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Abstract: Traditional organizational structures typically impede lean and flexible structures to cope with 
changing requirements and create barriers in and between enterprises along the value chain. New ap-
proaches to managing intra- and inter-enterprise processes – ranging from product development to 
manufacturing and delivery to the customer – have to be found. Innovative product engineering methods 
like concurrent and virtual engineering are on the rise within industrial practice, especially in the auto-
motive and aerospace industry. This paper analyses different engineering approaches and explains a 
model-based engineering (MBE) approach in detail. MBE is presented as powerful method for the virtu-
alization of complex automation systems (so called test facility systems) in the automotive industry. Start-
ing with an analysis of the current situation the paper sketches the new approach and explains the under-
lying software modeling. At the end it concludes with the results of the new approach and the advantages 
for the company’s process chain in general and for the product development and manufacturing in par-
ticular. Virtual Engineering is here the key for streamlining the processes and improving quality and lead 
times in the manufacturing process. 
 
Key words: material flow, information flow, manufacturing, product development, concurrent engineer-

ing, virtual engineering, workflow systems, process optimisation. 
 

1.  INTRODUCTION1 
 

Growing numbers of competitors, changing market 
requirements and decreasing product life cycles cause 
companies to react and adapt the way they are doing 
business. Over the years, however, organizations with 
traditional structures happened to create business de-
partments as silos: they became big and shoreless [13]. 
This leads to blockades and information silos. Such or-
ganizational structures typically impede lean and flexible 
structures to cope with changing requirements. Further-
more, these information silos also influence the product 
and production life cycle in a negative way. Therefore 
the usage of new approaches − particularly concurrent 
and virtual engineering − has strongly increased over the 
last years [19].  

Nevertheless, one of the critical questions is how to 
realize concurrent engineering and how to integrate it 
into the company. The authors will illustrate a concurrent 
engineering approach while using virtual engineering 
(simulation) approach within an automotive industry use 
case to optimize the industrial processes. 

 
2.  ENGINEERING APPROACHES 

 

Concurrent Engineering is a systematic, holistic 
approach to take the elements of the product life cycle as 
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well as the related processes (product development, sales, 
manufacturing, delivery and support) into consideration 
[8]. Furthermore, it is a powerful approach to influence 
the processes and the workflow of the employees to a 
high impact [14]. The idea behind this approach is, as it 
has evolved out of the product development, to reduce 
the elapsed time required to bring a new product to the 
market (time to market). This can only be achieved if all 
areas involved in the new product work together. Thus 
errors and necessary design modifications can be discov-
ered early in the design process when the project is still 
flexible. This significantly increases productivity and 
product quality [8]. 

Virtual engineering is defined as “integrating geo-
metric models and related engineering tools such as 
analysis and simulation, optimisation and decision mak-
ing tools, etc. within a computer generated environment 
that facilitates multidisciplinary and collaborative prod-
uct realisation [24]. Virtual engineering shares many 
characteristics with software engineering, such as the 
ability to obtain many different results through different 
implementations. 

The concept of virtual engineering - is to provide a 
user-cantered, first-person perspective that enables the 
engineers to interact with the designed product in a natu-
ral way (real-world perspective) of an engineered system 
(product, system) and provide users with a wide range of 
accessible tools [6]. In this paper we concentrate on the 
simulation. This requires an engineering analysis engine 
(engineering model) that includes the geometry, physics, 
and any quantitative or qualitative data from the real sys- 
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Fig. 1. BIM - Computer model of a 

building [21]. 

 
Fig. 2. BIM - Computer model with 

detailed plans of a particular subsystem 
[21]. 

 

 
Fig. 3. Temporal separation in software 

development [16]. 

tem. The key components of such an environment in-
clude: 
• User-cantered virtual reality visualisation techniques; 
• Computer-Aided Manufacturing (CAM); 
• Computer-Aided Engineering (CAE); 
• Engineering decision support tools [6]. 

Thus, the user should be able to walk through the en-
gineering model and observe how it works and how it 
responds to changes in design, operation, or any other 
engineering modification. 

One example in the area of virtual engineering, which 
can also be classified as concurrent engineering, comes 
out of the construction industry: There the virtualization 
focused so far only on the visual look & feel of a build-
ing, including virtual walkthroughs. Eastman and others 
have championed an approach called Building Informa-
tion Modeling (in the following abbreviated as BIM). 
The BIM approach is based on objects with their detailed 
properties [5]. Fig. 1 and Fig.2 show a BIM model for a 
building project with two different perspectives. 

The model of the building has an associated database 
including information about the various relationships 
between these objects. Any changes in the model imply 
that all related objects are automatically updated. Thus, 
any mistakes are identified in the design phase. Quanti-
ties of material needed and hence construction costs can 
be calculated at a high accuracy at an early stage. Once 
the model has been created, detailed plans of particular 
subsystems can be extracted. 

Thus, the mentioned engineering approaches - and the 
technologies behind - lead to the conclusion to introduce 
not only standalone software systems but business soft-
ware to support business processes. In this context, 
Sundblad states that business software is often introduced 
for exactly one reason: it should support the business and 
its activities to increase the productivity and efficiency of 
the business [20]. The advantage of business software 
lies in the fact that business software, contrary to stand-
alone software, can be integrated along the whole supply 
chain to get a higher scale effect. 
 
3. CONSTRAINTS OF MONOLITHIC SOFTWARE  
 

Many software systems are used over decades, with 
just slightly adapting the system. Business needs are not 
really considered in depth but only to a point where ad-

aptations to existing systems are risky and dangerous. 
This fact is not a phenomenon within the automotive 
industry. This is quite a common phenomenon. Raisch 
describes this phenomenon as “Ambidexterity” [16]. This 
means that an organization differs between two cycles of 
software reengineering: (1) the Exploration and (2) the 
Exploitation phase. The former signifies a phase where 
new systems are tested and introduced. This phase, how-
ever, requires a high level of readiness to assume risks, 
as many unknown components are predominant in this 
phase. The latter concentrates on exploiting existing sys-
tems as long as possible. Here just small and almost in-
significant adaptations are made at the software systems. 
This means no risks and no changes to existing work-
flows [16]. Fig. 3 illustrates how the two phases inter-
change with each other. Normally the exploration phase 
is significantly longer. 

Companies wait extremely long, sometimes too long, 
before changing a system [23]. Over the years the re-
quirements and the user experience have changed and the 
technological feasibilities enable a completely different 
approach to problem solving. This evolution makes it 
easier for the user to cope with the difficult tasks and 
complexity could even be reduced. Therefore it is neces-
sary to break up with existing system and to start from 
scratch in order to change the current situation. Mono-
lithic software architecture is often of great hindrance 
instead of supporting the business processes. It does not 
support the business requirements and as standalone 
software it even makes the processes more complex due 
to many interfaces needed. Streamlining business proc-
esses is therefore hardly possible without a major over-
haul of the software architecture that forms the basis for 
supporting the business processes. 

This shift to business software means a huge para-
digm change for companies. It is often not that easy to 
step into such a radical change project as the results are 
not easily predictable and case studies on a long time 
horizon are not available. However, introducing business 
software would support companies in restructuring their 
business and making their processes more efficient [11]. 
The most well-known and widespread business software 
is ERP (Enterprise Resource Planning) systems [17]. 
However, business software is not only restricted to ERP 
systems though a concentration on those systems is rec-
ognizable, due to the fact, that ERP systems are very 
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common no matter from which provider, and the integra-
tion cycle is documented and rather similar no matter 
what’s the company’s business [18]. Business software, 
however, can also be implemented for technical matters 
along the whole product life cycle. Thus a better process 
integration and support would be granted [7]. A big bar-
rier in this area nowadays is that almost no examples of 
business software integration in the technical area exist. 

The project described in the following chapters inves-
tigates the paradigm change to business software in the 
technical area – through virtual engineering - within the 
automotive industry. Especially in the automotive indus-
try many technical software systems exist along the sup-
ply chain, which could be replaced by integrated business 
software, which could then have a high impact on the 
workflow of the business processes. It should be noted, 
that the paper contains a brief outline and short descrip-
tion of a prototypical example of the specific business 
software to support the business processes.  
 
4.  USED CASE: AUTOMOTIVE INDUSTRY  
 

The automotive industry is characterized by a huge 
product portfolio and intensive development and produc-
tion cycles as the products and systems are very complex 
and consist of many software-intensive products. The 
goal of the research together with our industrial partner 
has been to develop a framework for model-driven gen-
eration of automation systems, which radically simplifies 
the configuration and operation of test facility systems. 
This framework should then be the basis for business 
software to be implemented along the whole product life 
cycle. As a consequence, the associated business proc-
esses should be significantly streamlined. 

A test facility system basically measures, records, and 
visualizes numerous values provided by sensors accord-
ing to test plan. Typical test facilities consist of hundreds 
of thousands of components. According to Martyr “an 
engine test facility is a complex of machinery, instrumen-
tation and support services, housed in a building adapted 
or built for its purpose. For such a facility to function 
correctly and cost-effectively, its many parts must be 
matched to each other while meeting the operational re-
quirements of the user and being compliant with various 
regulations” [10]. 

 
4.1. Current Situation 

To overcome the previously mentioned constraints of 
monolithic software new ways of engineering have to be 
found. The main intention for a new modeling approach 
is that it supports the domain experts (according to their 
needs and domain experience) in describing the corre-
sponding product or system. An essential requirement is 
that the description can start with a coarse version, early 
in the processes, which can be refined in detail through-
out a project. In order to facilitate custom-configured 
automation systems and at the same time reduce the de-
velopment, deployment and maintenance efforts, we 
found that virtual engineering with a certain model-based 
software approach is required. 

 

4.1.1. Monolithic Software Architecture. Automa-
tion systems need to be tailored to customer demands in 
a straight-forward way, which is neither well supported 

by the current monolithic software architecture nor does 
the software support the process chain [13, 20, 24]. The 
existing software has evolved over the past decades and 
comprises million lines of code, mainly written in C++ 
and C, which makes adjustments quite difficult. It re-
quires error-prone editing of parameters (in the order of 
tens of thousands) in spreadsheet-like tables, as well as 
the adaptation of configuration files and scripts scattered 
in the file system. Thus the handling is time-consuming 
and expensive. Required changes, that would make the 
software systems flexible to business requirements, are 
neither possible with the existing software architecture 
nor is any potential effort for writing code for transform-
ing the data justifiable. A software engineering has to be 
launched to make the system flexible to current require-
ments. Therefore it is highly recommended that the new 
tool supports the whole processes. A lot of information, 
which is nowadays entered into the tool in the manufac-
turing phase already have to be available in an earlier 
stage, e.g. in the sales phase. Therefore it is useful to 
rethink the product integration and use the software as 
business software along the whole process chain. 

 
4.1.2. Current business process landscape. The cur-

rent software is restricted to the manufacturing process 
without having any connection to the up- and down-
stream processes. Fig. 4 illustrates this situation. The 
handover points from one process to the other are with-
out any tool support.  

Thus, relevant information might be lost throughout 
the process chain and information needed in the progres-
sion of the project is not available as the importance of 
these data might not be clear in an earlier phase. Cur-
rently, each process uses different tools, like Excel sheets 
or proprietary tools. These gaps cause a significant in-
formation loss and extra manual conversion and transfer 
efforts. 

 
4.2. Model-Driven Engineering Approach 

To show the feasibility of any business software con-
cept both sides, the business processes and the software 
engineering, have to be considered. It is crucial that a 
software system matches the requirements of an organi-
zation and that the software enables the business proc-
esses to adapt to business requirements. For the described 
research area, the overall complexity of test facility sys-
tems demands for business software that applies stepwise 
refinement. The aim is that a unified method and tool set 
is established, with which everybody throughout the 
process chain can interact. The resulting model of the 
overall test facility system should then correspond to the 
real-world test facility in all its relevant details. 

The principal idea is to reduce the complexity 
through an object-oriented model which enables a 
graphical 1:1 representation of real-world items of the 
test facility system. Thus, this kind of modeling is re-
ferred to as deep virtualization of the corresponding real-
world system. In the beginning a coarse-grained model 
can be defined which is incrementally refined along the 
value chain. Models are the main artifacts describing a 
system under test, and a model at a certain level of ab-
straction can be transformed into another model at a pos-
sibly different level of abstraction: the hypothesis is that 
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Fig. 4. Value chain with the current software system. 

 
a software system that allows a stepwise modeling of a 
test facility automation system would support the overall 
business process chain and thus forms the basis for proc-
ess streamlining and cost cutting. 

By examining the examples of how to model automa-
tion systems, problems of conventional modeling lan-
guages such as UML were identified [12]. Instead the 
decision was made for what Atkinson and Kühne have 
called clabject-based modeling, an approach that unifies 
the notion of classes and objects [3, 4]. The advantage 
hereby is that the domain engineers do not have to con-
centrate on specific differences between instances, 
classes and objects. They can mainly concentrate on the 
engineering of the domain elements. Thus, this approach 
supports the stepwise refinement, as people from differ-
ent departments can work with the tool without having to 
know the underlying software architecture. 

The main intention for a new modeling approach is 
that it supports the domain experts (according to their 
needs and domain experience) in describing a test facility 
system. An essential requirement when describing a test 
facility system is that the description can start with a 
coarse version, early in the processes, which can be re-
fined in detail throughout a project. Moreover different 
levels of detail and different views – specific software 
and hardware views – on the test facility system ease the 
work of the domain experts. 

With the clabject-based approach a library of all rele-
vant elements is developed. The element library is then 
relevant for the software usage. It is filled in the begin-
ning of the value chain (in the product management) and 
then used throughout the processes. The modeling of the 
product library, however, is essential for the whole prod-
uct management and can also enable a better product 
management and production planning concerning a re-
duction of the complexity of product variants. 

 
4.2.1. Requirements for Model-Driven Engineer-

ing. The main requirements for a new software modeling 
language and tool describing test facility systems are 
formulated in 

 
• Requirement 1: The new software modeling approach 

must allow a stepwise refineable description of an 
automation system. The key is to create automation 
system at various different levels of detail, starting 
with a coarse-grained description in the early proc-
esses and refining the system along the process chain. 

• Requirement 2: To enable a stepwise refinement, a 
graphical representation of real-world items for 
automation systems has to be introduced. Thus the 
graphical representation enables the depiction of the 
automation systems in different views, e.g. hardware 
and software view. 

Fulfilling these requirements, a model-driven engi-
neering with clabject-based modeling approach can be 
used as integrated business software supporting the 
whole value chain as this is a promising approach for 
coping with the inherent complexity of large software-
intensive systems such as automation systems. 

 

4.2.2. Clabjects-uniform representation of classes 
and objects. In the context of domain models, Atkinson 
and Kühne define accidental complexity as introduced 
due to mismatches between the problem and the model-
ing means to represent the problem [3]. They argue that 
modeling languages that allow using only two levels, 
such as UML with the class and object level, induce ac-
cidental complexity when modeling domains that inher-
ently require more modeling levels. The solution they 
offer is the concept of a clabject, a modeling entity that 
has a class facet as well as an object facet. Fig. 5 shows 
the clabject-based approach for the domain of test bed 
automation systems [1]. The notation used here is similar 
to that of the original clabject concept. Each model ele-
ment has a compartment for the name, and a combined 
compartment for the type facet and the instance facet. 
The dashed arrows between the levels represent the “in-
stance of” relationship. With a uniform representation of 
type facets and instance facets, our example can be mod-
eled in a natural way. 

By definition, the clabjects at the top-level only have 
a type facet, whereas the clabjects at the bottom level 
only have an instance facet [2]. 
 
5.  RESULTS 
 

5.1. Benefits for the process landscape 
A typical business process chain covers aspects from 

Product Management, Sales, and Manufacturing to De-
livery and associated roles on the tool. This clabject-
based modeling approach can be integrated along the 
process chain with a real visualisation of the test facility 
system. Fig. 6 gives a first overview of the real test facil-
ity system modeling tool based in clabjects. This ap-
proach demonstrates the core benefit of such a modeling 
tool in Fig. 7. Through the integration as business soft-
ware, indicated as a constant banner (referred to as Busi-
ness Software in Fig.7), it supports all essential processes 
and it will have predefined interfaces to other tools, 
which are relevant for the processes. While the new 
business software is the technical backbone, other tools 
are still used for economic matters – like a sales tool or a 
calculation tool. All technical solution components from 
the business software can be automatically exported to 
other tools when needed. Thus, the workflow is well 
supported and needed information can be easily accessed 
at the right time. It can also be realized that between the 
processes the gaps disappeared. 
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Fig. 5. Engine hierarchy with clabjects [2]. 
 

 
Fig. 6. Schematic real-world visualisation of a test facility system. 

 

 
 

Fig. 7. Envisioned value chain supported by a business software. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Another effect of the integration of the business tool 
is that several monolithic standalone tools can also be 
completely replaced. Thus the software landscape will be 
cleaned up. Thus streamlining makes the work of the 
people easier, as fewer tools have to be used. On the 
other hand the reduction of tools is also significantly 
displayed in the cost structure of the IT department. 
Realizing this clabject-based modeling approach also has 
manifold benefits for the whole workflow of an organisa-
tion, which are based on some well-known concepts: 
Reusability; Correctness; Quality assurance; Visualisa-
tion [15]. 

The application of these concepts has its individual 
benefits on the different processes within an organiza-
tion. Therefore all relevant information should be added 
gradually to the test facility model in each process phase 
according to the particular requirements. Thus, the level 
of detail represented by the model increases over the pro-
ject progression. 

A further advantage is that errors or dependencies in 
the design and development of the systems can be identi-
fied already at an early stage in the sales phase, avoiding 

high costs due to late detection and fixing of such errors 
in the subsequent manufacturing. 

The changes in the workflow also require a change in 
the role model of the existing processes. It is an advan-
tage of the tool that it is not intended to be a tool for ex-
perts only. Employees working in all business areas 
should use the tool in their context. The granularity and 
level of detail of information however will be adapted to 
the role concept. Thus the business and software reengi-
neering has also a high effect on the people within a 
company [9]. It is not only that they have to change what 
and how they do but the basic ways how they think is 
altering. Therefore any reengineering project should be 
accompanied by a special communication strategy within 
the company to prepare all people affected by the 
change.  

 

5.2. Effects on the process cycle time.  
In general, there are two relevant points where first 

savings can be achieved: 
A reduction of cycle times can either be achieved 

(1) with an elimination of process steps or 
(2) with the shift of process steps to upstream processes. 
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Fig. 8. Streamlined process chain after tool introduction.  

 
The first one can be achieved as the system offers the 

possibility that process steps are done automatically. The 
latter one enables a cost reduction as several work steps 
can be done in house. 

First analyses show that savings between ten and 
fourteen per cent can be achieved. This first analysis, 
however, is only based on scenarios where the business 
software usage is mainly concentrated on the manufac-
turing process. With a process-wide implementation, as 
shown in Fig. 8, even more savings can be achieved. 

 

5.3. Effects on external and internal customers.  
Furthermore, the integrated tool with its visualisation 

approach can also increase the customers’ satisfaction, as 
the tool handling becomes easier. The satisfaction will 
also increase with internal customers. Training times for 
new employees can be radically shortened, which has a 
motivational effect on the employee and a positive finan-
cial effect for internal and external clients. 
 
6.  CONCLUSION 
 

This paper demonstrated the importance and advan-
tages of virtual engineering for the whole product life 
cycle. An appropriate modeling approach to support 
MDE was presented with a use case in the automotive 
industry. It showed that virtual engineering can support - 
with a process wide tool - a streamlining of the proc-
esses. A software prototype was developed and is cur-
rently tested. First analyses indicate that savings up to a 
two-digit percentage should be achieved. 
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