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Abstract: The connection of simulation models with virtual reality (VR) technology is of great
importance in implementing Industry 4.0 in industrial practice. The article deals with the use of
virtual reality in discrete event simulation (DES) using the Tecnomatix Plant Simulation software
to visualize, analyze and optimize the modelled production-assembly process. The importance of
virtual reality is evident in the academic sphere in connection with interactive teaching and its use
for industrial practice. The article presents a case study focused on creating a virtual environment
and optimizing the production—-assembly process in the TX Plant Simulation software environment.
During the mentioned study, the analysis of production—-assembly flows, the processing of input data
into the simulation model, the creation of 3D elements for the needs of virtualization—which are
not part of the TX Plant Simulation software library—and the visualization that simulates the real
environment based on computational algorithms were carried out. Virtualization was solved using
the Oculus Rift S Headset. The output is a generally applicable procedure for modelling and testing a
virtual model with its verification on a case study.

Keywords: virtual reality; 3D modelling; DES; simulation

1. Introduction

The development and subsequent use of interactive technologies can be described as
exponential. VR technology has led to the development of many new applications with
commercial use, primarily in the entertainment industry. Due to significant progress in
both software and hardware, VR has wide application potential in industrial practice and
education. The use of VR for interactive projects or training activities is highly effective, as
evidenced by the case study in the article. It is possible to focus on design and prototyping
as well. For example, in assembly and training tasks, it provides a suitable platform for
learning through practice [1,2], where the transfer of CAD models in a virtual environment
gives the user a sense of the real environment and avoids concerns about any component
failure, breakage and safety risks [1-4]. The authors of [5] proved in a case study that the
use of several software tools and the analysis of applications of related programs provide
an opportunity to combine relevant approaches to the reproduction of a research object
with 3D reconstruction.

VR can be considered a prospective technology for supporting the implementation of
Industry 4.0 principles [2].

The authors of [2] state that the development of a universal standard for modelling 3D
objects for VR applications would save redundant conversion processes between data from
different sources. User interface (UI) design in a VR environment is, therefore, another
challenge for improving the use of VR. In addition, studying within a standardized VR
user interface and interaction design can facilitate the learning process for users.

The authors of [1-4] define the key factors of successful adaptation of VR with the user
through the acceptance of a standardized design of VR interaction, which of course requires
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better communication and more related training. In the study, the interactive nature of the
proposed guidelines manifests itself in two directions, i.e., the interactivity of VR systems
and the interactivity of the factory layout planning (FLP) process. Various interaction
designs have been implemented and tested in the VR system to bring the experience closer
to reality.

Interesting from the point of view of a scientific approach is the processing of Porter’s
value chain for virtual reality at work [4] (Figure 1). In general, the goal is to process
the potential of achieving a profit margin and create a strategy for both short-term and
long-term growth. From the point of view of applying virtual reality, the authors defined
three core processes for secondary activities, i.e., content creation and capture, content
management and processing and content marketing.
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Figure 1. The Basic Porter’s Value Chain model vs. Virtual reality Value Chain (adjusted according
to [4]).

In [6], the author offers a procedure for creating an expert system, while the logical
sequence given in the algorithm is partially usable in the solution of the presented case
study. These are basic phases that can be generalized, i.e., acquisition and preparation
of the necessary data, preparation of the simulation model, implementation of data and
settings conversion, implementation of calculations of a specific parameter and display of
the obtained results in the simulation model and in numerical expression.

The authors of studies [7-10] agree that the principles of computer simulation mod-
els remain the same, but they change the view of the resulting display and simulations
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of guidance, which assess new and realistic 3D—and realistically oriented computer
simulation—systems [11,12]. The success of most companies depends on intangible as-
sets and investment in research and development (R&D), which create this type of asset
within the company [13].

An extensive study by the authors of [14] is aimed at defining the expectations of the
transformation of Industry 4.0 into the concept of Industry 5.0. They emphasize that global-
ization and the development of Economy 4.0 supported by the development of Industry
4.0 and Industry 5.0 make it possible to create new value. The authors’ observations and
analyses confirm the dehumanization of the industry due to the influence of Industry 4.0.
It is an opportunity for businesses to create a network of value through intelligent systems
throughout the supply chain, which will lead to the shift of the just-in-time manufacturing
model to a higher level. The latest professional studies reflect the concept of Industry
5.0, and are aimed at reversing the dehumanization of industry while considering the
fundamental role of man in society. Here, it is possible to see the potential of using VR to
involve people in the value chain as part of the technological elements from the Industry
4.0 platform.

In connection with the above-mentioned facts and understanding the complexity of
14.0, respectively, 15.0 brings into focus the research of economic and political factors that
create an environment for technological development and are related to the country’s
risk. The authors of [15] based their research on the economic and financial difficulties
that the countries face, as well as based on the investment environment of the country’s
risk assessment.

The lack of interactivity of real elements with a peripheral 3D environment created
for VR in CAD software is problematic in relation to designing only in a VR environment.
In this context, it will be necessary to carry out further research, i.e., achieve a higher
degree of immersion in the VR environment with a high degree of interactivity between the
designer and individual elements of the system as well as flexibility in designing, testing
and optimizing designs. In this context, it is necessary to emphasize 3D prototyping in VR.
Other equipment also includes spatial equipment to ensure safety when using VR directly
in operation.

The use of VR also has negative aspects which can be eliminated by further devel-
opment, especially of technical elements, or hardware, as the use of headsets poses a
health risk and can cause discomfort when moving. It is also necessary to reduce the costs
associated with the use of VR.

Another shift in the thinking of VR when solving research tasks connected with
designing, virtual training, etc. will be the modelling of physical factors, e.g., vibration,
temperature, humidity, sound, lighting, power, and other parameters. This progress will be
an added value when testing the impact of changing selected physical factors in the process
(such as the DOE/Design of Experiment method) with the aim of achieving complex
process optimization. It can also add value for systems in defining key parameters and
effectively interpret results with informative value for their further use. This approach will
be supported by the algorithmizing of the behavior of individual elements of the system
using classic methods such as Markov chains, neural networks, etc. to define relationships
between individual parameters and the use of artificial intelligence in machine learning
and in the context of digitization.

2. Materials and Methods

Using the basic equipment in TX Plant Simulation, it is possible to model many
different production processes. In many cases, however, it is necessary to modify the
behavior of objects in the TX Plant Simulation settings to achieve a sufficiently accurate
representation of the processes. The following chapter deals with the analysis of the
production—assembly process for the creation of a simulation model, the creation of a
simulation model in TX Plant Simulation, the possibilities of the creation of a simulation
model and the connection with VR and the Eddison function in TX Plant Simulation [16,17].
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2.1. Analysis of the Production—Assembly Process for the Creation of a Simulation Model

Before creating the simulation model itself, it is important to develop an analysis of the
production and assembly process. First, drawing a diagram of the production-assembly
process from the available information is necessary.

Description of the production process chart (Figure 2): The input for the production—
assembly process will be materials and semi-finished products imported by subcontractors
at regular intervals. Production begins with the pressing of materials. After pressing the
materials, the production of the car body follows. This body is moved to the paint shop and
then to the intermediate warehouse where the drying process takes place. In parallel with
these processes, the process of machining shafts and gears takes place. Subsequently, these
shafts and gears are heat treated. Only after the heat treatment process are the shafts and
gears assembled with the mechatronics into the gearbox housing. After the transmission
is assembled and the car body is dried, these parts of the car are moved to the assembly
process, where the transmission is inserted into the body, as well as the installation of
brakes, wheels and other parts that were imported by subcontractors. After this process,
the final car moves to the final production process, which is visual inspection and testing.
After testing, the car is transported by truck to the store, where the customer or customers
buy the car.

Another part of the analysis of the production-assembly process is the creation of a
graph of the production process. Information is obtained from the graph of the production
process which is used for the analysis of the continuity of the individual activities of the
production process. With this graph, data such as, e.g., times of production operations,
number of robots performing activities, number of pieces of materials, semi-finished
products and products as well as transport distances can be illustrated. The last part
of the analysis will be the process of creating a 3D simulation model and its display in
VR (Figure 3). This method analyzes the detailed procedure of how to create such a 3D
simulation model and display it in VR through the information obtained.

Among the conventional—and, in practice, the most widely used—methods for map-
ping and creating a graphic representation of the production process are the following:

VSM—value stream mapping;
Scheme of production processes;
Production sequence diagram;
Workflow chart;

Graph of the production process;
Diagram of two-handed work;
Group work diagram;

Diagram of machine-hand work.

PNANA LD

2.2. Go VR Feature in TX Plant Simulation and Link to VR

The option for connecting the simulation model with virtual reality is the Go VR
function, which is also provided by the TX Plant Simulation software. The Go VR function
connects virtual reality via HMD or VR glasses as well as the moreViz VR Bridge soft-
ware [16,17]. However, the advantage is that this Go VR function, which is included in
the TX Plant Simulation software, does not require the installation of additional software,
so it is possible to connect it with virtual reality directly in this software. Visualization
of the designed model in the TX Plant Simulation environment has the possibility of an
impressive presentation in 3D space, where the behavior of the system can be observed. In
addition, it can link visual simulation with a virtual reality (VR) environment. To connect
virtual reality with TX Plant Simulation, it is necessary to install Steam, Twinmotion, Epic
Games Launcher and Oculus to launch the HMD device on the computer (Figure 4).
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Figure 2. Chart of the production process.
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Figure 3. The process of creating a 3D simulation model and displaying it in VR.
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Figure 4. Linking TX Plant Simulation with VR via the Go VR function.

2.3. Design Optimization of the Simulation Model in TX Plant Simulation

By proposing optimization of the simulation model (Figure 5), we achieved less block-
ing of the pressing and bodywork processes and almost complete elimination of blocking
during the painting process. The optimization of these processes consisted of increasing the
capacity of the intermediate warehouse to 15 pieces and reducing the residence time of the
painted bodies in the intermediate warehouse to 30 min. We shortened the wait at the first
car assembly station by replacing simple shaft and gear machining stations with parallel
stations and by setting operating times to 10 min. We have also changed the operating
times for the heat treatment of shafts and gears to 10 min; thus, the gearboxes are produced
faster and with better quality. We reduced the operating time at the first car assembly
station, where the transmission is inserted into the painted body, to 15 min. Through
faster production of gearboxes and painted bodywork, we have shortened the waiting
time at the car chassis assembly station as well as the inspection and testing station. The
optimization design of the simulation model can be verified using the graph of simulated
work processes after optimization and comparing it with the graph of simulated work
processes before optimization.
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Figure 5. Design of the optimal solution of the simulation model in 2/3D.

By summarizing the simulation (Figure 6), it is possible to verify that, before optimiza-
tion, 10 cars were produced and transported on one truck at a time in 7 h and 47 min, and,
after optimization, 20 cars were produced and transported on two trucks in 5 h and 57 min.
The average production time of the final car is 2 h and 20 min. The production of the
final car is at 32.23%. This means that production improved by 10.34% after optimization.
Transportation of cars decreased by 10.34% because more cars are produced and do not
have time to be loaded onto the third truck and taken to the shop. Added value or quality
has improved by 10.36%; thus, the value is 32.14%.

Simulation time: 8:00:00.0000

Object| Name | Mean Life | Through| TPH | Production | Transport | Storage | Value Portion
Time put added

Drain1 | Truck 7:32:52.8823 1 0 0.00%| 100.00%| 0.00%| 0.00%

Drain2 | Final_car | 3:11:44.4000 10 1 15.85% 84.15%| 0.00%| 15.73%|

Cumulated Statistics of the Parts which the Drain Deleted

Simulation time: 8:00:00.0000

Object| Name | Mean Life | Through| TPH | Production | Transport | Storage | Value Portion
Time put added

Drain1 | Truck 5:57:27.9476 2 0 33.74% 66.26% 0.00%| 0.00% | s

Drain2 |Final_car | 3:26:34.4000 20 0 32.23% 67.77% 0.00%| 32.14% |

Cumulated Statistics of the Parts which the Drain Deleted

Figure 6. Summary of the simulation before and after optimization.

Layout optimization was tested using TX Plant Simulation software via LayoutOpti-
mization. It uses genetic algorithms for optimization. The essence is to change the location
of the machine’s resources to minimize transport costs. The best solution found is used
for additional optimization as an initialization. When searching for an optimal solution, it
was necessary to analyze the material flows, which were evaluated by the software as a
statistical output for each element of the system. A schematic representation of the varied
solutions resulting from the calculation via LayoutOptimization is shown in Figure 7. The
first layout was defined as optimal for the case study.
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Figure 7. Schematic representation of the varied solutions obtained via LayoutOptimization.

3. Results
Development of a General Procedure for Modelling and Testing a Virtual Model

The smart factory is one of the pillars of Industry 4.0, which means complex digitiza-
tion and networking of individual components in the company. It is a system solution that
creates a flexible network of intelligent elements of the company. Individual elements that
are part of it behave as self-managing and self-regulating, using advanced technologies
such as artificial intelligence and machine learning to analyze data, manage automated
processes and learn. Unstable markets with high volatility mean the company needs to
respond flexibly to ensure competitiveness; therefore, even by introducing agile and intelli-
gent elements into production systems, the company can reflect on decreasing order sizes
as well as increasing diversity and pressure for the shortest possible delivery times.

A smart factory is a computerized physical system with the ability to visualize the
end-to-end operation of manufacturing facilities and their associated supply chains.

Visualization provides a representation of how resources are used in real-time, en-
abling optimized decisions based on production data or logistics in real-time, allowing for
simulation of robot-human interaction or creation and optimization of production layouts.

This is a leap change, as it creates a complex intelligent system by using software
support focused on modelling and simulation of discrete events connected with 3D presen-
tation and intelligent software focused on data analysis.
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The visualization provided by discrete event simulation and 3D representation is
considered a scenario that can be created and tested within hours and offers a real ad-
vantage over various manual approaches. The virtual factory does not fully incorporate
the technologies of production systems available today and is not fully connected with
real-time data analysis.

The outputs from the decision-making process can be visualized in virtual and mixed
reality through software and hardware support. In this way, an interactive space is created
for the end user, which becomes part of the virtual space. End-to-end connectivity also
enables decision support and real-time data analysis.

With a traditional type of factory, the availability of data and resources for their
processing is relatively limited; it does not allow users to immerse themselves in the
simulated running of the created model of the production system, and it does not allow
for the collection, processing and evaluation of data in real-time; thus, flexible reflection
on specific needs becomes impossible. A smart factory in conjunction with VR in a mixed
reality environment can be very beneficial in solving challenges in an interactive way that
includes individual managers (Figure 8).

Virtual entities
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» > hi i i Robot

Planning service

. Analysis of the production- Interaction .
Dataimport 2
assembly process processing
Data " . Simulation service

management

¥ Creation of 2D and o g "
Udaje Digital Twin |4—| Fusion
( ******** p ;D:eae;r;" ******** | Verification service
. |
I

| Oculus Rift
|

Training service

Environment Robot Design service

Physical entities

AL

S oy

Figure 8. Scheme for digital twin and VR custom processing by source adjusted according to [18].

The simulation model can be looked at from different points of view. The movement
of workers in a factory can highlight potential conflicts and obstacles that may occur in real
life if created in 3D. Creating a 3D model of the operation is a basic requirement for using
VR. A user who has VR glasses can become part of the simulation run and view a running
simulation model of the production line. This will allow him to integrate with the model
in real-time, be part of various solutions and decide, based on the results of experiments,
which of the variants is optimal for the given conditions and the pursued goal.

Another potential of the combination of VR and the simulation model is the imple-
mentation of the customer as a part of PLM in its various phases. For example, they can be
implemented within the initial stages of PLM, i.e., the design of structural or technological
parameters of the product, or also the stages of the production, assembly and logistics
processes. In each phase, it is necessary to define metrics that will be an important basis
of criteria for validating the simulation model. From the customer’s point of view, for
example, in the validation process, the manufacturability of the product and modifications
on the production line are considered, and logistical solutions are proposed. Visualization
of the product or production currently has a significant impact on the creation of an in-
teractive network with customers based on trust and building quality supplier—customer
relationships. Positive evaluations from customers can help strengthen relationships and
build trust in the manufacturer’s capabilities and competencies [16].

The following diagram (Figure 9) shows the general procedure for modelling and
testing the virtual model. It was processed according to both [18,19] and its own solution in
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laboratory conditions at the Department of Industrial and Digital Engineering. For formal
design of the diagram, ARIS is used [20].

Virtual model

-

Set of information =————) R ———
. Prod plan # Simul (for production plan) -
—_— )
g Information g

-

Production preparation

l

—

::::Efcl:::: e Simu|atiunfeu:lru::ii:t?::ptimalizatiunf
-~ ’ l " o : ' ” ’ " . FS
- . .
( Output from the ) ’
i | production process
!
—_— It is correct?

Model calibration
FS

N————  Tes

. .

\ Outpl..lt of the finished
virtual model

L

l

EullerEme 4= Set of information
output

1

Is model calibration necessary? | Planning ==  Quality

ting

2 SRR S

= i
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physical production wvirtual production - service system in-production -

Figure 9. Development of a general procedure for modelling and testing a virtual model adjusted

according to [19].

This is a procedure that was tested during the implementation of a case study. The
procedure can be divided into three stages, i.e.,:

9.  Creation of a virtual model, which is also a simulation model;

10. Testing and tuning the simulation model;

11.  Virtual tour with the possibility of interactivity with individual elements of the
simulation model in a virtual environment.

In the procedure, three monitored areas are marked in color which form part of the
overall virtual and simulation model, i.e., physical production, virtual production and
service system in production.
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4. Discussion

The simulation model was created in the laboratory conditions of the author’s col-
lective using the software and hardware support that the workplace has, i.e., TX Plant
Simulation software for modelling and simulating flows, Pixies software for creating a
virtual environment, Oculus Quest virtual reality glasses and CAD software for creating
selected 3D elements of the production—assembly process. The created simulation model
represents the production—-assembly process in which the user can move, interact with
objects in the model, detect weak points and simulate variant solutions. The results and the
progress of the case study implementation led the authors to conclude that the time related
to analysis and experimentation in the virtual environment was significantly reduced and
made more efficient, making it possible to quickly and efficiently process and subsequently
evaluate variant solutions.

The aim of the processed case study was to point out the use of virtual reality in the
simulation of business processes. Based on the problem solved, the TX Plant Simulation
software was chosen in the work which allows the creation of a simulation model, starting
the simulation and visual display in a virtual environment with the support of virtual
reality glasses and hand controllers.

The authors of [21-25] prove that the dynamic DES can be considered an effective
tool to define the bottlenecks—and, thus, create the potential for response with timely
intervention—in the planning. It also makes it possible to find alternative solutions that
aim to eliminate negative impacts, e.g., increased costs related to an incorrect decision or
investment in unnecessary technology with a low usability threshold. The authors express
an opinion on the importance of connecting DES and VR, with a gradual introduction to all
production lines in the context of a smart factory. It is also required to be implemented in
education processes to raise qualified personnel to acquire competencies in the given field.
The implementation of virtual reality in the education process is also of great importance
due to the impact it can have on knowledge retention, as it is a visual—and, at the same
time, interactive—way of acquiring knowledge and skills. Important, too, are motivational
factors and engagement factors that could be developed compared to traditional methods
of education.

Currently, virtual reality is a great benefit for companies because, with the help
of virtual reality and the simulation of the production process, companies can reveal
bottlenecks or bugs to be ironed out before changes are implemented in real life. By running
the simulation, the created automobile production was tested, and, according to the graph
of the simulated work processes, it was possible to find out where bottlenecks occur,
which production stations are waiting or blocked, etc. According to the graph, but also
based on the evaluation of the summary overview from the simulation, improvements and
modifications to automobile production were proposed. The simulation model was created
on the basis of selected methods for the analysis of material flows. These methods were
specifically concerned with the creation of the production process diagram, the production
process graph and the step-by-step creation of the simulation process. By using the TX
Plant Simulation software and the designed simulation model, the company can design
the optimization of production and, thus, increase production and, with it, profit for the
company. By testing the changes in TX Plant Simulation, there will not be such huge errors
as if tested directly in the company and, thus, unnecessary problems can be avoided. The
processed case study was carried out with the aim of creating and testing a virtual model
in a VR space. One of the possibilities was to arrive at a relatively quick result in terms of
testing variant solutions with the possibility of direct visualization of designs. Tendencies
in further use can be seen in the digital twin, i.e., creating an interactive environment by
connecting physical and virtual space. Interactive visualization significantly increases
the efficiency of projects and, above all, activities connected with testing and finding the
optimal setting of individual system elements.
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5. Conclusions

Virtual reality is currently a very promising direction in the context of interactive
designing and projecting environments with different characters. The benefit is primarily
shortening the time and increasing the quality of the process and output from the design
process. It allows the creation of models of workplaces, i.e., production and assembly
lines, and creates an image of them as if they were real objects. Many companies also have
experience with virtual training, which significantly increases efficiency, e.g., assembly
activities. In addition to significant advantages, it is also possible to mention the disadvan-
tage of using VR, which is the price or costs associated with hardware and software security.
However, this disadvantage is currently limited by simulation software, which contains
modules for creating a virtual environment, due to the exponential scientific—technical and
technological development required, especially in the field of digitization. Within VR, it is
possible to use simulation and animation software support.

The potential of using VR can also be seen when designing the ergonomic parameters
of the workplace; e.g., the authors of [26] created a simulation of the lighting of the working
environment using the Dialux simulation software in a 3D environment, which can be used
for further research when already in the virtual space using VR tools.

The purpose of connecting TX Plant Simulation with VR is the possibility of immersing
yourself in the created simulation environment with the aim of visual controlling the
created environment and ongoing processes, where it is possible to move using the VR
controllers and see close-up the errors and shortcomings which can then be eliminated
or even completely removed when a new enterprise or a new production process in an
already established enterprise is introduced [27,28]. The potential for the future of the TX
Plant Simulation software and the connection with VR could also be in the ability to move
objects in the given environment or otherwise physically intervene in the simulation and, in
this way, efficiently and quickly test and evaluate variants and make adjustments directly
in virtual reality, etc. It should be noted that not only optical and auditory sensations are
included in VR, but also sensations for other senses such as touch and smell in order to
create a perfect image with all aspects characteristic of the real world.

Advanced information processing also enables the development of increasingly ad-
vanced IT diagnostic techniques, enabling efficient registration and analysis of signals
while eliminating the human factor, thus ensuring an increase in the objectivity of the
obtained results [29].
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