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Abstract—From embedded systems to intelligent embedded sys-
tems and Cyber-physical Systems (CPSs), the production system
is always evolved with the challenge of rapid technology change.
But the redesign and development of a complex production
system is considered a hard task and with high risk. This paper
provides an approach for the managed evolution of a complex
production system, which is understood as a CPS and presents
a unified view of computing systems that interact strongly with
their physical environment. This approach is used to guarantee
the consistency between the system evolution requirements and
system implementation during the evolution of this production
system, which is driven by the using of Industry 4.0 (I4.0)
technologies. Furthermore, the cost of implementation can be
optimized with this approach. At the end of this paper, two cases
are used to evaluate this approach to ascertain the suitability for
the managed evolution of production systems.
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I. INTRODUCTION

The digital manufacturing and smart factory are two impor-
tant application areas of 14.0 technologies, which are synony-
mous with highly flexible production. 14.0 technologies enable
companies to offer highly individualized products by linking
the internet to conventional processes and services, and to
actively involve their customers very early in the development
process [1]. The CPS plays an important role in the areas
of digital manufacturing and smart manufacturing, where it
combines the physical part with the cyber part in a holistic
way. The two parts have to flexibly and dependably adapt to
each other to adapt to the changing system environment.

A production system is a classical CPS, which consists of
the physical part like assembly stations, warehouses, transport
belts, etc. and the cyber part like the control programs and
the software protocols, etc. These are connected together as an
integrated complex production system. In general, a production
system is not defined perfectly at the beginning and should
permanently be operated in order to raise the productivity or
meet changing requirements [2].

In this paper, an approach is introduced to generate a set
of configuration plans for the implementation of the evolved
production system according to the introduction of the 14.0
technologies on the ongoing production system. In order to
describe this managed evolution of the production system,
the ongoing production system is modeled with a component
oriented modeling language, where the components in this pro-
duction system are connected together as an integrated model
and input model for the approach. This model is equivalently
transformed to a graph representation, which keeps the system
structure and properties of the components in the model [3].
This graph generates a set of different graphs by using of
graph-based algorithms, where each generated graph represents
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a configuration plan of the new production system. By applying
user defined combination rules, the configuration plans, which
can not meet the requirements of the new production system,
are detected and canceled. The rest of the generated configura-
tion plans meet the defined combination rules and requirements
in the new production system. The ones that are cost-optimal
will then be simulated and implemented as a new production
system. This implemented configuration plan can be continu-
ally evaluated into the second iteration of system evolution.

The paper is organized as follows: Section II gives an
overview on the related work in the field of production system
evolution. The system requirements, restructure of the input
models, and the implementation of this approach are intro-
duced in Section III. Two application cases are introduced in
Section IV to evaluate the efficiency of the approach. Finally,
Section V concludes.

II. RELATED WORK

14.0 is the short name for the fourth industrial evolution.
The technologies of 14.0 can improve the quality and compet-
itiveness of products, but there are few opportunities for the
Small and Medium-size Enterprises (SMEs) to participate and
take advantages of this trend. One major challenge is the lack
of IT specialists to develop technical innovations. For example,
recent studies in Germany [4] [5] show that three-quarters of
the SMEs are unable to find the proper experts to bring IT
innovations and the digital transformation forward. Another
associated issue is also the difficulty to gather specific informa-
tion which they need to adopt 14.0 technologies and solutions.

An information portal provides access to the research
results developed by Stechert and Franke [6], where the basic
approaches for digitization were revealed. These approaches
were used to help the digitization of the product development,
which was driven by the functional areas of the 14.0 technolo-
gies. However, the applications of concrete 14.0 technologies
were not introduced in this study.

In the project “Intro 4.0” [7], the specific 14.0 solutions
were developed and introduced to the participating industrial
enterprises. The findings of the implementation of these solu-
tions were used to derive the recommendations of these 14.0
solutions to more industrial partners. However, a comparison
of the alternative 14.0 solutions was not considered.

In the work of Simko et al. [8], a CPS specific modeling
language (CyPhyML) was developed and introduced to model
the structure and behaviour of physical and cyber components
in a CPS. The CyPhyML supported not only the non-causal
modeling, but also the causal modeling in a hierarchical
composition. The authors formalized the CyPhyML model
with a tuple structure, which comprises sets of components by
different types, sets of ports, sets of containment functions for
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design elements and component assemblies, and sets of flows
by different types. An important advantage of the CyPhyML
was that the structural and behavioural specifications of a
CPS can be written in one model, whereby both can be used
for deductive reasoning.

Blochwitz et al. [9] developed a standardized interface
named Functional Mock-up Interface (FMI) and introduced
it in their work. This FMI is based on the framework of the
MODELISAR project and was used for the coupling of various
simulation modules in MODELISAR. That made it possible
to integrate the different simulation modules together with the
common interfaces. In the work of Blochwitz et al., a master
simulation is introduced to couple the appropriate different
modules together. But the data exchange between the different
modules is not supported.

To summarize, none of the approaches provides a suitable
configuration plan for implementation by correlating of the
concrete 14.0 technologies and solutions during the evolution
of production system. Thus, in this paper we introduce an
approach which generates the configuration plan of a produc-
tion system integrating the corresponding 14.0 technologies
and solutions. That enables the evaluation of the proposed
integration before to implement a new production system.

III. APPROACH

The approach has to be realized within the scope of a
suitable environment and a clear implementation process,
which will be introduced in this section. At first, the
system requirements of this application are briefly explained.
Subsequently, the restructuring of the input models for this
application is introduced. Then, the implementation of this
approach is introduced by using a class diagram. The necessary
mathematical basics and fundamentals of this approach were
already introduced and exampled in a previous paper [10].

A. System requirements

Our application is named “Solution generation system
for the managed evolution of a production system”. The
application contains a Graphical User Interface (GUI) and a
part called “Generating”. The system environment consists of
an industry 4.0 technologies expert, and a production system
planner. The expert offers a set of existing 14.0 technologies
for the managed evolution of the production system by
using the GUI after his professional analysis on the ongoing
production system. The production system designer models
the ongoing production system and gives this model as an
input model into the application by using the GUI. Meanwhile,
he/she has to define the configuration rules, which describe
the allowed configurations between the components in this
production system. By using this application, the production
system designer gets a set of alternative models as the
solutions of the managed evolution of this production system,
which is visualized by the GUI. The algorithms and functions
of the approach are implemented in the “Generating” part.

B. Restructure of the input models

In practice, a production system is typically described
and analyzed by using different models, where each model
focuses on a fixed set of concerns on the system. That enables
the system planners and engineers to understand a production
system from different disciplines. The input model describing
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the ongoing production system will be reformed with a
key-value data structure in a pair of documents, which serves
as the basis for the later data processing. One document
describes every component in the production system, and the
other one represents the connection relationships between the
components. In addition, the 14.0 technologies offered by the
expert have to be described with the same data structure as the
components in the production system. The configuration rules
are reformed to a two tuple structure, which represents the
configuration relationships from one object to another object.
Besides, the targeted production system models have the same
representation data structure as the ongoing production system.

C. Implementation

A class diagram is used to describe the system structure
reflecting the functional requirements of the application and
represents the organization and arrangement of interrelated
components in a system. The class diagram in Figure 1 shows
the system structure of this application, which is implemented
by the object oriented programming language Java. The class
home implements the graphical user interface for the 14.0 tech-
nologies expert and the production system designer. It provides
the generic organizing and structuring of this application and
the application starts with the main function in this class. Class
Algorithms is an algorithms library comprising all of the
algorithms in this application like the algorithms for path mor-
phism, model transformation to graph structure, etc., which are
called by the class home to implement the functional require-
ments in this application. Class SystemRules provides the
combination rules for the class Algorithms and exchanges
the information with the GUI. The transformed input model
is stored in classes node, ibdNode, and graph providing
the graph structure to keep the descriptions of the components
and connection relationships in the production system.

@ SystemRules [, | <<Java Class>>
®Algorithms

i ’ <<Java Class>>
-3 @ibdNode
<<Java Class>>
Bhome
"3 e<lava Class>>
e ®node

va Class>>
Ggraph

Figure 1. Class diagram of the application

IV. CASE STUDIES

In this section, two application cases are introduced
to evaluate the efficiency of the approach. On the one
hand, the development risks during the managed evolution
of a production system should be reduced by using this
approach. On the other hand, the reconstruction costs of the
implementation for the targeted production system should
be optimized. Therefore, the evaluation can be divided
into two parts: the development risks evaluation and the
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economic evaluation. One case in this section is a laboratory
model of a conveyor system with Automated Storage and
Retrieval System (ASRS). The other one is part of a project
named: Methods and tools for the synergetic conception and
evaluation of Industry 4.0 solutions, in short “Synus”.

A. Case 1: Conveyor System with ASRS

This laboratory model of a conveyor system with ASRS
is defined as an ongoing production system and modeled with
Internal Block Diagram (IBD), which provides the internal
view of a system block and represents the assembly of all
blocks within the main system block. The composite blocks
are connected to each other through ports/interfaces and
connectors. In this case, the mechanical part in this system
comprises four conveyor belts in a cycle form, a buffer belt,
a RFID read/write sensor, a photoelectric sensor, a warehouse
and a gripper robot. The automated tasks in this system
are controlled through two industrial programmable logic
controllers (PLC) of Siemens. The mechanical part and the
automated part are connect to each other over the Ethernet to
ensure the safety and reliability of the connection. A computer
is used as a human-machine-interface (HMI) to exchange the
information between workers and PLCs. In this conveyor sys-
tem, wares like machine parts should be transported with the
conveyor system from warehouse to the hall for the painting
and dry processes by using the gripper robot, conveyor belts
and the buffer-belt in accordance with the production plan. One
worker (the Worker 2 in Figure 2) defines the color information
of the ware by using the computer and the RFID read/write
sensor, when any ware arrives at the RFID sensor. The wares
will continue to be transported to a painting and dry hall. After
the painting and dry processes, the wares will be transported
back to the warehouse by using the buffer belt and conveyor
belts and wait for the following manufacturing processes.
The storage of painted wares must follow certain rules and
standards, e.g., the wares with different types, sizes, materials
or paint colors can be divided into different groups and stored
in the designated location or floor. For this reason, a worker
(the Worker 1 in Figure 2) stands by the buffer belt and sorts
the wares by a predefined sorting order. This is a manual task.

Conveyor System
with ASRS:
LL-CPS

Worker 2:
elevant environment factor

)
orkep.d
elevant ent factor

Figure 2. Comparison of the system environments between the ongoing
system and the targeted system

L1
Painting and Dry System :
Relevant environment factor

From the perspective of production efficiency, this ongoing
system is not perfect, because the manual work of Worker 1
in this ongoing system could cause an increase in production
time. An automated machine definitely would have higher
production efficiency. Furthermore, the worker who stands by
the buffer belt repeatedly performs the same task (sorting the
wares), which increases the risk of making mistakes. In many
factories, this is a main reason for the poor product quality.
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Hence, a new system as a targeted system is clearly defined.
By using the approach, a set of solutions are generated. Therein
two solutions are implemented and used to evaluate the
efficiency of the approach. The first solution is named ““solution
1”. There is no worker (Worker 1 in Figure 2) standing by
the buffer belt to sort the wares that come back from the
painting hall in solution 1. Instead of the worker, a new RFID
read sensor is procured and installed on the conveyor belt (in
Figure 3). It is used to read the color information from the
wares. Simultaneously, this new sensor will also replace the
account work of the wares of the photoelectric sensor (PH:
Sensor in Figure 3). Not only the physical components, but
also the software code in the control system and information
system has to be changed to adapt to the reconstruction in
the system environment and mechanical system.

Figure 3. Comparison of the mechanical components between the ongoing
system and solution 1

Figure 4 shows the changes of the software code in the
control system of the targeted system compared with the
ongoing system. In this figure, symbol “-” marks the deleted
code parts during the managed evolution of this ongoing
system. The symbol “+” marks the new added code parts and
the “A” labels the code parts that changed the executing place.

=-0 o081 -0 o8t
&0 F82, DB2 - F82, DB2
=0 FC1 =0 FC1
@[ FB4, DB4 #-0 FB4, DB4
@0 FC10 -0 Fc10
3 g FC11 -0 Fc11 FC: Function
FC101 S -0 FC105 A
] D FC103 B g FC106 + FB: Function Block
0 Fc102 &0 FC104 A DB: Data Block
-0 FC104 0 Fc102 A 0B:  Organization Block
@0 FC105 O FB1234,DB1234
O FB1234, 081234 O o83
© Dpesoo B DpBsoo
© o83 -0 Fc200 At
-0 FB100,DB111 - 0O oss0 canceled
© Dps1so ®-0 08100 + added
L9 =R

Software codes in the ongoing system Software codes in solution 1

Figure 4. Comparison of software code in the PLC control system between
the ongoing system and solution 1

The second solution is solution 2, where the system en-
vironments have the same changes as the solution 1 (see
Figure 2). But the components in mechanical system have
no changes compared with the ongoing system. In order to
reach the requirement in the targeted system, the existing RFID
read/write sensor is used to write the color information into
the ware, when the ware reaches it for the first time, and it is
reused to read the color information from the ware, when the
ware reaches it again. In this situation, the other mechanical
components and software code have to be adapted by using the
controllers to reach this task. Accordingly, all four conveyor
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belts have to continually transport the wares in a cycle after the
painting color process to enable the wares to reach the existing
RFID read/write sensor again. Meanwhile, the gripper and the
photoelectric sensor are blocked to let the ware run in a cycle
and activates again, when the read/write sensor obtains the full
information of all wares.

In this case, the matching of functions is identified as the
most import risk factor for the development risk evaluation of
the managed evolution of production systems. The functional
requirements are specified with the following points: (1)
There is no worker standing by the buffer belt to sort the
wares. (2) The color information is read by using the RFID
sensor. (3) The wares are retrieved through the gripper
robot with the sort information in the predefined floor in
the warehouse. In order to evaluate these two solutions,
we have implemented these two configuration plans as two
production systems and evaluate their development risks with
the specified functional requirements. The solution 1 and 2
satisfied all of the functional requirements.

For the evaluation of the economic efficiency, the direct
costs are defined as the exclusive costs in the total reconstruc-
tion. That means, the indirect costs, the non-construction re-
lated costs, the time dependent costs, the software code rewrit-
ing costs, e.g., are not included in the total reconstruction costs.
The reconstruction costs for different components are specified
by characters. The addition of a new hardware component is
among the most expensive in all of the reconstruction actions.
The modifications of hardware and software components incur
more costs than their deletions. After the evaluation, the
solution 2 is confirmed as the optimal solution in the set of all
solutions, which were generated by using the approach.

B. Case 2: Project Synus

Production simulation Industry 4.0 solutions

Simulation
platform Input documents for the The existing <
- ) S
ongoing production system Industry 4.0

Technologies =— 55
selected by INDUSTRY

40

| Experts |

Approach

User defined
Input documents for the configuration «—‘i.
targeted production system rules ° ,‘L y

Figure 5. System architecture in project Synus

Figure 5 shows a concept for the system architecture in
project “Synus” [11]. The evaluating factors like production
time, energy consumption and processing costs are extracted
for the evaluation of the ongoing production system. During
the analysis of the result of the evaluation by the experts,
some current 14.0 technologies are proposed to improve the
production performance of the ongoing production system.
The application of these technologies drives the evolution of
this ongoing system. The ongoing system is simulated by
using a simulation software “AnyLogic” [12]. Our approach
generates a set of configurations of the components in the
targeted status of this production system, which have to meet
the configuration rules defined by system engineer. One of
these configurations will then be simulated and implemented
as a new production system.
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V. CONCLUSION AND FURTHER WORK

We introduced an approach to generate a set of configu-
ration plans as the solutions for the implementation for the
evolved production system according to the using of the 14.0
technologies on an ongoing production system. The approach
was implemented within the scope of a Java environment and
a clear implementation process.

We conducted two case studies to evaluate the approach
focusing on the development risks evaluation and the economic
evaluation. The case studies could show the applicability,
efficiency, and suitability of the approach in example product
systems. Moreover, development risks could be minimized
by providing appropriate solutions for configuration plans.
Furthermore cost estimations have turned out to be beneficial
to optimize the overall costs by selecting an economic solution.

The underlying concept of managed evolution of produc-
tion systems is currently being formalized including the formal
descriptions and transformations. The results will be published
in a future work.
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