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Abstract

It has become common practice to apply simulation during product development and production planning. The increasing demand for
individualized goods requires the ability to produce in small lot sizes and therefore more flexible resources, which leads to the use of cyber-
physical systems (CPS) in manufacturing. This papers aims to look at the changing requirements, pitfalls and possible solutions when applying
simulation to CPS. The research is based on a case study of a large car manufacturing company that has already implemented CPS in one

production line. The paper will also provide an overview of simulation types and discuss their fitness.
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1. Introduction

One of the main challenges within the industrial sector is to
produce with high resource efficiency. [1] In order to operate
at full capacity, and thereby minimizing buffer stock as well as
defective parts, it has become common practice to apply
simulation methods and models during process planning.[2]

At the same time, industrial companies face the challenge
that their customers demand more and more individualized
products.[1] In addition, the market changes rapidly and
existing parts and products have to be adapted often. To cope
with these two conflicting issues, flexible and adaptable
concepts are necessary within the field of production. Such
concepts are based on decentralization and include e.g. lean
management, modularization, or the fractal factory.[3, 4]
Companies increase their degree of decentralization as this
allows for faster decision-making since there are fewer
organizational units involved in a decision.[5] Currently,
cyber-physical systems (CPS) and the so-called smart factory
are under development as the latest addition to the field. As
“self-conscious” resources they are part of a decentralized
production environment and able to make independent
decisions.

The impact of CPS on production processes and simulation
thereof within production planning will be outlined in the
following paper, which is structured as follow: First, the
research question and the derived methodology are introduced,;
in the next step, the state of the art in simulation is described.
The concept of CPS and the smart factory are defined in the
following chapter. The paper closes with the requirements and
recommendations with regards to simulation.

2. Research Question and Methodology

This paper aims to answer the following research question:
Which impact do CPS have on production processes as well
as production planning and how do simulation models and
tools have to be adapted to cope with the necessary changes?

The paper follows the research process of design-oriented
information systems research, with is in line with the design
science approach.[6, 7] The process consists of Analysis,
Design, Evaluation and Diffusion (cf. Figure 1).
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Fig. 1. Research Process
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During the analysis phase, the state of the art within
simulation as well as cyber-physical systems is depicted. This
is based on a literature review on the two topics. In addition to
the literature review, a case study [8] of a pilot manufacturing
line of internal combustion engines that uses CPS as well as
an interview with an expert who produces CPS were
conducted.

The case study consists of multiple interviews with the
people responsible for the production line (two from
production management, one person from IT) and a visit of
the factory. The interviews had a duration of at least one hour
and took place at two different points of time: the first ones in
2012, the last one in 2015. During the interviews, notes were
taken and the visit was documented afterwards

The guided interview with the manufacturer of CPS took
place in 2016 and has a duration of two hours and was
recorded and transcribed. The interviewee has a background
in computer science and has worked at the company for about
three years.

During the design phase, first requirements were derived
from literature, the case study and the interview. As a second
and last step, recommendations on how to adapt simulation
tools are given. Evaluation of the results is pending. This
paper is part of the diffusion of the results.

3. Simulation

Simulation always deals with complex problems that cannot
be solved using simple (mathematical) models because the
problems are dynamic and there are elements of uncertainty.

There are different types of simulation. They can be divided
by the kind of problem that is supposed to be supported by the
usage of simulation. There are managerial, most often strategic
problems, with can be assisted with management-oriented
simulation methods like Monte-Carlo-simulation or scenario
analysis.[9] These methods can be enhanced by visualization
or incorporation of historical data.[10] An example might be
supply chain planning [11], including warehouse positioning or
selection of suppliers.

The other kind of problem is technical, most often
operational problems. These problems arise from engineering
and the decisions in this area can be backed by technical
simulation. As such, they are part of the digital factory.[12]
This paper distinguishes between two types of technical
simulation: the simulation of complete production processes [2,
13] and the machine-oriented simulation, which focuses on
individual manufacturing cells.[14]

The first type of technical simulation has the goal to support
the planning of a specific production process or the
improvement of an existing process with regards to its key
performance indicators, such as cycle times or OEE. (cf. Fig.
2)

In the past, these used to be single, linear processes, which
could be optimized by production planning to reduce waste
within this process. As we will describe later on, this will
change with the introduction of CPS.

This kind of process simulation can be useful during
planning of new production lines, new facilities, their initial
implementation and adjustment during operations.[2, 15]

The second type deals with individual production resources,
in this case, a machine or a manufacturing cell. The purpose is
to explore and define the limits of the machine (e.g. constructed
space) and to ensure a stable process quality.[14] The machine-
oriented simulation can also be applied during development,
implementation and operations, only the scope is different.
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Fig. 2. Goals of process simulation [2]

Considering robots as resources, the focus is on collision
detection, especially when interacting with a human.[16, 17]
This kind of simulation relies on kinematics and graphics. It is
applied during ramp up, but also during product development
and operation (e.g. NC simulation).[14]

Another criterion to distinguish different kinds of simulation
is the determinism. Simulation like the last-named collision
detection or the simulation of individual machines work on the
basis of the finite element method and will produce the same
result within each simulation run. [18] Non-deterministic
simulation however, will lead to divergent results on multiple
simulation runs. This will be the case when CPS are introduced
to the production environment as the production process will
no longer be completely predictable.

4. Cyber-physical Systems
4.1. Definition

CPS are ,integrations of computation with physical
processes* [19]. This means that computing gets information
on the physical world around it and can react to it. The
information is collected using sensors, then processed
internally by the CPS and leads to actions that are realized by
actors and correspond to the current state of the environment.

CPS can be applied in different fields, in this case the paper
focuses on manufacturing. Since CPS have to work in real
world and the real world is complex and not predictable,
robustness is a basic property of CPS that they are able to react
to unforeseen challenges. However, this robustness is hard to
achieve.[20]

CPS are based on the internet of things, which means that a
CPS has a virtual identity and can be addressed within a
network. This enables communication and coordination
between the distributed CPS.[21]
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CPS use and also provide services that can be enquired by
other systems [22, 23], e.g. a smart product that arrives at a CPS
and asks for processing. Transferred into the production
environment, this means that the PLC of a resource offers
modular and encapsulates functionalities, which can be applied
to different products.

CPS are considered to be key enablers of the smart factory
and industrie 4.0.[22, 24] The vision of a smart factory is that
the factory monitors the state of all things it encompasses and
is able to automatically react to events by controlling the
things.[24] Industrie 4.0 is the forth industrial revolution based
on CPS with the intention to leverage the potentials of CPS in
production environments.[22, 26]

4.2. Case Study

The case study is about a manufacturer of car engines. It is
a large vendor and they produce about 1 million diesel and
petrol engines per year. The need for flexible production
environments is due to frequent changes of the engines. In
average, the engines face structural changes each week, e.g.
because a part is replaced or a flaw corrected. At the production
site, there are multiple lines of production. In 2012, there was
one pilot line that had CPS in place. In 2015, there were three
lines equipped with CPS because the flexible lines were as
profitable as the other lines. The degree of automation of the
line is 95 %. The goal of the line is to reach a high degree of
capacity utilization.

Each engine is equipped with an auto-ID and is able to
identify itself. There is a central Manufacturing Execution
System (MES) which is responsible for the data exchange. It
contains the data on the product and has information on which
work steps of production have already been completed and
which ones are missing. To clarify, the MES controls only the
information flow, not the flow of production. It also enforces
rules, such as sequences that need to be followed and one
overall rule that is applied in case of degrees of freedom. In this
case, the rule is First-In, First-Out.

The CPS are manufacturing cells, which are arranged like a
job shop production; even though is series production with a lot
of variances. The CPS register at the central MES and deliver
constant updates on their state. The engine enters the
production line and can be transported to all CPS by means of
a very flexible and sophisticated logistic system. When one
work step is finished, the CPS request data from the central
MES on the next possible steps as well as the state of the other
resources. It is decided locally and ad-hoc, during the vacation
of one CPS, which CPS will be chosen for the next step of
production (cf. Fig. 3). These decisions are repeated after each
step until the product is completed.

The CPS have to be maintained and updated with the latest
NC-programs at some point in time, which reduces their
availability.

The company uses simulation extensively, particularly for
capacity planning and for the start-up of new products.

5. Properties of production processes involving CPS

The main reason for the integration of CPS in a production
process is the quest for flexibility. This flexibility is needed
because the products and parts are more or less individual parts
that either subject to ongoing changes or they are engineered to
a specific order by a customer. The parts are therefore not alike.

Each product has different technical properties or is built of
only partly overlapping parts.

Following this logic, there can be no single production
process that can serve all needs of the various products. Instead,
a multitude of production processes is needed to be able to
handle the variation. As the next changes are impossible to
predict and the definition and testing of production processes is
very time-consuming, the production processes are no longer
pre-defined, but are created ad hoc. HauBmann et al. proposed
to replace work plans with feature technology from CAD
systems to deal with the increasing variation.[27] This means
that features are extracted from CAD models and are handed
over to the production environment as requirements that have
to be realized during production until the part is complete. [28]
Such features include, e.g. a hole with a certain diameter, its
position and an expected surface quality.
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Fig. 3. Negotiation of next step
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As soon as the part arrives at a machine, they have to
negotiate the next step of production (cf. Fig. 3). Either the
machine itself or a central instance (e.g. a manufacturing
execution system) have to be aware of the capabilities, the CPS
possesses and the requirements of the part. Based on this
information and the current state of the other CPS, it can be
decided whether the CPS is able to deliver the required step.
Some CPS might be under maintenance or may need mounting.

It has to be considered that a requirement, like a hole in a
part can be created by various methods, tools and resources
(e.g. laser, drilling, milling). This makes it even harder to
predict the next step. Each resource has different cycle times
and rates.

If there is more than one possible next step, an overall rule
is implemented to decide on the next step. This rule could be to
prioritize a certain customer or product or to prefer short
production time over quality. These rules have to be created
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beforehand and are applied to control the autonomous
production system and the cyber-physical systems.[29]

Whenever new production resources are added, they are
included in the process using plug and produce. As a
prerequisite, the capabilities of the CPS have to be defined. The
capabilities can be described with Automation ML.[30, 31]

As the production processes are no longer known in
advance, the relevance of historical data on delivered processes
in the past increases. From this data, valuable information can
be derived that may help in future processes (e.g. identification
of causes of failures, required maintenance).[32] In the long
run, CPS will be asked to optimize themselves by such
information that is acquired during production and analyzed
afterwards or in real-time.

The generation of individualized and optimized NC code for
each work step and each part is problematic due to the
variation. Instead, CPS must possess functionalities that are
able to perform the required task at an acceptable pace and with
high accuracy. This is again a tradeoff between
individualization and the efficient use of resources.

6. The role of production and process planning

As stated in the introduction, the goal of CPS is to enable
companies to produce different products and variants without
losing resource efficiency. This is also the scope of production
and process planning, which means that both constructs
interfere with each other.

The main task of production planning has been to define
which step of production will be completed by which resource.
This concerns scheduling and capacity planning. This is now
changing as CPS organize themselves. Production planning
will focus more on long term planning instead of individual
production orders or products. [28] As an example, it has to be
examined whether a certain product mix can be produced with
the resources that are available or if additional resources are
necessary.

Amended decision-making
on production processes

Simulation Simulation SIIrEnulatl_on
Models Tools Xperi-
ments

Historical data on past production processes

Fig. 4. The house of production simulation

This is challenging for classical production planning and
control systems. Therefore, production planners need different
tools besides enterprise resource planning or production
planning and control systems to support their work. One
solution could be business intelligence, another simulation.
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However, the combination of both is most promising as
business intelligence provides insights on problems that
occurred in the past, e.g. bottlenecks, based on data from
tracking past production processes. This leads to the house of
production simulation (cf. Fig. 4). It is based on historical data,
which provides areas to focus on during simulation. The three
main fields of design within simulation are the model, the
experiments and the tools. These are described in the next
chapter. If applied appropriately, it will lead to better decision
support in production and process planning.

7. Requirements and recommendations for simulation

From the description of production processes that include
CPS above, the following requirements and recommendations
can be derived:

Requirements regarding the simulation model:

e The simulation model must be able to incorporate not only
one, but many different products.

e The simulation model must allow for different lot sizes,
down to a lot size of 1, to be realized.

e The simulation model must reflect the flexibility of the
process and must be able to work without a predefined
work plan.

e The simulation model must allow more than one incoming
and outgoing path for each resource. This leads to
production networks instead of linear production lines (cf.
Fig. 5).

e The simulation model must collect information on the state
of all available resources.

e The simulation model must include the capabilities of the
resources.

e The simulation model must include the requirements of the
product and must be able to implement different sequences
of fulfillment.

e The simulation model must be able to implement the local
decision making that happens ad-hoc during the production
process based on the overall state of all resources, the
capabilities of the resources, the requirements of the
products, and additional master data like costs or customer.

e The simulation model must be able to apply pre-defined
rules that control the production processes.

Fig. 5. A production network in Siemens Tecnomatix

Requirements regarding the simulation experiments:

e Multiple simulation runs must be conducted within one
simulation experiment to explore the range of possible
outcomes.
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e The experiments should include varying product mixes as
an input factor to explore the maximum of possible
outcomes.

e The experiments and the runs with the related input and
results should be documented.

o Including failures of resources and set-up times will help to
explore capacity bottlenecks.

Requirements regarding the simulation tools:

o Simulation tools should support upcoming standards like
Automation ML or BPMN 2.0.

o Simulation tools should be tied closer to CAD-systems that
define the products and to MES or Business Intelligence
systems that provide information on past instances.

o Simulation tools should provide helpful advice when
problems are detected. It should recommend e.g. changes
to a given set of rules.

Requirements regarding the machine-oriented simulation:

¢ Vendors can use machine-oriented simulation to define the
capabilities of their CPS.

o Prerequisites of simulation (e.g. digital mock-ups) should
be shared with customers so that they can simulate their
production with the CPS.

o Extended simulation is recommended to ensure a high
process quality and reduced failures. This will increase the
robustness of the CPS.

e The results from simulation should be incorporated into the
development of PLC.

e Machine-oriented simulation can especially be of value
when new or changed products are introduced and it has to
be ascertained that the given resources are suitable for their
production.

Compared to existing simulation solutions (especially
Siemens Tecnomatix; comparison executed by Meyer/Schopf,
two bachelor students), it can be stated that most of the
requirements can be fulfilled if the solutions are used in an
appropriate manner. Therefore, the requirements can also be
interpreted as recommendations for the users of such
simulation tools.

8. Discussion, Limitations and Outlook

The paper analyzed the changes in production processes that
are typical for the introduction of CPS based on a case study
and an additional interview. These changes have to be reflected
in the way, technical simulations are conducted.

The limitations of the study consist in the small number of
CPS companies that were considered and the focus on Siemens
as one of many simulation tool providers that can be found. The
evaluation of the results must be the next step in the research
as well as an extension of simulation models with historical
data to learn faster from experiences that happened in the past.

As production lines are changing into flexible production
networks, it is necessary to adjust the pyramid of automation,
which is currently done by the Industrial Internet Consortium
and the Plattform Industrie 4.0 which develop new reference
architectures.

The importance of simulation will continue to grow in the
future as production environments’ complexity increases. This
will be the case as more and more companies implement CPS
and increase their degree of automation and automated
coordination. To make simulation easy to use, it should be able
to import master data from common standards and graphical
user interfaces should be extended to allow for more people to
use simulation. A crucial requirement that has been mentioned
by many other authors is the lack of integration of simulation
tools within the IT landscape. Only if the models that are the
foundation of simulation can be acquired easily, simulation can
be performed fast, more automated and come up with better
results.
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