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Abstract 

In today’s business environment, the trend towards more product variety and customization is unbroken. Due to this development, the need of 
agile and reconfigurable production systems emerged to cope with various products and product families. To design and optimize production
systems as well as to choose the optimal product matches, product analysis methods are needed. Indeed, most of the known methods aim to 
analyze a product or one product family on the physical level. Different product families, however, may differ largely in terms of the number and 
nature of components. This fact impedes an efficient comparison and choice of appropriate product family combinations for the production
system. A new methodology is proposed to analyze existing products in view of their functional and physical architecture. The aim is to cluster
these products in new assembly oriented product families for the optimization of existing assembly lines and the creation of future reconfigurable 
assembly systems. Based on Datum Flow Chain, the physical structure of the products is analyzed. Functional subassemblies are identified, and 
a functional analysis is performed. Moreover, a hybrid functional and physical architecture graph (HyFPAG) is the output which depicts the 
similarity between product families by providing design support to both, production system planners and product designers. An illustrative
example of a nail-clipper is used to explain the proposed methodology. An industrial case study on two product families of steering columns of 
thyssenkrupp Presta France is then carried out to give a first industrial evaluation of the proposed approach. 
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1. Introduction 

Due to the fast development in the domain of 
communication and an ongoing trend of digitization and
digitalization, manufacturing enterprises are facing important
challenges in today’s market environments: a continuing
tendency towards reduction of product development times and
shortened product lifecycles. In addition, there is an increasing
demand of customization, being at the same time in a global 
competition with competitors all over the world. This trend, 
which is inducing the development from macro to micro 
markets, results in diminished lot sizes due to augmenting
product varieties (high-volume to low-volume production) [1]. 
To cope with this augmenting variety as well as to be able to
identify possible optimization potentials in the existing
production system, it is important to have a precise knowledge

of the product range and characteristics manufactured and/or 
assembled in this system. In this context, the main challenge in
modelling and analysis is now not only to cope with single 
products, a limited product range or existing product families,
but also to be able to analyze and to compare products to define
new product families. It can be observed that classical existing
product families are regrouped in function of clients or features.
However, assembly oriented product families are hardly to find. 

On the product family level, products differ mainly in two
main characteristics: (i) the number of components and (ii) the
type of components (e.g. mechanical, electrical, electronical). 

Classical methodologies considering mainly single products 
or solitary, already existing product families analyze the
product structure on a physical level (components level) which 
causes difficulties regarding an efficient definition and
comparison of different product families. Addressing this 
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Abstract 

Developing or adjusting production environments requires joint decision-making by stakeholders from many disciplines at different levels of 
aggregation, because of the significant, unpredictable, and risky investments involved. Especially, the relations between the design of the 
product (portfolio) and the environments in which they are produced are intricate. Pilot production environments offer a platform to develop, 
test, improve, and upscale (parts of) a production environment. In this, the interactions between (changes in) product design and anticipated or 
envisaged production environments can be assessed. Pilot production environments consist of physical and virtual components that are 
integrated, based on digital twin concepts. These concepts synthesise sensoring/measurement (in situ and ex situ) with the modelling and 
simulation of existing and evolving resources/processes at operational, tactical, and strategic levels. The digital twin evolves with the 
development cycle through the entire value chain, providing structure while giving meaningful access to tools, methods, and captured data. So-
called Virtual Dashboards supplement the pilot plant to provide an insightful basis for decision-making for all the perspectives and stakeholders 
involved. They build on the realm of information, models, scenarios, simulations, tools, and techniques available, allowing stakeholders to 
address specific subjects or aspects of a production environment. Approaches to making virtual dashboards instrumental range from smart 
information sets, via simulations, infographics, 3D models, and visualisations to full-blown virtual reality or augmented reality applications. 
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1. Introduction 

Product developers make myriad decisions in translating 
user requirements and wishes into adequate depictions of the 
product(s) under consideration. These designers are 
continuously working to evolve the product definition that 
captures all aspects of the product, while simultaneously 
trying to foretell the consequences of their decisions [1]. The 
incertitude that goes with these decisions ranges from 
assumptions on market share and acceptance, via estimations 
on e.g. strength and costs to feasibility of production and 
assembly. Whenever possible, product developers simulate 
concepts to assess and compare alternatives to interrelate the 
many different perspectives and disciplines that define the 
multi-disciplinary scope of the development cycles. 

In a comparable way, production engineers aim to establish 
production environments that are equipped to engender 
physical products in an effective and efficient manner. Here, 
uncertainties relate to e.g. the product variance and mix in the 
portfolio, to reliability of processes, machine tools and logistic 
solutions, but certainly also to the way in which investments 
in production environments can be correlated to the 
performance of the production environment. As is the case for 
products, production engineers can rely on many different 
types of simulations to underpin their decisions. These 
simulations focus on many different aspects of the production 
environment, bringing together technical, environmental, 
ergonomic, logistic and financial perspectives. Also, here, the 
multi-disciplinarity in the development of production 
environments is obvious. 
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Whereas the trajectory of establishing, changing or 
upgrading a manufacturing environment can indeed be seen as 
a development cycle in itself, there are a number of intricacies 
that require specific attention. For example, where product 
developers can habitually profit from making, using and 
testing prototypes, production engineers often have to perturb 
the primary processes of a company to validate ideas. This is 
obviously caused by the sheer investments that would be 
required to prototype production or assembly lines as well as 
by the -often unimaginable- temporal logistic adaptations that 
would be required. Therefore, prototyping in production 
environments usually entails planned and unplanned 
standstills, with extensive consequences as concerns 
(intermediate) stock, work-in-progress, restarting, calibrating, 
scrapping etc. In this, the technical, organisational and logistic 
significances of ‘recovering’ from such trials are often 
underestimated. Consequently, putting concepts for 
production environments to the test can have impacts that are 
often difficult to predict and oversee. This is all the more true 
as there are many m-to-n relations between components of 
production environments and products or product variants in 
the company’s overall portfolio [2]. This renders a level of 
complexity that can make adequate assessments of proposed 
changes to production environments uncertain, error-prone 
and even ambiguous. Besides, steady-state production 
environments are expected to grow to states of complexity that 
are extremely difficult to establish, to understand and to 
change, especially if e.g. self-optimisation, re-configurability 
or machine learning are involved [3].  

 
This research aims to virtualise the development of 

(changes to) production environments, in order to allow 
production engineers to better assess and control the 
introduction/alteration of machine tools, processes or 
workflows, but also to help them in upscaling production from 
laboratory to industrial scale. 

 

2. Pilot Production Environments 

Because it is infeasible to use live production environments 
for extensive interventions in the primary processes, a 
dedicated but easy to establish setting is required to act as the 
test environment for production engineers. This environment 
needs to capture the relevant portion of the overall production 
setting that will be influenced by the alterations proposed. 
This not only concerns the appropriate physical entities, but 
also the different levels of aggregation and foremost the 
extensive information and knowledge realm that underlies the 
production environment. Figure 1 gives a depiction of the 
manufacturing landscape that defines these aspects for 
existing environments. In this landscape, uncertainties or 
proposed changes can be highlighted as voids or focus areas. 
For production environments that are new or will be 
overhauled significantly, the known and knowable aspects can 
be employed to define the keystones in this landscape. 
Therefore, this landscape can function as the structural 
blueprint for the new or updated production environment.  

 
In the context of this research, the virtualised production 

setting is referred to as a pilot production environment. Here, 
a pilot production environment or pilot plant is a facility that 
allows a company to develop, test, improve and upscale (parts 
of) a production environment while not hampering primary 
processes and avoiding investments where possible [4]. 
Therefore, pilot plants consist of virtual entities where 
possible and physical entities where required. Such physical 
entities in a pilot plant need not necessarily be at one single 
location. So, for the stakeholders that interact with the pilot 
production environment, the environment presents itself as 
one, integrated entirety with controllable and observable 
behaviour. The scope of a pilot plant is the manufacturing of 
discrete physical products, from small-batch production to 
dedicated line production.  

 

Fig. 1. The proposed manufacturing landscape (source: Fraunhofer Project Center Twente, adapted from Fraunhofer/IPT). 
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The pilot environment is not involved in actual production 
of critical components or (semi-finished) products. With this, 
the pilot environment can straightforwardly emulate the way 
in which products would follow actual routes/plans, with the 
aim to optimise the envisaged production environment. At the 
same time, however, products may be exposed to routes that 
are more informative for the team that develops the pilot 
environment. For example, what-if analyses are instrumental 
in assessing logistic options, quality aspects, alternative 
processes or machines as well as the sensitivity of such 
solutions. Furthermore, the stability of solutions as regards 
changes in production volume, lot and batch sizes and product 
(portfolio) can be judged and weighed against the required 
investments and efforts. In this, the pilot production 
environment does not impose any restrictions on the level of 
aggregation that is considered; this ranges from individual 
machine tools, to complete production plants. Also, the facets 
and perspectives that are under consideration are not limited 
or determined beforehand. 

 
On the one hand, pilot production environments help to 

depict possible futures for such environments, interrelating the 
environment itself, the assets, resources and stakeholders it 
contains and the products that are to be engendered in that 
environment. On the other hand, pilot environments are 
employed to prepare a set of new assets for integration in the 
primary process. In the latter case, the new physical assets can 
be virtually fitted, tailored and calibrated based on e.g. 
measurements and data (from ERP to process simulations) that 
represent that primary process in its environment. 
Subsequently, the asset can be transferred into the actual 
environment, with minimal ramp-up efforts and disturbances. 

 
In all compositions, there is no such thing as a physically 

visitable pilot production environment. Rather, it merely exists 
by virtue of the platform that represents the separate physical 
components and virtual components as well as their mutual 
interactions. This implies that the backbone of the pilot 
production environment cannot be based on the geographic 
location of its constituents. Given the stance that a pilot 
production environment pieces together machine tools, 
processes and products, none of these can provide an 
overarching hierarchy to construct such a backbone either. 
The backbone can also not be derived from any of the 
perspectives of the many stakeholders involved, as these may 
be appropriate yet mutually conflicting with any of the other 
perspectives involved.  

As the pilot environment can and will develop and evolve 
over its entire existence, it is unfeasible to have an a-priori 
structure for the environment that is complete, deterministic 
and anticipative with respect to all potential future 
applications and use-cases. Moreover, no process-based 
approach can ever cater for such a variety of situations. 
Consequently, the main driver in the subsistence of a pilot 
production environment is the information content that 
connects the environment with its machine tools, processes 
and products. In this, the digital system reference related to the 
environment is designated as the core component that 
connects the actual activities at the shop floor to the 
underpinned purpose of the environment (see figure 2). 

3. Digital System Reference 

In design and manufacturing research, mainly the digital 
twin component in the digital system reference is belaboured. 
This results in a variety of definitions and depictions [5, 6], 
where many are quite strict – if not premature. This research 
rather aims to capture the notion digital twin in the context of 
the digital system reference. It therefore attempts to 
distinguish the different roles the digital system reference can 
have in the concept pilot production environment. These roles 
range from closely representing the actual and real-time state 
of affairs of a machine tool to exploring scenarios for 
potential machine tools, configurations and product-process-
asset combinations. With that, merely the notion digital twin 
can not capture the intended and actual state simultaneously. 
For that reason, the notion digital system reference 
encompasses the digital twin, but is extended to include 
different viewpoints on any of the assets. With that, the 
essence of the digital system reference is constituted by the 
digital twin, the digital master and the digital prototype 
respectively. 

The digital twin is defined as the conglomerate of data, 
information, models, methods, tools and techniques to 
represent current states of an instantiated system coherently 
and consistently.  

The digital master is defined as the envisaged state of a 
system and its components as the captured outcome of the 
development cycle.  

The digital prototype is the envisaged state of a 
(extrapolated/predicted) system, based on models, simulation 
and aggregated experience, related to the inputs by the ‘to-be’ 
digital master and the ‘as-is’ digital twin(s). 

Fig. 2. The digital twin as the integrative connection between 
components in the pilot production environment 

Fig. 3. Digital System Reference [4] 
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The digital system reference reflects current, future and 
potential production environments. The design of the product 
or production environment is captured by the digital master, 
thus reflecting the ‘to-be’ state (i.e. the design) of the system 
under consideration. The digital twin emulates the ‘as-is’ state 
of the system, including all data, uncertainties and 
imperfections related to the measurements or simulations on 
the instantiated product service system or production 
environment.  

As an intermediary between the master and the twin, the 
digital prototype allows for assessing variants of either the 
master or the twin. On the one hand this implies that the 
virtual prototype can be used to uncover the consequences of 
potential use cases and future scenarios on a design freeze of 
the digital master. In other words, a temporal instantiation of 
the digital master is subject to possible futures, thus rendering 
validation and feedback for the ‘to-be’ model. This closely 
aligns with the traditional way of working for product 
developers in which they perform simulations on models of 
products or production environments, although the digital 
prototype offers them more explicit and structured ways to do 
that. On the other hand, an existing digital twin of a defined 
instantiation can be the basis for explorations and what-if 
scenarios on the virtual prototype as well. Here, 
(observed/potential) reality creates opportunities to embed 
simulations in near-real-life circumstances. For example, a 
digital prototype can be used to assess the consequences of 
introducing a new machine tool in an existing environment 
based on the actual logistic, quality, performance and 
interference sensitivity data of the actual environment. With 
that, the digital prototype becomes the link between the ‘as-is’ 
and ‘to-be’ models, effectively representing the ‘could-be’ 
model.   

3.1. Digital System Reference in the development of Pilot 
Production Environments 

Where the digital system reference is the backbone that 
allows for the development, configuration and validation of a 
pilot production environment, this means that the initial and 
contextual information is embedded in this reference. Existing 
and available information on the environment is captured in 
the digital master (see figure 4.a). At the same time, existing 
components in the infrastructure can immediately be 
integrated in the digital twin, thus providing 
measured/sensored data from the start. Subsequently, existing 
assets can be added to the environment (fig. 4.b). Reasons for 
doing this may include the fact that the assets are new to the 
company, thus requiring set-up or calibration. Alternatively, it 
may be that the assets themselves are under development, 

growing from prototypes into marketable or reliable assets. In 
this case, the technical capability and capacity are reasons for 
inclusion in the pilot environment. 

In many cases, it may make sense to test individual 
instantiations of a machine tool, whereas duplicates of those 
assets can be added virtually (fig. 4.c). This allows for 
purposeful assessments and optimisation of both logistic 
processes and scaling up of production, without additional 
investments. 

In cases where the behaviour of assets that will be required 
is already known, or the asset is available at a different yet 
connected location, an asset can be virtually integrated in the 
pilot environment (fig. 4.d). This is mainly instrumental for 
e.g. standard machine tools; here the risk of unanticipated 
phenomena is acceptably low, so investments can be 
postponed until the pilot environment is transferred to, or 
converted into, a live production environment.  

In extrema, the digital twin can also cater for black boxes 
that represent production processes that are not yet available 
at production scale, for example because they hitherto only 
exist under laboratory conditions. In this way, the 
environment can already be developed, whereas the 
infrastructure, facilities and tools for industry-scale 
application of the new process can still be under development.  

 
In this entire scenario, continuously, the digital master is 

leading in establishing the ‘to-be’ situation, whereas the 
digital twin captures the most appropriate incidence of the ‘as-
is’ environment. As shown in figure 4, the digital twin thus 
amalgamates data/information generated by both real, virtual 
and simulated assets. In other words, it gives meaningful 
access to a facility that nowhere exists in its entirety, and is 
thus not visitable (see section 2). 

This has two major implications: first and foremost, the 
pilot production environment needs to be assessable as a 
whole, as well as in every (recursive) sub-level and aspect 
thereof. For this, the digital system reference is the designated 
foundation. Based on that foundation a consortium of models, 
tools, algorithms and heuristics determine the projected 
behaviour of the pilot environment. No pre-defined set of 
those components can be complete, all-encompassing and 
meticulously correct. Even more, any environment will 
exhibit non-deterministic phenomena and dependencies, 
which will annul any closed and reckonable approach. After 
all, establishing a realistic production environment is not an 
inevitable consequence of the available input. Certainly, this 
stresses the importance of all models etc. involved, but 
simultaneously stresses the need to take uncertainty and 
sensitivity into account as inherent characteristics – and even 
more, as purposeful and driving elements in decision making.  

Fig. 4. Visualisations of different stages/configurations of a Pilot Production Environment. 
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The pilot environment is not involved in actual production 
of critical components or (semi-finished) products. With this, 
the pilot environment can straightforwardly emulate the way 
in which products would follow actual routes/plans, with the 
aim to optimise the envisaged production environment. At the 
same time, however, products may be exposed to routes that 
are more informative for the team that develops the pilot 
environment. For example, what-if analyses are instrumental 
in assessing logistic options, quality aspects, alternative 
processes or machines as well as the sensitivity of such 
solutions. Furthermore, the stability of solutions as regards 
changes in production volume, lot and batch sizes and product 
(portfolio) can be judged and weighed against the required 
investments and efforts. In this, the pilot production 
environment does not impose any restrictions on the level of 
aggregation that is considered; this ranges from individual 
machine tools, to complete production plants. Also, the facets 
and perspectives that are under consideration are not limited 
or determined beforehand. 

 
On the one hand, pilot production environments help to 

depict possible futures for such environments, interrelating the 
environment itself, the assets, resources and stakeholders it 
contains and the products that are to be engendered in that 
environment. On the other hand, pilot environments are 
employed to prepare a set of new assets for integration in the 
primary process. In the latter case, the new physical assets can 
be virtually fitted, tailored and calibrated based on e.g. 
measurements and data (from ERP to process simulations) that 
represent that primary process in its environment. 
Subsequently, the asset can be transferred into the actual 
environment, with minimal ramp-up efforts and disturbances. 

 
In all compositions, there is no such thing as a physically 

visitable pilot production environment. Rather, it merely exists 
by virtue of the platform that represents the separate physical 
components and virtual components as well as their mutual 
interactions. This implies that the backbone of the pilot 
production environment cannot be based on the geographic 
location of its constituents. Given the stance that a pilot 
production environment pieces together machine tools, 
processes and products, none of these can provide an 
overarching hierarchy to construct such a backbone either. 
The backbone can also not be derived from any of the 
perspectives of the many stakeholders involved, as these may 
be appropriate yet mutually conflicting with any of the other 
perspectives involved.  

As the pilot environment can and will develop and evolve 
over its entire existence, it is unfeasible to have an a-priori 
structure for the environment that is complete, deterministic 
and anticipative with respect to all potential future 
applications and use-cases. Moreover, no process-based 
approach can ever cater for such a variety of situations. 
Consequently, the main driver in the subsistence of a pilot 
production environment is the information content that 
connects the environment with its machine tools, processes 
and products. In this, the digital system reference related to the 
environment is designated as the core component that 
connects the actual activities at the shop floor to the 
underpinned purpose of the environment (see figure 2). 

3. Digital System Reference 

In design and manufacturing research, mainly the digital 
twin component in the digital system reference is belaboured. 
This results in a variety of definitions and depictions [5, 6], 
where many are quite strict – if not premature. This research 
rather aims to capture the notion digital twin in the context of 
the digital system reference. It therefore attempts to 
distinguish the different roles the digital system reference can 
have in the concept pilot production environment. These roles 
range from closely representing the actual and real-time state 
of affairs of a machine tool to exploring scenarios for 
potential machine tools, configurations and product-process-
asset combinations. With that, merely the notion digital twin 
can not capture the intended and actual state simultaneously. 
For that reason, the notion digital system reference 
encompasses the digital twin, but is extended to include 
different viewpoints on any of the assets. With that, the 
essence of the digital system reference is constituted by the 
digital twin, the digital master and the digital prototype 
respectively. 

The digital twin is defined as the conglomerate of data, 
information, models, methods, tools and techniques to 
represent current states of an instantiated system coherently 
and consistently.  

The digital master is defined as the envisaged state of a 
system and its components as the captured outcome of the 
development cycle.  

The digital prototype is the envisaged state of a 
(extrapolated/predicted) system, based on models, simulation 
and aggregated experience, related to the inputs by the ‘to-be’ 
digital master and the ‘as-is’ digital twin(s). 

Fig. 2. The digital twin as the integrative connection between 
components in the pilot production environment 

Fig. 3. Digital System Reference [4] 
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The digital system reference reflects current, future and 
potential production environments. The design of the product 
or production environment is captured by the digital master, 
thus reflecting the ‘to-be’ state (i.e. the design) of the system 
under consideration. The digital twin emulates the ‘as-is’ state 
of the system, including all data, uncertainties and 
imperfections related to the measurements or simulations on 
the instantiated product service system or production 
environment.  

As an intermediary between the master and the twin, the 
digital prototype allows for assessing variants of either the 
master or the twin. On the one hand this implies that the 
virtual prototype can be used to uncover the consequences of 
potential use cases and future scenarios on a design freeze of 
the digital master. In other words, a temporal instantiation of 
the digital master is subject to possible futures, thus rendering 
validation and feedback for the ‘to-be’ model. This closely 
aligns with the traditional way of working for product 
developers in which they perform simulations on models of 
products or production environments, although the digital 
prototype offers them more explicit and structured ways to do 
that. On the other hand, an existing digital twin of a defined 
instantiation can be the basis for explorations and what-if 
scenarios on the virtual prototype as well. Here, 
(observed/potential) reality creates opportunities to embed 
simulations in near-real-life circumstances. For example, a 
digital prototype can be used to assess the consequences of 
introducing a new machine tool in an existing environment 
based on the actual logistic, quality, performance and 
interference sensitivity data of the actual environment. With 
that, the digital prototype becomes the link between the ‘as-is’ 
and ‘to-be’ models, effectively representing the ‘could-be’ 
model.   

3.1. Digital System Reference in the development of Pilot 
Production Environments 

Where the digital system reference is the backbone that 
allows for the development, configuration and validation of a 
pilot production environment, this means that the initial and 
contextual information is embedded in this reference. Existing 
and available information on the environment is captured in 
the digital master (see figure 4.a). At the same time, existing 
components in the infrastructure can immediately be 
integrated in the digital twin, thus providing 
measured/sensored data from the start. Subsequently, existing 
assets can be added to the environment (fig. 4.b). Reasons for 
doing this may include the fact that the assets are new to the 
company, thus requiring set-up or calibration. Alternatively, it 
may be that the assets themselves are under development, 

growing from prototypes into marketable or reliable assets. In 
this case, the technical capability and capacity are reasons for 
inclusion in the pilot environment. 

In many cases, it may make sense to test individual 
instantiations of a machine tool, whereas duplicates of those 
assets can be added virtually (fig. 4.c). This allows for 
purposeful assessments and optimisation of both logistic 
processes and scaling up of production, without additional 
investments. 

In cases where the behaviour of assets that will be required 
is already known, or the asset is available at a different yet 
connected location, an asset can be virtually integrated in the 
pilot environment (fig. 4.d). This is mainly instrumental for 
e.g. standard machine tools; here the risk of unanticipated 
phenomena is acceptably low, so investments can be 
postponed until the pilot environment is transferred to, or 
converted into, a live production environment.  

In extrema, the digital twin can also cater for black boxes 
that represent production processes that are not yet available 
at production scale, for example because they hitherto only 
exist under laboratory conditions. In this way, the 
environment can already be developed, whereas the 
infrastructure, facilities and tools for industry-scale 
application of the new process can still be under development.  

 
In this entire scenario, continuously, the digital master is 

leading in establishing the ‘to-be’ situation, whereas the 
digital twin captures the most appropriate incidence of the ‘as-
is’ environment. As shown in figure 4, the digital twin thus 
amalgamates data/information generated by both real, virtual 
and simulated assets. In other words, it gives meaningful 
access to a facility that nowhere exists in its entirety, and is 
thus not visitable (see section 2). 

This has two major implications: first and foremost, the 
pilot production environment needs to be assessable as a 
whole, as well as in every (recursive) sub-level and aspect 
thereof. For this, the digital system reference is the designated 
foundation. Based on that foundation a consortium of models, 
tools, algorithms and heuristics determine the projected 
behaviour of the pilot environment. No pre-defined set of 
those components can be complete, all-encompassing and 
meticulously correct. Even more, any environment will 
exhibit non-deterministic phenomena and dependencies, 
which will annul any closed and reckonable approach. After 
all, establishing a realistic production environment is not an 
inevitable consequence of the available input. Certainly, this 
stresses the importance of all models etc. involved, but 
simultaneously stresses the need to take uncertainty and 
sensitivity into account as inherent characteristics – and even 
more, as purposeful and driving elements in decision making.  

Fig. 4. Visualisations of different stages/configurations of a Pilot Production Environment. 
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The second implication relates to the fact that the digital 
system reference requires an adequate way for different types 
of stakeholders to interact with the pilot environment. After 
all, the stakeholders should be able to appreciate and assess 
the synthetic pilot environment in order to be able to reach 
meaningful decisions for further development. This is far 
from trivial, as the vast majority of stakeholders will not be 
able to make the required deductions based on the 
overwhelming – although structured – information [7] that is 
provided by the digital system reference. In order to present 
itself as a full-fledged and informed representation of the pilot 
environment under consideration, so-called virtual dashboards 
are used to provide the meaningful interactions that are 
essential. 

 

4. Virtual Dashboards 

In its simplest form, a virtual dashboard can be seen as a 
control room for a pilot production environment that does not 
(yet) exist [4]. Such a control room aggregates input from the 
shop floor and allows for interventions at that shop floor. 
With that, the virtual dashboard provides a viewing window 
for the digital system reference. However, a virtual dashboard 
exceeds the capabilities of a traditional control room by far. 
For example, a dashboard may aggregate results from 
simulations of non-existing assets or show responses to 
planned or unplanned stressors in the production environment. 
In that sense, it allows stakeholders to immerse in the pilot 
production environment, seen from their specific perspective 
and focusing on the currently relevant issues – at the required 
level of aggregation.  

Beyond providing access to the synthetic pilot 
environment, virtual dashboards also allow for interventions 
in and interaction with the environment. This may involve the 
changing of settings in the environment, controlling 
simulations or simulation models, but also direct interactions 
with existing and operating machine tools. Especially the 
remote controlling of such machine tools requires strict and 
profound safety measures, but also a reliable interface with 
and a high quality and reliability of the digital system 
reference. As such, remote controlled machine tools are not 
new, but it is the combination of real and virtual components 
that required additional attention. 

 
A virtual dashboard aims to provide stakeholders with the 

appropriate level of interaction, from the appropriate 
viewpoint and the appropriate filtering of information at the 
appropriate time. As depicted in section 3, the digital system 
reference provides the backbone for this. However, this 
system reference cannot determine which 
data/information/content carries what meaning for the specific 
stakeholder. Therefore, the virtual dashboard has two main 
purposes: supporting the stakeholder in establishing a 
purposeful interaction with the digital system reference and 
presenting the information content in the right context and in 
a meaningful manner to that stakeholder. Dependent on the 
format and denotation of the information and the interaction 
with the pilot production environment, different stakeholders 

can benefit from completely different virtual dashboards, with 
varying structures and content. This implies that for some 
stakeholders, a straightforward spreadsheet-like report or 
dynamic/interactive infographic can already be instrumental, 
whereas the impact of other stakeholders can only really be 
unlocked if they are emerged in a full-blown 3D environment. 
The latter implies that AR/VR techniques play an essential 
role in establishing virtual dashboards. This equates the 
virtual dashboards with synthetic environments, in their aim 
to allow for adequately experiencing shared information [8]. 

In terms of the pilot production environment, this implies 
that stakeholders can choose e.g. to ‘travel with a product 
through the production line’, to ‘observe process conditions 
on a machine that show signs of wear’, to ‘focus on the 
overall production throughput’, to ‘relate production 
bottlenecks to product features’ or to ‘compare defects 
between machines and between product types’ [4]. 
Underlying assumption in all these possibilities is that neither 
the information content, nor the synthetic environment that 
engendered the virtual dashboard are limiting the way in 
which interactions are possible. 

 
In summary, the troika consisting of the pilot production 

environment approach, the digital system reference and the 
virtual dashboards allows for an integrated and holistic 
development of new or improved production lines that match 
the envisaged infrastructure. Additionally, the relation 
between product development and the development of the 
production environment opens new possibilities to mutually 
align the product definition, the company’s product portfolio 
and the production environment. Given the vast area of a 
company’s activities related to production planning, the 
validation of approaches like this this an extremely complex, 
intricate and long-term endeavour. Consequently, this 
research aims to build initial demonstrators that lead to a 
generic, underpinned and validated architecture. Based on that 
architecture, more and larger projects are executed. Currently, 
the concept is demonstrated in a number of case studies. 

5. Case studies 

The demonstrators that serve as case studies for the pilot 
production environments vary considerably in scope, level of 
detail and complexity. In a testbed environment, individual 
machine tools are connected and provided with sensors to 
exploit the data-gathering requirements for the digital system 
reference. Also, the bi-directional interaction between the 
digital system reference and the machine tools is tested here, 
in secluded/safe environments. This has been rather 
straightforward in working with e.g. an isolated collaborative 
robot, but proves to be more cumbersome in working with e.g. 
interactions between automated guided vehicles that are not 
always in sight.  

Additionally, the integration of simulation models for e.g. 
plant layout, machine/robot behaviour and ERP/planning 
systems is part of this testbed, as is the embedding of 
remotely connected assets. Initially, the testbed has started 
small and is extended in a modular manner; this not only aids 
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in detailing the underlying architecture, but also vouches for a 
continuing agile and flexible approach. 

In a more encompassing project, the approach has been 
applied in a project for a company that aimed to extend its 
production capacity by establishing a completely new 
production facility. A considerable part of this facility is 
focused on materials processing before the bulk material is 
converted into discrete products. Therefore, the characteristics 
of the production environment caused direct and significant 
interactions between the main machine(s) in the building 
(some multiple storeys high) and the geometry and 
construction of the building. This, combined with the large 
number of stakeholders involved, resulted in a project focus 
on combining the different perspectives and viewpoints 
involved, ranging from production cost, logistics, quality 
inspection and control, scheduling, warehousing, safety and 
accessibility to material flows and air quality. Especially, the 
synthetic environment aspect of the pilot production 
environment has been explored in this project. Employing the 
pilot production environment concept did speed up the 
development cycle of the production facility considerably. 
This lowered the investments in the facility considerable, but 
that was foremost the result the ability to, based on the pilot 
environment, already foretell (and solve) intricate problems 
with and interdependencies between e.g. the huge machinery 
and the structure of the building. Similar projects have been 
and are executed in the food packaging industry, bringing 
additional requirements on the interaction between the 
product & packaging design and the production environment. 
In all such cases, the main challenge in establishing the pilot 
environment is usually related to obtaining the information 
required in the right format. Quite some time is spent on 
translating file formats and data sets, for which the required 
expertise is oftentimes not present at the company. Such 
issues often seem significant barriers in the development 
cycle, although in practice the time and efforts spent on 
making the information accessible is compensated for by the 
insights gained in the new facility. In many cases, even 
assessing the information (structure) itself leads to new 
insights on e.g. envisaged ways of working of process flows.   

 
 Another case study is embedded in a company in 

aerospace industry, where identification, tracking and tracing 
of components is one of the main drivers in establishing 
digital twins. Here, the observed (geometric) anomalies in 
comparing the digital master and digital twin are 
straightforwardly used to outline process plans and to instruct 
employees. Also, here, bringing together the underlying 
information content (by means of the ‘as-is’ and ‘to-be’ 
model) and the translation of that information to the right 
stakeholder in a meaningful manner is instrumental in 
optimising the production facility. Especially in this case 
study, significant attention is spent on the required level of 
aggregation of the digital master/twin; here, levels range from 
individual instructions for distinct operator actions, to 
generalised overview of the entire facility. This brings 
together e.g. ERP data with aggregated information and even 
strategic insight in e.g. order processing and portfolio 
selection. 

Next to the cases mentioned here, the pilot production 
environment concept is applied in multiple projects, with 
quite a varying scope, extent and time-horizon. From this, 
future research aims to further detail the explicit architecture 
that drives the pilot production environment approach. 

6. Concluding remarks 

Pilot production environments aim to provide a means to 
use investments in research and development effectively by 
focusing on the aspects that are most relevant from all 
different perspectives involved, while providing a smooth 
transition to industrial implementation. Pilot environments 
thus provide a new paradigm for establishing production 
environments without the customary disadvantages and 
disruptions. In this paradigm, the main added value stems 
from amalgamating the information-based paradigm with the 
synthetic environments that make the digital system reference 
the main enabler of a purposeful and efficient way of thinking 
about production environments under development. The 
system reference accompanies the pilot production 
environment during its development, but can also be seen as 
the basis for, for example, maintenance or training during the 
through-life phase of the environment. 

Propounding an a-priori architecture for pilot production 
environments, or a clear-cut methodology for its development 
is well-nigh impossible. This mainly results from the 
complexity of production environments, the large number and 
wide variety of stakeholders involved, and the long-time 
horizons involved. The approach presented here has started 
with a number of core demonstrators. From that, the definition 
of the architecture is elaborated and extended based on more 
cases in which the evolving approach is used. Future research 
will address the inclusion of more modules/perspectives in the 
approach as well as making the architecture more explicit. 

References 

[1] Lutters, E., F.J.A.M. Van Houten, A. Bernard, E. Mermoz and C.S.L. 
Schutte, Tools and techniques for product design. CIRP Annals - 
Manufacturing Technology, 2014. 63(2): p. 607-630. 

[2] Stefansdottir, B. and M. Grunow, Selecting new product designs and 
processing technologies under uncertainty: Two-stage stochastic model 
and application to a food supply chain. International Journal of 
Production Economics, 2018. 201: p. 89-101. 

[3] Váncza, J., L. Monostori, D. Lutters, S.R. Kumara, M. Tseng, P. 
Valckenaers and H. Van Brussel, Cooperative and responsive 
manufacturing enterprises. CIRP Annals, 2011. 60(2): p. 797-820. 

[4] Lutters, E., Pilot production environments driven by digital twins. South 
African Journal of Industrial Engineering, 2018. 29(3 Special Edition): p. 
40-53. 

[5] Kritzinger, W., M. Karner, G. Traar, J. Henjes and W. Sihn, Digital Twin 
in manufacturing: A categorical literature review and classification. 
IFAC-PapersOnLine, 2018. 51(11): p. 1016-1022. 

[6] Stark, R., S. Kind and S. Neumeyer, Innovations in digital modelling for 
next generation manufacturing system design. CIRP Annals, 2017. 66(1): 
p. 169-172. 

[7] Dekhtiar, J., A. Durupt, M. Bricogne, B. Eynard, H. Rowson and D. 
Kiritsis, Deep learning for big data applications in CAD and PLM – 
Research review, opportunities and case study. Computers in Industry, 
2018. 100: p. 227-243. 

[8] Damgrave, R. and E. Lutters, Enhancing development trajectories of 
synthetic environments. CIRP Annals, 2018. 67(1): p. 137-140. 



 Eric Lutters  et al. / Procedia CIRP 84 (2019) 94–99 99
 Author name / Procedia CIRP 00 (2019) 000–000  5 

The second implication relates to the fact that the digital 
system reference requires an adequate way for different types 
of stakeholders to interact with the pilot environment. After 
all, the stakeholders should be able to appreciate and assess 
the synthetic pilot environment in order to be able to reach 
meaningful decisions for further development. This is far 
from trivial, as the vast majority of stakeholders will not be 
able to make the required deductions based on the 
overwhelming – although structured – information [7] that is 
provided by the digital system reference. In order to present 
itself as a full-fledged and informed representation of the pilot 
environment under consideration, so-called virtual dashboards 
are used to provide the meaningful interactions that are 
essential. 

 

4. Virtual Dashboards 

In its simplest form, a virtual dashboard can be seen as a 
control room for a pilot production environment that does not 
(yet) exist [4]. Such a control room aggregates input from the 
shop floor and allows for interventions at that shop floor. 
With that, the virtual dashboard provides a viewing window 
for the digital system reference. However, a virtual dashboard 
exceeds the capabilities of a traditional control room by far. 
For example, a dashboard may aggregate results from 
simulations of non-existing assets or show responses to 
planned or unplanned stressors in the production environment. 
In that sense, it allows stakeholders to immerse in the pilot 
production environment, seen from their specific perspective 
and focusing on the currently relevant issues – at the required 
level of aggregation.  

Beyond providing access to the synthetic pilot 
environment, virtual dashboards also allow for interventions 
in and interaction with the environment. This may involve the 
changing of settings in the environment, controlling 
simulations or simulation models, but also direct interactions 
with existing and operating machine tools. Especially the 
remote controlling of such machine tools requires strict and 
profound safety measures, but also a reliable interface with 
and a high quality and reliability of the digital system 
reference. As such, remote controlled machine tools are not 
new, but it is the combination of real and virtual components 
that required additional attention. 

 
A virtual dashboard aims to provide stakeholders with the 

appropriate level of interaction, from the appropriate 
viewpoint and the appropriate filtering of information at the 
appropriate time. As depicted in section 3, the digital system 
reference provides the backbone for this. However, this 
system reference cannot determine which 
data/information/content carries what meaning for the specific 
stakeholder. Therefore, the virtual dashboard has two main 
purposes: supporting the stakeholder in establishing a 
purposeful interaction with the digital system reference and 
presenting the information content in the right context and in 
a meaningful manner to that stakeholder. Dependent on the 
format and denotation of the information and the interaction 
with the pilot production environment, different stakeholders 

can benefit from completely different virtual dashboards, with 
varying structures and content. This implies that for some 
stakeholders, a straightforward spreadsheet-like report or 
dynamic/interactive infographic can already be instrumental, 
whereas the impact of other stakeholders can only really be 
unlocked if they are emerged in a full-blown 3D environment. 
The latter implies that AR/VR techniques play an essential 
role in establishing virtual dashboards. This equates the 
virtual dashboards with synthetic environments, in their aim 
to allow for adequately experiencing shared information [8]. 

In terms of the pilot production environment, this implies 
that stakeholders can choose e.g. to ‘travel with a product 
through the production line’, to ‘observe process conditions 
on a machine that show signs of wear’, to ‘focus on the 
overall production throughput’, to ‘relate production 
bottlenecks to product features’ or to ‘compare defects 
between machines and between product types’ [4]. 
Underlying assumption in all these possibilities is that neither 
the information content, nor the synthetic environment that 
engendered the virtual dashboard are limiting the way in 
which interactions are possible. 

 
In summary, the troika consisting of the pilot production 

environment approach, the digital system reference and the 
virtual dashboards allows for an integrated and holistic 
development of new or improved production lines that match 
the envisaged infrastructure. Additionally, the relation 
between product development and the development of the 
production environment opens new possibilities to mutually 
align the product definition, the company’s product portfolio 
and the production environment. Given the vast area of a 
company’s activities related to production planning, the 
validation of approaches like this this an extremely complex, 
intricate and long-term endeavour. Consequently, this 
research aims to build initial demonstrators that lead to a 
generic, underpinned and validated architecture. Based on that 
architecture, more and larger projects are executed. Currently, 
the concept is demonstrated in a number of case studies. 

5. Case studies 

The demonstrators that serve as case studies for the pilot 
production environments vary considerably in scope, level of 
detail and complexity. In a testbed environment, individual 
machine tools are connected and provided with sensors to 
exploit the data-gathering requirements for the digital system 
reference. Also, the bi-directional interaction between the 
digital system reference and the machine tools is tested here, 
in secluded/safe environments. This has been rather 
straightforward in working with e.g. an isolated collaborative 
robot, but proves to be more cumbersome in working with e.g. 
interactions between automated guided vehicles that are not 
always in sight.  

Additionally, the integration of simulation models for e.g. 
plant layout, machine/robot behaviour and ERP/planning 
systems is part of this testbed, as is the embedding of 
remotely connected assets. Initially, the testbed has started 
small and is extended in a modular manner; this not only aids 
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in detailing the underlying architecture, but also vouches for a 
continuing agile and flexible approach. 

In a more encompassing project, the approach has been 
applied in a project for a company that aimed to extend its 
production capacity by establishing a completely new 
production facility. A considerable part of this facility is 
focused on materials processing before the bulk material is 
converted into discrete products. Therefore, the characteristics 
of the production environment caused direct and significant 
interactions between the main machine(s) in the building 
(some multiple storeys high) and the geometry and 
construction of the building. This, combined with the large 
number of stakeholders involved, resulted in a project focus 
on combining the different perspectives and viewpoints 
involved, ranging from production cost, logistics, quality 
inspection and control, scheduling, warehousing, safety and 
accessibility to material flows and air quality. Especially, the 
synthetic environment aspect of the pilot production 
environment has been explored in this project. Employing the 
pilot production environment concept did speed up the 
development cycle of the production facility considerably. 
This lowered the investments in the facility considerable, but 
that was foremost the result the ability to, based on the pilot 
environment, already foretell (and solve) intricate problems 
with and interdependencies between e.g. the huge machinery 
and the structure of the building. Similar projects have been 
and are executed in the food packaging industry, bringing 
additional requirements on the interaction between the 
product & packaging design and the production environment. 
In all such cases, the main challenge in establishing the pilot 
environment is usually related to obtaining the information 
required in the right format. Quite some time is spent on 
translating file formats and data sets, for which the required 
expertise is oftentimes not present at the company. Such 
issues often seem significant barriers in the development 
cycle, although in practice the time and efforts spent on 
making the information accessible is compensated for by the 
insights gained in the new facility. In many cases, even 
assessing the information (structure) itself leads to new 
insights on e.g. envisaged ways of working of process flows.   

 
 Another case study is embedded in a company in 

aerospace industry, where identification, tracking and tracing 
of components is one of the main drivers in establishing 
digital twins. Here, the observed (geometric) anomalies in 
comparing the digital master and digital twin are 
straightforwardly used to outline process plans and to instruct 
employees. Also, here, bringing together the underlying 
information content (by means of the ‘as-is’ and ‘to-be’ 
model) and the translation of that information to the right 
stakeholder in a meaningful manner is instrumental in 
optimising the production facility. Especially in this case 
study, significant attention is spent on the required level of 
aggregation of the digital master/twin; here, levels range from 
individual instructions for distinct operator actions, to 
generalised overview of the entire facility. This brings 
together e.g. ERP data with aggregated information and even 
strategic insight in e.g. order processing and portfolio 
selection. 

Next to the cases mentioned here, the pilot production 
environment concept is applied in multiple projects, with 
quite a varying scope, extent and time-horizon. From this, 
future research aims to further detail the explicit architecture 
that drives the pilot production environment approach. 

6. Concluding remarks 

Pilot production environments aim to provide a means to 
use investments in research and development effectively by 
focusing on the aspects that are most relevant from all 
different perspectives involved, while providing a smooth 
transition to industrial implementation. Pilot environments 
thus provide a new paradigm for establishing production 
environments without the customary disadvantages and 
disruptions. In this paradigm, the main added value stems 
from amalgamating the information-based paradigm with the 
synthetic environments that make the digital system reference 
the main enabler of a purposeful and efficient way of thinking 
about production environments under development. The 
system reference accompanies the pilot production 
environment during its development, but can also be seen as 
the basis for, for example, maintenance or training during the 
through-life phase of the environment. 

Propounding an a-priori architecture for pilot production 
environments, or a clear-cut methodology for its development 
is well-nigh impossible. This mainly results from the 
complexity of production environments, the large number and 
wide variety of stakeholders involved, and the long-time 
horizons involved. The approach presented here has started 
with a number of core demonstrators. From that, the definition 
of the architecture is elaborated and extended based on more 
cases in which the evolving approach is used. Future research 
will address the inclusion of more modules/perspectives in the 
approach as well as making the architecture more explicit. 
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