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Abstract— The Industrial Metaverse (IM) is an upcoming topic
for companies and offers new possibilities to digitalize and
optimize their business processes together with Al capabilities.
In the production domain, the Industrial Metaverse is a step
towards the vision of predicting factory behavior for
optimization purposes. A central challenge is a complete factory
model necessary as the base to predict its behavior. Therefore,
the IM approach is promising to build and contain this model
out of available single Digital Twins of factory parts.
Consequently, an IT target landscape is required to build an
Industrial Metaverse for Digital Twins. This paper evaluates
different design pattern options for an industrial IT architecture
reference implementation of an IM that companies can use in
current IT landscapes. It also proposes a high-level roadmap
towards the proposed target I'T architecture of an IM.

Virtual

Keywords-Industrial Metaverse; Twin;

Commissioning; PLC; Digital Factory.

Digital

. INTRODUCTION

The term Metaverse is widely used at the moment to
describe a virtual environment with the ability for immersive
collaboration among participants using technologies such as
virtual, mixed or augmented reality [1]. In the industrial
context, a similar term emerged: the Industrial Metaverse (IM)
[2]-[4]. In the context of manufacturing, the common
understanding of this term is a virtual representation of a
factory (Figure 1), either with a connection to a real factory as
a Digital Twin (DT) of the complete factory, or as a model of
the planned, not yet realized factory [5].

Figure 1. Example of a photorealistic Digital Twin in NVIDIA Omniverse
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Several companies have started projects to gain the
benefits of an IM, e.g., project iFactory by the BMW Group
in NVIDIA Omniverse [6]. One of the most promising
benefits lies in integrating Artificial Intelligence (Al) into IM.
The vision is to predict the behavior of production processes
inside a virtual representation of the plant so as to prevent
unforeseen  defects before commencing the real
manufacturing process, e.g., path and action planning of
Automated Guided Vehicles (AGVs) for intralogistics to
avoid jams or deadlocks, or assembly of a rare product variant
not previously validated.

After this introduction, this paper focus on use cases for an
IM in Section II. Then, the requirements for these use cases
are defined in Section Il1 and related state of the art work is
presented in Section IV. In Section V the single components
of the architecture options are defined, The architecture
options itself are presented in Section V1. This paper ends with
the roadmap towards the recommended target architecture in
Section VII and sums up central results in Section VIII.

Il. USE CASES FOR AN INDUSTRIAL METAVERSE

The following section describes use cases that it was not
possible to realize in the past without an IM, or only with
extraordinary effort. The listed use cases is not exhaustive, but
it demonstrates the high potential that an IM offers.

Firstly, one of the most obvious use cases for an IM is to
integrate planning data created by different production
planning departments such as logistic, factory or process
planning to check the validity, maturity and consistency of
production planning scenarios along the product lifecycle [7].
Additionally, many external suppliers contribute to the
realization of the factory. Therefore, a new milestone with an
OEM approval for all suppliers based on the virtual
representation of the complete factory, and not only parts of it
than today, can increase overall efficiency of the realization
process and boost reliability during the ramp-up phase.

Secondly, IM can be used as a training platform for
employees to train processes or maintenance aspects before
building the real factory.
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Figure 2: Architecture for a VC for MES

Thirdly, current virtual commissioning (VC) of single
programmable logic controllers (PLC) is state of the art for
original equipment manufacturers (OEM) in the automotive
industry [8]. A VC of several PLCs or superimposed control
systems, such as manufacturing execution systems (MES), is
a new use case enabled by an IM (Figure 2) to validate control
strategies deeply before ramp up.

Fourthly, the most promising use cases that an IM offers
originate from its integrated Al capabilities to simulate,
predict and optimize the production process before operation,
e.g. to avoid undesirable incidents or identify optimized
process parameters [9].

Last but not least, IM has an enormous potential to
promote the use of Al technologies in real production
scenarios in the factory by providing synthetic data to train Al
algorithms to identify production problems, such as quality
issues, using computer vision systems. In order to improve the
accuracy and reliability of Al algorithms, the necessary
training data can be generated out of the IM, whereas it is
either impossible to obtain from reality or only very sparsely
available.

1. REQUIREMENTS

This section describes the main requirements for an 1M
used to predict production behavior.

A. Integration into Business Processes

First, the main requirement for successfully implementing
IM use cases so as to achieve its benefits is its integration into
the company’s business processes. Figure 3 shows a proposal.
This can mean either restructuring current business processes,
e.g., integrating the VC results into an IM, or implementing
new business processes, such as predictive production.
Ignorance of integrating new technologies into business
processes is a widespread pitfall [10].
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Figure 3: Use Case Integration into Business Processes throughout the
Production Lifecyle

B. Integrating IM into Current IT Landscapes

The second essential requirement for successfully
implementing an IM is its integration into the company’s
current IT landscape. Due to costs, complexity and time-
constraints, a greenfield approach, that is the planning and
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realization of a complete new factory, is seldom practical. In
the current IT landscape holding data for a DT of the factory,
the following kinds of authoring systems can contribute to the
virtual representation of the complete factory:

e Suites for product data management (PDM) and
product lifecycle management (PLM) [11]

e Individual planning systems [12]

e  Systems for virtual commissioning (VC) [8]

These IT systems need to provide some kind of interface to
transfer data for the virtual representation of the factory into
the IM. A new additional process besides the established
business processes to build up this representation is generally
not an economical solution.

V. RELATED WORK

DTs for VC to pre-program PLCs before the physical
ramp-up of the controlled equipment have already been
established for years in the automotive industry [8][13],
especially in the body shop. In other areas, there is still a lot
of work to be done towards extensively using DT for VC. DTs
exist normally for single cells or stations, but there is currently
no known VC system for an entire factory, as this would
require VC of an MES. These single DTs are normally
archived after the physical ramp-up, e.g., on a file system. If
the automation equipment needs extending or reorganizing for
new products or product variants, the DTs are reused to plan
for these changes. In all other cases, the DTs are generally not
touched after their physical counterparts have been built. The
creation of DTs for a VC is performed using standard systems
[8]. Current approaches add automated testing to VC systems
[14].

Additionally, there are architecture recommendations for
cyber-physical systems (CPS) to support a DT connected to
its physical counterpart [15]. None of these are capable of
realizing an IM where several people can collaborate on one
virtual representation.

There are several architecture proposals for an 1M, e.g.,
those cited in sources [16][17]. One of the most popular
systems used in the industry is NVIDIA Omniverse (Figure 4)
[18].

Connectors

Destination

Figure 4: Architecture NVIDIA Omniverse

NVIDIA Omniverse (OV), which was released in 2019, is
a collaboration platform for 3D production pipelines that
enables multiple partners to work independently on different
parts of the scene using a wide range of tools and syncing the
changes instantly across all the tools. In order to facilitate this,
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the assets and scenes are represented using Pixar’s Universal
Scene Description (USD), as shown in Figure 5 [20], and
accessed via OV’s database and collaboration engine
Omniverse Nucleus. Omniverse also supports material
descriptions written in the Material Definition Language
(MDL). Along with the developer framework, Omniverse Kit
comes pre-packaged with a world-class rendering software
and support for physics-based simulation.

The ability to connect existing authoring systems to the
Nucleus through an open application programming interface
(API) enables easy integration of existing IT systems into the
IM. There are already several connectors on the market, e.g.,
for the VC system Visual Components or a proof-of-concept
connector for the VC system CIROS. Through the API
connector, a DT from a VC system can be streamed directly
to the OV nucleus. The responsibility of the master DT can
remain with the VC system. The standardized API connector
makes it is possible for DTs created with different systems by
multiple vendors to directly interact in a single virtual
representation of the factory inside OV, so that there is no
danger of a vendor lock between connected DTs.

Additionally, OV offers a large variety of Al algorithms
that can be executed efficiently with high performance on
NVIDIA hardware. These are ideal prerequisites for
implementing Al methods for predictive production.

Figure 5: Python snippet to generated USD files and its rendering

Therefore, we focus our architecture options in the next
sections on OV to integrate existing DTs into a single virtual
representation of a complete factory.

V. ARCHITECTURE COMPONENTS

The following sections describe different architecture options
for integrating interacting DTs into an Industrial Metaverse.
Each architecture option orchestrates the same architecture
components, as follows:

A. Programmable Logic Controller (PLC)

The PLC component interacts with actuators and sensors
through a digital or analog input/output interface (1/0). The
control logic that controls the sequence of the PLC outputs
that are set according to the PLC inputs is implemented inside
the PLC in a generally standardized PLC language [19].
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B. Manufacturing Execution System (MES)

The MES is a control logic that superimposes current
PLCs. The essential responsibility of an MES is to represent
all orders, products, materials and other resources currently in
use inside a factory. The MES provides Key Performance
Indicators (KPI) such as Overall Equipment Effectiveness
(OEE) to control the behavior of the factory. Modern MESs
integrate functionality, such as the control logic for PLCs. The
communication between an MES and the shop floor is also
performed via digital/analog input/output.

C. Digital Twin (DT) for Virtual Commissioning (VC)

The information for single DTs of production equipment,
such as a cell or a station, is stored in standard systems for VC
[8]. These systems generally contain a geometric 3D model of
the equipment. Additionally, the DT contains kinematic axis
modeling to define the mechanical behavior of the linear or
rotational axis of the equipment. Some systems support even
the physics of rigid bodies, such as gravitation or friction.
Besides this mechanical model, the objects have an /O
behavior model that communicates with the controller and
other sensors/actuators via 1/0. An example of a behavior
model is a conveyor that starts with a digital input and informs
of its current operation status through a digital output.

D. Industrial Metaverse (IM)

The IM is a platform holding the virtual 3D-representation
of the factory. Additionally, it offers optional services such as
Al, photorealistic rendering, or support for animation and
simulation [18].

E. Orchestration Layer (OL)

The orchestration layer is responsible for synchronizing
multiple single DTs, e.g., the overall sequence of processes in
the factory. For example, the processes of DT B run after
completion of the processes executed by DT A. Another
example is synchronizing the flow of material between the
single DTs, so that the virtual factory in the IM can
manufacture a complete spectrum of digital products.

F. Automation Equipment (AE)

This architecture component represents the shop floor
equipment that is controlled by a controller, either a PLC or
an MES.

VI. ARCHITECTURE OPTIONS
This section defines the design criteria and the architecture
options of an IM.
A. Design Criteria

The presented architecture options for an IM with the goal
of predicting production behavior differ in the following
design criteria:

1) Location Control Logic: The control logic of the
automation equipment is defined either entirely in the PLC, in
a hybrid between PLC and MES, or only in MES.
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2) Location DT: The services, e.g., the mechanical or I/O
behavior model of the DTs, are located either in the original
standard VC system or in the IM itself. VC systems are
complex, and the current market leader started development
ten to fifteen years ago. Therefore, a complete refactoring of
the IT landscape for an integration of DTs into IM takes too
long. It makes more sense to integrate available VC systems
into to the architecture option.

3) Location Orchestration Layer: The OL is located
either inside the IM or as an external component outside the
IM. The main part of the OL is a messaging system to
synchronize the multiple DTs. For instance, Kafka [20] ,
MQTT [21] or OPC UA Pub Sub [22] could be possible
implementations. In addition, a protocol is also required inside
the OL to define the semantics of the individual messages and
the corresponding behavior of the interacting DTSs.

These design criteria present the following six IM architecture
options:

B. IM Architecture Option A

Regarding IM architecture option A., the DTs are located in
the VC systems (Figure 7).

Digital Production

Option A Option B
PLC PLC
]IfO [IIO
DTVC DTVC DT VC DTVC
T T T T
Shop Floor

MES

L 10 L 10
PLC PLC
Field Bus

Automation Equipment Automation Equipment

Figure 6: Architecture Options A and B
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Figure 7: Architecture Options C and D

The Omniverse offers an open API, with which the static
geometry of the DT is initially loaded from the VC system
to OV through USD. The control logic is located in the PLC,
as it is normally implemented on the shop floor. The PLC
sends digital and analog output signals to the automation
equipment inside the DT via an /O interface between the
PLC and the VC system. It receives digital and analog input
signals from the DT about the conditions of the DT objects,
such as, e.g., sensors. The VC system calculates the
dynamic movements of the DT objects, e.g., linear or
rotational axes. The corresponding changes of the objects’
positions and orientations, defined, e.g., by a 4x4
transformation matrix T, are streamed from the VC system
to OV through the API. OV does not calculate the object’s
trajectory in architecture option A. The orchestration of the
multiple DTs in OV is implemented in the OL, within which
the operation sequence and the material flow in OV are
synchronized.

C. IM Architecture Option B

IM architecture option B (Figure 6) differs from option A in
the way the control logic is implemented. Option A handles
the entire control logic inside the PLC, whereas option B
splits the control logic into two parts:

1) Control Logic in the MES: This part of the control
logic handles the product variants or product orders, e.g.,
control logic for a specific product feature that other product
variants do not have.

2) Control Logic in the PLC: This part handles control
logic focusing on the shop floor, such as safety functions or
real-time control logic for, e.g., axis.

D. IM Architecture Option C

IM architecture option C (Figure. 7) implements the
complete control logic inside the MES. In comparison to
option A, option C allows the implementation of control
logic in one instance concerning multiple cells, lines or even
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an entire factory. This option offers much more flexibility to
change the control logic in one instance than would be
required in multiple PLCs in options A or B. The parts DT,
VC and OV are the same as in options A and B.

E. IM Architecture Option D

The main difference in the IM architecture of option D
(Figure 7) is the implementation of the DT in OV. In options
A-C, the DTs were located outside the OV in multiple VC
systems. As the features of OV increase, e.g., Omnigraph, it
will become possible in the future to integrate the single DTs
of the automation equipment into OV to create a single DT of
the factory. Option D abandons all the VC systems because
their functionality is integrated into OV. Despite the
integration of the single DTs into OV, an OL is still required
inside OV for the purpose of synchronization. An individual
OL can also be implemented inside or outside the OV using
the OV API.

F. IM Architecture Option E and Option F

Both IM architecture options E and option F (Figure 8) are
addressed in this paper for the sake of completing the
architecture options available with regard to combining
design criteria.

Digital Production

Option E

Option F

Shop Floor
MES

PLC PLC
Fiel

Automation Equipment

MES

Automation Equipment

Figure 8: Architecture Options E and F

In options E and F, the DTs are implemented inside OV,
similarly to option D. Also, the control logic of option E
corresponds to the control logic of option B. Option F
corresponds to option C with regard to the control logic.

G. Internal versus External Orchestration Layer

All diagramed options A-F show the OL inside OV. The
advantage of an internal OL is the use OV internal functions
to synchronize, e.g., the temporal sequence or the material
flow among the DTs. The corresponding options A* to F*
have an external OL with the same responsibility as their
internal equivalents (Figure 9).
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With an external OL its tasks is getting more transparent.
E.g., the OL of options A*-F* have to implement the 1/0
synchronization between the DTs to keep the transformations
T of the 3D-objects correctly along the timeline. Additionally
the OL has to know the ids of the DT objects to manage the
transformations of the DT objects correctly.

The advantage of implementing an external OL is that it hides
completely the OV from the above layers, e.g., the PLCs in
option D* (Figure 9). Hence, an external OL offers the
possibility to change the OV without a reimplementation of
the OL and an adaption of the above layers.

VIl. IM ARCHITECTURE ROADMAP

For simplification, we focus in this section on the internal OL
options A-F, but the roadmap can easily transferred to the
external OL options A*-F*,

Regarding IM architecture options A-F, one can find in most
cases the implementation of the control logic as in option A
or D, through the sole use of PLCs. The target architecture is
implemented in option F with the following motivation:
Firstly, because it offers the greatest flexibility in changing
the control logic through its implementation in the MES
system; secondly, the integration of the single DTs into OV
offers the minimal number of systems required for
implementing the DT of the entire factory. Practically, this
reduces complexity concerning technical and organizational
aspects and consequently license and maintenance costs.
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Figure 10: Roadmap for IM architecture

To implement an IM architecture, we propose a roadmap
(Figure 10) starting with option A, because the regular
control logic from the shop floor is not touched and the

10



PATTERNS 2023 : The Fifteenth International Conference on Pervasive Patterns and Applications

existing VC systems need not to be replaced, but only an
interface to OV to stream the positions of the DT objects. For
the synchronization of the DTs, an implementation of the OL
is necessary that can be reused almost completely with some
adaptations in options B-F.

The roadmap assumes that with one development path, only
one of the design criteria “control logic” or “location of DTs”
is changed. At the current stage, there is no preferred
development path. Its realization speed and costs is
significantly dependent on the single roadmaps of the
systems MES and OV, because MES will integrate today’s
PLC functions and OV will integrate present DT VC
functions.

VIIl. CONCLUSION

This paper presents for the first time different architecture
options to realize an Industrial Metaverse based on the
existing IT landscape. The two main assumptions are, firstly,
that the existing control logic implementation found in current
shop floors is based on PLCs, and, secondly, that to program
these PLCs, current implementations of DTs for VC are based
on separate VC systems within current IT landscapes. It was
possible to define design criteria and to classify the
architecture options into six categories.

Here, we have succeeded in defining a roadmap proposing
a step-by-step implementation towards a target architecture.
The presented architecture options are the prerequisite of the
complete DT of the factory, which is the necessary to use OV
internal Al algorithms to optimize and predict the behavior of
production scenarios.
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