as this is where benefits arise. However, 

the experts interviewed criticise signifi-

cant deficits in methodical approaches 

in day-to-day development work. There 

are two reasons for this in their opinion:  

(1)The methods are often not designed 

from a practical perspective and are thus 

unmanageable in application. (2) The me-

thodical approach is often neglected due 

to time pressures during development.

Analysis of all stakeholders
Stakeholders are groups that characterise 

the sociotechnical and socioeconomic en-

vironment. It is not sufficient to only con-

sider the direct stakeholders in product 

engineering e.g. customers, developers 

and competitors. In fact, it is important 

to take the entire product life cycle, e.g. 

maintenance personnel, lobby groups and 

legislators, into account. However, this as-

pect was only perceived by a quarter of the 

interviewees.

 

There is not yet a pronounced understand-

ing of SE in practice. Although a majority 

of the interviewees referred to systematic 

thinking being at the core of systems en-

gineering, they did not fully understand 

what that means. This illustrates the dis-

crepancy between the rather generalised 

statement “systematic thinking” and the 

limited analysis of all stakeholders in prac-

tice. Paradoxically, this goes hand in hand 

with high expectations with respect to sys-

tems engineering. 

 We conclude that the term lacks trac-

tion and clarity. This is the case particularly 

from the perspective of SE beginners. Sys-

tems engineering is often understood as a 

“collective term”. The definition of leading 

institutions INCOSE and GfSE is not very 

widespread, despite their dedication. Nev-

ertheless, from the perspective of SE repre-

sentatives, SE is anything but a collective 

term; they regard systems engineering as 

a design school for complex systems. The 

SE experts interviewed as part of the study 

warn that the increasing popularity of the 

term is leading to excessive expectations 

and thus to disillusionment. Others see 

the danger that singular aspects of SE such 
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as requirements management, data inter-

faces and modelling are represented as 

the core and this leads to misconceptions 

The term systems engineering is familiar in practice; most have a basic understanding. 
However, only real experts have a deep understanding. Often, when systems engineer-
ing is discussed, the focus is only on software development and is too narrow. Neverthe-
less, the interviews show that expectations towards SE are high, even if the range of the 
activities, methods and tools required cannot be grasped.

3.2  The benefits of SE from a practical 
perspective

The following questions are paramount: Do the theoretical promises correspond to 

practical evaluations? What potential benefits does systems engineering offer in practice? 

Refer to Figure 3-2 for the answer.

Orchestration of multidisciplinary coop-
eration
The systems of the interviewees have al-

ready experienced a shift to systems heav-

ily influenced by mechatronics. Thus the 

companies already work frequently in in-

terdisciplinary teams; however, each indi-

vidual thinks and acts in the patterns and 

structures of their specialist area. Histori-

cally, one specialist area often dominated 

the product development. Regardless of 

sector, the interviewees hope that SE will 

help to overcome existing shortfalls in 

cooperation and coordination. This corre-

sponds to the claims of SE.

Analysis of the needs of all  
relevant stakeholders
SE enables a holistic system analysis. In 

particular this concerns a standard under-

standing of the entire problem and a ho-

listic view of the system to be developed.

Improved planning and control security
More than half (55%) of the interview-

ees hope to achieve improved predict-

ability of projects in terms of time, qual-

ity and cost targets through SE. 40%  

Mentions/Number of respondents

Improved planning and control security

Quality assurance and management

Reuse of solution knowledge

Orchestration of multidisciplinary cooperation

Analysis of the needs of all relevant stakeholders

75%

55%

55%

40%

35%

Figure 3-2: Benefits of systems engineering

Systems engineering forms the ba-
sis for communication and coopera-
tion in development.

of the performance level of systems engi-

neering.
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In principle, all persons interviewed see considerable potential in the application of sys-
tems engineering. Fundamentally, it is hoped that SE forms a basis for communication 
and cooperation, making activities more aligned and easier to coordinate and promoting 
the use of tried and tested partial solutions. The benefits, according to experts, increase 
as the complexity of tasks grows.

3.3 Obstacles for the use of SE

The expected benefits of systems engineering meet obstacles that must be overcome. 

These are explained below.

see improvement potential for achieving 

time targets, 33% for cost targets and 22% 

for achieving quality targets, whereby the 

effects are interdependent and mutually 

reinforcing. The interviewees cite the lack 

of transparency in product engineering 

as the main cause of poor planning and 

coordination problems. The interviewees 

believe that SE could provide assistance 

here.

Quality assurance and management
The shift towards mechatronics requires 

considerable effort to ensure reliability. 

A functioning overall system places high 

demands on key players in product engi-

neering. The interviewees promise major 

benefits from the holistic approach and 

the holistic system analysis. 

Reuse of solution knowledge
The identification and benefits of syner-

gies, as well as the reuse of knowledge are 

also rated as decisive advantages. This is 

the case if the reusability of specific devel-

opment objects can considerably reduce 

expenditure in customisation and variant 

parts, for example in automotive construc-

tion.

Lack of transparency in product engi-
neering causes expensive poor plan-
ning and coordination problems.

According to many interviewees, the main 

obstacle to the application of systems 

engineering is the lack of acceptance 

among employees and the entire company. 

First and foremost SE requires a change 

in the views that extends to the company 

culture, as well as changes to processes 

and the company structure if necessary. 

Figure 3-3 shows reasons for this lack of 

individual and organisational acceptance:

Mentions/Number of respondents

Not required for own products

Insufficient adaptability of methods

Insufficient tool support

No clear distinction of terms

Insufficient provision of introduction methods

Insufficient expertise

22%

Benefits not quantifiable31%

21%

20%

18%

17%

13%

Figure 3-3: Obstacles in the application of SE
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Benefits not quantifiable
The benefits of systems engineering seem 

high, but cannot be sufficiently quantified 

(31%). Projects must pay off immediately, 

but systems engineering requires high 

expenditure at the beginning. Management 

is unable to grasp the relation between the 

expenditure, which seems high initially, 

and the resulting benefits. There is a lack 

of reliable key performance indicators 

that justify the application of SE and also 

the high personnel and time expenditure 

at the start of the project, known as 

“frontloading”.

Barriers to introduction 
An insufficient level of introduction is 

also criticised (22%). This concerns SE 

approaches as a whole, but also many 

partial aspects. Thus companies find it 

difficult to recognise which changes and 

activities must be introduced, and when, 

where and how these are required. In this 

context, the lack of adaptability (18%) of 

SE approaches is also noted in various 

sectors beyond aerospace. In mechanical 

and plant engineering in particular, it is 

noted that methods are still cumbersome 

and approaches are difficult to integrate 

into existing processes. However, this 

statement must be considered in the con- 

text that the aforementioned shortcom-

ings are based on presumptions rather 

than practical experience. 

Insufficient expertise
This concerns all company divisions from 

management to specialists. All must 

have an understanding and awareness 

of systems engineering. Corresponding 

training expenditure must be scheduled for 

the current development team - however, 

this is generally not possible due to time 

constraints. 

 Both representatives of companies with 

intensive systems engineering activities as 

well as persons new to the subject admit 

that a lack of expertise and awareness of 

the problem represents a significant barrier 

(21%). Particularly in engineering training 

there is still a considerable difference 

between the current courses offered and 

practical requirements. A majority of the 

courses offered are discipline-specific, 

which almost inevitably arises from the 

established faculty structures. Even the 

few systems engineering courses currently 

do not cover the requirements of practical 

systems engineering (see Chapter 4).

 Present systems engineering courses 

are not sufficient to satisfy interdisciplinary 

requirements. The actual idea of systems 

engineering is rarely found in teaching.

Not required for own products
Some companies feel that systems 

engineering is over-dimensioned for their 

own products. They have successfully 

marketed their products thus far and 

therefore see no need for SE in their 

company. It remains to be seen whether 

the development towards ever more 

complicated, interdisciplinary products 

will alter this opinion. 

No clear distinction of terms
Even from the general definition, it is evi-

dent that the term systems engineering has 

not been established clearly. This unclar-

ity is a serious obstacle for the successful 

introduction of systems engineering – 

even if it was only mentioned by 17% of  

A lack of individual and organisa-
tional acceptance impedes practical 
application.



33 3 Systems engineering in practice

theinterviewees. As long as there is no 

common understanding, there will only 

ever be vague perceptions of the potential 

benefits and little willingness to enter into 

systems engineering. 

3.4 The use of SE in industry
What is the situation concerning the use of systems engineering in industrial practice? 

The importance of systems engineering within a sector, as well as the role of individual 

topics in general is considered in this context. 

Based on the INCOSE definition of systems 

engineering, the following seven topic ar-

eas were defined in the study in order to 

carry out a detailed observation of the per-

formance level in practice:

•	 Requirements management

•	 Domain-spanning system architecting

•	 Model-based engineering

•	 Virtual verification and validation

•	 Integrative production system devel-

opment

•	 Product life cycle analysis

•	 Process tailoring

The analysis focussed on assessments re-

garding

•	 the current performance level of the 

company in each individual topic area 

and

•	 the future importance of each individ-

ual topic area. 

The results of each defined SE topic area 

are listed below. The importance and key 

challenges in present and future product 

engineering are displayed for each topic 

area. Specific examples and references 

from industry illustrate the actuality and 

key roles of these topics.

Particularly in small and medium-sized companies, thus far the topic of systems 
engineering has been very person-specific. However, these people in particular are 
mostly keen to transfer the ideas and approaches of SE to everyday work. Similarly, 
company-wide awareness of SE is also not yet evident in large companies. Surprisingly, 
the opinion of some companies, despite the progressive shift to mechatronics, is: “My 
products do not need systems engineering.”
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3.4.1 Requirements management

Requirements management is al-
ready handled intensively – but 
systems engineering is not require-
ments management alone. 

Large companies with complex 
products successfully operate re-
quirements management; neverthe-
less there is still a need for further 
development. 

Requirements management is understood 

to refer to the determination, evaluation 

and upkeep of all requirements placed 

on a system, as well as the evaluation of 

requirements compliance throughout the 

engineering of the product. This comprises 

the definition of relevant stakeholders (e.g. 

customers, decision-makers, etc.), deriv-

ing their expectations and wishes, as well 

as evaluating the identified requirements 

from various different perspectives, e.g. 

priority, consistency, conflicts of interest. It 

also comprises requirements documenta-

tion and establishing traceability for solu-

tions to be implemented [INC10], [Lin09].

Importance, performance level and ben-
efits
Requirements represent a specifically for-

mulated development target. Depending 

on the type of product and the product 

complexity, up to a thousand require-

ments may be relevant in practice. Due to 

the increasing number of drivers as well 

as norms and guidelines, the number of 

requirements to be taken into account 

also increases. Ultimately, they represent 

the basis for the subsequent evaluation of 

solution concepts and the entire solution. 

Thus requirements management is evident 

throughout the entire product engineer-

ing process and plays a significant role in 

the successful development of a product 

[PL11]. With this in mind, the findings of the 

survey regarding the importance of require-

ments management are no surprise: All 

interviewees rated requirements manage-

ment as important or very important. The 

interviewees see considerable potential 

for increasing customer satisfaction and 

avoiding mistakes here. The awareness of 

companies as regards the relevance of con-

sistent requirements management is high. 

Against this backdrop, the commitment in 

this field is extensively reinforced. Never-

theless, there are still many problems that 

are still far from being resolved.

Barriers
Particularly small and medium-sized enter-

prises (SMEs) find it difficult to gain access 

to requirements management. Normally 

SMEs use standard software tools (e.g. MS 

Office) for the documentation of require-

ments. The challenge as regards quality as-

surance lies in the clear definition and the 

completeness of requirements. False inter-

pretations or unconsidered requirements 

that are only discovered in subsequent de-

velopment phases lead to additional itera-

tions. This costs time and money. 

 Large companies with complicated 

products e.g. companies in the automo-

tive industry, have already mastered the 

challenges concerning clear and complete 

definition. They invest fairly considerably 

in requirements management. Dedicat-

ed software tools such as IBM Rational 

DOORS or Polarion REQUIREMENTS are 

normally used. These enable structured re-

cording and management of requirements. 

For these companies, the challenge lies 

more in the clever reutilisation of require-

ments specifications and maintaining the 

consistency of these.
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It is important to consider that the companies interviewed place a high significance on 

requirements management. Large companies with complex products already practise it 

successfully. Nevertheless, there is still a need for further development.

Excursus: Requirements management 
in the automotive industry
The large German automotive manu-

facturers all agree: Cars of the future 

will be technologically integrated and 

networked vehicles [WZJ+05]. Car manu-

facturers develop, produce and market 

new functions in vehicles that enable 

the exchange of data with the internet 

via interfaces. Thus the internet is en-

tering the world of cars [Mbt11]. The car 

is advancing to become an “intuitive” 

digital assistant, an interface with new 

possibilities. These new possibilities 

open up new business opportunities 

for the automotive industry and internet 

service providers. At the same time, this 

potential faces a range of challenges. In 

relation to requirements management, 

the unfolding developments mean a 

considerable increase in complexity. 

 The combination of vehicle and in-

ternet results in an expansion of the 

system boundary. Whereas in the past 

the system boundary ended with the 

vehicle, the integration of smartphones 

and the use of all types of current in-

formation, such as traffic information, 

is state-of-the-art. On one hand, the 

implementation of these functions 

lead to an increase in stakeholders to 

be considered and subsequently their 

requirements. On the other hand, the 

manufacturers integrated specialist 

suppliers, who in turn had to integrate 

further suppliers, where applicable. In 

this highly networked system, it must be 

guaranteed that the relevant, up-to-date 

requirements are made available to em-

ployees in all participating teams. The 

same applies for changes. Changes to 

a requirement must prompt the adjust-

ment of all associated requirements. In 

terms of car-to-X communication, as this 

development progresses, the complex-

ity and thus the necessary performance 

level of requirements management will 

also increase (Figure 1).
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Figure 1: Increased requirements using cars as an example
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3.4.2 Domain-spanning system architecting

The overriding majority still have 
previous experience thus far.

Domain-spanning system architecting 

places what’s known as a system model 

at the heart of the development of multi-

disciplinary systems (see Chapter 2.1). It 

functions as a means of communication 

between developers from various special-

ist disciplines (e.g. mechanics, electrics/

electronics and software engineering) 

whereby it contains all important interdis-

ciplinary information about the system and 

describes it in a manner non-specific to 

one particular discipline. A modelling lan-

guage, a method and a software tool are 

required for describing the system model; 

ideally these are coordinated.

Importance and performance level
Increasing system complexity makes it 

more difficult to ensure transparency in 

development. Multidisciplinary connec-

tions and dependencies are very difficult 

to recognise and analyse. The system 

model enables an extensive representa-

tion and thus ensures a common system 

understanding for all those involved in the 

product engineering. So for example, the 

experts developing the casing of a radio-

controlled key can understand the impact 

of the electronics layout on their design, 

without having to immerse themselves in 

the details of electronics development. 

The system model is the starting point 

for discipline-specific production and is 

used to exchange information and coor-

dinate development activities. It is crucial 

that horizontal and vertical consistency 

is maintained. Horizontal refers to an in-

terdisciplinary abstraction/consolidation 

stage; vertically means along the axis from 

abstraction to consolidation. Early analy-

ses are also possible using the system 

model.

 However, the level of performance in 

the companies does not yet correspond 

to the described capabilities. The compa-

nies themselves currently assess this topic 

as insufficiently analysed and controlled. 

The product engineering process is still 

too focussed on documentation e.g. quite 

a lot of development information is only 

filed once in “rigid” documentation, if at 

all. Normally, changes will not and cannot 

be updated. However, Domain-spanning 

system architecting is attracting more 

and more interest and is progressing. The 

automotive industry and the aerospace  

industry consistently rely on Domain-span-

ning system architecting. Here the system 

model is being used increasingly as a 

means of coordinating with management, 

the sales department or the customer. That 

said, the use of system models is not yet 

widespread; it is more common in initia-

tives, mainly in the context of functional 

safety and quality assurance. 

Benefits and barriers
From the participants’ perspective, Do-

main-spanning system architecting offers 

major benefits as a basis for communica-

tion and cooperation among interdisci-

plinary teams. Domain-spanning system 

architecting  can make complexities man-

ageable and can increase quality in the 

conception, design and consolidation 

of products. The increased reusability of 

knowledge and solutions thanks to Do-

main-spanning system architecting also 
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3.4.2 Domain-spanning system architecting opens up considerable potential benefits. 

 However, a great deal of clarification 

and research is still required in order to 

overcome existing barriers: Despite the 

software tools available, creating the sys-

tem model is deemed too expensive and 

unmanageable. Furthermore, despite its 

interdisciplinary pretence, the approach 

is still very strongly characterised by meth-

ods and concepts from software engineer-

ing; engineers often encounter significant 

acceptance hurdles. The tools are some-

times too rigid and increase the com-

plexity of the Domain-spanning system 

Domain-spanning system architecting is discussed everywhere, but with a few exceptions, 

there is lack of specific use. The larger the company and the more complex the products, 

the larger the interest in this topic – the benefits are clearly acknowledged here. These 

companies are gradually drawing closer to Domain-spanning system architecting. But suc-

cessful application still requires further development when it comes to methods and sup-

porting tools.

architecting application. The companies 

also lack the necessary methodical skills. 

Domain-spanning system architecting  can 

only succeed if the models are maintained 

and used, if employees possess the nec-

essary know-how and if the correspond-

ing infrastructure is available. Some of 

the interviewees are already familiar with 

the language SysML2. However, there is 

no user-oriented methodology that allows 

SysML to be used as a modelling language. 

So far, the models are often referred to as 

“dead images”. This may also be related to 

limited understanding of the topic area. 

Excursus: Vehicle access systems - 
small but networked
Radio-controlled keys for vehicles were 

introduced more than a decade ago, 

thus the technology has changed some-

what since then. Various further func-

tions were integrated into the system: 

window lift function, programmable 

function switch for any functions. As a 

result, the key is becoming an important 

subsystem in vehicle development. It 

communicates with various control units 

and is highly cross-linked with the ve-

hicle.  At the same time, the complexity 

is increasing. What a “simple” key must 

deliver and how it interacts with the ve-

hicle and the environment is difficult to 

overlook. A simple graphic specification 

of the key is helpful here (Figure 1).

Established use of Domain-spanning 
system architecting still requires 
considerable expenditure for clarifi-
cation and research!

2  SysML (Systems Modelling Language) is the expansion and adaptation of the established model-
ling language in software engineering, UML (Unified Modelling Language), as part of an initiative 
of the Object Management Group (OMG).

User

Wireless
key

Vehicle

Environment

Figure 1: Environmental model of a radio-
controlled key (section)
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3.4.3 Model-based engineering
Continuous model-based engineering ad-

dresses the formalisation and implementa-

tion of virtual models to support develop-

ers and managers in all phases of product 

engineering (requirements management, 

systems design, systems analysis, verifica-

tion and validation) [INC10].

Importance and performance level
The virtualisation of product engineering 

has progressed far under the buzzwords 

virtual prototyping and digital manufac-

turing. There are efficient software tools 

for analysis and/or simulation for almost 

every aspect of a technical system, such 

as kinematics, dynamics, temperature dis-

tribution, aerodynamics, forming, material 

flow, etc. There is still a need for further ac-

tion in consistency across several aspects 

and disciplines. Thus interactions are only 

covered to a certain extent.

 Continuous, consistent virtualisation 

of product engineering is indispensable 

for mastering the complexities of devel-

oping intelligent technical systems. Two 

approaches are used to implement this 

consistency: direct linking of the models 

or constructing a multidisciplinary system 

model (see Chapter 3.4.2). The interview 

findings confirm the strong relevance of 

virtual product development. Various mod-

els are used in product and product sys-

tem development. However, it is clear that 

complete consistency of the model-based 

engineering has not yet been implement-

ed. The models used are mainly construct-

ed and reutilised independently of other 

specialist disciplines. Horizontal consis-

tency is not achieved. For 65% of the inter-

viewees, this aspect-specific consistency 

is already sufficient. The interdisciplinary 

linking of models and the corresponding 

analyses and simulations only take place 

individually in companies. 

 The aerospace industry and the auto-

motive industry should be highlighted. 

Both sectors work intensively in this area. 

These sectors are clearly ahead of other 

sectors in terms of performance level. How-

ever, by their own estimation, they state 

there is still potential for improvement. 

From the perspective of the aerospace in-

dustry and the automotive industry, the 

difference in importance for the develop-

ment and performance level of companies 

is the largest in this topic area. Only ex-

perts who have already worked intensively 

on virtualisation in product development 

recognise the untapped potential. The 

approach of an interdisciplinary system 

model as the basis for model-based sys-

tem development is only trialled in very 

few advanced companies.

Benefits and barriers
The benefits of continuous model-based 

engineering are assessed very differently. 

While some of the interviewees regard 

the consistency of virtual product devel-

opment as essential, it is considered less 

important particularly in small and medi-

um-sized enterprises. A key benefit is en-

suring vertical and horizontal consistency 

in development e.g. to guarantee the trace-

ability of requirements, despite networked 

systems and different key players. The in-

terviewees identified the task of ensuring 

reliability as a key challenge in present and 

future product development. 

Those who have worked more inten-
sively with the subject recognise the 
potential for improvement.
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 However, such consistency faces ma-

jor obstacles. There is a lack of continu-

ous tool chains and established standards 

that enable model consistency. The tool 

interfaces play an important role here. 

Consistent simulation is not possible due 

to a lack of standardised formalisms. The 

Model-based engineering requires a high degree of research regarding consistency. The 

necessity is recognised. Modelling plays an important role, particularly with increased 

system complexity. However, in practice, continuous, consistent realisation is not yet 

achievable.

arising interruptions in development can 

be addressed by standardising modelling 

formalisms and tool integration. Another 

obstacle is a lack of trust in simulation 

results. It falls to each company to assess 

which solutions are suitable for their prod-

ucts and their organisation.

Excursus: Data exchange 
The Application Protocol (AP) 233 is 

part of the internal standards ISO 

10303 (STEP-Standard for the Exchange 

of Product model data). This contains 

the description of information that is 

required for the systems engineering 

process and offers a neutral format for 

SE data exchange between tools for 

e.g. project management, Product Data 

Management (PDM), Product Life cycle 

Management (PLM), Computer-Assisted 

development (CAx). AP233 is used pri-

marily for sequential data exchange be-

tween tools. This standard has not yet 

been implemented extensively. 

 The research project MODELISAR3  
also addressed the need for stan-

dardised data exchange in the SE con-

text. The project partners developed 

the Functional Mock-Up Interface (FMI) 

as a multi-vendor standard for model 

exchange and co-simulation. The FMI 

development was launched by Daimler 

AG with the aim of improving model ex-

change between OEMs and suppliers. 

FMI is supported by more than 35 tools. 

For example, the project Smart Systems 

Engineering from ProSTEP iViP e.V. acts 

on these results. Among other things, 

it investigates the options for design-

ing systems architecture and interfaces 

with SE methods. The key element of the 

investigation is the exchange of mod-

els for consistent model-based devel-

opment beyond company boundaries 

[Pro12].

The degree of model construction in 
development is rising steadily; yet 
there is still inconsistency among 
the different models.

3  MODELISAR – simulation platform for software in vehicle development; 28 institutes from industry 
and research across five European countries participated in the project.
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3.4.4 Virtual verification and validation 
Validation is the comparison of require-

ments and effectiveness indicators of 

interest groups with the technical specifi-

cation and the defined key performance in-

dicators. The verification involves the con-

sistent inspection of system features for 

the defined requirements and illustrates 

the necessary corrective measures in order 

to identify discrepancies between the sys-

tem realised and the system required, and 

to correct these early on [INC10], [Ehr09].

Importance and performance level
Virtual prototypes enable model-based 

verification and validation and thus con-

tribute to reducing the time and cost-

intensive construction and testing of real 

prototypes. This considerably reduces the 

product engineering time (time to market), 

whilst increasing development quality at 

an earlier stage. A important objective of 

virtual product engineering is to test and 

safeguard product and production system 

features as soon as possible. The basis for 

this is the availability of analysable and/or 

simulation-ready models e.g. for simulat-

ing dynamic behaviour in order to obtain 

findings that are transferable to real life 

[SHI+11]. 

 Similar to the topic of requirements 

management, a high level of importance 

is attached to virtual verification and vali-

dation compared to the other topics. The 

companies interviewed describe their per-

formance level in V&V as above average. 

However, it is striking that this still refers 

largely to the use of physical prototypes. 

The use of models for virtual V&V is often 

used as an interesting source of intermedi-

ate information, but is not seen as a robust 

analysis. There is a lock of trust in the mod-

els.

Real prototypes vs. virtual models
Only a small proportion of the interviewees 

classify V&V in the early phases of product 

conception and focus on virtual, model-

based validation. It is clear that there is 

still a considerable need for action here - 

there are no corresponding methods and 

tools for modelling, analysis and simula-

tion and no plans to establish these. The 

fundamental problem is dependency on 

the quality of the models used. Product 

development often has limitations here. 

For example, it is not currently possible 

to fully simulate the comfort properties of 

a vehicle in a manner relevant to custom-

ers. Many tests are still performed based 

on physical prototypes. This problem is 

picked up on by the X-in-the-loop method 

[ADO08]. In line with virtualisation, this 

method uses simulation models in very-

ing granularities as defined by the de-

veloper and links these as required. This 

means: If no model of the goods required 

is available (e.g. friction system of vehicle 

breaks), problem-specific simulations are 

also performed with the subsystems avail-

able in the hardware.

SMEs in particular work exclusively 
with physical prototypes. They are 
not yet familiar with the virtualisa-
tion possibilities.
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A large portion of the interviewees, particularly representatives of SMEs, still concentrate 

heavily on real prototypes for verification and validation. The aspect of virtual product 

development is only acknowledged as a precursor, but not as an equivalent. There is little 

confidence in models, so the use of real prototypes is considered essential. 

Excursus: all-electrical aircraft
In research projects and concept stud-

ies, aviation has looked at the possi-

bilities of consistently electrifying its 

products. On one hand, this involves 

reducing the kerosene consumption 

of engines and using electrical energy 

sources wherever possible. On the oth-

er, X-by-Wire solutions strive to consid-

erably simplify complex and expensive 

mechanical structures. The vision is the 

all-electrical aircraft. Considerable ef-

forts have already been made in basic 

research projects to map the entire air-

craft electrical system in a model. The 

corresponding hierarchical models are 

required to design energy networks, to 

define communication relationships, as 

well as to investigate the efficiency of a 

networked system under different load 

situations and to establish its resistance 

to errors. Various publications demon-

strate the path to the “Virtual Iron Bird” 

[Deu13-ol], which enables the protection 

of electronics and information technol-

ogy and is constructed based on model 

libraries. 



42 Systems Engineering in industrial practice

3.4.5 Integrative development of the 
 production system 

Product and production system are mutu-

ally dependent. Thus both must be devel-

oped in close interaction from the begin-

ning. This is the only way of ensuring that 

all design options for an efficient and low-

cost product are exploited. 

Importance
Especially in complex products, the prod-

uct concept is already determined by the 

manufacturing technologies in question. 

Furthermore, new product concepts require 

the development and/or customisation of 

manufacturing technologies and produc-

tion systems. Therefore, the conception 

phase is already governed by a close con-

nection and a strong need for coordination 

between product and production system 

development. This need for coordination 

continues throughout the product consoli-

dation phase in design and development. 

The interviewees deem an integrated and 

early analysis of the production system to 

be of little importance compared with the 

other topics.

Performance level
The classification of own performance lev-

els demonstrates that more than 50% of 

the interviewees indicate that the produc-

tion system is integrated into development 

at an early stage. In some companies, rep-

resentatives of production system plan-

ning are also part of the core development 

team. However, more precise inquiries 

show that the integration of product sys-

tem planning happens too late in the de-

velopment process. Important develop-

ment decisions have already been made at 

this point and can only be changed at great 

expense. The main focus is on production 

and assembly-specific design.

Barriers
It is clear that the current performance 

level of companies in production system 

planning focusses on design-specific 

designs and the analysis of available re-

sources. This is due to a variety of reasons: 

(1) Lack of awareness among managers,  

(2) Reserve as regards upstream expense, 

(3) Spatial and organisational separa-

tion of development and manufacturing,  

(4) Lack of expertise for implementation. 

 It should be highlighted that car manu-

facturers and equipment manufacturers 

stand out from this assessment and rate 

the importance considerably higher. There 

is an agreement across all sectors: the 

need for a holistic analysis of product and 

production system development rises with 

the increasing complexity of the product 

and production system. 

Manufacturing technologies deter-
mine product concepts and vice-
versa, yet minimal importance is at-
tached to this topic.

So far the emphasis has been on 
manufacturing and assembly-spe-
cific design.
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The analysis shows that awareness of the importance and benefits of a holistic analysis of 

product and production system must be reinforced beyond the aspect of production and 

assembly-specific design. Involving production managers in the development process 

from the start is the first step in this direction.

Excursus: 3-cycle model of product 
engineering
In our experience, the product engineer-

ing process cannot be understood as

a strict sequence of phases and mile-

stones. Rather it is an interaction of 

tasks that can be divided into three 

cycles. Product and production system 

development must advance in parallel 

and in close coordination in order to

ensure that all design options for an

efficient and low-cost product are 

exploited. In many cases, an innovative 

product concept requires the develop-

ment of new manufacturing process 

chains and production systems, as tra-

ditional solutions are insufficient. Ac-

cordingly, we see a particularly close 

linking of product and production system 

development in the conception phase. 

There is a need for coordination through-

out the subsequent consolidation 

phase. Both arrows in Figure 1 should 

illustrate this.
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Figure 1: Production system development in 3-cycle model of product engineering
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3.4.6 Product life cycle analysis 

The Product Life Cycle (PLC) comprises 

product engineering i.e. strategic product 

planning, product and production system 

development, as well as manufacturing, 

distribution, utilisation and discontinu-

ance [GLR+00] (Figure 3-4).

Importance
The success of a new product is determined 

in future; however, the course for this is set 

during product engineering. Important de-

cisions about the product are made when 

establishing the product strategy as part of 

strategic product planning. The following 

types of questions need to be answered: 

How can the variety demanded by the 

market be managed cost-effectively? What 

performance options are obtained during 

the market cycle? Making wrong decisions 

here is normally very costly and can endan-

ger the profitability of the entire company 

with the new product. Other far-reaching 

decisions that are based on a forecast 

product life cycle must be made during the 

product and production system develop-

ment if these relate to the early evaluation 

of concept alternatives. There is emphasis 

on safeguarding an appropriate return-on-

investment for R&D investment as far as 

possible, bearing in mind the principle of 

sustainable development and long-term 

protection of competitiveness. This chal-

lenge can be addressed by forecasting ex-

pertise, as well as the objectives and influ-

ences of the stakeholders involved in the 

life cycle of a product. 

Performance level and barriers
The surveys, however, show that a sig-

nificant proportion of the companies are 

not aware of the analysis of all product 

life cycle phases. Traditionally, the PLC is 

associated with the terms sustainability 

and maintenance. From the interviewees’ 

perspective, the importance of the PLC de-

pends heavily on the stakeholders and/or 

the intensity of relationships to the latter. 

An example of this is hybrid service pack-

ages i.e. the question whether or not a ser-

vice is an integral part of the performance 

in kind offered. One example is the sale of 

an engine: Does the engine alone make up 

the service, or is the engine’s availability, 

or even the number of products produced 

part of the service? Another statement 

from the interviewees concerns the length 

Not all companies are aware of 
the analysis of all product life 
 cycle phases.

Product life cycle

Product engineering

from business idea to series start-up

Product
development

Production system 
development

Strategic 
product planning

ManufacturingWithdrawal

DistributionUtilisation

Figure 3-4: Product life cycle according to Gausemeier et al. 
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of the PLC: If a very long life cycle is ex-

pected, are attempts to strategically plan 

the life cycle in advance intensified? How-

ever, the lack of suitable methods poses 

a challenge. Companies often do not feel 

capable of interpreting such aspects into 

requirements. This, however, does not 

apply for all disciplines; in hardware de-

velopment in particular, scientific knowl-

edge has already been integrated into the 

procedures of the companies interviewed. 

Furthermore, the interviews illustrate that 

the entire life cycle is increasingly being 

In summary, it can be stated that anticipating the life cycle of a product is generally con-

sidered necessary. In most cases, companies are not aware of suitable methods.

Excursus: Anticipation of PLC using air-
craft construction as an example
Anticipating the PLC in the early stages of  

product development is indispensable 

in aircraft construction. The driving ele-

ment is the time that the aircraft spend 

on the ground. In this context, the re-

quirements stemming from operation, 

maintenance and disposal are particu-

larly important. The requirements must 

be anticipated and taken into account 

in the early stages of development. Air-

craft maintenance poses a particular 

challenge. This involves overhauling, 

inspecting, repairing, fitting replace-

ment parts or fixing faults on an air-

craft or its components. The necessary 

activities for this are defined as part of 

a maintenance programme. The same 

applies for the time at which the respec-

tive activities should take place. These 

maintenance activities and the intervals 

must be taken into account as part of the 

development. The components must be 

designed in such a way that the inspec-

tion and/or replacement takes place in 

a particular time slot at particular in-

tervals. Furthermore, access to compo-

nents must be arranged in such a way 

that the required replacement times can 

be guaranteed. Safety-critical compo-

nents are paramount here.

The analysis of the life cycle de-
pends on the type of market perfor-
mance and the length of the PLC.

considered, particularly when looking at 

costs. This is underpinned by the follow-

ing types of statement: “The importance of 

life cycle costs outweighs the importance of 

procurement costs […] for the client“. This 

analysis of the PLC also appears in terms of 

resource efficiency of products. A distinc-

tion can be made between manufacturing 

efficiency and utilisation here. Although 

both are gaining importance, the resource 

efficiency of utilisation is often the decid-

ing factor.
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3.4.7 Process tailoring  

The adjustment of development processes 

supports a specific use of methods and 

tools based on existing knowledge ob-

tained at the current stage of the project. 

Individual process steps are added to or 

removed from a process depending on the 

situation [INC10]. The aim is to design the 

product engineering specific to the project 

and situation. 

Importance and performance level
In recent years, almost every well-function-

ing company has compiled process hand-

books which illustrate in varying granu-

larity how a project should be gradually 

steered towards success. However, these 

processes are largely generic and cannot 

be transferred to the project 1:1, especially 

if the complexity of the system to be devel-

oped varies heavily or the company offers 

a largely heterogeneous product range.  

“Tailoring” describes the option to adapt 

the development process to project re-

quirements. 

 In general it can be stated that process 

tailoring of small and medium-sized compa-

nies is considered less important than that 

of large companies. In general there is strong 

correlation between the size of the devel-

opment division and the importance of ad-

justing development processes. Yet, sur-

prisingly, there are two significant points 

of view here: To some, the adjustment 

of development processes is crucial and 

necessary to maintaining the balance be-

tween expenditure and benefits in clearly 

defined processes, whereas others gener-

ally regard adjustment as a loss of quality. 

Process tailoring, however, is often based 

on the gut feeling of experienced project 

managers, rather than on clearly defined 

criteria. Thus, on some occasions, consec-

utive milestones are agreed upon jointly, 

which can be completely sensible. Howev-

er, there is often a lack of objective criteria 

here. Furthermore: while some companies 

strictly adhere to these steps, companies 

with small development divisions in partic-

ular use these more as rough guidelines. 

Therefore, the adjustment of development 

processes is regarded with different levels 

of seriousness depending on the size of the 

company - this is the case in small compa-

nies in particular. Although this can impair 

the quality of the development results and 

in particular damages the product engi-

neering documentation over the long-term, 

it is often overlooked that it costs too much 

to carry out everything strictly according to 

procedure. Nevertheless, companies in 

all sectors indicate that they subscribe to  

development processes. Almost every 

company has its own product engineering 

process (PEP), which may be based on the 

V-model in VDI 2206. This process is nor-

mally a phase-milestone model. However, 

the serious issue here is that there is often 

a lack of understanding of application and 

significance to achieve a high-quality de-

velopment result. The consequences are 

often considerable quality shortcomings 

that damage the reputation of the compa-

ny and which must be rectified with costly 

revisions. 

Almost all indicate that they have 
well-defined processes. There are 
doubts, however, as to whether  
these are also practised.
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Across all sectors and company sizes, all topics were deemed important, regardless of the 
SE expertise of the persons interviewed. On average, companies with less SE expertise 
rate themselves better than companies with more expertise. While there is already great 
interest in some topics (e.g. requirements management), other activities are still in their 
infancy. The following aspects must be overcome here: Lack of know-how and a methodical 
approach, as well as insufficient tool support. All topics are closely interlinked; successful 
activities in one area support the view of other areas. Accordingly, shortcomings in one 
area may weaken the entire structure.

Excursus: Particular challenges for 
SMEs  
Many companies do not identify with 

the textbook approaches of systems 

engineering inspired by large projects. 

The diversity of methods seems too 

extensive and the processes too rigid 

or too formal, and therefore unsuitable 

for flexible applications in small compa-

nies. The catchword tailoring conceals 

the opportunity to gain ordered access 

to SE processes. Systems engineering 

then becomes relevant for companies 

when their products reach a certain level 

of complexity. Standard ISO/IEC 29110: 

Systems and Software life cycle profiles 

and Guidelines for Very Small Entities 

clearly demonstrates that adapting the 

methods for small and medium-sized 

companies is in demand. The standard 

refers to specific aspects and require-

ments of small and medium-sized com-

panies and offers corresponding sup-

port. 

There is strong correlation between the size of the development division and the impor-

tance of adjusting development processes. Orthogonal to this are two points of view: To 

some, the adjustment of development processes is crucial and necessary to maintaining 

balance between expenditure and benefits in clearly defined processes, whereas others re-

gard the adjustment of development processes as a loss of quality. Process tailoring is often 

driven based on the experience of project managers rather than on clearly defined criteria.

SE experts rate themselves consid-
erably more critically than inter-
viewees with less SE expertise.
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The portfolio in figure 3-5 illustrates to 

what extent companies in the three sec-

tors aerospace, vehicle manufacturing in-

dustry and plant engineering/automation 

technology use systems engineering. It 

documents the different positioning of the 

topics in terms of the current capability of 

the companies (x-axis). The strong signifi-

cance of SE is confirmed by all three sec-

tors considered (y-axis).

Aerospace industry
Systems engineering is the established 

core of development and is often deemed 

as standard by interviewees. The devel-

opment divisions recognise systems en-

gineering and normally act accordingly. 

Whether this is a consequence of the his-

torical evolution of systems engineering 

remains unclear. However, failures in large 

commercial and military projects within 

the sector in recent years have raised seri-

ous doubts about the efficiency of current 

SE approaches. The portfolio illustrates in 

detail that the aerospace industry is a lead-

er in the application of systems engineer-

ing compared with the other sectors. The 

topics “Domain-spanning system archi-

tecting” and “Product life cycle analysis” 

are assessed as equal topic areas (Figure 

3-5). The companies rate their performance 

level very highly in both of these topic ar-

eas in particular. The companies in the  

aerospace industry recognise the benefits of  

systems engineering and are fully  

prepared to invest in the application and 

further development of this.

 Requirements management is consid-

3.5 SE in different sectors
The role of systems engineering varies considerably from sector to sector. The biggest dif-

ferences are illustrated below. For this, the sectors aerospace, vehicle manufacturing and 

mechanical industry and plant engineering/automation technology will be differentiated 

and analysed in closer detail.
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Figure 3-5: Sector-specific assessment of the topic areas of systems engineering 
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ered a particularly critical success factor 

in the event of concurrent lower efficiency. 

This is surprising, as requirements man-

agement has long been considered a cen-

tral topic of systems engineering. There has 

been large-scale investment in this area. A 

reason for this could be that the systems to 

be developed are largely shaped by the in-

teraction of different specialist disciplines; 

a clear specification and the cross-linking 

of requirements within a product repre-

sent major hurdles for developers. Not to 

mention the allocation and specification 

of requirements to individual disciplines. 

Although companies are managing the in-

dividual areas well or very well, the inter-

action of requirements is still a topic that 

they are working through. For this reason, 

the focus is on tools and interfaces that 

ensure consistent requirements handling. 

The objective is consistent, model-based 

system development as the final stage of a 

consistent product development process. 

The virtual verification and validation of 

multidisciplinary functions is proving to be 

particularly critical. 

Vehicle manufacturing industry
Systems engineering is regarded as an 

“enabler” in the vehicle manufacturing 

industry. The topic is gaining importance 

and is heavily promoted by OEMs. Various 

company and research activities illustrate 

the interest and highlight the necessity of 

systems engineering. The portfolio con-

firms this. The special framework condi-

tions of the vehicle manufacturing industry 

e.g. high number of variants are reflected 

in the portfolio: The process tailoring, re-

quirements management and integrative 

development of the production system are 

The performance level of systems 
engineering depends on the sector.

Although systems engineering is es-
tablished in the aerospace industry, 
there are still failures in major proj-
ects.

particularly critical to success. At the same 

time, the companies interviewed rate 

themselves best in these areas. But there 

is still room for improvement. The topic of 

domain-spanning system architecting is 

definitely regarded as important. domain-

spanning system architecting is viewed 

in close relation to this. Both are crucial 

for the successful virtual verification and 

validation of the vehicle. For this reason, 

interdepartmental product and production 

system specifications are becoming an in-

creasingly important aspect of company-

internal activities. These initiatives are of-

ten embedded in the field of reliability and 

are rolled out from there into the company: 

Guaranteeing reliability requires optimum 

control of all subsystems and the interac-

tions of these in the overall system.

 Furthermore, this triggers the close 

integration of OEMs and suppliers (par-

ticularly Tier-1), which is based on com-

munication with the suppliers and re-

quires absolute clarity of specifications. 

There are no indications of a clear trend 

towards a standardised language as yet:  

Some use SysML, others favour their own 

notations with their own syntax and se-

mantics.

Mechanical and plant engineering/auto-
mation engineering
There is still major uncertainty about sys-

tems engineering in this sector. The inter-

viewees confirm that developers had bare-

ly any contact with this topic until now. 

Companies that predominantly perform 

customer-specific development works are 

calling for fast solutions. The cost of SE is 

subsequently eschewed due to time con-

straints, even though the SE approach is 
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presumed to have considerable potential. 

 The lack of contact to systems engineer-

ing is also evident in the portfolio. Based 

on the self-assessment of SE expertise, 

companies in all industries have efficiency 

in the topic areas. At the same time, fields 

of action are deemed very important. Re-

quirements management and virtual verifi-

cation and validation are top priorities. The 

gap between requirements and verification 

and validation can be easily closed with 

early and consistent system modelling. 

However, upon closer inspection, less sig-

nificance is attached to domain-spanning 

system architecting than the portfolio sug-

gests at first glance. The initial expenditure 

for this is eschewed, similarly the methods 

lack flexibility for widely varying projects in 

the sector - also due to the high proportion 

of adjustment developments. However, 

the fact that domain-spanning system ar-

chitecting offers excellent value added due 

to the reusability of models and patterns 

for system development is frequently over-

looked because of a lack of SE expertise. 

The early development of the production 

system is considered to be of the lowest 

importance. 

 The available manufacturing infrastruc-

ture is used for customer-specific prod-

ucts. Most small and medium-sized enter-

prises are powered by day-to-day business 

and can only rarely support additional 

expenses for new approaches such as 

systems engineering. Furthermore, some 

companies are convinced that systems en-

gineering is only beneficial for systems in 

the aerospace industry and that systems 

engineering is over-dimensioned for their 

tasks. However, a few companies are con-

vinced that it is only a matter of time until 

their systems take on a new complexity 

that will outstrip the existing procedures. 

Therefore, systems engineering should be 

tailored more intensively to the require-

ments of the sector.

In the German-speaking region, the expansion of systems engineering depends largely 
on the sector. Therefore, systems engineering is firmly established in the aerospace 
industry. Meanwhile, systems engineering is regarded as an “enabler” in the vehicle 
manufacturing industry and is promoted by OEMs. However, in general, particularly in 
the largely SME-shaped mechanical and plant engineering sector in Germany, systems 
engineering is not used despite its importance.

The topic is rapidly gaining impor-
tance in the vehicle manufacturing 
industry.

There is still a lack of expertise 
and capacity in mechanical and 
plant engineering, which is 
predominantly small and medium-
sized enterprises.
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4  Systems engineering in training 
and further education

Successful systems engineering begins in training and further education. Has everything 

necessary been done or is fundamental change still required? This chapter answers the 

following questions:

•	 What qualifications should tomorrow’s engineers possess?

•	 Does the courses available correspond to industry demands? 

•	 How must training be shaped in the future?

4.1 Qualifications of future engineers
The companies have a clear picture of the qualifications of future engineers. To illustrate 

the skills profile of an engineer, the required qualifications are discussed below. 

Figure 4-1: Necessary qualifications of future engineers

Mentions/Number of respondents

Basic knowledge in each specific 
discipline57%

Specialist knowledge in one specific discipline47%

Soft skills47%

Practical knowledge37%

Integral systematic thinking33%

Methodological competence17%

Foreign language skills13%

Technical understanding and business management skills10%

The interviewees confirm that as prod-

ucts change, training and further edu-

cation must also progress. Two direc-

tions are important in this respect:  

(1) Specialist knowledge in one discipline 

and/or field of application “In-depth 

knowledge” and (2) Comprehensive un-

derstanding of the product engineering 

process – “Wide-ranging knowledge“. 

These different characteristics are consid-

ered forward-looking by the interviewees 

(Figure 4-1). 

Basic knowledge in each specific disci-
pline
57% of the interviewees deem the basic 

knowledge in each relevant discipline of 

future engineers essential. This estimation 

is hardly surprising: the challenges of the 

industry are increasingly shaped by mul-

tidisciplinarity. Consequently, the role of 

generalist is steadily gaining importance. 

 Basic knowledge in each disci-

pline allows the engineer to analyse  

the interaction of different disciplines – 

the generalist is thus a specialist in the 

connections of the overall system.

Specialist knowledge in one specific dis-
cipline
Specialist knowledge in one specific disci-

pline is also considered important (47%). 

Thus the specialist will also retain their 

practical role in future. 

Soft skills
Soft skills, or social competency, refer to 

abilities that enable effective cooperation 

with other people. This includes commu-

nication skills, teamwork skills, analytical 

skills, intercultural competency, critical 

faculties, etc. Nowadays, entry-level em-
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The generalist must work in an in-
terdisciplinary capacity. A role that 
also requires strong social skills.

In Germany, this is still only just 
beginning; there is no comparable  
or even standardised curriculum  
for SE.

4.2 Current study programmes
The “systems engineer” plays a key role in product engineering: They specify the system 

architecture, are responsible for the multi-disciplinary design of the system and orches-

trate further discipline-specific development activities. This poses particular challenges 

for SE training: It must tackle new areas of activity and changes with new training concepts.

The skills profile of a systems engineer 

corresponds more closely to that of a gen-

eralist who has specialised on systematic 

thinking and the interactions of the differ-

ent areas (Figure 4-2). Currently not all of 

these aspects are conveyed by vocational 

training institutes and universities with 

sufficient intensity. However, a look at the 

ployees are expected to have excellent  

soft skills. This is sometimes prob-

lematic because these skills are of-

ten taught insufficiently at university. 

The aspect of soft skills will become 

considerably more important in the  

future; in the future, engineers will have to 

cooperate more closely and work among 

different disciplines and/or stakeholders 

and departments within companies, or 

even cross-company. A role that requires 

strong social skills.

Practical knowledge
Similarly, high importance is attached to 

practical knowledge (37%). There is often 

a discrepancy between the curriculum 

taught in lecture theatres and activities 

later on in one’s career. Good grades and 

theoretical knowledge are normally not 

enough to impress prospective employers. 

 The companies interviewed would like 

graduates to have a better understanding 

of practical challenges. Thus most univer-

sities have supplemented their curricula 

with practical stages, project work, etc. 

This gives students a practical impression 

of future tasks. As part of these practical 

stages, students have the opportunity to 

complete an internship in their chosen 

sector. Soft skills are only rarely learned 

and practised in this context. Events that 

address both aspects are highly sought af-

ter among students.

The interviewees anticipate two types of engineer in the future: specialists and general-
ists. A specialist possesses detailed knowledge in a specialist discipline. Whereas a gen-
eralist has a basic knowledge of the specialist disciplines involved and is distinguished 
by their holistic, systematic mind-set. In order to satisfy their role, they possess soft 
skills, practical knowledge and methodical competence. 



53 Systems engineering in training and further education

Figure 4-3: Faculty anchoring of existing SE courses

Figure 4-2: Skills profile of a systems engineer

46%

44%
Engineering

Computer 
science

Business administration/
management

7%
3%

Other

curriculum shows that initial efforts are be-

ing made to implement the requirements 

of the industry. Thus, in Germany there is 

an increasing number of universities offer-

ing courses in systems engineering. The 

number is now 32. However, as there is no 

standard definition of the term systems en-

gineering, the course content and the main 

topics covered vary. There is therefore no 

standard curriculum: 46% of the course is 

allocated to computer science, 44% to en-

gineering and 7% to business administra-

tion/management (Figure 4-3).

 An analysis of the curriculum illus-

trates that, in a number of cases, stan-

dard subjects have been expanded with 

individual aspects of systems engineering. 

One example is the event Fundamentals 

in programming. Aspects such as systems 

theory are added to the curriculum here. 

Other training institutes offer courses in 

systems engineering by merging stan-

dard courses in various disciplines such 

as mechanical engineering, electrical  

engineering, computer science and eco-

nomics. Occasionally, these courses also 

offer events to allow students to improve 

their soft skills. A fundamental restructur-

ing of courses against the backdrop of a 

system’s technology and cross-system 

mentality is the exception. Here, system-

atic thinking, system design, project man-

agement, as well as SE methods, technol-

ogy and tools are addressed as a priority.

Fields of knowledge

Skills profile of a specialist 
in professional life 
(e.g. typical mechatronics engineer)

Skills profile of 
an engineering student

Skills profile of a systems engineer
= generalist

Depth 
of knowledge

Mechanics E-technology Control
engineering

Computer
science

Economics Project
management

......
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Level Designation Certification
since

Description

ASEP

CSEP

CSEP-Acq

ESEP

Associate Systems 
Engineering 
Professional
Certified Systems 
Engineering 
Professional

CSEP with US DoD 
Acquisition

Expert Systems 
Engineering 
Professional

2008

2004

2008

2009

The entry level for all those beginning 
their career as a Systems Engineer

The advanced level for Systems Engineers 
with more than five years of relevant 
professional experience
The expert level for Systems Engineers 
with more than fifteen years of relevant 
professional experience
The extension for all those who work or 
provide services for the U.S. Department 
of Defense

Table 4-1: INCOSE Certification Programme

4.3 Current further education programmes
In addition to training, extra-occupational training is a key factor for the successful appli-

cation of systems engineering in practice. There are various further education and certifi-

cation options entitled “Systems Engineering” within the German-speaking region.

INCOSE and the Gesellschaft für Systems 

Engineering (GfSE) offer further education 

activities, which are explained in detail 

here:  

INCOSE Certification Programme
The multi-level INCOSE Certification Pro-

gramme is a personal certification that re-

flects the level of knowledge of a systems 

engineer. In Germany, the INCOSE Certi-

fication Programme is supported by the 

GfSE, the German chapter of INCOSE. The 

programme addresses an international 

target group and is conducted in English. 

The teaching content of the programme is 

based on the INCOSE handbook. The dif-

ferent certification levels have different 

requirements in terms of professional ex-

perience, training, references and have dif-

ferent tests (Table 4-1). The objective is to 

establish a standard for systems engineer-

ing training and further education deliv-

ered in Germany, as well as extra-occupa-

tional training for engineers with practical 

exercises and content. The course is only 

taken up by a limited target group. There is 

currently a certified ESEP in Germany (ver-

sion: 2012).

Further education activities of the GfSE
Further education to gain the qualifica-

tion Certified Systems Engineer – SE-Zert® 

is the German equivalent of the INCOSE 

programme and has been offered since 

2012 (Table 4-2). As the German chapter 

of INCOSE, the GfSE has tailored this pro-

gramme explicitly to the requirements of 

European companies. The SE-Zert® is a 

personal certification for companies from 

the EU and Switzerland. The SE-Zert® exam 

is approved by TÜV Rheinland PersCert (TR 

A majority of the courses offered are discipline-specific. The actual idea of systems engi-

neering is rarely found in teaching. The interdisciplinarity of SE also seems to pose a chal-

lenge to universities, which are barely able to cover this field with one faculty.
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The variety of activities in further education reflect the practical demand for SE expertise. 
However, a comparable teaching programme for systems engineering must be given in 
the future to provide a standard basic knowledge. The standardisation efforts of the GfSE 
are a way of equalising further education in systems engineering and accurately meeting 
practical requirements.

SE-Zert®

Certified Systems Engineer

▪ Level A (expert): master
▪ Level B (advanced): apply
▪ Level C (entry level): understand

Demonstrated areas of knowledge within the context of certification

▪ Fundamentals of systems engineering

▪ Systems engineering interfaces 
to project management

▪ Systems engineering management
▪ Requirements management 

and validation & verification

▪ Interdisciplinary function 
within development projects

▪ Realisation processes
▪ Cross-project interfaces

▪ Consideration of operational aspects 
and disposal in the design process 

▪ Conflict management 
and social competence

Table 4-2: Training level of the SE-Zert® programmePersCert). Three competency levels are 

covered by the certification: starting Level 

C conveys SE theory using case studies: 

“Understanding Systems Engineering”. 

Level B and particularly Level A are aimed 

at prospective SE experts. Their focus is 

now “Applying SE” and “Mastering SE”. 

Twelve participants completed the training 

for SE-Zert® Level C in the first year.



56 Systems Engineering in industrial practice

Résumé and forecast 

This study proves that, from the industry’s perspective, systems engineering is a neces-

sary prerequisite for developing complex technical systems. This concerns not only future 

systems, which will become increasingly intelligent and networked, but also current prod-

ucts and product systems to be developed. The multidisciplinarity of the system, which 

can no longer be mastered using a discipline-specific approach alone, is an important 

complexity driver.

 However, the current performance level of systems engineering in industrial practice 

exhibits a gap between the expectations and the demand of companies. An increase in 

performance is imperative to close this gap. In addition to new approaches, this concerns 

in particular the applicability and acceptance of the existing methods and tools.

 However, in the German-speaking region, the application of systems engineering de-

pends largely on the sector. Therefore, it has been firmly established in the aerospace 

industry, as expected, for a long time and is indispensable. Meanwhile, systems engi-

neering is regarded as an important “enabler” in the vehicle manufacturing industry. Ger-

man OEMs in particular have recognised the potential to retain their position as systems 

integrators. Whereas in the industrial field, particularly in mechanical and plant engi-

neering which consist predominantly of small and medium-sized enterprises, systems 

engineering is largely unknown. The emphasis here is normally on the components to be 

developed. A functional or even systematic approach could only be specified in individual 

cases. 

 A successful application is determined by the corresponding user in the companies. 

However, this is often not the case. The training and further educational activities offered 

so far have been insufficient to permit successful application and dominance in the Ger-

man-speaking region. Multi-disciplinary approaches still fall short in university teaching 

in Germany. Furthermore, the company survey concluded that the systems engineering 

methods should be taught as a supplement as part of training and further education. It re-

mains to be seen whether specialist courses in systems engineering will meet the practi-

cal demand. Overall, the study illustrates that practice, teaching and research in systems 

engineering needs to move even closer together. The increased efficiency required can 

only be achieved if the research activities address practical demand from industry and if 

the latter validates these. In this context, the next phase would require another investiga-

tion in order to promote current research activities and to reflect the industrial demand 

documented in this study.
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Overview of companies  
interviewed

•	 Audi AG

•	 Astrium

•	 Beckhoff Automation GmbH

•	 Berief Innovativ GmbH & Co. KG

•	 Beumer Maschinenfabrik GmbH & Co. KG

•	 Blohm + Voss Naval GmbH

•	 BMW AG

•	 Claas Industrietechnik GmbH

•	 Daimler AG

•	 Dr. Fritz Faulhaber GmbH & Co. KG Antriebssysteme

•	 Deutsches Zentrum für Luft- und Raumfahrt e.V.

•	 Freudenberg New Technologies SE & Co. KG

•	 Gesellschaft für Systems Engineering e.V.

•	 Gildemeister AG

•	 Hella KGaA Hueck & Co.

•	 Hilti AG

•	 Kistler Instrumente AG

•	 Krause-Biagosch GmbH

•	 Heinrich KUPER GmbH & Co. KG

•	 Lufthansa Technik AG

•	 Mettler-Toledo GmbH 

•	 Miele & Cie. KG

•	 Phoenix Contact GmbH & Co. KG

•	 Robert Bosch GmbH

•	 RUAG Holding AG 

•	 Schindler GmbH 

•	 Siemens AG

•	 Simon Möhringer Anlagenbau GmbH

•	 Volkswagen AG

•	 Weidmüller Interface GmbH & Co. KG

•	 WILO SE

•	 Wincor Nixdorf AG

•	 Voith GmbH
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Glossary

Automotive Industry Supply Chain
The supply chain in the automotive industry is characterised by a pyramid structure. The 

car manufacturer (the OEM) is at the top. The OEM is supplied directly by a few specific 

system suppliers; these system suppliers are referred to as Tier-1. In turn, Tier 1 purchases 

products from module suppliers, which are referred to as Tier-2. This structure continues 

accordingly.

Car-to-x Communication
Car-to-x communication refers to the wireless exchange of information between vehicles, 

as well as between vehicles and traffic infrastructure [Ruh13-ol].

Cyber-Physical Systems
Cyber-Physical Systems are embedded systems that record physical data directly via sen-

sors and impact physical processes via actuators. They are interlinked through digital net-

works, utilise global data and services and have multi-modal human-machine interfaces. 

Cyber-Physical Systems are open, sociotechnical systems. Major fields of application for 

Cyber-Physical Systems are Smart Mobility (intelligent mobility), Smart Health (remote 

medical monitoring and diagnosis), Smart Grid (intelligent energy grids) and Smart Fac-

tory (intelligent networked production, see Industrie 4.0) [GB12]. See Intelligent Technical 

Systems.

Functional Mockup Interface (FMI)
FMI is a non-tool-specific standard for the exchange of simulation models and the co-

exchange of dynamic models. The FMI standard enables the integration of models from 

different specialist disciplines; this allows system-relevant statements to be made about 

the system to be developed at an early stage [MA13-ol].  

Industrie 4.0
The term Industrie 4.0 describes the fourth industrial revolution; a new level of organisa-

tion and control of the entire value added chain throughout the life cycle of products. 

This is based on the availability of all relevant information in real-time. The interlinking 

of people, objects and systems creates dynamic, real-time-optimised and self-organising 

value-added networks. Different criteria e.g. costs, availability and resource consumption 

can be optimised [BIT13-ol].
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Intelligent Technical Systems (ITS)
Intelligent technical systems are networked and highly complex products. Software com-

ponents are integrated in machines and plants; they take over control, regulation and 

data processing and give technical systems machine intelligence. Intelligent technical 

systems are characterised by four key properties: They interact with the environment and 

autonomously adjust to it (adaptive). Intelligent technical systems can cope with unex-

pected situations in a dynamic environment (robust). Based on practical knowledge, they 

detect dangers early on and select the right strategy to overcome them (forward-looking). 

They also adjust to user behaviours, so their behaviour can always be understood by the 

user (user-friendly). See Cyber-Physical Systems.

Mass Customisation
Mass customisation describes the creation of individual products and services with the 

efficiency of comparable mass production. Mass customisation is the basis for establish-

ing permanent, profitable customer relations [Pil06].

Method 
A method is a rules-based, systematic approach for achieving a particular objective 

[PBF+07].

Model 
A model describes a simplified representation of the characteristics of a subject-matter, 

aimed at a specific objective. Modelling simplifies and/or enables the analysis of com-

plex subject-matter [Sta73].

Model-Based Systems Engineering (MBSE)
MBSE refers to the formalisation and implementation of models for consistent support in 

all phases of product engineering. MBSE starts in the conception phase and is applied 

consistently throughout the entire product engineering process as a basis for communi-

cation and collaboration. MBSE aims to replace document-centred approaches that were 

practised by systems engineers in the past [INC07].

Modelling Language
A modelling language is used for the abstract description of facts. The language specifi-

cation of a modelling language comprises a metamodel, as well as the definition of the 

specific syntax and the dynamic semantics. The dynamic semantics defines the mean-

ing of a specific model element in the context of a specific data model (instance of the 

metamodel). The specific syntax specifies which model elements are graphically repre-

sented by which symbols [SVE+07].
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Product Engineering Process
The product engineering process stretches from product and or business ideas to the start 

of production (SOP). It consists of the tasks strategic product planning, product develop-

ment and production system development [GPW09].

Product Life Cycle (PLC)
The product life cycle comprises product engineering i.e. strategic product planning, 

product and production system development, as well as manufacturing, distribution, 

utilisation and discontinuance [GLR+00].

Product Life cycle Management (PLM)/Product Data Management (PDM)
PLM refers to an integrated concept for the holistic, company-wide management and con-

trol of all information throughout the entire product life cycle. The concept is comprised of 

methods, processes and tools and integrates these into an environment so that informa-

tion is available at the right time, in the required quality and in the right place. Thus, as 

a technological integration platform, the PDM system represents the essential basis for 

PLM [Sen09], [ADE+11]. 

Project
A project is a fixed-term, unique and complex task with a defined start and end point. It 

is used to solve a clear task within pre-determined deadlines, costs and quality targets 

[KHL +11].

Simulation
Simulation is a procedure for reproducing a system and its dynamic processes in an ex-

perimental model to obtain findings that are transferable to real life. In another sense, 

simulation refers to the preparation, implementation and evaluation of specific experi-

ments by means of a simulation model. The temporal sequence behaviour of complex 

systems can be investigated with the help of simulation [VDI3633].

Smart Factories
An individual or cluster of companies that uses information or communication technology 

for product development, production system development, production, logistics and the 

coordination of interfaces with customers. Thanks to communication between humans, 

machines and resources, the Smart Factory masters complexity, is less susceptible to 

faults and increases production efficiency. The Smart Factory is an important element of 

Industrie 4.0 [AF13].
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System
A system consists of elements that are linked by structural, hierarchical and functional 

relationships. The system to be developed is defined by an arbitrary boundary (system 

boundary) [HWF+12]. 

System Element
A system element represents a part of a system that is not yet definitive. It can transform 

one or more solution patterns. System elements are used for modelling the active struc-

ture. During product development, the system elements are defined and lead to modules, 

components/assemblies or software components [HWF+12].

System Model
The system model contains abstract, multidisciplinary information of the overall system 

(product and production system). Various aspects of the system are considered: e.g. en-

vironment, functions, active structure, manufacturing processes [HWF+12].

Systematic Thinking
Systematic thinking refers to a mind-set that enables better understanding and develop-

ment of complex systems. Model-based illustration is at the centre of systematic thinking. 

This allows the illustration of complex systems and connections [HWF+12].

Systems Engineering
Systems engineering is an interdisciplinary approach for developing complex systems. 

An important component is systematic thinking. This enables the better understanding 

and development of complex phenomena. The system must be considered holistically 

throughout the entire development process, from the definition of requirements, through 

system design, to validation [INC07], [HWF+12].

Virtual Prototyping
Virtual prototyping refers to the creation of a computer-internal representation of the 

products and production facilities in the development. Analyses to verify the functional-

ity are performed based on this computer-internal representation. This saves time and 

money because it removes the need to construct and test real prototypes [GPW09].

Virtualisation
Virtualisation refers to the manufacture of virtual (i.e. non-physical) objects. These ob-

jects are detached from specific resources e.g. a hardware platform [GB12].
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X-By-Wire Technologies
Approaches that uncouple the mechanical control of vehicles, for example. Nominal val-

ues should be recorded via sensors and corresponding actuators triggered via actuators. 

This requires real-time capabilities and reliability.

X-in-the-Loop (XiL)
XiL describes a consistent and integrated simulation and testing environment. The “X” 

stands for the test subject investigated, the Unit Under Test (UUT). This can be in varying 

granularity and is coupled with the subsystems present in the hardware as required and 

according to the problem. 
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