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Abstract: Optimising an existing production plant is a challenging task for companies. Necessary
physical test runs disturb running production processes. Simulation models are one opportunity
to limit these physical test runs. This is particularly important since today’s fast and intelligent
networking opportunities in production systems are in line with the call of Industry 4.0 for substantial
and frequent changes. Creating simulation models for those systems requires high effort and in-
depth knowledge of production processes. In the current literature, digital twins promise several
advantages for production optimisation and can be used to simulate production systems, which
reduce necessary physical test runs and related costs. While most companies are not able to create
digital twins yet, companies using enterprise resource planning (ERP) systems have the general
capability to create digital shadows. This paper presents a concept and a case study for a generic
simulation of production systems in AnyLogic™ to create digital shadows as the first step towards a
full digital twin. The generic simulation visualises production systems automatically and displays
key performance indicators (KPIs) for the planned production program, using representational state
transfer (REST) interfaces to extract product and production data from an ERP system. The case
study has been applied in a learning factory of the University of Applied Life Sciences Emden/Leer.
The results prove the presented concept of the generic simulation and show the limits and challenges
of working with generic simulation models.

Keywords: generic simulation; Industry 4.0; digital twin; AnyLogic™; digital manufacturing; brown-
field; production

1. Introduction

Industrial productions are permanently changed. Industrial companies must be able
to adapt production logistics quickly to remain competitive as the high frequency and
speed of change often result in inefficiencies and capacity problems [1]. Hence, production
planning has become increasingly important. Simulations can help in the decision-making
process to answer questions about production design and improvements [1]. A digital twin
can be created with the help of a simulation model. This digital twin represents the real
world, e.g., an existing or planned production system. If the digital twin is developed using
real data, virtual tests can be performed. These virtual tests can partly replace expensive
physical tests, e.g., designing complex plants, introducing new products, or sequence
planning [2]. However, these simulation models are often not used for the following
reasons.

According to the company MAIT, 95% of machinery and equipment manufacturers
know that they should be using simulation in their design process, but 65% do not make
enough use of it [3]. On the one hand, the required knowledge to create or operate a
simulation is often missing. On the other hand, many simulation tools are far too complex
and not user-friendly, and the creation of a specific simulation usually requires much time,
capacity, and know-how [4].
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One of the companies that offer simulations as service providers is SimPlan AG [5].
They offer companies simulations for planning and optimising production systems, such
as single lines and entire production halls. For this purpose, simulation models are fed
with existing production data to create a digital twin that represents the running physical
production process [6].

These simulations, created by service providers, are aimed at companies in, for ex-
ample, the automotive and supplier industries. Customers of SimPlan AG include ZF
Friedrichshafen AG and Audi AG [7]. These are large companies based on the number
of employees; Audi AG has about 88,000 employees [8] and ZF Friedrichshafen AG has
about 153,500 employees [9]. The company Trumpf, with over 14,000 employees, also
uses the simulation software AnyLogic™ [10]. The Trumpf Group offers manufacturing
solutions in the fields of machine tools, laser technology, electronics, and power tools [11].
Simulation service providers cooperate with such large companies because creating, op-
erating, and inevitably maintaining such a simulation requires a high level of knowledge
on this subject [4]. During the literature review, no proof could be found that small- and
medium-sized enterprises (SME) use simulations in their daily production routine. Rather,
it was mentioned that simulations are rarely used in SMEs because of their high cost [12].
Therefore, new approaches may be required to support simulation development for SMEs.

This paper presents a generic simulation model in AnyLogic™ that can solve the
problems described above. The proposed generic simulation concepts have further been
developed on a previous model at the University of Applied Sciences Emden/Leer, which
investigated the use of a generic simulation for predictive maintenance [13] and the identi-
fication of bottlenecks [14]. In general, ‘generic’ means that it can be used in a generally
applicable sense [15]. Generic simulation can be easily applied to a wide variety of pro-
ductions as long as the defined limits of the system are observed; it only has to be filled
with new input data. In the proposed generic simulation, the input data are provided
by an enterprise resource planning (ERP) system from Transfact™ [16]. The data are ex-
tracted using a representational state transfer (REST) interface, which allows the user to
access the Transfact™ ERP system from their web browser. Based on the input data, a
simulation model is automatically created as a digital shadow of the production. This
model can then be simulated and optimised. The simulation development time can be
reduced from several days or weeks to only one day. Thus, the generic simulation enables
the fast creation of a simulation model, and possible changes can be implemented and
tested in a short time [17]. Moreover, the generic simulation model is able to visualise the
production system and provide key performance indicators (KPIs) for production planning.
The simulation presented in this paper was tested in a case study considering a learning
factory. As a result, a generic simulation tested under laboratory conditions is available,
showing the advantages and challenges of working with generic simulations.

In the following, Section 2 presents the theoretical background and literature review
results for generic simulation modelling. Section 3 presents the generic simulation concept
describing the functions and the structure of the simulation. The presented concept is
verified considering a learning factory in Section 4. Finally, the last section summarises the
results of the work and gives a short outlook.

2. Theoretical Background and Related Literature

The following two sections describe the theoretical background for the simulation
modelling of production systems and the literature review results for generic simulation
modelling.

2.1. Theoretical Background Simulation

In general, a simulation can be defined as a process of creating a model of a system
in order to investigate its behavior under specific conditions. The developed model
represents an abstracted representation of an already existing or future system as a digital
representation, describing the structure or behaviour of the system with a lower level of
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detail than in reality. The conclusions from the simulated model can be transferred to the
physical production system [1].

A simulation model can support a decision-making process in which several system
variants, differing in structure and behaviour, are analysed [18]. In addition, simulation
models can support problem-solving through experiments to obtain information about the
behaviour of the systems described by the models [19]. For this reason, a simulation is a
helpful tool for operational, tactical, and strategic decision-making in companies [20,21].

Production according to Industry 4.0 must be flexible because of shorter innovation
cycles and changing markets. There is also a need for convertible factories that can quickly
be adapted to new products [22,23]. Therefore, companies can only remain competitive
with quickly adaptable production. The resulting agile production adaptations are no
longer testable in real production before implementation.

Grigoryev, the head of training services at the AnyLogic™ company, says that mod-
elling offers the possibility to solve real-world problems. Furthermore, he says that ex-
perimenting with real objects (building, destroying, modifying) is often too expensive,
dangerous, or just impossible [23]. Therefore, a simulation of the production company has
a significant advantage. This advantage is reinforced by the changed focus of companies in
recent years. Because of the competitive situation in most markets, the focus is no longer
exclusively on the quality of the product but also on compliance with short delivery times
with small batch sizes [24]. This development results in production planning, especially
with its simulation becoming even more important [1].

With the constant need for production adjustments, simulation can save companies
time and capacity by supporting production planning and control. With the help of
simulation, for example, production lot sizes or order sequences can be determined in the
most resource-efficient way. Simulations can also provide active support when deciding on
the number of machines or creating a production layout [25-27].

However, a special type of simulation is the generic simulation. Such a simulation is
designed in a way that it can be easily applied to a wide variety of productions as long
as the defined limits of the system are observed. It only has to be filled with the needed
data, e.g., of an ERP system. Based on this, a suitable simulation model is automatically
created as a digital twin of the production. A more detailed literature review can be found
in Section 2.2. This model can then be simulated and, if necessary, optimised. Therefore,
the simulation development time can be reduced from several days or weeks to only one
day. Thus, the generic simulation enables the fast creation of a simulation model, and
possible changes can be implemented and tested in a short time [17].

Simulations can be categorised into five groups: statistical simulations, such as spread-
sheets; stochastic simulations (e.g., Monte Carlo simulations); dynamic simulations for
looking at processes over time; system dynamics, mainly for socio-economic systems; and
multi-agent simulations, in which the behaviour of so-called agents can be programmed
and observed [28,29]. The simulation tool AnyLogic™ provides three different methods
for creating simulation models: discrete event, agent-based, and system dynamics [23].
The modelling method with the highest level of abstraction with few details is system
dynamics, which usually represents and simulates the complex behaviour of people in
social systems. In contrast, discrete-event modelling (DEM) can simulate very detailed
behaviour with a low level of abstraction. It is best suited for processes that are executed
step by step, such as a production line. The third and most broadly-based method is agent-
based modelling (ABM). This method can vary from very detailed models in which agents
represent physical objects to very abstract models in which agents represent competing
companies or governments [23,30].

The optimisation of a production system through simulation models can be under-
stood as a cycle that quickly tests a dynamic system and determines solutions to the
company’s requirements by changing the influencing variables (see Figure 1). For such
an optimisation cycle, the desired targets must be defined with the help of a simulation
model, and the result variables of the processes must be specified, such as high utilisation,
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low stocks, or short lead time. With these variables, the simulation can be evaluated.
Different variables—such as structure, resource, and process parameters—can be tested in
the simulation to achieve the set goals [1,31,32].

Variation of N
Simulation Parameter °
Simulation ’  Ves 4.0
p - Goals Achieved?
—~ T End
' Datalnput p . Simulation

Start A -~ Data Output

Simulation
Simulation 4T

Figure 1. General procedure of a simulation study, according to [1].

The variables combined with the input variables represent the input data for the
simulation. The input variables include, e.g., the order data, certain master data, and
transaction data of the production. With these data, the production can be simulated.
Afterward, the results of the simulation have to be compared with the result variables and
simulation goals. If they do not match, the simulation must be rerun with other input
variables. This cycle continues until the targets are reached. Such an optimisation cycle still
works in a complex production environment with many variables and change possibilities,
where analytical methods quickly reach their limits [1,31,32].

2.2. Related Literature for Generic Simulation Modelling

This section presents existing definitions and an overview of the related literature
for generic simulation modelling. For this approach, a narrative literature review was
performed in common scientific databases (Google Scholar, Science Direct) using the
following keywords: ‘generic simulation modelling’, ‘data-driven modelling’, ‘generic
digital twin modelling’, and ‘simulation model reuse’. However, the literature review is
limited to simulation case studies that consider typical production problem statements, e.g.,
production design, planning, and optimisation. Problem statements for the simulation of
logistic processes (e.g., automated storage and retrieval systems [33,34], material handling
in specific industries [35]) are not considered. The results of the literature review are
summarised in Table 1.

The broad selection of keywords for the literature review underlines that no consent
exists for the definition of the term ‘generic’ and that generic simulation modelling can be
found in different approaches for the digitalisation of manufacturing processes. In general,
digital twins have been of increasing interest from both academic and industrial perspec-
tives and play an essential role in the digitalisation of manufacturing systems [36,37].

A digital twin can be defined as ‘a digital representation of an active unique product
(real device, object, machine, service, or intangible asset) or unique product-service system
(a system consisting of a product and a related service) that comprises its selected charac-
teristics, properties, conditions, and behaviours by means of models, information, and data
within a single or even across multiple life cycle phases’ [38]. The definition of the digital
twin can be divided into three levels of integration [39]:

1. In digital models, the data exchange between the physical object and the digital
object is not automatic;

2. in digital shadows, the data flow from the physical object to the digital object is
automatic; and

3. in digital twins, the data exchange is automatic in both directions.
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These three cases are often used synonymously [39]. Thus, the meaning of ‘digital
twin’ in the narrower sense corresponds to the meaning of ‘digital shadow’ by the European
Academic Institution [40].

Simulation models are one opportunity to digitally represent physical products and
processes in specific life-cycle stages [36], e.g. production system design [41], optimisa-
tions of running production processes [14], predictive maintenance planning [13], and the
remanufacturing of products [42].

For these approaches, several literature reviews present challenges and research gaps
in production optimisation simulations. Negahban and Smith provide a comprehensive
literature analysis by reviewing 290 discrete event simulation approaches for manufactur-
ing system design, manufacturing system operation, and simulation language/package
development. However, only ten papers consider generic simulation modelling. The
authors recognise a need for more efficient techniques to deal with the growing complexity
of manufacturing operations [26]. Mourtzis et al. investigate major milestones in the
evolution of simulation technologies, determining existing research gaps. The authors
identify a lack of proper data exchange among different data management systems and
simulations, which causes difficulties in the interoperability and collaboration of these
systems [27].

Generic simulation models are one opportunity to overcome these challenges in han-
dling complex manufacturing systems and collaborating with data management systems.
In general, few definitions for generic simulations exist. Pidd presents an early definition
and describes simulation models as generic ‘if the specific instance of a system may be
fully specified to the model without the need for programming. Thus, there is no need
for compilation or machine translation at runtime. The description is taken as data by
the model which can be run immediately’ [43]. Brown presents a review of the literature
for generic simulation frameworks and states that ‘a model is considered generic when
the model has enough flexibility to allow for modelling of similar systems by altering the
input data used to execute the model” [44]. The presented definitions state that generic
simulation models are, in particular, dependent on the input data.

The input data can be static and dynamic. Static data can be geometrical dimensions,
bills of materials, or processes. Dynamic data change with time along with the product
life cycle [45]. An ERP system also uses these data, just under different terms. Static data
are called master data, and dynamic data are called transaction data [46]. Most of the
found case studies (see Table 1) used customised data tables as input for their simulation
approaches, which complicates the implementation in industrial processes. However,
Wang et al. [47] and Mertins et al. [48] use ERP and MES data for generic simulation
models. ERP and MES data usage enable digital twin modelling, especially for enterprises
without sufficient knowledge and programming know-how.

Another literature review shows that most case studies simulate flow shop production
systems, and few studies consider job shop and batch production processes (see Table 1).
Moreover, the found simulation models use discrete event simulation modelling only. The
simulation developers failed to discuss the usage of specific simulation tools and types. In
general, production flexibility depends on the production process type (job shop, batch,
or flow production). Job shop production systems offer the highest flexibility regarding
changing products and production sequences, while flow production systems offer the
lowest flexibility [49]. Given such production flexibility, simulation developers face several
uncertainties within production parameters, such as the time of arrival of the materials
at the stations, the routing of materials between stations, and the handling of different
production orders simultaneously. However, to handle these uncertainties, especially for
job shop production systems, agent-based simulation modelling can be used; AnyLogic™
provides the functionality for such modelling. Hubl et al. developed a generic simulation
model in AnyLogic™ [50], and the model was applied in two case studies [51,52]. However,
the developer used discrete event simulation modelling as well.
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Table 1. Overview of Related Literature Generic Simulation Approaches.

Reference Goal of the Simulation Model Production Type Simulation Type Simulation Tool
Simulation of a waste electrical
[42] and electronic equ'1p¥n‘ent Job shop production Dls'crete eyent Delsi™
manufacturer optimising simulation
remanufacturing processes.
Simulation of production Discrete event
[53] alternatives optimising a Flow shop production . . AutoMod™
. Lo simulation
semiconductor production line.
Simulation of a production system
[51] optimising produFtlon and Flow shop production Dls.crete e.vent AnyLogic™
workforce planning at an simulation
automotive supplier.
Simulation of a production system .
S . . . Discrete event .
[52] optimising production planning at ~ Flow shop production simulation AnyLogic™
an automotive supplier.
[54] Slmulatlor} of an automotive press Single production Dls.crete event Plant Simulation™
shop optimising material flows. module simulation
[55] Slmulatlon. of. a batch pr(?ductlon Batch production Dls.crete event No specific tool
process optimising material flows. simulation
Simulation of an automobile Discrete event
[47] assembly plant optimising Flow shop production . . Arena™
: simulation
production processes.
Simulation of a
. . ™
[56] logistics err}bedded ass.en.ll?ly Flow shop production D1§crete event AutoLay ; zirhzd
manufacturing line optimising simulation AutoLogic
production processes.
Simulation of a gas turbine
production system and a railway . Discrete event
[48] . Job shop production . . Arena™
wagon production and assembly simulation
system for layout design.
Simulation of an automotive Discrete event
[57] manufacturing system optimising  Flow shop production QUEST™

; simulation
production processes.

3. Concept of the Generic Simulation

The goal of the generic simulation is to represent a production system as a digital
twin. With the help of this digital twin, optimisation potentials can be identified, tested,
and evaluated. Because of the generic concept, one should be able to create the digital twin
with little effort. The generic simulation only has to be parameterised with the help of ERP
data. The simulation model should then be created automatically.

This section describes the concept of the generic simulation model according to
this goal. For this approach, a description of the functions and goals of the simulation is
presented. In addition, the data transfer from the ERP system to the simulation program and
the generic structure of the simulation—including the description of input data, structure,
and the linking of data between the agents—is presented. In the last sub-section, the
generic visualisation of production systems is described, along with the selected KPIs for
the statistical evaluation.

3.1. Description of the Data Transfer

The data of the learning factories are stored in the ERP system Transfact™, which
contains data on the articles, their work cards with the routing steps, the warehouses, and
the resources used. In general, the Transfact™ ERP system is a completely web-based
system for companies in production, trade, and services. It offers the choice of several
modules that can be selected and configured according to specific needs. According to the
ERP provider, Transfact™ stands for a transparent factory, in which one can view real-time
information on current production, sales, inventory, and purchasing status at any time [58].
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Transfact™ uses a SQL database [59,60]. For simulation purposes, the database is accessed

by a REST interface, which allows easy downloading of the desired data tables with the aid
of filters. After downloading, the tables are transferred to the model folder of the generic
simulation.

The model folder also contains the Excel spreadsheet with supplementary data for
the agent’s transport route, which is not contained in the ERP system. The ERP data and
the supplementary data are prepared for simulation usage via a macro. The entire data
transfer between Transfact™ and AnyLogic™ is presented in Figure 2.

Supplementary

data
Extract production data Integrating the Excel
with REST-Interface tables as a database
ERP-System .
Transfact Excel Anylogic
Defined production Tables with data Database with
data sets input data

Figure 2. Data transfer from the enterprise resource planning (ERP) system Transfact™ to

AnyLogic™.

3.2. Generic Structure of the Simulation

The generic simulation is based on a multi-method model. It uses two modelling
methods that complement each other: agent-based modelling (ABM) and discrete-event
modelling (DEM). DEM is responsible for routing agents in the simulation. It handles the
work steps and decides, for example, which resource has to be approached next, and it is
also used for statistical evaluations. With ABM, processes such as the parameterisation
of resources (e.g., transporters, workstations) are done. ABM has an advantage in that
all essential parameters can be found bundled in the respective agent. Likewise, the
representations of resources, warehouses, and products are defined via the respective
agents of ABM. The generic AnyLogic™ simulation model requires six input data sets to
build and parameterise the model. These data are to be extracted from the ERP system
Transfact™. A variety of information is available within these data sets, some of them
required for the generic simulation model. All necessary production parameters can
be seen in Figure 3. These include the respective IDs of the data records for unique
identification and assignment, such as the article ID. The names of the data sets are
specified by Transfact™ and are processed accordingly in the generic model.

The digital twin model in the generic AnyLogic™ simulation consists of the main
agent and three agent populations (see Figure 4). There is one agent population each for
the product, warehouse, and resource. These named agent populations live in the generic
simulation environment and are defined by the ‘Main’ agent, which is responsible for
the organisation of the simulation. It links the individual populations with one another
and with the simulation and takes over both the visualisation of the digital twin model
as well as the evaluations and presentations of the statistics. The individual behaviour
of the agents is defined by the assigned parameters, the contained functions, and DEM
elements from AnyLogic™. An agent population can contain multiple agents in two ways.
The number of populations is defined by the ERP system Transfact™ and the user. On the
one hand, an agent population can represent different agents, such as products A and B,
moving resource A (e.g., forklift), and static resource A (e.g., machining centre). In this
case, each agent has to be considered separately with its parameters and specifications.
On the other hand, an agent with the same parameters can appear multiple times in the
simulation model. Simplified, this means that an agent is copied. The number of these
copies or the number of resources is taken from the agent additions (see Figure 3).
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1
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D Article [D Storage ID Step ID Released ID Properties ID
Name Name Name Setup time Tvpe Tvpe

Capacity Description Width Processing time Article ID Name

Resource count Storage ID Height Position of the step Revision number

Resource tvpe Deep Resource to use

Position X

Position Y

Height
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Speed

Figure 3. Generic input data for the simulation in AnyLogic™.

Each entry in the records has a unique ID number, which enables the linking of data
in the generic simulation (see Figure 4). The ‘Main’ agent and the three agent populations
‘Resource’, ‘Storage’, and ‘Product” are linked to one another via their parameters. Only
the most important parameters are shown in the figure. Parameters with relationships
with other agents are listed only. For completeness, the supplementary data or ‘additional
data’ parameters are also listed, even if this is not an agent but a data table because the
agent populations also get their parameters from an associated data table. In addition, the
individual agents require specific parameters from the ‘additional data’ that are important
for the visualisation of the digital twin model. The "‘Main’ agent is located in the centre,
demonstrating that it forms the organisational structure and is responsible for connecting
the individual parameters and agent populations.

Resource Main
Storage
Released ID IReleased ID .
Width
[Pasition of the st [Position of the st
<P P Height
Setup time [Resource to use
Depth
Processing time |Article ID _
*Storage ID
Resource to use |Article Name R
Name
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Position Y e [Position X
#|Position Y [
Product Additionaldata
Released ID <]
|Article ID | ‘ Name
|Article Name apacity
L —4Storage [D L—»(Resource count
Description Tvpe
|Advanced description [Position X
Released ID Position Y
Released Type Height
Revision number > Width
Position X Spesd
Position Y & —

Figure 4. Relationship between the agents and the data.
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3.3. Generic Visualisation

The generic simulation automatically creates a suitable visualisation of the considered
production system via a two-dimensional representation. The user can choose between two
types of visualisation: pre-defined representations by AnyLogic™ and individual repre-
sentations of the resources, warehouses, and products. Figure 5 shows the visualisation of
Workstation 1 of Learning Factory 4.0 as a digital presentation (b) with a correspondingly
selected symbol. Moreover, the user can select an individual production layout as the
background for the visualisation. The layout has to be individually integrated into the
simulation by the user. However, the selection of images and layouts is not mandatory
for the simulation to run. In this case, predefined symbols are displayed by default in the
visualisation.

BAZ1

@) (b)

Figure 5. 2D visualisation of Learning Factory 4.0 with a suitable image: (a) Workstation 1 (BAZ1) in
reality; (b) Workstation 1 (BAZ1) in the visualisation of the simulation model.

3.4. Generic Statistical Evaluation Using Defined Key Performance Indicators

The generic simulation uses KPIs to evaluate the considered production system. For
this approach, the generic simulation provides predefined KPIs in a configurable display.
The user can choose among numerous statistical evaluations, which can be selected in any
combination. For specific KPIs, one can also choose among different diagram types for
display. For example, when displaying the individual utilisation of resources, only a bar
chart is available. On the other hand, the users can choose among a bar chart, a pie chart,
or a plot for the KPIs in the presentation of produced articles. Figure 6 shows an overview
of the available diagram types. In (a), the number of items produced is shown in a plot,
while (b) shows the utilisation of all resources in a bar chart. Finally, the waiting times of
the respective resources are represented in a pie chart in (c). For KPIs, multiple chart types
are useful, and the desired chart type can be selected via radio buttons.

In the simulation, different variables are measured within the agents, and these vari-
ables are used to calculate the KPIs. The used KPIs are listed in Table 2 with corresponding
definitions:

Table 2. Definition of the Used KPIs [61].

KPI Definition
Run Time The run time is the time required to process a piece or lot at a specific operation. It does not include
setup time.
Setup Time The setup time is the time required for a specific machine, resource, work centre, process, or line to
P convert from the production of the last good piece of Item A to the first good piece of Item B.
The cycle time is defined as the time between the completion of two individual products. In the case of
Cycle Time material movement, the cycle time is the length of time from when the product enters the process to

when it leaves.

Process Time

The process time is the time during which the product is being changed. This can be done via machining

or assembly.
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Table 2. Cont.

KPI

Definition

Production Lead Time

The production lead time is the total time required to manufacture a product. The purchasing lead time
is not included and is therefore neglected. In addition, the production lead time is the length of time
from the release of the order into production to the completion of the order. It includes order preparation
time, queue time, setup time, run time, move time, inspection time, and put-away time. In Transfact™,
this is comparable to the length of time from registering the first work step to deregistering the last work

step of a lot.

Utilisation

Utilisation is a percentage measure of how intensively a resource is used to produce a good. It is

calculated as the ratio of the time actually required (run time plus setup time) to the total available time.

Machine Productivity

The rate of output of a machine per unit of time, machine productivity can be expressed as output per

machine hour.

O var chant ) pie chart (@) piot Utilization [%] (O varchart (@) pie chart

Produced Articles [pc.]

Waiting Times [sec.]

. . 77777
./ .

0

5,000 10,000

@ 3599_ENDPRODUKT_BZ
@ 3699_ENDPRODUKT_WZ

@ 3539_ENDPRODUKT_RZ

@)

15,000 20,000 25,000 [ ] 3699_BAZ1 1574 [ ] 3699_BAZ2 7 84 [ ] 3699_BAZ3 793

@ 3699_BAZ4 3699_Lager 2
3699_Qs2 1323 @ 3699_Robo 5

3699_QS1 2
5 @ 3699_Robo 56 54

@ 3599 _BAZ1 0.1 (1%)
@ 3599 BAZZ 21
@ 3599 BAZ3I 07
@ 3599 BAZ4 08
3699_Lager 0.7
3699 QS1 29 (31%)
3699_QS2 1 49 (16%)
@ 3599 _Robo 0.1
® 3599_Robo 0.18 (2%)

(b) (©

8%)

2 (1%)

Figure 6. Statistical evaluation with suitable diagrams: (a) produced articles as a plot; (b) utilisation in percent as a bar

chart; (c) waiting times as a pie chart.

In summary, the user of the generic simulation has various options for displaying
the production as a digital twin and numerous KPI evaluations. Thus, one can simulate
the digital twin generically with a high recognition value. However, the list of considered
KPIs can be extended or reduced depending on the considered optimisation problem and
requirements of the production system owner.

4. Proof of Concept

A case study was conducted to verify the concept of the generic simulation model.
In this case study, a learning factory was used to demonstrate how a digital twin was
generically generated from this. Finally, the discussion clarifies the differences to other
publications and places the results in the state of the art of the research.

4.1. Scope of the Case Study

The case study aims to verify the concept of the generic simulation model in AnyLogic™
as well as to check the functions evaluating and visualising the physical system. For this
approach, a learning factory—the Fischertechnik production system (FTPS)—is considered
to prove the concept.



Processes 2021, 9, 1362

11 of 18

The FTPS has been realised through student projects at the University of Applied Sci-
ences Emden/Leer [62]. It consists of modules from the Fischertechnik construction kit (see
Figure 7). The individual modules are connected to a Raspberry Pi via the Fischertechnik
PLC (the TXT controller). The individual modules of the system (workstations, transport
robots, warehouse) are implemented as a job shop production system. The resources act
autonomously and independently of one another. The FTPS is a laboratory setup with an
incoming warehouse, an outgoing warehouse, four machining centres, a quality inspection
centre, and three robots for material handling (see Figure 7). Three different products
(white, red, and blue cylinders) are produced in the production system. These are pro-
cessed in a predefined product mix. Each of the products uses two of the four machining
centres, with no product sequence being the same [62].

Figure 7. The structure of the Fischertechnik production system (top view).

Two validation options were considered for testing the generic simulation on the
existing FTPS. The first is a comparison of the generic process with the physically exist-
ing production system. The comparison of produced quantities is unfavourable for a
continuous test because, in the physical system, the receiving warehouse has a defined
stock of three products each. This means that it has to be restocked manually again and
again. In the generic simulation, this is done automatically after an inter-arrival time has
elapsed. Second, in the real model, there is a possibility that cylinders would be stuck at
random times. Such cases are not simulated. A non-generic and specific simulation was
used to compare the number of pieces produced per time. With this specific simulation, a
comparison could be made with the generic simulation.

4.2. Procedure for Validation of the Case Study

Figure 8 describes the evaluation of the digital twin of the generic simulation using
physical model data. The following variables are selected to compare the generic simulation
with the physical learning factory:

e Lead time
e  Number of units produced per article type
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Figure 8. Procedure for the validation of the generic simulation.

The time per work step is reported back to Transfact™ by the physical FTPS and is
stored in the corresponding completion batch. From this, the lead time can be calculated.
The feedback in Transfact™ is done in minutes. The resulting lead time is accordingly also
only accurate to the minute and is additionally measured in the physical system using a
stopwatch. It is measured as the time between picking up an item from the robot in the
incoming warehouse and the end of the robot’s retrieval in the outgoing warehouse. The
lead time in the simulation is measured in the main agent, between the source for creating
the item and the sink for completing the item. In the comparison between the generically
simulated and the physical Fischertechnik production plants, the basic processes were
compared for correctness. The lead times for four different processes were compared:

1.  Production of a blue cylinder (3 runs)

2. Production of a white cylinder (3 runs)

3. Production of a red cylinder (3 runs)

4. Production of a sequence of blue, red, and white cylinders (1 run)

Three runs were carried out in the physical system for the individual types of cylinders
as the lead times vary here. The variation results from unexpected maintenance, reefing
of the robot, or other disturbances in the physical system. For the generic simulation, no
disturbances are simulated, which is why all three runs result in the same lead time. For
the production sequence, a run with the order blue, red, and white was performed for both
the physical system and the generic simulation.

Another comparative value is the number of units produced per article type—the
production efficiency. This is measured in the simulation at the end of the process chain by
counting up the associated variable per manufactured article. A simulation time of 105 h
was selected to obtain meaningful values and identify any differences in the number of
units produced. This time results from the time for a production week, i.e., three shifts
with seven hours each on five working days.

4.3. Results and Discussion of the Case Study

In the following section, the validation results are presented. The simulation is tested
for logic and production times, and the implemented automatic algorithms are verified.
Moreover, the KPIs and resource visualisations are tested. Finally, a discussion is provided
to place the generic simulation from this paper in a broad context.

4.3.1. Test of Statistical Functions

First of all, the processing of each work step should be checked. For this purpose, only
one product was controlled at a time. This was done individually for each product. The
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aim was to check whether the respective work steps were processed and used correctly in
the generic simulation. The respective lead times for a part should be close to one another
or identical. For the ERP system and the physical system, the time range was shown for
three runs. The scatter can be explained by the fact that the robot starting positions were
different and that the transport robot returns to its reference position from time to time.
The spread in the ERP system is 60 seconds because the time in Transfact™ is given in
minutes only. The lead times for the production of one cylinder at a time in the simulation
were always within the scatter of the ERP system and the physical system (see Table 3).
One could see that for the FIPS, the processing sequence with the times was close to the
physical system. Since unscheduled maintenance can occur in the physical production
system, a fourth test was performed to show the difference in lead times for three products
in a row. In addition, the interaction of the overall system was to be checked. Apart from
minor differences in maintenance times, the lead times were close to one another when
running a production mix (see Table 3). The travel distance of the robots and the processing
sequence were also similar. The gap in the ERP system arises from the fact that the time is
only specified to the minute.

Table 3. Comparison of Fischer Production Lead Time among ERP System, Physical System, and
Simulated Model.

Product Colour ERP System [s] Physical System [s] Generic Model [s]
Blue 300-360 316-324 322
Red 300-360 282-292 285
White 300-360 314-320 318

Sequence of blue,

red, and white 720 687 676

Next, the production output is checked. After 105 hours, 763 blue, red, and white
cylinders were produced (see Figure 9) in both (a) the non-generic simulation and (b) the
generic simulation. This result indicates that the production works evenly and that the
generic simulation gives the same results as the non-generic simulation.

800 Produced Articles [pc.]

700
600
500
400
300
200

100

0

@ blue 762 @ red 763 white 763
[ ] 3699_ENDPRODUKT_BZ 763
@ 3699_ENDPRODUKT_RZ 763
3699_ENDPRODUKT_WZ 763

@) (b)

Figure 9. Comparison of the number of pieces produced after 105 hours at (a) the non-generic
simulation and (b) the generic simulation.

4.3.2. Visualisation Results

Bar charts were predominantly used for the statistical analysis, but other charts can be
applied as well. Figure 10 shows an example of the FTPS as well as the produced articles,
the utilisation, and the average lead time. The displayable KPIs are as follows:

e  Produced articles
e  Produced articles per time
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The representation allows a direct comparison of the KPIs. In this way, the articles
are produced evenly in the FTPS, and the lead times per article are also close together.
Additionally, the bottleneck of the production can be recognised directly with the extent
of utilisation. The robot for the material transport between the processing centres can be
identified as a bottleneck because this has much higher utilisation than all other resources.
With this evaluation, production optimisation can be facilitated, and production planning
can thus be strongly supported.

Utilization [%] Average lead time [sec.]

20
- —- 0
0
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Figure 10. Statistical analysis with three example diagrams.

4.3.3. Discussion

The generic simulation can independently create a simulation based on defined input
data and perform a statistical evaluation with the help of these data. The time required for
the creation depends on the initial data situation. If the data in the ERP system are complete,
the simulation can be created within a few hours. For the FTPS, a specific non-generic
simulation was created in addition to the generic simulation. The time required to create
the specific simulation differs depending on the level of detail. However, at least one
week is needed for the creation. Accordingly, the creation of a digital twin with a generic
simulation brings significant time advantages even for simple production, such as the
FTPS.

Another point of the simulation presented in this paper is the use of the simulation
program AnyLogic™. Since AnyLogic™ supports multi-method modelling, ABM can be
used in addition to the discrete-event model. The input data of the simulation are stored in
different agents, which communicate with one another in the simulation only using the
routing steps. The basic organisation is performed via DEM logic. All other publications
found use only DEM for the generic simulation, which is limited in its abstractness. These
limit, for example, the inherent dynamics of the items to be produced. Other publications
reach their limits the more complex and dynamic the system gets. Because of ABM,
modelling, even to the highest level of abstraction, is possible. This level of abstraction
makes it possible to simulate not only flow production but also job shop production. Flow
production is the most common form of production simulated in the other publications.

A further difference from the other generic simulations found in the literature is the
procurement of the input data. Because of the REST interface, a connection to the ERP
system Transfact™ or any other ERP system is possible. Only the publication by Mertins
et al. [48] also uses an ERP system to generate the input data for the generic simulation.
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Here, the intermediate storage takes place in Access. However, the simulation based on
this also uses DEM with the simulation program ARENA™ [63]. Therefore, the input data
are stored in arrays. This is a restriction of variability. Furthermore, this generic simulation
primarily enables factory planning. In contrast, the presented generic simulation model
offers visualisation and optimisation of the existing production or the production to be
designed.

5. Conclusions and Outlook

In this paper, a generic simulation was presented. The generic simulation uses ERP
data sets as the main input data. Based on these input data, the generic simulation can
create a digital twin of real production. The developed digital twin helps production
planning to optimise future production programs. Moreover, the digital twin enables small-
and medium-sized companies to design their production more efficiently and in a more
targeted manner without costly test setups. The results showed that the generic simulation
is capable of correctly representing the learning factory in a lab environment.

However, the presented concept and case study offers several limitations and future
works. The case study is limited to a learning factory in a lab environment. The lab
environment provides ideal conditions simulating the learning factory in order to collect
required input datasets and analysing output data. Moreover, the simulation developer can
easily understand and verify the simplified production processes of the learning factory
to create the digital twin. The simulation of industrial production processes is more
challenging than the learning factory because of, e.g., incomplete input data or lack of
output data to verify the simulation results. Moreover, additional support is required to
compare the digital twin with the real production system. Therefore, it is recommended
that the simulation developers work together with the production managers to create the
digital twin as correctly as possible.

For this approach, the visualisation of the production needs to be improved further to
increase the identification of the digital twin, e.g., by adding real transport routes of the
production. This way, the transporters and products can also use existing transport routes.
In addition, the generic simulation produces products without a time limit. Therefore, the
implementation of a shift schedule is recommended. The learning factory products are
produced in a lot size of one. It would be interesting to produce articles with a lot size
greater than one.

Another limitation is that resource failures or breakdowns are not considered in the
simulation model. For this approach, the simulation model and input datasets need to
be extended by variables and parameters to represent the probability of machine failures
and breakdowns and the opportunity for machine maintenance to avoid breakdowns.
Moreover, the result visualizations need to be adapted to represent the distribution of, e.g.,
lead time, delivery dates, and machine utilization.
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