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Glossary of terms and abbreviations used

Abbreviation [ Term

Description

3D Three-Dimensional

5G Fifth Generation (of wireless communication technology)
6G Sixth Generation (of wireless communication technology)
APls Application Programming Interfaces

AR Augmented Reality

B5G Beyond 5G

CMS Content Management Systems

cKPls Core Key Performance Indicators

DT Digital Twins

ETSI MEC European Telecommunications Standards Institute Multi-Access Edge Computing
GPU Graphics Processing Unit

loE Internet of Everything

loT Internet of Things

KPIs Key Performance Indicators

KVI Key Value Indicator

MCU Multipoint Control Unit

MEC Multi-Access Edge Computing

MIMO Multiple-Input and Multiple-Output

MPC Model Predictive Control

NLOS Non-Line-of-Sight

NRCS Newsroom Computer System

NeRF Neural Radiance Fields

OpenStack Open-source cloud computing platform

PoCs Proof of Concepts

QoD Quality on Demand

QoS Quality of Service

RIS Reconfigurable Intelligent Surfaces

ROS Robot Operating System

SDKs Software Development Kits

SKPIs Vertical Service Key Performance Indicators

SLAM Simultaneous Localization and Mapping

T Task

Tbps Terabits per second

uHDD Ultrahigh Data Density

UHSLLC Ultrahigh-Speed with Low-Latency Communications
Wi-Fi 6G Sixth Generation Wi-Fi

XR Extended Reality
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XR-MCU XR Multipoint Control Unit

XR/VR Extended Reality/Virtual Reality
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Executive Summary

This deliverable is part of WP2 “Architecture design and Requirements analysis” and supports the work
under task T2.1 “Use Case Requirements towards 6G”. It begins by introducing emerging Metaverse and Industry
4.0 technologies and their potential impact in driving the evolution to 6G. The subsequent sections delve into
specific aspects of the Use-Cases, detailing the UC scenarios, their requirements and building blocks.

More specifically, the first part of the deliverable outlines a comprehensive exploration of the requirements
of Metaverse and its constituent technologies, and network requirements. It offers a glimpse into the emerging
landscape of VR and XR technologies. Moreover, it delves into the Requirements for the Metaverse, with a
particular focus on its importance for B5Gsystems. The role of XR/VR technologies, limitations of
videoconferencing, network requirements for untethered VR, and network densification are explored. It
concludes by emphasizing the significance of the Metaverse and 6G in shaping the future of communication and
industry, drawing on key insights gathered throughout the study. Additionally, the first part of this deliverable
examines the use case applications of 6G technology for Industry 4.0, including enablers for efficient operators
using autonomous robots, digital twinning, and XR, high-volume data collection with low latency, Tbps-level
transmission rate for digital twins (DT), fast iterative optimization and decision-making, security and privacy
considerations, low-latency communications and high reliability for autonomous robots and enhanced machine
communication. Industry 4.0 requirements that are not covered by existing 5G systems are also discussed

The second part of this deliverable transitions into exploring the two 6G-BRICKS Use Cases, offering in-depth
look at the description and parameterization of PoCs, documentation of use case actors and detailed PoC
scenarios, and the main building blocks. In particular, it starts with the presentation of the first UC with two
proof-of-concep (PoC) scenarios These include (a) the Metaverse's role as an enabler of a modern workplace,
including technologies like Holoconferencing and advanced volumetric capture technology, and (b) a more
advanced Metaverse scenario, with untethered XR demonstrated in a virtual team building activity scenario.
Then the second UC is presented, with 2 PoC scenarios including (a) the use of Autonomous Robots in Industry
4.0, where the role of a RIS is showcased, and (b) AR inspection in an industrial environment, where the role of
Digital Twinning is showcased.

In summary, this deliverable offers a comprehensive exploration of the Metaverse, Industry 4.0 and 6G
technologies, covering their requirements, applications, and potential impact on various sectors. The insights
and findings presented in this document serve as valuable contributions to the evolving landscape of
communication and industry advancements.

© 6G-BRICKS 2023 Page |9
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1 Introduction

As technology continues to evolve, the demand for faster, more efficient, and reliable communication
systems has increased significantly. With the development of 5G technology, industries have been able to
leverage high-speed connectivity to drive innovations and transform business processes. However, as the world
continues to push towards a more interconnected and digitized future, there is a need for even more advanced
and sophisticated communication networks. This has led to the development of 6G technology, which promises
to offer unparalleled capabilities and functionalities. This deliverable explores the use case requirements
towards 6G, focusing on the description and parameterization of use cases, documentation of use case actors
and innovation, vertical service KPIs (SKPIs) mapping to network Core KPIs (cKPls), and Key Value Indicator (KVI)
validation methodology definition.

This document outlines a comprehensive exploration of the requirements and applications for the
Metaverse and 6G systems:

e Section 2 delves into the Requirements and technologies for the Metaverse and Industry 4.0 Use Cases,
with a particular focus on their importance on driving the adoption of 6G networks.

e Section 3 introduces the outline of the 6G-BRICKS Use Case Applications. It highlights the Metaverse's
role as an enabler of a modern workplace and 6G applications for Industry 4.0, featuring autonomous
robots and AR inspection of Industry 4.0 digital twins.

e Section 4 provides conclusions drawn from the document's extensive research and analysis. These
conclusions encapsulate the key takeaways and insights gathered throughout the study, emphasizing the
importance of both the Metaverse and 6G technologies in shaping future communication and industry
landscapes.

In summary, this document offers a comprehensive exploration of the Metaverse, Industry 4,0 and 6G
technologies, covering their requirements, applications, and potential impact on various sectors. The insights
and findings presented in this document serve as valuable contributions to the evolving landscape of
communication and industry advancements. In the following table (Table 1) the adherence of this deliverable to
the 6G-BRICKS GA is outlined.

Table 1: Adherence to GA Deliverable & Tasks Descriptions

6G-BRICKS Tasks and Objectives Respective Document Chapters Justification

© 6G-BRICKS 2023 Page | 10
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Task 2.1: Description and Chapter 2: Metaverse and Industry U2 eliers sl D2-1:

definition of targeted PoCs 4.0 as 6G Technological Drivers e Provides a comprehensive
exploration of the

e Description and Chapter 3: Use Case Applications
: . 2 oA Metaverse, Industry 4,0 and
parameterization of uses 5@ e o
cases. e |dentifies and addresses use
e Assessment and fine tuning case requirements and
of technical parameters potential impact on various
involved in the sectors.
implementation. e illustrates high level
e Vertical KPIs definition. architecture workflows and

development scenarios.
e Stipulates relevant KPIs and
entails validation methods.
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2 Metaverse and Industry 4.0 as 6G Technological Drivers

The development of the 6G network requires a thorough understanding of the use cases that will be
enabled by the new technology. This section outlines the key requirements for innovative use cases towards 6G,
highlighting their innovative technologies and how they could benefit from 6G technologies. Currently, at the
beginning of the 6G Research era, the vision and use cases of 6G are still under investigation by groups of
experimenters. Towards the scope of steering properly the 6G research and innovations, it is of great importance
to have clearly defined KPIs. Those newly defined KPIs can be measured and evaluated, so that the 6G
technologies will be properly validated. This approach is mutually beneficial since the use cases will help to
define the KPIs, whereas the KPIs will assist in the steering and the development of technologies to solving
challenges. Additionally, it is critical that the KPIs are defined at an early stage to help steer the process. Also, it
has to be mentioned, that most of the KPls are evolved from previous generation ones. On top of that, there are
newly created KPIs that are defined in coordination with definition of new use cases [1].

Crucially, 6G communications are expected to continuously support Metaverse and Industry 4.0
applications (e.g., factory automation, manufacturing), both in scope within 6G-BRICKS. These applications are
believed to be true paradigm shifts with increased requirements not addressed by 5G in terms of reliability,
transmission, latency and security. Table 2 below provides an overview of a comparison between 5G and 6G
(envisaged) KPls, which are envisioned to support such challenging applications that are acting as technological
drivers of 6G. Most of them, e.g., Peak Data Rate and Maximum Bandwidth, have stayed the same in several
network generations, whereas their minimum requirements have become multiple fold higher. Jitter is an
example of a newly introduced KPI at 6G, which is considered critical for Metaverse applications, as well as Energy
Efficiency which has been introduced at 5G however without concrete limits.

Table 2: A comparison between 5G and 6G KPIs [2].

KPI 5G 6G
Peak data rate 20 Gb/s 1Tb/s
Experienced data rate 0.1 Gb/s 1 Gb/s
Peak spectral efficiency 30 b/s/Hz 60 b/s/Hz
Experienced spectral efficiency 0.3 b/s/Hz 3 b/s/Hz
Maximum bandwidth 1 GHz 100 GHz
Area traffic capacity 10 Mb/s/m? 1 Gb/s/m?

Connection density

10° devices/km?

107 devices/km?

Energy efficiency Not specified 1Th/)
Latency 1ms 100 ps
Reliability 1-10° 1-10°
Jitter Not specified 1us
Mobility 500 km/h 1000 km/h

© 6G-BRICKS 2023
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More specifically, the following envisaged KPls are presented:

e Extreme data rates: For both indoor and outdoor connectivity, peak data rates up to 1 Tbps are
envisioned. However, particularly for the user-experienced data rate, it is guaranteed to reach 1Gbps for
95 % of the user locations.

e Enhanced spectral efficiency and coverage: The peak spectral efficiency can be increased up to 60 b/s/Hz
by means of improved MIMO and modulation schemes. Again, the user experienced spectral efficiency is
envisaged to reach 3 b/s/Hz. This can be achieved through new PHY layer techniques to allow for
broadband connectivity in high mobility scenarios.

e Very wide bandwidths: Bandwidths up to 10 GHz can be supported in mmWave bands, while up to 100
GHz can be reached in THz and visible light bands.

e Enhanced energy efficiency: Since sustainability is one of the key issues on 6G technologies
development, it is expected to pay special attention in achieving better energy efficiency. For the case
of transmission energy, the consumption should reach up to 1 terabit per Joule.

e Ultra-low latency: Latency shall be brought down to 0.1 ms for bandwidths of the order of 10 GHz. The
latency variations (jitter) should reach down to the extreme limit of 1 ps.

e Extremely high reliability: Some new use cases require extremely high reliability up to 1-10-9 to enable
mission and safety-critical applications.

In conclusion, 6G technology aims to redefine connectivity with unprecedented data rates, enhanced
spectral efficiency, wide bandwidths, energy efficiency, ultra-low latency, and exceptional reliability. These
ambitious KPlIs pave the way for a future where connectivity is faster, more efficient, and capable of supporting
breakthrough applications, ushering in a new era of communication technology.

2.1 Metaverse and its Importance as a driver for 6G

Traditional 2D audio and video conferencing platforms are progressively being complemented with a new
wave of Social VR or Metaverse platforms that allow for multiuser meetings in shared virtual spaces [3]. On the
one hand, recent scientific studies have emphasized and demonstrated many potential benefits that multiparty
videoconferencing solutions can provide in the education sector, especially when leveraging interactive and
collaborative features supported by such solutions (e.g., [4]). The interest in such platforms, as well as in
exploiting their capabilities, has been magnified with the arrival of the pandemic (e.g., [5],[6]). On the other hand,
the use of immersive technologies, virtual environments and Social VR / Metaverse platforms is acquiring an
increased relevance and adoption, as overviewed and remarked in [3].

The study in [3] reflects on findings from recent studies by the scientific community having revealed
limitations of traditional 2D videoconferencing platforms in terms of fatigue effects, poor naturalness and
interaction quality, situational awareness, (co-)presence, etc. That study additionally reflects on preliminary
findings having revealed the potential of Social VR / Metaverse platforms to overcome (some of) such limitations,
at least to a certain extent, and their associated benefits in a range of relevant sectors, like education, training
and culture. These findings were derived by comparing both types of platforms in different use cases, concluding
that Metaverse-like experiences provide increased levels of immersion/presence and co-presence, interaction
quality and even learning effects. These benefits are even increased if realistic and volumetric user
representations (i.e., 3D holograms) are provided instead of synthetic avatars [7].

© 6G-BRICKS 2023 Page | 13
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Metaverse technologies and services play an essential role in the evolution toward 6G (Table 3). Hereafter,
some examples of how the 6G ecosystem contributes to addressing key needs of/for the Metaverse [8] are in
the following table.

Table 3: Metaverse Needs driving the adoption of 6C.

Metaverse Features & Needs How 6G Ecosystem technologies address These Needs

Ubiquitous access, even using lightweight [ ¢ Consistent coverage and capacity, as well as mobility

devices support

e Seamless vertical handovers

e Global reach, including roaming capabilities

Support for lightweight devices e Low latency and reliable communication to enable devices
to offload more to the edge and leverage edge rendering
/ edge streaming

e Access to edge compute with high throughputs and low

latency
e Offloading processing function to the Edge-Cloud (e.g.,
MEC)
Standardized interfaces e Telco standards

e Haptic, holographic and XR standards
e Metaverse standards

Easy Access to Communication Services for [ ¢ Easy bind in of APIs/SDKs into available developer

Developers platforms
e Easy bind in of APIs into business logic
Stringent Quality of Service (QoS) needs e Network enablers with increased coverage, capacity and

performance (delays, bandwidth, reliability)
e Quality on Demand (QoD) and prioritization (e.g., slicing)
capabilities

In conclusion, the development and realization of the Metaverse rely on a set of crucial features and
needs, all of which are effectively addressed by the capabilities of 6G technology and its ecosystem. The demand
for ubiquitous access, even through lightweight devices, is met with consistent coverage, mobility support, and
global reach, enabling seamless experiences for users worldwide. Furthermore, support for lightweight devices
is ensured through low latency, reliable communication, and access to edge computing resources. Additionally,
standardized interfaces, encompassing telco standards, haptic, holographic, and XR standards, as well as
Metaverse standards, guarantee interoperability and compatibility. Moreover, developers are empowered with
easy access to communication services through APls, seamlessly integrated into their platforms and business
logic. Lastly, stringent Quality of Service requirements are met through increased coverage, capacity, and
performance enhancements, along with Quality on Demand and prioritization capabilities. Together, 6g and its
ecosystem pave the way for the Metaverse's successful and immersive future. In what follows, key Metaverse
technologies (i.e., XR and untethered VR) are discussed along with their requirements.
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2.1.1  XR Technologies

Virtual and eXtended (VR/XR) technologies have become the domain format and medium to enable highly
realistic, immersive and interactive Metaverse services. While VR enables the immersion of multiple remote
users within shared virtual spaces (recreated mostly with synthetic formats), XR even enables the augmentation
of physical spaces with digital content, with the potential of blurring the boundaries between the real and virtual
dimensions. The potential of these VR/XR technologies is even larger if realistic and volumetric content formats
(e.g., point clouds, Neural Radiance Fields or NeRF) are supported for representing the environments and/or
tele-ported users therein, instead of using 3D modelled synthetic elements, which are costly to produce and
often lack realism / plausibility.

Likewise, VR/XR does not just refer to new immersive formats, but also involves new capture, consumption
and interaction devices and interfaces, which even though they are becoming increasingly affordable, they still
suffer from performance and interoperability barriers. In addition, the Metaverse is also about distributed and
ubiquitous systems and services, which face new challenges in the design of both underlying end-to-end multi-
modal media systems, and associated network and infrastructure resources. This is magnified by the more
stringent bandwidth and processing requirements in immersive media services compared to traditional 2D
services (e.g., holographic conferences vs 2D video conferences).

VR/XR have become a fundamental ingredient and pillar of the Metaverse but do also need to get
accompanied with appropriate network and computing continuum enablers, which will be provided under the
umbrella of the 6G ecosystem, in line with the expected outcomes of 6G-BRICKS.

2.1.2 Untethered VR technologies

Multiuser Social VR or Metaverse experiences require stringent latency, bandwidth, and processing
requirements. This is even more significant when integrating volumetric video formats and real-time capture and
communication sub-systems in such experiences. Recent experimental studies (e.g. [9], [10] ,[11]) have shed
some light on scalability and interoperability limitations in multiuser holographic conferencing services when
using traditional communication architectures and off-the-shelf VR consumption devices, even when connecting
the clients’ VR headsets to GPU-equipped laptops / desktop PCs.

Although VR/XR headsets are becoming increasingly affordable and powerful, their processing capabilities
are still quite limited and not yet enough to run multiuser holographic communication services (i.e., Metaverse
services with realistic users’ representations). Cable connection between VR/XR headsets and GPU-equipped
processing stations to leverage the higher processing capabilities of the latter is widely supported and
commonplace, but this results in an increase of cost, lower comfort, and mobility constraints.

Recently, in parallel to increasing the processing capabilities of VR/XR headsets, the community is
exploring how novel network and edge computing enablers can contribute to offering high-quality Metaverse
experiences via untethered and lightweight devices, by e.g., offloading computational resources from the clients
to the Edge / Cloud.

6G-BRICKS will provide and validate two novel types of XR enablers that, in combination with low-latency
and high-capacity network enablers as well as with edge computing and orchestration enablers, which
significantly contribute toward the untethered XR/VR path. Next, these two enablers, along with associated /
required KPIs, are briefly detailed:
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i.  XR Multipoint Control Unit (XR-MCU): virtualizable and micro-service oriented XR enabler responsible
for mixing incoming streams from multiple users, and optionally strategically transcoding them, to
provide a single and personalized stream to each destination user. By doing so, the bandwidth and
processing requirements at the client side can be significantly lowered, thus allowing for more users in
shared sessions and/or using more lightweight devices and lower capacity networks. Recent studies have
shown the potential of XR-MCU components for improving the scalability and interoperability of
Metaverse services (e.g. [9], [12], [10]). KPIs in that domain relate to still allowing for real-time
conversational services, e.g., with end-to-end latency levels below 700-800ms, and ideally in the 200ms
range [12], and supporting sessions with at least 8 concurrent users. Usage, adoption, optimization, and
validation of XR-MCU components are envisioned within the Metaverse PoC 2 of 6G-BRICKS.

ii.  While XR-MCU components are a major step toward untethered VR, the fact of requiring real-time
volumetric video processing in holographic communication services may still involve the need for
connected GPU-equipped PCs, especially if high-resolution holograms and sessions with multiple users
are required. A second type of XR enablers, currently much closer to full untethered VR/XR, consists of
Remote Rendering engines/modules, which are in charge of providing rendered 2D / 3602 video streams
from 3D VR experiences being processed by VR client-like instances running on the Edge / Cloud from
given positions and viewpoints in the 3D VR environment, and then of distributing these rendered
streams to more lightweight (e.g., web-based) client players running on a VR/XR headset.

On the one hand, if high resolution 2D / 3602 video streams are provided from the Remote Rendering
modules to the client players, then the levels of immersion experienced by users can be satisfactory. Two
requirements become fundamental in such VR settings and scenarios:

i 3 Degrees of Freedom (3DoF) / free head rotation: the user may want to look anywhere in the 3602
space during the experience, and thus head rotation patterns need to be corresponded with new
viewports being seamlessly presented at the lightweight player (which is an intrinsic provided features
in cases when a 3602 video is provided).

ii. 6 Degrees of Freedom (6DoF) / free translation: the users may want to freely navigate around the 3D
VR environments during the experience, and thus the movement patterns need to be corresponded with
new regions of the environment being seamlessly presented at the lightweight player.

Both aspects / features require round-trip latencies between the lightweight player and the Remote
Renderer, aka motion-to-photon latencies, in the order of a few ms.

On the other hand, in most advanced and challenging scenarios, users connected via lightweight players
may want to have a more active and interactive role in the experience, beyond being a passive spectator. In such
case, a bidirectional audio channel can also be enabled such that those users can interact with the rest. However,
by doing so, the latency between the Remote Renderer and the lightweight player should not exceed 1s, and
ideally 500ms.

Usage, adoption, optimization, and validation of Remote Rendering components are envisioned within
the Metaverse PoC 1 of 6G-BRICKS. Both XR-MCU and Remote Rendering enablers need to be deployed on in-
cloud servers, e.g., on the Edge, with considerable CPU and especially GPU resources. In addition, in order to
dynamically instantiate these modules on demand, the associated software implementations need to be
containerized, managed by orchestration services (e.g., OpenStack) based on current standards and deployed
following current standards (e.g., ETSI MEC).
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2.2 Autonomous robots in 6G industrial networks

Robotics, especially mobile robotics, requires the processing of a great amount of data from the
environment within a limited compute time. 6G communication applied to robotics brings a new scope of
possibilities. In order for the robots to be able to interact with their environment in real-time, huge amounts of
information will have to be transferred instantaneously. With lower latency and higher bandwidth than other
forms of wireless connectivity, 6G is the optimal choice. Now the outsourcing of data processing is possible, so
the high load task of the robots can be performed outside bringing higher battery autonomy. But to do this
successfully, there needs to be a super-fast connection between the robot and the cloud. Robots have been
developed using a 6G wireless connection. 6G technology brings brand new features to current communication
such as (Table 4):

Table 4: Key requirements of industrial network infrastructures.

Main Item Sub-Items

e Teleoperation and telepresence
e EDGE/CLOUD computing
e Reduced HW cost and battery life

Ultra Low latency communication

Ultrahigh bandwidth e Video streams, point clouds, etc.
e Remote updates, maintenance

e Scalable loT infrastructure.

Large quantity of devices connected
e Enhanced network management tools.

e Secure data transmission within the
organization.

e Integration with virtual private networks (VPNs)
for remote access.

Private enterprise networking

In conclusion, the aim is to automate processes that are mechanical and repetitive. This means that
operators can focus on more valuable tasks and their safety is guaranteed. The operator no longer has to
physically travel to an environment with dangerous elements, but is in the control centre, supervising the robot.

2.2.1 Industrial Robotics platform based on ROS

The Robotics Operating System (ROS) is an open-source framework for developing robotics software,
offering tools, libraries, and conventions to streamline the creation and management of complex robotic
systems. ROS has become popular among researchers and developers due to its flexibility, modularity, and
support for various hardware platforms. Its ecosystem includes a vast collection of software packages for
mapping, localization, navigation, and perception tasks, making it an ideal choice for Robotics Platforms
development. In ROS, software modules called nodes communicate with each other using a publisher-subscriber
model, exchanging messages through topics. ROS organizes software components into packages, which can be
easily shared and reused within the community, promoting collaboration and accelerating development.
Additionally, ROS provides various tools for visualizing data, debugging, and monitoring the performance of
robotic systems.
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6G-BRICKS will study mobile robots based on ROS deployed at 6G industrial networks, exploring how
cloud- edge-computing and RIS technologies help address their requirements (see Table 4). For example, the
TurtleBot3 Pi, a mobile rover using the Robot Operating System (ROS) [13], has gained popularity in research and
education settings. Itis designed for research, education, and prototyping purposes and is used worldwide. The
platform offers many different configurations which include core technologies such as Simultaneous Localization
and Mapping (SLAM) and Navigation. The Waffle Piis a slightly larger platform with a Raspberry Pi 4 and multiple
sensors, including a 360-degree LiDAR, a Raspberry Pi camera, and an IMU. The TurtleBot3 platform uses the
ROS framework for its software stack, making it easy to integrate with other ROS-based robotic systems.
Leveraging on the capabilities of ROS and the Turtlebot, 6G-BRICKS will design and implement a custom industrial
environment for testing the robotics system and evaluating its performance in actual and simulated
environments (e.g., via the Gazebo emulator).

2.2.2 Autonomous navigation technologies

The field of autonomous navigation, which aims to create vehicles and robotic systems capable of moving
independently and safely through their environments, has grown rapidly in the last decade. Advancements in
various technologies, such as computer vision, machine learning, sensor fusion, and control systems, have driven
the development of autonomous navigation systems like self-driving cars, drones, and mobile robots. These
autonomous systems can interpret their environment, make decisions, and execute appropriate actions in real-
time. This is done by using a mix of multiple components and technologies, such as:

e Sensing and Perception: Sensors like LIDAR, RADAR, ultrasonic sensors, and GPS [14], are used by
autonomous systems to perceive and collect data about the environment, including information about
obstacles, lanes, traffic signs, etc.

e Localization and Mapping: Techniques such as SLAM are used to accurately determine the robot's
position and orientation [15], which are important to navigate the environment safely.

e Path Planning and Control: The autonomous system must find a safe and efficient path to its destination
after perceiving its surroundings and determining its pose and position. This can be done using a path
planning algorithm to help find the optimal route. A control system, such as a proportional-integral-
derivative (PID) or a Model predictive control (MPC) controller [16], is then used to ensure the robot
follows the planned path while maintaining a safe speed and distance from obstacles.

The use of 6G testbed represents a breaking point, considerably improving the use case reliability,
providing seamless connectivity autonomy of the robot and the agility in the execution of missions. For example,
remote management application allows robots to translate operator commands into missions that they carry out
in indoor industrial environments. In this use case, the software works over a 6G network to manage these
missions and plan optimal routes. One of the problems faced is the low reliability of existing WiFi networks and
the limitations of current 4G/5G telecommunications. For autonomous mobile robotics applications, large
amounts of information are transmitted to control centers and minimal latencies (0.1-20ms) are required. The
lower latency of a 6G network allows for more precise and efficient control of the manufacturing process, while
5G network capacity lets you expand the scale of connected devices and, as such, of your manufacturing
operations.

To counteract blockage, the project will deploy RIS systems enabling a shuttle-robotic system to function
seamlessly and act in accordance with commands based on data received from sensors, cameras, and the CPUs.
This ensures the scalability of the solution and uninterrupted connectivity, even when robot system goes out of
LOS. A proof-of-concept use case for 6G technology supporting autonomous robots in an industry 4.0 setting,
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utilizing low latency communication and advanced networking technologies such as OpenAirinterface and CEA
diode-based RIS, with a focus on mmWave bands and beam configuration.

In automated solutions, machinery and equipment are connected together into one functioning system.
This requires more connected devices and a growing scale of automation for the manufacturing process to
increase not only in efficiency and output — but also in size. The use of autonomous robots in factories is
increasing due to their efficiency in performing complex and repetitive tasks. However, ensuring continuous
communication with these robots can be challenging, especially in areas with weak or no signal. Indeed, when
mmWaves are used to communicate with the robots, any obstacle will block the signal. Therefore, given the
number of metallic obstacles within a factory, it becomes imperative to ensure seamless performance for the
shuttle robotic system. To address this, researchers are using Reconfigurable Intelligent Surfaces (RIS) to enhance
connectivity in these areas. RIS are surfaces that reflect the transmitted signal in a chosen direction (anomalous
reflection, not mirror-like), thus creating a (multiple) path towards the end-user. Thus, even in the case when
this end-user becomes in Non-Line-of-Sight (NLOS) w.r.t the transmitting entity, the communication can still take
place.

These technologies, path planning and control algorithms empower vehicles and robotic systems to
independently and safely navigate environments. Collectively, they help mobile robots interpret their
surroundings, make informed decisions, and execute actions in real-time, paving the way for a future of advanced
autonomous mobility. 6G-BRICKS will explore the impact of 6G technologies on SLAM and navigation on the
industrial robotics platform, as introduced in Section 3.2.
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3. Use Case Applications

This section presents and describes the use cases, requirements, and KPIs for the 6G-BRICKS project
against which the progress and the degree of fulfillment of the goals of the project can be measured. The
proposed use cases employ modern technologies that can assist in developing high end applications in the
industry 4.0 domain. They base themselves on the work conducted in the project, on the study of related
platforms, state-of-the-art technologies and open challenges and gaps in addressing certain technical aspects in
Industry 4.0. Every use case and scenario will be mapped to actionable and measurable data, operations, and
performance indicators. During the pilots, the project system will be in full operation and all parameters and
performance indicators will be monitored. During this phase, the technical partners will be involved in resolving
any technical issues. Usability analysis will be continuously performed, and the user feedback will be assessed in
order to identify any new source of innovation that could improve the system (e.g. usability aspects,
communication simplicity etc.)

The KPIs have been derived from the use cases definition and the requirements analysis. The KPIs give
metrics for the evaluation of the performance, impact and acceptance of the technical solutions developed
within 6G-BRICKS. While designing the KPls, emphasis has been laid on choosing a set of indicators that present
a comprehensive picture of the performance of the project from a technical standpoint. One of the use cases to
be validated within the project is the use of 6G technologies in industry within an AR environment. The PoC is to
enable the inspection of machinery with an AR environment with remote assistance. The AR environment will
be enabled with appropriate equipment connected to a remote digital twin with expert guidance. The actors for
the application of 6G for Industry 4.0 will be field personnel equipped with mobile devices together with an
expert or supervisor connected remotely. The following Use-Cases and PoC scenarios are addressed in 6G-
BRICKS:

Use Case 1: Metaverse as an enabler of a Modern Workplace

As discussed in Section 2.1, Metaverse requires significant KPI improvements by an order of magnitude
beyond what is available in 5G systems, while social interactions are supported via the latest advances in XR/VR
technologies. Two discrete Proof of Concepts (PoCs) are referenced below with the corresponding actors:

a. PoC1: Holoconferencing in a Virtual Meeting room

A holoconferencing scenario is demonstrated in this PoC leveraging ultrahigh-speed with low-latency
communications (UHSLLC) achievable only with distributed cell-free technologies. The participating partners for
the realisation of this PoC are KUL, NI, ISRD, BRAIN and EKTA.

b. PoC2: Virtual Team Building activities

According to this scenario, Virtual Team Building activities demonstrate ultrahigh data density (UuHDD)
communications and Joint communications and sensing enablers. The contributors for the implementations of
this PoC are KUL, NI, ISRD and 12CAT.

Use Case 2: 6G applications for Industry 4.0

This Use Case focuses on Industry 4.0 applications and showcases how 6G enablers contribute towards
more efficient operators, leveraging autonomous robots, digital twinning and XR. The two PoCs related to this
Use Case are referenced below with the corresponding actors:

a. PoC1 Autonomous robots in Industry 4.0

This scenario focuses on autonomous robot movement in Industry 4.0. Some areas in the factory are out
of coverage of the existing communication networks such as the mmWave-powered gNB, which potentially cause
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serious damage. To ensure smooth communication, the RIS is leveraged to cover areas where the signal is weak
due to less scattering (fewer propagation paths) and larger penetration losses (physical obstacles). The actors for
the realisation of this PoC are EUR, SPH and CEA.

b. Poc2 AR inspection of Industry 4.0 digital twin on site

This PoC focuses on the visual inspection in the oil and gas industry. Malfunctions can all be identified by
close visual inspection by combining several techniques. In many cases, due to limitations on visual inspection
for discovering issues, inspections are performed after significant evidence of failure or poor performance. For
this PoC, the scenario available from Qil & Gas industrial DT is utilized to enhance the availability of critical
information considering indoor scenarios. The contributors of this PoC are EUR, STWS, CEA and SPH.

In what follows details related to the Use-Cases and PoCs are provided.

3.1. UC1: Metaverse as an enabler of a Modern Workplace

The Metaverse leverages XR/VR technologies to enable social interactions in virtual spaces, aligning with
the ongoing digitalization of societies and remote collaboration. Videoconferencing is a key aspect of digital
transformation, and disruptive technologies can enhance it by mitigating social interaction limitations.
Untethered VR already pushes the limits of 5G network capabilities, requiring high capacity and low latency to
achieve impressiveness. The Metaverse takes this further, enabling users to interact in 360 XR environments,
and recent advancements in volumetric video capture allow multiple users to be co-present in 3D space. The
network densification via distributed cell-free can make untethered Metaverse UCs a reality, enabling immersive
social interactions with acceptable quality of experience. The Multi-point Control Unit (MCU) element handles
the real-time processing of holograms, ensuring synchronization and streaming a 360 VR Sphere of the VE to
each participant, receiving and transmitting multiple MPEG 3D video streams with volumetric videos.

3.1.1.  PoC 1: Holoconferencing: Telepresence in a Broadcasting environment

Telepresence is the set of technologies that allows an individual to be "transported" from one physical
space to another through a telecommunication network, endowing them with a virtual presence. The main use
of the telepresence systems is to connect and communicate users with each other in real-time, despite being
physically separated. Currently, this functionality is already possible through video conferencing tools like Skype
or Microsoft Teams. With the parallel growth of cloud computing services, augmented reality (AR), and virtual
reality, virtual telepresence aims to take video conferencing systems to the next level by representing users in a
holographic manner in a virtual environment. Furthermore, as technologies have evolved, different existing
applications have adapted to this technology, transforming traditional video conferencing experiences into much
more immersive and realistic ones. To achieve this, the use of specialized equipment such as green screens or
LED stages and the implementation of virtual reality have been necessary. Combining telepresence with video
conferencing applications allows for the live transfer of the resulting video and the configuration of external
programs, creating realistic and immersive experiences for participants.

This PoC seeks to implement and integrate a holographic conferencing system [10] in a broadcast
environment, integrating the holoconferencing techniques into a virtual production pipeline. The holographic
conferencing system will allow different remote participants to engage in a conversation or discussion while
being visualized in holographic form within a virtual environment through VR headsets. At the same time, thanks
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to the integration of the systems, the audience will be able to view the holographic discussion presented by a
host within the television program.

3.1.1.1. Scenario

A television producer aims to create a sports television program in which a host invites various players,
sports commentators, and former athletes to participate in a roundtable discussion on current sports topics,
such as the Manchester team's recent performance or the upcoming positions in the German team's league. At
first glance, this appears to be a complex task, as it would require coordinating the availability of the host and all
participants to be physically present in the same shooting location. However, this PoC seeks to address this
challenge by implementing a holographic conferencing system for the roundtable participants. With this
holographic conferencing system, participants will connect with each other via 5G+/6G communications and VR
headsets, eliminating the need to be physically in the same location. Moreover, to enhance the realism and
immersion of the experience, each participant will be able to view others in three-dimensional form. This system
enables the creation of immersive communication experiences for a group of users, but it cannot be directly
integrated into a television program. To achieve this integration, this UC involves incorporating the holographic
conferencing system into the pipeline of a virtual production using the InfinitySet tool provided by BRA.

InfinitySet seamlessly integrates into any broadcasting workflow and environment. It serves as a central
hub for various technologies, including tracking systems, interaction with other devices, controllers, mixers,
chroma keyers, Newsroom Computer System (NRCS) workflows for journalists, and many more, all of which
configure the virtual production environment for broadcasting. This PoC aims to integrate the real-time video
conferencing output into InfinitySet. In doing so, InfinitySet will be capable of generating a virtual stage on which
it can represent the 3D roundtable with participants, along with any 3D elements (titles, graphics), and the
representation of a host captured in a studio with a green cyclorama. By creating this composition, the television
audience will be able to watch an innovative program in which a host conducts roundtable discussions on various
topics with remote participants from around the world. Figure 1 illustrates this newly envisioned scenario and
associated components / modules.
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3.1.1.2.
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Figure 1: Virtual broadcast production integrating remote holo-ported users.

Building Blocks and Platform

Figure 2 provides a high-level architecture diagram for this envisioned platform and PoC. Its main building blocks
are briefly introduced next:

Single-sensor Volumetric Video Capture and Reconstruction Module: it is responsible for capturing a
frontal viewpoint of a human body (i.e., hologram) in real-time, by using an off-the-shelf RGB-D sensor
(e.g., Azure Kinect). The captured RGB-D stream is then processed / encoded for its distribution over the
network to the remote participants. The captured stream is also sent to the local rendering engine to
provide a self-representation of the local participant.

Live Presenter Module: it is responsible for capturing, encoding and delivering the silhouette of the show
presenter from e.g., a Chrome key room.

Media Server(s): cloud server(s) that store and provide different media assets to be used for / in the
Metaverse experience (e.g., the VR environment, videos to be presented, interactive 3D elements).
Orchestrator Module: It provides service and session management features to enable the desired
multiuser experiences, and it additionally interfaces the required networking and in-cloud media
processing elements.

Packet Reflector Module: it is in charge of forwarding incoming streams to the target destinations within
the same shared session.

Remote Rendering Module: it is in charge of providing interactive 2D or 3609 video streams from the 3D
VR experience to lightweight client players (spectators), as detailed in Section 2.1.2.
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Figure 2: High-level system architecture of the envisioned platform and associated PoC 1.

3.1.1.3. Relevant requirements for viewers/participants quality of experience
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The technical and user requirements for the system to be implemented are presented below. An agreed-
upon set of requirements contributes to a design that meets the expectations of stakeholders and reduces

discrepancies that may occur during system verification, testing, and validation.

Table 5: Requirement U1P1-RT1.

ID U1P1-RT1 Type Latency

Name Required minimum latency

Description When working with a real-time communication system for broadcast, the

goal is to achieve minimal latency, ideally less than 1 second.

Table 6: Requirement U1P1-RT2.

ID U1P1-RT2 Type Quality

Name Visual Quality

Description The proposed system requires a high minimum visual quality for proper

integration and real-time result previewing.

Table 7: Requirement U1P1-RT3.

_ U1P1-RT3 Type Feedback

© 6G-BRICKS 2023

Page | 24




D2.1 - Description and definition of targeted PoCs BR .CKS

Name Required Feedback in Communications

Description Video and audio feedback is necessary in the system to control the
interaction between the roundtable and the presenters.

Table 8: Requirement U1P1-RT4.

o U1P1RTS Control

Name Scene control

Description Scene and 3D elements control will be carried out by a system operator
who assists the teachers in managing the entry and exit of interactive
elements as well as the integration of remote presenters.

Table 9: Requirement U1P1-RT5.

ID U1P1-RT5 Resolution

Name Image Resolution

Description The final resulting image must have a high-quality HD resolution to
showcase the integration of the elements in the virtual scenario.

Table 10: Requirement U1P1-RT6.

o A Powe

Name Required Power

Description The power of the graphic stations and the image quality must allow for
high-quality real-time chroma keying of the presenter.

Here are the user requirements, as seen from the audience's point of view, which are essential for
achieving a high-quality experience. The audience will access the experience through a broadcast system, so it is
essential to ensure maximum visual quality.

Table 11: Requirement U1P1-RU1.

U1 Qualry

Optimal Visual Quality
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Description The visual quality of the final results must be as high as possible to create a
good quality experience.

Table 12: Requirement U1P1-RU2.

0 L2 sound

Name High-Quality Sound

Description The feedback in the holographic system communication largely depends on
audio transmission. For this reason, audio must be transmitted and
received with the highest possible quality.

Table 13: Requirement U1P1-RU3.

ID U1P1-RU3 Integration

Name Integration in the Environment

Description A realistic integration into the environment is sought through the use of
virtual shadows, lighting, and color adjustments to make the presenter and
the roundtable appear fully integrated within the virtual scene.

3.1.1.4. KPIs

Requirements for the holographic comms sub-platform:

» Support for at least 4 holo-ported users in a shared session

» End-to-end latency between holo-ported users <=150ms

> Holograms with a resolution of >=100K voxels (i.e. pixels in 3D) per frame and >=15fps (which requires
inter-frame arrival periods, and this jitter, <=66ms)

3.1.2. PoC 2 Multiuser Team Building Activities with Advanced Full Volumetric Capture and
In-cloud Media Processing

A second and more advanced Metaverse-like scenario has been envisioned. The idea is to allow two
groups of users to conduct interactive and collaborative teamwork / building activities, while being
simultaneously integrated in the same shared VR environment.

3.1.2.1. Scenario

In this PoC the VR environment will be divided into two separate rooms / dependences, each one
including a set of interactive and collaborative activities to be performed in teams (see Figure 3):
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Room A: It includes a round table, with individual screens for each of the 3-4 users of a team being
teleported. The screens can be used to interactively present media content (e.g., videos, slides
presentations, or even screen sharing of the local PCs to the other users’ screens). It will also include
multiple distributed pieces at each users’ location that compose a 3D digital twin of an object to be
collaboratively assembled.

Room B: it includes a wall with a board on which to share drawings / annotations, as well as some levers
/ drawers / objects to unlock certain gamified team missions.

(@

Interactive
Wall

1 or 2 teams
Round Table with >= 4 users / team T
screens 3D and S
Assembling E
activity %
Room A Room B

Figure 3: Mockup of the envisioned two-room scenario for collaborative teamwork / building activities.

3.1.2.2. Building blocks and platform: Deployment of Multi-point Control Unit (MCU) Element

Figure 4 provides a high-level architecture diagram for this envisioned platform and PoC. Its main

building blocks are similar to the ones introduced for PoC 1, but the new and distinctive ones are briefly
presented below:

Multi-sensor Volumetric Video Capture and Reconstruction Module: it is responsible for capturing a full
volumetric human body (i.e., hologram) in real-time, by using a set of N off-the-shelf RGB-D sensors (e.g.,
Azure Kinect). The captured RGB-D streams are then fused as a single volumetric video stream, which is
latter processed / encoded for its distribution over the network to the remote participants.

XR-MCU Module [10]: it is in charge of providing strategically mixed, and optionally transcoded (e.g.,
based on relative viewpoints and distances, or on available bandwidth or computing resources), streams
to each one of the target client players, in a personalized manner. It interfaces the Orchestrator and
Packet Reflector modules to provide more lightweight XR/VR streams to the destination clients
Multi-Modal Interaction Engine: it allows for multi-modal interaction features (e.g., shared media
presentation, shared boards, collaborative 3D assembling and manipulation of objects, tele-porting) via
VR controllers and hand-tracking features.
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Figure 4: High-level system architecture of the envisioned platform and associated PoC 2.

3.1.2.3. Relevant Requirements for viewers/participants quality of experience

The following are the essential requirements for the proposed system. The table definition is described
in section 3.1.1.3.

Table 14: Requirement U1P2-RT1.

Name Required minimum latency

Description The communication latency between collaborating users shall be lower
than 150ms, while the inter-group switching delay (i.e. a team member
switching to another team in the collaborative session) shall be lower than
0.5s.

Table 15: Requirement U1P2-RT2.

Name Visual Quality

Description The proposed system requires a high minimum visual quality for 3D
hologram reconstruction and perception from 6 Degrees of Freedom
(DoF) environments.
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Table 16: Requirement U1P2-RT3.

ID U1P2-RT3 Type Scalability

Name Scalability

Description At least 2 different teams with at least 4 members each shall be
supported.

Table 17: Requirement U1P2-RT4.

ID U1P2-RT4 Type Interaction

Name Interaction Features

Description Support for >=4 multi-modal interaction features (e.g., shared media
presentation, shared interactive boards, collaborative assembling of 3D
pieces, manipulation of 3D elements).

Table 18: Requirement U1P2-RTs5.

ID U1P2-RT5 Interaction

Name Free Tele-porting

Description Free tele-porting within the VR environment, containing two separate
rooms.

Table 19: Requirement U1P2-RT6.

ID U1P2-RT6 Processing

Name Processing Resources

Description The involved cloud servers and clients shall support the real-time
processing and rendering of clustered scenes (for each team, room), each
with high resolution holograms (volumetric video streams).

As for user requirements, the same ones for PoC1 apply, and an additional one is elicited.

Table 20: Requirement U1P2-RU1.

o[RS interactr
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Name Natural and Effective Interaction

Description The envisioned multi-modal and multi-user interaction features shall be
effective (i.e., precise and with minimum latency) and shall be perceived as
natural as possible (i.e., as closer as possible to real-time interactions.

3.1.2.4. KPIs

Requirements for the holographic comms sub-platform:

Support for at least 6 holo-ported users in a shared session, and at least 2 separate teams,
End-to-end latency between holo-ported users <=250ms when using cloud processing,
Holograms with a resolution of >=100K voxels per frame and >=15fps,

XR-MCU being able to independently handle two subset of streams (2 teams),

Interaction delays <=100ms

YVVVVY

3.2. UC2: 6G applications for Industry 4.0

This Use Case focuses on the applications of Industry 4.0 and how 6G technology can enhance the
efficiency of operators through the use of autonomous robots, digital twinning, and XR. The market for
autonomous driving and DT in industrial applications is growing rapidly, but its impact depends on the collection
of high-volume data with low latency, which 6G networks can provide. To meet the requirements of precise
modeling, simulation, and verification, a Tbps-level transmission rate is often necessary. Specifically, a key to this
transformation are autonomous shuttles robotic systems designed to move goods from one location to another.
They use sensors, cameras, and CPUs to navigate around facilities, optimizing productivity and space use. All the
software and technologies within shuttle systems need to be part of one cohesive system. This system needs a
mechanism for wireless M2M communication and dependable management systems, enabling remote
monitoring and control.

Security and privacy are also crucial considerations, and 6G networks can support data storage, collection,
processing, training, and modeling in both centralized and distributed architectures. Additionally, Next
Generation Mobile Networks (NGMN) recognize autonomous robots and enhanced Machine Communication as
key 6G use-cases, which require extreme low-latency communications and high reliability to synchronize robots
among themselves and with remote controllers.

3.2.1. PoC 1: Autonomous robots in Industry 4.0

In the realm of Industry 4.0, the integration of autonomous robots has become imperative for achieving
efficient and scalable manufacturing processes. However, the challenges of communication in signal-obstructed
factory environments have persisted. In response, Reconfigurable Intelligent Surfaces (RIS) are emerging as a
promising solution to enhance connectivity. To further address these limitations, the introduction of 6G
technology promises lower latency and higher capacity, laying the foundation for seamless communication. This
use case showcases the synergy between a 6G testbed and RIS systems, demonstrating how they enable
uninterrupted robotic autonomy and mission execution, even in non-line-of-sight scenarios within industrial
settings. The methodology outlined herein encompasses a structured approach, including environment setup,
parameter optimization, simulated obstacle avoidance using reinforcement learning, and performance
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evaluation on physical topologies. Through the development and testing of an autonomous driving system for
the TurtleBot4 mobile rover, leveraging ROS, machine learning algorithms, and reinforcement learning, this
research aims to advance TurtleBot4's autonomous capabilities efficiently and effectively.

3.2.1.1. Scenario

In the context of Industry 4.0 automation, the demand for efficient and scalable manufacturing processes
has led to increased use of autonomous robots. However, these robots face communication challenges,
especially in signal-obstructed factory environments. Reconfigurable Intelligent Surfaces (RIS) are being explored
as a solution to enhance connectivity. To address existing network limitations, 6G technology is introduced,
offering lower latency and higher capacity. This use case demonstrates how a 6G testbed, in conjunction with
RIS systems, can ensure seamless robotic autonomy and mission execution, even in non-line-of-sight situations,
within industrial settings, all with a focus on mmWave bands and advanced networking technologies.

The methodology for this use case encompasses the following stages:

e  Setting up the project environment, which includes installing Linux, the ROS, and the necessary
TurtleBot packages.

e Testing and fine-tuning the SLAM and navigation parameters to optimize TurtleBot4's basic
functionality.

e  Conducting autonomous driving tests on and implementing and testing reinforcement learning
algorithms for obstacle avoidance in a simulated environment.

e  Evaluating the TurtleBot4's autonomous driving performance on a physical topology.

The scope of this use case is to develop and test an autonomous driving system for the TurtleBot4 mobile
rover using ROS, machine learning algorithms, and reinforcement learning in industrial environments. The
research includes designing and constructing a custom industrial environment for testing the autonomous
driving system and evaluating the system's performance in actual and simulated environments.

The subsequent paragraphs will provide a comparative analysis between two key features of TurtleBot
machines. This analysis will shed light on the distinguishing characteristics of each model. Subsequently, the
discussion will focus on delineating the reasons behind the selection of TurtleBot 4 Standard over its
counterparts, based on specific criteria and requirements outlined within the context of the use case.

The TurtleBot 4 Lite and TurtleBot 4 Standard are both mobile robot platforms based on the iRobot®
Create® 3 base, sharing many features such as size, wheel diameter, ground clearance, the on-board computer
(Raspberry Pi 4B 4GB), maximum linear and angular velocities, maximum payload, operation and charging times,
and the type of Lidar used [17]. However, there are significant differences between the two models that can
influence a researcher's decision (Figure 5):

1. Camera: The TurtleBot 4 Standard is equipped with an OAK-D-Pro camera, which is superior to the OAK-
D-Lite camera in the TurtleBot 4 Lite. The Pro version typically offers better performance in terms of
image quality and depth sensing, which is crucial for more complex navigation and object recognition
tasks.

2. User Power and USB Expansion: The TurtleBot 4 Standard provides more options for power outputs and
USB connectivity. This includes higher current outputs and additional USB 3.0 Type C ports, which are
beneficial for connecting more or higher-powered external devices and sensors.

3. Status LEDs and Buttons: The TurtleBot 4 Standard features additional status LEDs and user buttons,
which enhance the user interface for direct interaction and provide immediate visual feedback on the
robot's status. This is useful for debugging and easier control of the robot.
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4. Bluetooth Controller: Only the TurtleBot 4 Standard includes the TurtleBot 4 Controller, which can be a
crucial element for easier manual control and for tasks requiring precise maneuvering.

Mounting Plate*

Camera

OLED Displa

Charging Dock

Accessible Power & USB Ports*

Figure 5: Turtlebot4 Components.

Given these differences, we ended up choosing the TurtleBot 4 Standard over the TurtleBot 4 Lite for
two important reasons [18]:

1. Enhanced Sensor and Expansion Capabilities: The superior camera, additional power outputs, and
extensive USB expansion support in the TurtleBot 4 Standard allow for more complex projects and
experiments. These features make the Standard model a more versatile and future-proof choice,
enabling a wider range of applications, from advanced navigation and mapping to sophisticated sensor
integration and data collection.

2. Improved User Interface and Control: The inclusion of a Bluetooth controller, additional user buttons,
and comprehensive status LEDs make the TurtleBot 4 Standard more user-friendly and accessible. These
features simplify the process of controlling the robot and interpreting its status, which is especially
beneficial for educational purposes and rapid development cycles.

Although the TurtleBot 4 Lite might be a more cost-effective and lighter option, the advanced features
and greater expandability of the TurtleBot 4 Standard offer better value for our specific needs, particularly in
terms of enhanced operational capabilities and ease of use.

In summary, this methodology guides the development and testing of TurtleBot4's autonomous driving.
It covers environment setup, parameter optimization, simulated obstacle avoidance using reinforcement
learning, and performance evaluation on a physical topology. This structured approach is key to advancing
TurtleBot3's autonomous capabilities efficiently.

3.2.1.2. Building blocks and Platform

In the context of automated manufacturing solutions, the architecture in Figure 6 involves the
integration of various components to enhance the efficiency, scalability, and communication in factory
operations.
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Figure 6: High Level Architecture (TurtleBot).

This architecture primarily focuses on addressing the challenges posed by metallic obstacles within the

factory, the use of mmWaves for communication, the utilization of Reconfigurable Intelligent Surfaces (RIS), and
the requirements for autonomous robots and control centers.

mmWave: mmWave technology uses high-frequency millimeter waves for wireless communication,
offering high data capacity. It's used for connecting autonomous robots in manufacturing but can be
obstructed by obstacles.

Beam Configuration: Beam configuration involves directing millimeter wave signals with precision to
avoid obstacles, ensuring reliable and uninterrupted communication in manufacturing environments.
OpenAirinterface: OpenAirinterface is a software-defined radio access network platform that configures
and controls communication infrastructure, playing a key role in managing mmWave signals and other
network elements.

CEA Diode-Based RIS for Metallic Obstacles: CEA diode-based Reconfigurable Intelligent Surfaces (RIS)
are designed to manipulate signals around metallic structures, reducing signal blockage and enhancing
communication reliability in manufacturing facilities.

RIS (Reconfigurable Intelligent Surfaces): RIS are specialized surfaces that control the direction of
transmitted signals, reflecting them in chosen directions to ensure signal paths are maintained, especially
in complex environments with obstacles.

Autonomous Robots: Autonomous robots are employed in manufacturing to perform complex and
repetitive tasks efficiently. They rely on seamless network communication to receive instructions and
transmit data for effective operation and coordination.

6G and 5G Networks: The architecture considers the use of advanced telecommunications networks,
such as 6G and 5G. While 5G networks are employed to expand the scale of connected devices in
manufacturing operations, 6G networks offer lower latency, allowing for more precise and efficient
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control of the process. The lower latency of 6G is particularly important for autonomous robotics
applications where real-time control is critical.

Suggested platforms/tools:

1.

ROS (Robot Operating System): It is an open-source middleware platform for developing autonomous
robots. ROS provides a framework for creating and running robot applications across multiple hardware
platforms.

Robot Operating System Industrial (ROS-1): This is an extension of ROS specifically designed for industrial
automation.

MATLAB Robotics System Toolbox: Designing, simulating, and testing robotics applications. It supports
various robot manipulators, mobile robots, and unmanned aerial vehicles (UAVs).

Microsoft Robotics Developer Studio: Developing robotic applications using Microsoft technologies. It
supports various programming languages, including C++, C#, and Visual Basic.

Intel RealSense SDK: This is a software development kit for integrating Intel RealSense cameras into
robotics applications. It provides APls for various functions, including depth sensing, 3D scanning, and
facial recognition.

In summary, this architecture combines mmWave communication, beam configuration, RIS technology,

OpenAirinterface, CEA diode-based RIS for metallic obstacles, autonomous robots, and control centers to create
a robust and efficient system for automated manufacturing. It addresses the challenges posed by signal blockage
and the need for low latency, ultimately enhancing the scalability and performance of manufacturing operations.

3.2.1.3.

Name Seamless Connectivity with RIS

Relevant Requirements for viewers/participants quality of experience

The following are the essential requirements for the proposed system (described in section 3.1.1.3).

Table 21: Requirement U2P1-RT1.

Name Low Latency Communication

Description The system must provide low-latency communication, with minimal
latencies ranging from 0.1 to 20 milliseconds, to enable precise and
efficient control of autonomous robotic operations within the industrial
environment.

Table 22: Requirement U2P1-RT2.

Description The system must seamlessly integrate with Reconfigurable Intelligent
Surfaces (RIS) to overcome signal obstructions and ensure uninterrupted
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connectivity for autonomous robotic systems, even in non-line-of-sight
(NLOS) situations.

The tables presented below outline the user requirements for the UC2 and more specific about POC1.

Table 23: Requirement U2P1-RU1.

ID U2P1-RU1 Operational

Name Efficient Robot Mission Management

Description Users require an efficient robot mission management system that allows
translation of operator commands into missions, facilitating agile execution
in indoor industrial environments using a 6G network.

Table 24: Requirement U2P1-RU2.

ID U2P1-RU2 Operational

Name Scalability and Uninterrupted Connectivity

Description Users demand a scalable solution that maintains uninterrupted
connectivity, even when autonomous robot systems go out of the line-of-
sight (LOS), enabling the expansion of manufacturing operations and the
control of a growing number of connected devices.

3.2.1.4. KPIs

Requirements for autonomous robots in industry 4.0:

> Latency: Measure the system's average latency in milliseconds, aiming to maintain it within the 0.1-20
ms range to ensure precise control of robotic operations.

» Connectivity Reliability: Track the percentage of time the robotic system remains connected and
operational, even in NLOS situations with the help of RIS (approximately 99%).

> Mission Execution Efficiency: Evaluate the efficiency of the system in executing missions, monitoring the
percentage of missions completed successfully within the expected time frame (approximately 95%).

3.2.2. PoC 2: AR inspection of Industry 4.0 digital twin on site

In order to handle the limitations of visual inspection as the primary technique for identifying
malfunctions in industries where complicate machinery and/or heavy machinery exists, leading to risks for
accidents and downtime, this PoC proposes the use of digital representation to enhance critical information
availability for indoor scenarios. This digital representation occurs using augmented reality (AR) to provide a
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digital twin situation enabling a mirror-like experience for remote and local operators. AR technology overlays
digital information onto the real world, seamlessly blending virtual elements with the user's physical
environment. Experts from the manufactures of the equipment or trained personnel can reside far from the
industrial setting and can support multiple sites. Field personnel with the appropriate gear (tablet and AR
Glasses) can communicate with the expert and be provided with guidance. The expert is there with the field
personnel understanding and determining the best course of action with accessible libraries of information not
available to field personnel. The expert can provide specific guidance eliminating the need to revisit the problem
again or maintenance issue again.

3.2.2.1. Scenario

The scenario envisaged as a PoC involves the remote inspection of a hardware component in the factory
as it is part of the factory’s regular inspections. Prior to the scenarios execution a scan is performed on the
hardware component, so that the system becomes familiar with it. Additionally visual markers are placed on the
object to denote maintenance and control action points (Figure 7).

During a scheduled maintenance visit the field personnel adorn the equipment described below and
engage in a digital twin environment with the expert sitting far away. Using the media available, video and audio,

the expert guides the field personnel in performing the inspection.
M- . —§ I
N Field Operator

Expert
{Digital Representation of Industrial Setting)

Figure 7: Conceptual Architecture.

3.2.2.2. Building blocks and Platform

The following are the major components of the system:

1. EPSON AR Glasses: Smart glasses for use in indoor and outdoor. The wearer is able to visualize and
perform actions based on guidance provided by the remote expert.

2. Digital Twin: An enhanced Content Management System (CMS) which allows the expert to make use of
the digital twin of the industrial equipment enabling the guidance to the field personnel. It is a fully-
fledged management system with the following modules:

a. Digital Twin Environment
i. Audio
ii. Video
iii. Text
iv. Schematic Diagrams
b. Document Library

© 6G-BRICKS 2023 Page | 36

&9

AR Glasses




D2.1 - Description and definition of targeted PoCs BR .CKS

¢. User and Role Management
d. Multi-lingual user interface
e. Maintenance and Inspections
3. Tablet device: Provides the main user-interface device for the AR platform enabling the communication
of the AR glasses with the remote expert device. Contains wireless features enabling the bi-directional
communication with the remote expert. It also acts as the training device for the system enabling all the
industrial equipment to be captured and catalogued.

3.2.2.3. Relevant Requirements for viewers/participants quality of experience

The following are the essential requirements for the proposed system (described in section 3.1.1.3).

Table 25: Requirement U2P2-RT1.

ID U2P2-RT1 Type Latency

Name Required minimum latency

Description When working within the digital twin environment by the expert the goal
is to achieve minimal latency, ideally less than 2 seconds.

Table 26: Requirement U2P2-RT2.

ID U2P2-RT2 Type Quality

Name Visual Quality

Description The proposed system requires a high minimum visual quality for proper
integration and real-time result previewing.

Table 27: Requirement U2P2-RT3.

ID U2P2-RT3 Type Feedback

Name Required Feedback in Communications

Description Video and audio feedback is necessary in the system to control the
interaction between the expert and the field personnel.

The tables presented below outline the user requirements for the UC2 and more specific about the POC2.

Table 28: Requirement U2P2-RU1.

o [P Qualty

© 6G-BRICKS 2023 Page | 37




D2.1 - Description and definition of targeted PoCs BR .CKS

\ET[3] Optimal Visual Quality

Description The visual quality of the final results must be as high as possible to create a
good quality experience.

Table 29: Requirement U2P2-RU2.

0 2202 sound

Name Uninterruptible Audio

Description The audio between the factory and the expert should be uninterrupted to
ensure a successful remote inspection.

3.2.2.4. KPIs

Requirements for AR inspection of Industry 4.0 digital twin on-site:

> Real-time Data Delivery: Measure the system's ability to deliver real-time data to managers and
supervisors for analysing component functions (data refresh rate of a minimum 10 frames per second to
provide a smooth visual experience) aiming for minimal latency (less than 2 seconds)

> Accident Reduction: Track the percentage reduction in accidents and downtime attributed to the use of
DT and AR in identifying malfunctions (at least 20-30% reduction in accidents and 25-40% in downtime
caused by equipment malfunctions).
Platform Compatibility: Evaluate the system's compatibility with multiple platforms and tools, assessing
its adaptability and ease of integration with existing infrastructure (95% success rate when integrating
the system with various industrial platforms and tools).
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4. Conclusions

In conclusion, this document has provided a thorough examination of the Metaverse and 6G
technologies, emphasizing their significance in the evolving landscape of communication and industry
advancements. The document meticulously explores the use case requirements for both the Metaverse and 6G,
delving into specific applications such as Holoconferencing, Virtual Team Building, and Industry 4.0 scenarios.
The research underscores the growing demand for advanced communication systems, leading to the
development of 6G technology with unparalleled capabilities.

The study identifies key enablers and optimizations for Industry 4.0 applications, including autonomous
robots, digital twinning, XR technologies, and high-volume data collection with low latency. Furthermore, it
highlights the crucial role of security, privacy considerations, and low-latency communication in ensuring the
success of these technological advancements. The proof-of-concept applications presented, such as autonomous
robots and AR inspection of Industry 4.0 DT, showcase the practical implications of 6G technology. The
conclusions drawn from the extensive research stress the importance of both the Metaverse and 6G technologies
in shaping the future of communication and industry landscapes.

Overall, the insights and findings presented in this document contribute valuable knowledge to the
ongoing discourse on advanced communication systems, paving the way for continued innovation and
development in the realms of the Metaverse and 6G technology.
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