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EXECUTI VE SUMMARY

Telepresence can be seen as the next generation of communication applications that will sig-
nificantly enrich the human-to-human and human-to-machine experience, blurring the bound-
aries between the physical and virtual worlds. Until now, telepresence solutions have been
high-end, expensive, and quite conventional audio and video conferencing systems. However,
the last decade has seen intensive research and development on VR/AR/XR technologies and
applications that have significantly improved the state of the art.

The goal of the SPIRIT project is to realise Europe's first multi-site, interconnected framework
dedicated for supporting the operation of heterogeneous collaborative telepresence applica-
tions at large scale through relevant technology innovations.

This report is a SPIRIT deliverable of the work package4 Pl at f orm Devel opment
and Val i grasentsdhe third version of the SPIRIT Platform. The document is based

on the second version report extended by enhancements and improvements added to the sec-

ond version of the SPIRIT platform.

The work mainly focuses on the actual software development of the SPIRIT system platform
for supporting heterogeneous telepresence use case applications, and also the integration of
the platform with the distributed, interconnected network infrastructures underneath. This pro-
cess is driven by the development and integration of a set of project-designated use cases.

The initial work consisted of integrating the partner components into a common testbed envi-
ronment resulting in the first version of the SPIRIT platform. Based on this first version, a first
Open Call was launched in early 2024, inviting third parties to realise their telepresence use
cases experimentally. In parallel, development in the consortium continued, leading to the sec-
ond version of the SPIRIT platform (see D4.2 [1]). For this, the second Open Call was launched
end of 2024, inviting third parties to realise their telepresence use cases experimentally.

The platforms and components described in this document represent the final version of the
SPIRIT offering.

This report

A provides an overview of the SPIRIT testbeds, in particular the local testbeds in Surrey,
Bristol, Ghent and Berlin, e.g. the available 5G network infrastructure and the computing
power of the Edge Cloud located there.

In the first version of the SPIRIT platform, only Surrey and Berlin were available as local
testbeds, providing 5G network and edge cloud computing resources. These resources
may not be sufficient for some computationally intensive and graphically complex many-
to-many telepresence scenarios using volumetric video. For this reason, imec's Virtual
Wall (Ghent) was included in the project as an additional testbed to enable open call ap-
plications with high computing requirements in a controlled networking environment.

Bristol was added as a testbed only recently, when Prof. Ning Wang moved from Surrey
to Bristol and continued working on SPIRIT from there.

A further expansion of the SPIRIT testbed is the secure interconnection of the local

testbeds in Berlin, Surrey, and Bristol, so that use cases can now be realised via the

connected testbeds. This interconnection was successfully tested with the use case Ava-

tarr i Re®Rilme Ani mation and Streamidngviafh Rdeal ifdHtoi ©
Human-to-Hu man Communi cati ond0 use case
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b

lists partner components that were integrated into the testbeds during the project and
documents the findings of this integration process.

Components that are independent of the t e s t birdrastiusture were deployed, vali-

dated, and tested in the local testbeds in Berlin, Surrey, and Bristol, e.g., the components

enabling the use cases Hologram: i Ho | o g r a p hto-lcu ilaurma@o mmuandc at i on
Avatar-Tifineed@&Ihi mati on and St r e aHoweneg thoautonB-e al i st i
mous mobile robot, for example, is still only available in Berlin.

b

covers the implementation of partner use cases, integration of the platform components,
and the description of the necessary adjustments for a smooth integration into the
testbeds, as well as a look ahead to how these components might find use in various
scenarios, such as third-party applications.

For the Hologram use case, a USB device server component has been integrated into the
test beds, which now also allows USB-only cameras to be connected to the Edge servers
of a testbed.

The containerisation of components has been optimised to simplify the integration into
other operational environments or testbeds.

The use case sections are concluded with an overview of their requirements from the D2.3
[2] report and the values realised in the testbeds.

>

specifies an approach for deployment of Confidential Computing-protected VMs to ensure
data owner 6s control of personal dat a.

i

describes measures taken to investigate and implement methods for intrusion detection.

>

presents two subjective Quality of Experience (QoE) studies to assess the impact of qual-
ity, quality switching, viewing distance, content characteristics, and compression algo-
rithms on the perception of point clouds in AR/MR environments.

A additionally presents, based on eye-tracking data acquired in the second subjective study,
head and gaze movement behaviour of participants and develops models for QoE predic-
tion/estimation of point clouds in MR.

i

finally, describes QoE assessments for project-specific use cases using objective QoE
estimation models.
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1 INTRODUCTI ON

Telepresence can be seen as the next generation of communication applications that will sig-
nificantly enrich the human-to-human and human-to-machine experience, blurring the bound-
aries between the physical and virtual worlds. Such systems are expected to fundamentally
change the way people communicate and collaborate with each other in various sectors such
as education, training, entertainment, retail, healthcare, manufacturing and many others. The
further development of telepresence services will contribute significantly to increasing society's
resilience to environmental disasters, boosting industrial productivity and improving energy
efficiency, thanks to changes in people's lifestyles and work habits.

Until now, telepresence solutions have been high-end, expensive, and quite conventional au-
dio and video conferencing systems. However, the last decade has seen intensive research
and development on VR/AR/XR technologies and applications that have significantly improved
the state of the art. This has led to interesting immersive telepresence and/or collaboration
systems, some of which are still in the research stage. Due to their complexity, cost, data
compression, and bandwidth requirements, these solutions have not scaled yet.

The mission of the SPIRIT project is to put real-time immersive telepresence into practice by
researching, integrating, and further developing state-of-the-art immersive telepresence tech-
nologies, components and platforms to create Europe's first multi-site and interconnected
framework able to support the operation of heterogeneous collaborative telepresence applica-
tions at large scale.

1.1 PURPOSE OF THE DOCUMENT

This report is about the final version of the tested and validated SPIRIT platform with all cur-
rently available components. It is one part of a bundle of deliverables providing insight into the
projectbés use cases, requirements, a reodblers,
and the integrated SPIRIT platform:

A D23iUse Case Requirements, System A FicahVert
si ofg]) o

A D33fil nnovation PlREMRINVermi[@®mawml ers (

A D43ASPI RI T [FihahMt ef rosrifh n() o

On the one hand it reflects the work done within the project, especially the tasks:

A Platform development - implement and/or enhance all platform components and inter-
faces.

A Technical integration and validation i integrate the components of the different project
partners to form an overall platform demonstrator.

A Use case development and integration - ensures the development of the project-des-
ignated use cases and their integration with the underlying platform available.

A User experience evaluation and usability validation - provide and test quality of expe-

rience (QOE) metrics and procedures to assess immersive telepresence solutions and
support of Open Call experiments.
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On the other hand, it provides the applicants of the Open Calls with insights regarding the
components available to enhance their use cases, and identify complementary components to
the SPIRIT platform, which they may want to provide to the overall SPIRIT goal.

1.2 STRUCTURE OBOCIUHMENT

The sections of the report at hand are organised in the following manner:

The chapter 2 firestbedso provides an overview of the testbeds in Surrey, Bristol and Berlin,
e.g. the available 5G network infrastructure and the computing power of the EdgeCloud located
there. A fourth testbed, the Virtual Wall, has been added to the project infrastructure to enable
resource intensive experiments in the SPIRIT platform on many-to-many tele-conferencing
scenarios and innovations.

The chapter 3 fPlatform componentsolists partner components that were integrated into the
testbeds during the project and documents the findings of this integration process.

The chapter 4 fimplemented Use Caseso covers the implementation of project-specific use
cases, which are described in detail in [2]. On the one hand, the integration of the platform
components into the use cases and the description of the necessary adjustments for a smooth
integration into the testbeds are provided and, on the other hand, a look ahead to how these
components might find use in various scenarios, such as third-party applications, is presented.

The chapter 5 fSecurity Development and Technical Integrationd s p e aniafdproaetsfor the
deployment of Confidential Computing-protected virtual machines (VMs) on bare metal servers
(either on-premise or in the cloud) where private keys for managing VMs never leave the data

owner 6s control and specifically do not need

dix A is a manual to set up and make use of the Confidential Computing infrastructure.

The chapter 6 "Quality of Experience Evaluationopresents the subjective tests conducted by
partners to assess the impact of quality, quality switching, viewing distance, and content char-
acteristics on the perception of point clouds in AR environments. The output of this work in-
cludes (i) a platform for subjective quality assessment in AR environments, (ii) a dataset of
rating scores that can be used for training and validating future QOE models as well as the
results (findings) of the subjective tests that produced these rating scores, and (iii) a machine
learning based QoE model. In appendix B, the Subjective Test platform is described. Addition-
ally, the results of QoE assessments for project-specific use cases using objective QoE esti-
mation models can be found in this chapter.

The chapter 7 AiConclusionsoconcludes the document.
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2 TESTBEDS

This section provides an overview of the testbeds in Surrey, Bristol and Berlin, e.g. the availa-
ble 5G network infrastructure and the computing power of the EdgeCloud located there. It also
provides information on i me c Gsusedforresoureelintengize
many-to-many conferencing scenarios and other Open Call projects.

21 SURREY

2.1.1 General Information on University of Surrey Testbed

The first UK site facility is managed by the 5G/6G Innovation Centre at the University of Surrey,
in Guildford (Surrey). The testbed offers 5G infrastructure including campus-wide 4G/Long-
Term Evolution (LTE) and 5G/New Radio (NR) based radio access network, virtualised 4G and
5G core network, managed Software-Defined Networking (SDN) and fibre external connectiv-
ity, as well as Unmanned Aerial Vehicle (UAV) and satellite systems.

The testbed supports domestic (UK) projects as well as European and International projects.
Recent examples thereof are European Space Agency (ESA) 5G-TINA and SUNRISE 5G Pi-
lot, Department for Digital, Culture, Media, and Sport (DCMS) Flex5G and FONRC TUDOR

and UK Research and Innovation (UKRI) UK India (UKI-FNI). Small and medium enterprises

(SMEs) are also in a partnership with the centre, in order to use the testbed to test different
aspects of 5G-and-beyond technologies, such as Non-Terrestrial Network (NTN) communica-
tions, high accuracy time synchronization, network slicing, management and orchestration,
flexible network functions disaggregation and energy efficiency.

Figure 1: 5G Testbed in University of Surrey

The 5G/6GIC site offers a multi-Radio Access Technology (RAT) radio access network cover-
ing the University Surrey campus over four square kilometres and several off-campus locations
where coverage is provided. It features both outdoor and indoor base radio units, supporting
a mix of 4G/LTE and 5G/NR technologies, as shown in Figure 1. These base stations are used
to showcase both 5G standalone (SA) and non-standalone (NSA) mobile network deployment
scenarios and are currently used to support projects and research activities requiring traditional
Radio Access Network (RAN) deployments.
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2.1.2 Testbed Infrastructure

In the 5G testbed, the outdoor coverage consists of 40 LTE sites with 23 centralised BBUs
hosted in 5G/6GIC, supporting 2.6GHz band 28 and 38 for a total of 120 cells. Furthermore,
there are 3 outdoor NR sites in the 3.5GHz band n78 for a total of 9 cells and another 3 sites
in the 3.7GHz band n77 consisting of 3 cells, with respectively, 3 and 2 centralised BBUs
hosted in machine rooms in 5G/6GIC. Concerning infrastructure, as shown in Figure 2, the UK
trial network hosts two machine rooms hosting physical computing infrastructure and broad-
band units (BBUs) for both 4G and 5G, as well as both hardware and software-defined net-
working equipment. The UK trial network is interconnected with several UK and international

sites via JI SC6bs JANET net wor k, as wel | as

features additional equipment such as connected autonomous vehicles for C-V2X scenarios,
UAV systems for scenarios of emergency pop-up networking, a prototype URLLC integrated
setup used to demonstrate low latency use cases of up to 6K users.

SITE 1 SITE2
[
SITEQ &

ne l#sc

SATELLITE SATELLTE — C-/B
GATEWAY TERMINAL
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4G MACHINE ROOM ] 5G MACHINE ROOM INTERNET

(o5 R e om0 EGSEER
COMPUTING COMPUTING COMPUTING COMPUTING
Emm i S G
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2 5
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Figure 2: Infrastructure and Connectivity

Regarding the Holographic server and client connecting via 5G network, Figure 3: Holographic
server and client connected via 5G network displays their hardware and software components.
At left side, the holographic server application is deployed on 5G MEC server which is a Dell
Precision 7960 XCTO base machine. In this machine, it has two Nvidia GeForce RTX A6000
video cards with 48 GB memory, a system memory of 256GB and three hard disk drives. On
this machine, Windows 11 Pro for workstations is installed with the CUDA library to provide
hardware acceleration to the application server software. On the system containers like Ubuntu
can be enabled in the embedded containers, with the same ability to access video card re-
sources. This machine is directly connected to the 5G network, and the 10G network interface
can effectively receive raw hologram frames from clients. At the client side, two Dell Alienware
R15 PCs are deployed with the livescan3d client application to fetch raw hologram frames from
the camera. The CPU is an Intel Core i9 13900KF with 24 cores. The video card is a NVIDIA
GeForce RTX 4090 with 24GB of memory. The system memory is 32 GB and hard disk space
is 1TB + 1TB. With the local connectivity to 5G Customer Premises Equipment (5G CPE), the
raw data can be streamed to the 5G MEC server.
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Figure 3: Holographic server and client connected via 5G network

2.1.3 Onsite Use Cases

During the SPIRIT project, the University of Surrey has worked together with the other SPIRIT
partnerstobringt h e u s enult-smwoee livételeportation withME C s u pothee testlied

and make it available for Open Call participants. Detailed information can be found in in the

use case descriptions of D2.3 i Use Case Requirement s, System Arc
Definition (FinalVer s i[2h.n) 0

Continuous collaboration with other SPIRIT partners during the SPIRIT project has enabled
the delivery of additional use cases and contributions to the Surrey testbed, as well as facili-
tating their availability for Open Call participants. These are:

A Real-Time Animation and Streaming of Realistic Avatars
A Holographic Human-to-Human Communications

A Network aware Kubernetes Scheduler

2.1.4 Onsite Collaborative Opportunities

There are two ways to coll aborate with Surreyods

1) Deploy a container-based application at a specific 5G core slice with a MEC server to utilize
the GPU resources, and 5G access and a public internet connection.

2) Deploy a standalone application and just use the 5G connectivity for the user to access the
public internet.

For the first case, an executable application server program can be deployed in one of the
containers. The user device (e.g., 5G phone or HoloLens with 5G phone tethering) of the ap-
plication which is the content receiver can then connect to the 5G radio or another public In-
ternet address to exchange application messages and receive application data from the con-
tainer server.

© 2022-2025 SPIRIT Consortium Page 24 of 211 Funded by the Horizon Europe -

Framework Programme of the European Union



SPIRIT | D4.3: SPIRIT Platform (Final Version) (V1.0) :%1';_?5 PIRIT

In the second case, one or multiple devices can access the public Internet through the 5G
radio network and can therefore connect to any remote application server deployed at the
public internet.

Furthermore, to aid collaborative efforts as well as testing, SPIRIT project participants will be
able to leverage the testbed facilities both remotely and onsite. In furtherance of this, additional
computing resources including but not limited to VMs, GPUs and client devices (which include
intel Realsense D435(i) depth camera, Azure Kinect DK depth camera, and 5G compatible
smartphones) have been made available. External devices can also be supported following
relevant compatibility validation.

22 BRI STOL

2.2.1 General Information on University of Bristol Testbed

The University of Bristol's 5G testbed represents a cutting-edge research and innovation plat-
form, enabling exploration across a broad spectrum of next-generation technologies. Strategi-
cally located within Bristol city centre, the testbed's interconnected nodes facilitate investiga-
tions into classical datacentre infrastructure, Al, edge computing, and even quantum compu-
ting. This report provides a comprehensive overview of the testbed's status, capabilities and
research focus areas.

2.2.2 Testbed Infrastructure

The testbed infrastructure comprises key locations essential to our research, with the core
infrastructure centralized within the Smart Internet Lab (SIL) at the University of Bristol (UoB).
This facility houses critical equipment, including routers, switches, and hardware necessary for
conducting research activities. It also supports the critical network infrastructure required for
ongoing projects at UoB. SIL has developed a private cloud network spanning multiple edge
locations, such as WTC and MSHED, to advance Mobile Edge Computing (MEC) research
and explore innovative concepts within the Open Radio Access Network (O-RAN) infrastruc-
ture, including midhaul and fronthaul communication over long distances (Figure 4).
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Figure 4: Smart Internet Lab testbed architecture

The cloud infrastructure is based on OpenStack, an open-source platform for managing and
orchestrating large pools of compute, storage, and networking resources within our data cen-
tre. This system combines older servers, previously used for earlier projects, with new, state-
of-the-art servers equipped with GPUs for machine learning (ML) and artificial intelligence (Al)
tasks, resulting in the creation of an extensive private cloud platform across Bristol. These
servers are typically equipped with multi-core CPUs, large amounts of RAM, and ample hard
drive storage. However, supporting the needs of our research would require a substantial num-
ber of servers, making it challenging to set up and maintain the infrastructure across both our
lab and edge locations.

To address this, we have invested in tools that provide high availability and automation, such
as MaaS (Metal as a Service) and a dedicated CEPH storage system. Maas is a tool that
automates the provisioning and management of physical servers, allowing us to deploy new
machines quickly and efficiently, while reducing manual intervention. CEPH is a distributed
storage system that offers scalability and redundancy, enabling us to perform live virtual ma-
chine (VM) migration between servers without disrupting researchers, ensuring continuous op-
eration without downtime or interruptions.

Additionally, the University of Bristol has developed a series of containerized environments
utilizing Kubernetes and microK8S, with each cluster dedicated to specific functions, ranging
from 5G cores to specialized Al platforms that require tailored environments with Nvidia driver
support and GPU passthrough.

This private cloud is offered as a collaborative platform for research groups and project part-
ners, providing secure and isolated workspaces to facilitate seamless collaboration and exper-
imentation. The lab is equipped with cutting-edge technologies, including multiple 5G O-RAN
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deployments with Radio Intelligent Controllers (RIC). The University of Bristol has been ac-
tively collaborating with local Bristol-based companies to implement these deployments across
the city centre, enabling urban 5G testing and the evaluation of realistic use-case scenarios in
areas with high mobile device usage. We have deployed two 5G radios in the outdoor area of
the MShed Museum, each covering a distinct location while a third outdoor radio is situated in
Millennium Square. This configuration forms a coverage loop in the city center, enabling com-
prehensive experimentation across various locations and facilitating handover testing between
the sites.

aSmart Interne‘E‘ i,

4
o

S

Figure 5: Configuration of the outdoor radios

Furthermore, SIL is focused on developing multi-access technologies within a unified solution
to serve as a foundation for Beyond 5G (B5G) research and experimentation. A notable
achievement in this area is the development of the first 5G Standalone (SA) multi-technology
Customer Premises Equipment (CPE), which integrates 5G, Wi-Fi 7, and Li-Fi, among other
technologies, to provide a more reliable and higher-performing client for experimental re-
search.

2.2.2.1 Nomadic Node

One of the key initiatives pursued by the University of Bristol (UoB) is the mobile Beyond 5G
(B5G) solution, termed the "Nomadic Node" (Figure 6). This concept involves integrating and
deploying a range of both established and emerging technologiesd traditionally confined to
laboratory and data centre environmentsd into a mobile, adaptable, and compact format.
Technologies incorporated into this solution include wireless technologies such as 5G (O-
RAN), Wi-Fi 7, and Li-Fi, as well as MEC computing, cloud and containerized infrastructure,
and machine learning and Al data processing servers. The Nomadic Node has demonstrated
significant advantages for various use cases, particularly in scenarios with limited connectivity.
It enables the deployment of numerous applications closer to the edge or client without com-
promising reliability and wireless bandwidth, providing usability even at more extreme cases.
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Figure 6: Nomadic Node with Nokia indoors 5G

2.2.2.2 Core Capabilities

The testbed empowers research in a wide array of technology enablers:

)l
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Programmable Radio Networks: Open-RAN architecture supports 4G, 5G, and beyond
5G (B5G) air interfaces, fostering flexibility and innovation.

Service-Based Architecture: Standalone 5G core network functions facilitate the crea-
tion of service-centric network architectures.

Network Slicing: SDN-enabled switches enable network slicing, providing isolated and
tailored connectivity between nodes.

Flexible Resource Allocation: Open-Source MANO (OSM) orchestrates the allocation
of compute, network, and storage resources, while project spaces retain the freedom
to explore alternative virtualization technologies.

Secure Remote Access: A carrier-grade service router provides research partners with
secure VPN access to testbed resources.
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1 In-House Developed Devices: Multi-RAT CPE devices and |0oT sensors/actuators ena-
ble a wide range of service experimentation and data collection.

1 Comprehensive Monitoring: Network parameters and performance are monitored
across core, transport, and RAN functions, providing valuable insights for optimization.

1 Al and Machine Learning: The testbed supports research into machine learning tech-
niques and Al algorithms for specific use cases.

9 loT Data Platform: I0T devices generate a rich data platform for various use cases.

1 Quantum Key Distribution: The testbed enables research into quantum key distribution
using dark fibre across multiple sites.

2.2.3 Onsite Use Cases

Similar to the University of Surrey, the University of Bristol has worked together with the other
SPIRI'T partners to bsgduwrgc d hlei wes et eelaesspeo ritmaitl
testbed and make it available for open call participants. Detailed information can be found in
in the use case descriptions of D2.3 fAUse

face Definitio. (Third Version)o

Collaboration and Integration efforts with other SPIRIT partners during the SPIRIT project has
enabled the delivery of additional use cases and contributions to the Bristol testbed, as well as
facilitating their availability for open call participants. These are:

I Real-Time Animation and Streaming of Realistic Avatars

1 Holographic Human-to-Human Communications

2.2.4 Onsite Collaborative Opportunities

To collaborate with the University of Bristol, participants can access the Bristol testbed to de-
ploy their solutions in the relevant environment. To access the testbed, VPN access managed
by the Bristol testbed will be provided to the users allowing access to relevant VMs and re-
sources. Remote access, and allocation of computational resources are options available to
enable easy and efficient collaboration. This allows users to collaborate with no limitations on
physical location.

Users upon gaining access to the testbed can proceed with the setup of their dependencies
and the deployment of their relevant applications or solutions. Additional steps are taken at the
Bristol testbed to ensure privacy and security.

Furthermore, to aid collaborative efforts, SPIRIT project participants will be able to leverage
the testbed facilities both remotely and onsite similar to the Surrey testbed. In furtherance of
this, additional computing resources including but not limited to VMs, GPUs and client devices
(which include intel Realsense D435(i) depth camera, Azure Kinect DK depth camera, and 5G
compatible smartphones) have been made available. External devices can also be supported
following relevant compatibility validation.
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Figure 7: Location of Deutsche Telekom Testbed

2.3.1 General Information Deutsche Telekom Testbed

The Deutsche Telekom 5G Testbed is located in Berlin, Germany at
the ASiemensstadt Squareo district ® ot
rates with the Werner von Siemens Centre and various other partners
coming from industrial, public and educational sectors. The research : -
factory is situated in the same old building as the Siemens dynamo Pt
factory, which started its production in the early 1900s and is still ac-

tive up to today. Many different partners experiment and cooperate _'

on innovative topics right next to the actual factory. We are looking -

into a wide range of topics, including new and innovative manufactur-

ing techniques, advanced transportation and mobility solutions, the

shift towards more sustainable energy sources and many other inter-

esting areas.

Figure 8: Location of Testbed in Berlin

Figure 9: Lab Floor Werner von Siemens Centre
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2.3.2 Testbed Infrastructure

Together with the SPIRIT Project, Deutsche Telekom is opening its Future Factory for partners.
The site offers an area of around 500 m2 outdoor space and 1000 m2 indoor space. The indoor
area as well as the outdoor area is covered by a private 5G Standalone Network. The 5G
network is configured for the 3.7- 3.8 GHz industrial spectrum and has been approved by the
German Federal Network Agency. The virtualized 5G core supports the 3GPP standard up to
Release 16. The indoor space is also partly covered with WIFI5 and WIFI6 and can be used

to connect devices that ar en 0 providedfbyeab édge sernfer 5 G.

that is located on premise and is connected via fibre to the 5G Network. The server runs con-
tainerized applications in a Kubernetes cluster. There are two Nvidia T4 16GB Graphic Cards,
96 GB of RAM and 112 Cores (3 x Intel(R) Xeon(R) Gold 6226R CPU @ 2.90GHz) available
in the cluster that are being shared between all tenants.

5G Campus Network

& .................. T-Systems EdgAir

16 RU5 | Mgmt VLAN:

RI45 008

LAG
VLIAN
200,201

1G RMS| Mgmt VLAN
Serid DBY

Figure 10: Network Infrastructure

2.3.3 Onsite Use Cases

During the SPIRIT Project, Deutsche Telekom has worked together with the other SPIRIT part-
ners to bring three contributions and use cases to the testbed and make them available for
open call participants:

A Real-Time Animation and Streaming of Realistic Avatars
A Holographic Human-to-Human Communications
A Network aware Kubernetes Scheduler

Furthermore,t he A Di stri buted Steering of Auchseisexmous

clusively available in the Deutsche Telekom testbed. Detailed descriptions of these use cases
can be found in the use case descriptions of D2.3 [2].
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2.3.4 Onsite Collaborative Opportunities

Participants can deploy their software on our local edge cloud. To do so, they get a dedicated
access to the Rancher Ul, our Kubernetes management platform, to remotely deploy and man-
age their applications in the cluster. The platform is accessible from the internet and gives
partners the opportunity to deploy their software without the need of being onsite. The platform
uses multitenancy for ensuring both privacy and security. For this we use namespaces, which
are divided into Rancher projects. Each project contains users divided by access levels within
the project (we can configure an individual set of permissions or choose from predefined:
Owner, Member, Readonly). Access to the storage is also possible only within the
namespace/project.

Also, for each project we can limit the allocation of resources (CPU, RAM, etc.).

After identifying that excessive CPU and RAM usage by some partners led to resource short-
ages and the subsequent shutdown of the cluster, consumption limits have been implemented
to prevent future disruptions and maintain system stability. These limits are configured per
namespace in the Kubernetes cluster and can also be changed briefly for the purpose of ex-
perimentation.

@ i . B

Kubect! Shell (Ctri+)

Cluster Dashboard

Use the new Cluster Tools to manage and install Monitoring, Logging and other tools

Provider: K3s Kubernetes Version: v1.21.5 Created: 393 days ago

Total Resources Deployments

Capacity

Pods Memory
Used .91% r 2.50% Reserved

Used

Reason

Figure 11: Kubernetes management Platform

There is a managed firewall active inside the cluster, which is why network traffic needs to be
approved and configured.

New network hardware has been installed at the Berlin testbed that allows us to configure
project-specific domains. As part of this setup, we have created a SPIRIT-specific domain, see
Figure 12. Within the SPIRIT domain, we plan to configure different VLANs for OpenCall sub-
scribers to allow separation of partners and use cases. These VLANs can be tailored to the
requirements of the OpenCall participants. In addition, a management process has been intro-
duced to document the network topology, allowing a clearer overview and easier management
in the future.
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For testing and collaboration, participants of the SPIRIT project will have the possibility to make
appointments for onsite visits. In general, except when otherwise stipulated, participants are
supposed to bring their own devices to the testbed to test their use case. We offer three ways
to connect these devices to our network:

A 5G: We will provide a SIM Card that is configured for the local 5G network
A WIFI: We help connecting to an access-controlled WiFi
A LAN: We will provide an ethernet port to connect to the cluster

The 5G Standalone (5GSA) Network now supports an expanded range of devices, allowing a

broader variety of experiments to be carried out for open call participants. Two 5G Oppo

phones have successfully been connected to 5GSA and are available for Open Call partici-

pants. In addition to the smartphones, iPads have been introduced as compatible end-user

devices capable of utilizing the 5GSA network. Moreover, a USB-Device-Server has been

tested with Ericsson allowing USB devices to connect to the edge serverover t he t est be
network, providing even greater flexibility and accessibility.

As not all 5G devices are able to connect to our private 5G network, you can find a list of
officially supported devices on this website:

1 https://hardware.iot.telekom.com/Hardware/Applications?id=44

We have tested more devices than those on the list and are also open to testing further de-
vices, but the devices on the list are those that are officially supported by our 5G network.
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24 1 NTERCONNECTI GNURRIEHBRI STAOND BERLI N
TESTBEDS

In the course of the SPIRIT project, the collaborative efforts of the project partners enabled the
interconnection of the testbeds to further enhance the use cases by facilitating the integration
and validation of interconnected use cases. In this regard, an IPSec/VPN tunnel was estab-
lished between the testbeds, enabling the routing of relevant traffic between them. Further
collaborative validation efforts were conducted to provide sufficient determination of the inter-
connection.

Ping Test

Networking validation efforts include an initial ping test between both endpoints. This was con-
ducted multiple times from both testbeds. From the Figure 13, it is evident that the ping tests
were successful, indicating that communication between both testbeds was stable.

I 10.7.1.236 PING

Ping 10.7.1.236
ICMP

From 10.7.1.236

Sequence 1, size 64 bytes, ttl 59 Zms

From 10.7.1.236

Sequence 2, size 64 bytes, ttl 59 o

From 10.7.1.236

Sequence 3, size 64 bytes, tll 59 8me

Ping statistics:
3 transmitted, 3 received, 0% packet loss
Total execution time 3264 ms

Time statistics:
Min 46 \ avg 72 \ max 97 \ mdev 25.5 ms

Figure 13: Interconnection Ping Test

Similar network validation efforts were explored between the Bristol and Berlin testbeds, with
a ping test conducted between both points. From Figure 14 it is evident that the ping tests were
successful, indicating stable communication between both testbeds.
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PING 10.68.155.132 (10.68.155.132): 56 data bytes
bytes from 10.68.155.132: icmp_seq=0 ttl=62 time=33.
bytes from 10.68.155.132: icmp_seq=1 ttl=62 time=32.
bytes from 10.68.155.132: icmp_seq=2 ttl=62 time=31.
bytes from 10.68.155.132: icmp_seqg=3 ttl=62 time=29.
bytes from 10.68.155.132: icmp_seqg=4 ttl=62 time=31.
bytes from 10.68.155.132: icmp_seq=5 ttl=62 time=39.
bytes from 10.68.155.132: icmp_seq=6 ttl=62 time=28.
bytes from 10.68.155.132: icmp_seq=7 ttl=62 time=31.
bytes from 10.68.155.132: icmp_seq=8 ttl=62 time=32.
bytes from 10.68.155.132: icmp_seq=9 ttl=62 time=32.
bytes from 10.68.155.132: icmp_seq=10 ttl=62 time=31.
bytes from 10.68.155.132: icmp_seq=11 ttl=62 time=33.
bytes from 10.68.155.132: icmp_seq=12 ttl=62 time=32.
bytes from 10.68.155.132: icmp_seq=13 ttl=62 time=31.
bytes from 10.68.155.132: icmp_seq=14 ttl=62 time=33.
bytes from 10.68.155.132: icmp_seq=15 ttl=62 time=33.
bytes from 10.68.155.132: icmp_seq=16 ttl=62 time=32.
bytes from 10.68.155.132: icmp_seq=17 ttl=62 time=30.
bytes from 10.68.155.132: icmp_seq=18 ttl=62 time=33.
bytes from 10.68.155.132: icmp_seq=19 ttl=62 time=34.

-—— 10.68.155.132 ping statistics -—-
20 packets transmitted, 20 packets received, 0.0% packet loss

Figure 14: Bristol-Berlin interconnection ping test

Interconnected Use Cases

Building on the successful validation tests, collaboration between the SPIRIT project partners
facilitated the establishment of an integrated interconnected use case. In this context, the real-
time animation and streaming of realistic avatars was integrated to utilize the interconnection.
The server was deployed at the Surrey testbed, and the client was set up at the Berlin testbed.
Further collaborative efforts from partners assisted in the configuration of the server and client
connections, allowing the client in Berlin to connect to the server, which was started at the
Surrey testbed. This allowed for the exchange of audio and video data, allowing for real time
viewing of the avatar and as such the establishment of the interconnected real-time animation
and streaming of realistic avatars use case. Figure 15 depicts the interconnected use case
setup.

5G access @f\\ /‘\f@ 5G access

DT testing network Glient § ek e C £ Surrey testing network

Figure 15: Interconnected Use Case Setup

In addition, the -foHlaomagonaphieccldesmans al so avail at
case. Here, the receiver client (mobile phone and AR glasses) is located in the Surrey test
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network, while the sender client (high-performance cluster) is located in the DT test network.

As shownin Figure 15, t he net wor ked fdhiplled mgma@aphs e dHasnanenab
streaming of a user captured in real time on the DT side via the public Internet (using an IPSec

tunnel) to a user on the Surrey side wearing AR glasses connected to the mobile phone.

Further collaboration between the SPIRIT project partners enabled the further validation of the
interconnected use case. In this context, the Holographic Human-to-Human/Real-time Stream-
ing of Realistic Avatars use cases were enabled using the interconnection. Here, the server
was deployed at the Berlin testbed, and the client was deployed at the Bristol testbed. This
allowed for the exchange of relevant data and the utilization of the use case in real-time. Figure
16 shows the additional interconnected use case setup.

5G access

5G access % ’/_\ /—f @

Server 5 VPN Tunnel C Client

Bristol testing network

DT testing network

Figure 16: Bristol-Berlin interconnected use case

To further validate the interconnection between both testbeds, additional connectivity tests
were conducted. In this context, a server instance hosted at Bristol and a Client instance at
Berlin were used for the tests. Iperf was the network tool used at both testbeds, with basic
throughput and jitter tests conducted. For more accurate evaluation, both UDP and TCP pro-
tocols were tested, providing testing variation and accounting for protocols utilized in the inter-
connected use cases.

iperf3 -s

Accepted connection from 10.9.41.7, port 56923
[ 5] local 10.68.155.203 port 5201 connected to 10.9.41.7 port 56924

Figure 17: Server instance at the Bristol testbed

[ ID] Interval Transfer Bitrate

5] 0.00-60.03 sec U66 MBytes 65.1 Mbits/sec receiver

Figure 18: TCP Throughput test summary at the Bristol testbed
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[ ID] Interval Transfer Bitrate Jitter Lost/Total Datagrams

L 0.00-10.03 sec 517 MBytes 433 Mbits/sec 0.026 ms 61020/463543 (13%) receiver

Figure 19: UDP throughput and Jitter test summary at the Bristol testbed

1 S«.% 2 g » % ~ % iperf3 -c 10.68.155.203 -t 60
Connectlng to host 10.68.155.203, port 5201
[ 5] local 10.9.41.7 port 56924 connected to 10.68.155.203 port 5201

Figure 20: Client instance at Berlin for the TCP throughput test

A b vk Aasvtviw fuam ¢ iperf3 —c 10.68.155.203 -u -b 50@M -t 10

Connecting to host 10.68.155.203, port 5201
[ 5] local 10.9.41.7 port 58596 connected to 10.68.155.203 port 5201

Figure 21: Client instance at Berlin for the UDP throughput and Jitter test

From the figures above, it is evident that the interconnection is successful, as the connection
between Berlin and Bristol testbed is established, allowing for the exchange of relevant data.
Furthermore, the throughput and jitter results inform on the connectivity performance from the
tests conducted, highlighting the suitability of the testbed interconnection. Moreover, when ex-
amining the UDP results which account for the interconnected use cases, it is evident that the
interconnection performance is satisfactory as the jitter is quite low at 26ms and the bitrate is
433Mbits/sec for a 500M transfer. As such, it can be determined based on the results, that the
interconnection between the Bristol and Berlin testbeds is suitable for facilitating the deploy-
ment and utilization of the interconnected use cases.
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251 MECOS VI RTUAL WALL I NFRASTRUCTURE

In case the Surrey or Berlin testbed may not provide sufficient resources for some computa-
tionally intensive and graphically complex many-to-many telepresence scenarios using volu-
metric video, imec's Virtual Wall (Ghent) was included in the project as an additional testbed
to enable open call applications with high computing requirements in a controlled networking
environment.

2.5.1 General Information on imec's Virtual Wall Testbed

The Virtual Wallisalarge-scal e testbed hosted in the i
Ardoyen campus, for advanced networking, distributed software, cloud, big data and scalability
research and testing.

The testbed contains 550+ bare metal and GPU servers which are fully configurable both in
terms of their software installation (choice of operating systems, drivers, applications, etc.) as
well as how their network interfaces are physically interconnected. The nodes can be assigned
different functionalities ranging from terminal, server, network node, and impairment node. The
nodes can be connected to test boxes for wireless terminals, generic test equipment, simula-
tion nodes (for combined emulation and simulation) etc.

The testbed was integrated in a worldwide federation through Fed4FIRE, a European initiative

that provides a large-scale federated testbed infrastructure for experimentation in the field of
Future Internet research?.

2.5.2 Testbed Infrastructure

o1 i
W

Figure 22: Server rack in imec's Virtual Wall infrastructure.

Full documentation of the Virtual Wall is available online?, including all technical details of the
available nodes (e.g., in terms of memory and RAM). To access the testbed, any researcher

1 https://portal.fed4fire.eu/

2 https://doc.ilabt.imec.befilabt/virtualwall/
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can simply log in through their research institution®. They can then use the jFed tool* to create
and manage their experiments. Among others, this tool allows to:

Select specific hardware nodes or virtual machines

Select the preferred operating system

Request public IPv4 addresses

Enable network emulation (e.g., fixed bandwidth capacity between two nodes)
1 Connect through SSH.

= =4 -4 -

Rspec files are used to request, manifest and advertise experiments. These files are structured
XML files that contain, among others, a list of nodes (e.g., bare-metal servers or virtual ma-
chines), the type of image on each of these nodes, etc.

Once the experiment has been set up, experimentation can begin. Nodes are interconnected
through 1 Gb/s links, meaning that relatively high bandwidth use cases can be considered.
Tasks can be run from the command line but can also be scheduled as needed. The jFed GUI

can be used to follow up on the experimentds

2.5.3 Onsite Use Cases

Because of the number of available hardware nodes and high-capacity (and configurable) net-
work connections, the Virtual Wall is particularly suitable for experiments that need scale and
network adaptivity.

In the SPIRIT project, the testbed is used for many-to-many scenarios in teleconferencing,
linked to the use case:

A Holographic Human-to-Human Communications

3 https://portal.fed4fire.eu/
4 https://ifed.ilabt.imec.be/
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3 PLATFORM COMPONENTS

The section lists parther components that were integrated into the testbeds during the project
and documents the findings of this integration process.

31 LI VE MYQURCE HOLOGRAPHI C STREAMI

This section is about the components supporting applications using live teleporting people from
remote internet locations to a common virtual space of the audience such that the audience
can have the immersive and multisensory perception that everyone is located in the common
physical scene.

3.1.1 Deployment of the Frame Render and Synchroni sation Function

There are two key components for enabling a multi-source live volumetric streaming applica-
tion: a frame synchronization function and a RESTful interface to accept runtime parameter
settings and queries (as shown in the orange block in Figure 23). The frame synchronization
function is responsible for rendering holographic frames from multiple independent sources.
For frames from different sources, the MEC server can distinguish them based on their source
IP addresses and record their timestamps separately. Based on a predefined synchronization
threshold (e.g., 30ms) and the real-time timing of each source, the MEC server can perform
operations such as pairing, buffering, and discarding of multi-source frames to ensure that the
synthesized frame exhibits optimal performance. Meanwhile, this frame synchronization func-
tion can also be configured through RESTful interfaces. The frame synchronization threshold
and required key performance metrics (e.g., throughput, playback latency) can be set using
the POST method and queried using the GET method through an authorized network man-
agement interface. Figure 23 displays the application of the frame synchronization function on

Surreyobds testbed. The rendering function can

Architecture (CUDA) library to utilize the graphic card resources of the platform, enabling effi-
cient computation and display of multi-source frames on this platform.

Windows 11 Pro for workstations
Raw Hologram frame from source 1

Ubuntu in Application .
WSL2 Server .
Operating system UbUntU in . Raw Hologram frame from source n
WSL2 o
: | Frame synchronization | Synchronized and rendered frame Viewsr
Ubuntu in
WSL2 i
Restful interf:
Dﬁ ulinterface o <4 Restful message ‘ ﬁi?:;zrgr
|

e parameters
j E e — |

Dell Precision 7960 XCTO Base
Intel Xeon w5-3433 16cores
Windows 11 Pro Dual Nvidia RTX A6000 48GB
Memory: 256GB

Network
Hardware Storage: 1TB 2TB 500GB interface

Figure23:Depl oyment of frame production and synchronization
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3.1.2 Validation

Figure 24 shows a captured frame from a demonstration of the Surrey live multi-source holo-
graphic platform with the frame render and synchronization function. There are two sources
located at location A and B, with dedicated cameras to capture different people in a live stream-
ing manner. The virtual space in the middle is the real-time screen projected from the edge
server. It shows the merged and synchronized frame, which can validate the efficacy of the
remote production and frame synchronization function.

Figure24:Val i dati on of the frame production and synchronizati ol

The frame synchronization mechanism features certain key parameters which are critical to its
implementation. These parametersaret he synchroni sation window ( )
appr oxi mat i o n[5] tAdditiena tetails delating tp these parameters and other key
terminology are provided below. Detailed text on the mechanism can be found in D3.3.

Synchroni s at i:dhetolerabledvindow relgrant to multiple sources that allows
for the arrival of late or delayed frames.

Frame paring appr ox  Thatreshadrnhattprovidessarmaoditidnal (ege)
of approximation to pair the frames which have sufficiently small-time offset between
their timestamps together.

Fresh frames: Frames with the same timestamp that arrive at the server within the syn-
chroni sat i ofmomalicondected squapgs.

Half fresh frames: If a frame from one of the sources does not arrive within the synchroni-
sation window, instead of discarding the frame, the system pairs a previously cached
frame with the waiting frame.

Dropped frames - Frames that arrive at the server which are neither fresh nor half-fresh
frames are dropped and are not used. [5]

Figure25depi cts the frame distribution with the Fra
a stringent value of 10ms and a varying synchronisation window from 5ms to 50ms. From the
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figure, it is clear that in the consideration of the synchronisation window at 5 ms and 10 ms,
the distribution of half fresh frames is quite similar to the fresh frames. This is due to the rather
stringent nature of synchronisation window in such scenarios, guaranteeing the limited waiting
period for frames from other sources. After the expiration of the synchronisation window, the
waiting frame searches and pairs with a qualified cached frame based on the approximation
threshold. However, when considering a more lenient window of 50 ms, the proportion of fresh
frames is only around 60%. This pattern is associated with the reduced FPS at the receiver
side, as one of the sources is 50ms away. As such, it is evident that stringent 2 coupled with
the reduced FPS affects the performance of the application.

Approximation Threshold 10ms

Fresh ™ Half fresh @ Dropped

100

80

60

40

Frames (%)

20

A (ms)
Figure 25: Frame Distribution at 2 =10ms

Figure26depi cts the frame distribution with the Fra
a rather lenient value of 50ms and a synchronisation window which varies from 5ms to 50ms.

When compared to t he isigevidemtthattheadsstebutor of freshfrdn@sns |,
increases significantly. This pattern is attributed to the reduced sensitivity to the synchronisa-

tion window, due to the relaxation of o. This i
creases for higher valmses of o |like 40 ms and 50

Additional details on the mechanisms as well as further results can be found in [5].

Approximation Threshold 50ms

Fresh = Half fresh @ Dropped

moow e

Frames (%)

5 10 20 0 an 50
A (ms)

Figure 26: Frame Distribution af =50ms
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Platform Deployment

Following explorative efforts, the multisource platform was deployed and integrated on the
Surrey and Berlin testbeds. Building on this, the validation of the server can be detailed below.

Figure 27 depicts a cut section of the server panel showing the server in an inactive state.
From the figure, it is evident that the server has not been started and as such, is not in an
active state.

Start server

Settings
Start recording

Start Cleaner

Figure 27: Section of the Server Panel during an inactive session

By clicking on the start sever button, the server is initialised and moves from an inactive state
to an active state, enabling it to receive and transmit relevant data, facilitating live multi-source
holographic communication. This is shown in Figure 28.

Stop server

Settings
Start recording
Stop Cleaner
Show lve
Figure 28: Section of the Server Panel during an active session

From the figure, it is evident that the server has been started and is in an active state. However,
whilst the server is active, no connections have been made to it as such, a complete live mul-
tisource session has not begun.

KinectServer.StartServer:516|Starting server

Figure 29: Server active state

Figure 29 further indicates that the server is now in an active state. This notice further confirms
that the server has been successfully deployed within the testbed.

Figure 30 depicts the server during an active multi-source session. Here, two unique sources
(source 1 and 2) are connected to the server simultaneously. The server maintains these con-
nections by continuously making relevant frame requests to the unique producers/sources,
whilst delivering the aggregated content to the relevant receiver.
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Stop server Client: 1 Source: 2 |P: ooffff:192.168.1.8 LocalPort: 43000 RemotePort:
Client: 2 Source: 1 |P: ooffff:192.168.1.6 LocalPort: 43000 RemotePort:

Settings
Start recording

Stop Cleaner

Show live

Source

Cusrrenthy
Connected

Source D= (1,2)

Figure 30: Section of the Server Panel during a complete active multi-source session

After the conclusion of the live session, clicking the stop server button terminates the session,
closing all connections and rendering the server inactive. At this stage, the server no longer
requests or transmits any relevant data and cannot be connected to. Figure 31 provides further
confirmation of the inactive server state.

KinectServer.StopServer:729|Stopping server

Figure 31: Server inactive state

Many-to-many support

The multisource use case features the generation and delivery of volumetric media from dif-
ferent/multiple sources of origin to a single receiver, enabling the viewer/consumer to view and
interact with both volumetric sources in real time.

Augmentation efforts in relation to the initial configuration features the bolstering of the config-
uration to support multiple receivers/consumers. In this context, an additional receiver/con-
sumer can connect to the server instance and receive volumetric streams from the sources
within the same session. Moreover, the utilization of source identifiers also enables the possi-
bility of receiving streams from different sources as opposed to a unified scenario (i.e. a client
can receive streams from one source whilst the other client receives streams from a different
source). Here both combined or separate streams can be accessed by viewers connected to
the same server instance, allowing for flexible multi viewer support and utilization.

This multi-receiver based many-to-many augmentation facilitates the possibility of multiuser
driven interactions, allowing for expanded flexibility, further promoting virtual shared experi-
ences and paving the way for additional group driven interactions, enhancements and scenar-
ios. Figure 32 shows the updated configuration of the extension.
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Figure 32: Many-to-many augmentation support architecture
The following points summarize the multi-client many-to-many support:

1 Real time addition of clients: New receivers/consumers can connect to the server, fa-
cilitating the delivery of live volumetric media.

1 Independent viewer experience: Users can freely interact with the media without re-
strictions on orientation and movement.

9 Distinct source viewing: Users can view different sources individually or unified within
the stream for more variability. This is managed and configured at the server.

Multidimensional adaptation

Figure 33 shows framework of the proposed Multidimensional adaptation framework. The
framework accounts for source object behaviour, viewer behaviour and the network environ-
ment, leveraging machine learning to make intelligent adaptation decisions in order to satisfy
user intent. For example, when considering a live holographic streaming scenario, where both
the user and the source object can freely undertake varying behaviours, the uncertainty asso-
ciated with such behaviours present a challenge particularly in relation to the satisfaction of
user intent. To address this, the Multidimensional adaptation framework, accounts for the var-
ious behaviours and makes relevant adaptations to satisfy the user intent. More details on the
proposed framework can be found in D3.3 [3].
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Figure 33: Multidimensional Adaptation Framework

To explore the suitability of the proposed solution, further investigation has been conducted in
relation to the performance of the solution to explore and detail its capabilities. In this context,
additional experiments were conducted, with controlled and varying network parameters intro-
duced in the environment.

To further inform on the performance, comparisons against an anchor implementation have
been carried out. Here, the anchor implementation refers to basic adaptation implementation
without the proposed solution. This base version of the adaptation only considers the viewer
behaviour when attempting to satisfy the user intent.

Figure 34 illustrates the solution performance with dynamic source object behaviour present,
under the ideal conditions of 0 ms delay and 0% packet loss in the streaming session. From
the figure (the first row of plots), the results show that the proposed solution, leveraging its
intelligent adaptation strategies can effectively satisfy user intent, accounting for varying dis-
tinct behaviours in the streaming session. The FPS plot further informs on this, as it indicates
that upon the determination of the dynamic object behaviour, the maximum FPS compatible
with the corresponding resolution is selected. Moreover, the resolution plot further highlights
the suitability and flexibility of the proposed solution in its attempt to satisfy user intent, dis-
playing its ability to freely choose between the WQHD resolution, which provides the highest
quality but not the best FPS performances, and the FHD resolution, which provides higher
quality than the HD level but lower quality than the WQHD level with better FPS performances
in an effort to satisfy user intent. The throughput plots further validate these findings, depicting
corresponding increases in throughput, aligned with the decisions made by the proposed so-
lution, further confirming that the solution can effectively satisfy user intent under such ideal
conditions.

Comparing the results of the proposed solution against the anchor implementation (the second
row of plots), where the only behaviour factored is the viewer movement, it is clear that under
such ideal circumstances, the anchor implementation can also satisfy the user intent to a cer-
tain extent. In this regard, the anchor implementation resolution plot shows that corresponding
changes to the resolution can be made based on the viewer forward and backward movement.
However, the capability of the anchor implementation even under such stable circumstances
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is still somewhat limited, as it lacks the flexibility to provide suitable adaptations to provide the
most optimal performances. Furthermore, the base or anchor implementation lacks the intelli-
gent capabilities of the proposed solution, limiting its ability to effectively account for the source
object behaviour, resulting in limitations in its adaptation approach.

Viewer Intent witn Vewer intent with Viewer Intent wih
the complete proposed tramework (Dynam e, De oy=0ms, PLR=0%) the complete proposed tramework (Dynamic , Delay=0ms. PLR=0%) the complete proposed tramework (Dynamic . Delay=0ms, PLR=0%)
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Figure 34: Solution performance with dynamic source object behaviour under 0 ms delay and 0% packet loss

Figure 35 depicts the solution performance with dynamic source object behaviour, 50 ms delay
and 0.1% packet loss as the prevalent conditions in the streaming session. Under such erro-
neous conditions, the results indicate that the proposed solution can still provide satisfactory
performances. The FPS plots inform on this as they show that whilst occasional FPS drops
occur due to the network conditions, the proposed solution achieves a fairly sustained perfor-
mance. This is further inferred from the plots showing the relevant adaptations made to account
for the less favourable conditions. In this context, the FPS and resolution plots show that the
proposed solution by leveraging its network awareness can provide the most relevant recom-
mendations for suitable FPS and resolution values, ensuring that the user intent can still be
satisfied effectively. For example, the results show that FPS can ben reduced to 5 whilst in-
creasing the resolution to the FHD level. Similarly, the solution can decrease the resolution to
the HD level and simultaneously increase or decrease the FPS to target somewhat stable
performances. This further highlights the flexibility of the solution in its approach to satisfy user
intent. The throughput results provide additional context on this as they indicate that the frame-
work can achieve somewhat stable performances while satisfying user intentions.

Comparing the results against the performances of the base or anchor implementation which
is a framework that only factors the user behaviour in adaptation decision making, it is clear
that the anchor implementation can not effectively satisfy the user intent under such adverse
circumstances. This is inferred from the anchor implementation FPS results, which shows un-
reliable and undesired FPS performances, with frequent FPS drops and unstable perfor-
mances ranging from 0-30 FPS occurring in the streaming session. Moreover, the FPS plot
contains grey regions which are of major concern, as such areas indicate the incompatibility
of the user intent with the anchor implementation adaptation outcome. This determination is
due to the inability of the network to support the anchor implementation-based adaptations and
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is depicted by frequent zero or near zero FPS levels. The FPS results of the anchor implemen-
tation, in comparison with the results of the proposed solution indicate that the anchor imple-
mentation cannot provide suitable performances when attempting to satisfy user intent, and as
such significantly underperforms. Additionally, the reduced and near zero or zero FPS levels
of the anchor implementation raises further concerns as such FPS performances could poten-
tially negatively impact the user experience under such less favourable circumstances. The
resolution plot of the base or anchor implementation indicates that during forward viewer move-
ment, the base or anchor implementation can provide an increase in quality. However, the FPS
and throughput plots provide additional context, with the throughput plot further confirming the
deteriorative performances, highlighting irregular throughput observed and unstable levels
when the highest quality level is adapted.
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Figure 35: Solution performance with dynamic source object behaviour under 50 ms delay and 0.1% packet loss

32 NETWORKWARRESOURCE SCHHDULKER O)

To avoid monolithic architectures, telepresence solutions typically consist of multiple individual
microservices or components, in the form of containers, that together represent a service func-
tion chain. In order to ensure that the deployments of such chains still meet the latency and
throughput requirements of the application, resource management and orchestration platforms
should be made aware of the network characteristics as well as of computational resource
usage. Vanilla Kubernetes (K8s) deployments do not take networking characteristics into ac-
count and primarily focus on CPU and RAM optimization.

The Diktyo network-aware scheduler has been developed to alleviate this problem, as de-
scribed in more detail in deliverable D3.3. It has been proven to improve network throughput
considerably for several benchmarking applications.

Diktyo supports easy deployment in a Kubernetes (K8s) cluster as an additional scheduler in
the system without needing to remove the default scheduler. A helm-chart has been developed
to automatically deploy all Diktyo components, available here:

A https://github.com/diktyo-io/helm-chart/tree/main.
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Documentation with required steps and verification that all pods are running properly as seen
in Figure 36 is provided. Different versions of Diktyo exist since K8s v1.24 in the K8s schedul-
ing community available as different releases:

A https://github.com/kubernetes-sigs/scheduler-plugins/releases.

The Diktyo scheduler can be configured with different parameters as shown in Figure 37. Ad-
ditional information on how to deploy additional schedulers in K8s clusters can be found in the
K8s scheduling community:

A https://github.com/kubernetes-sigs/scheduler-plugins/blob/master/doc/install.md

% kubectl get deploy -n diktyo

MNAME READY  UP-TO-DATE  AVATILABLE AGE
appgroup-controller 151 1 1 22s
diktyo-scheduler 1/1 1 1 225
networktopology-controller 1/1 1 1 225
scheduler-plugins-controller 151 1 1 22s

Figure 36: Diktyo scheduler running properly

Parameter

scheduler.name

scheduler.image

scheduler.leaderElect
scheduler.weight
scheduler.replicaCount

controller.name

controller.image

controller.replicaCount
appGroupController.name
appGroupController. image
appGroupController.replicaCount

networkTopelogyController.name

networkTopologyController.image

networkTopelogyController.replicaCount

plugins.namespaces

plugins .weightshame

plugins .networkTopologyName

Description

Scheduler name

Scheduler image

Scheduler leaderElection
Scheduler Weight (Score plugin)
Scheduler replicaCount

Controller name

Controller image

Controller replicaCount
appGroupController name
appGroupController image
appGroupController replicaCount
networkTopologyController name
networkTopologyController image
networkTopologyController
replicaCount

Plugins namespaces by default
Plugins weightsName by default

Flugins networkTopologyMName by
default

Default
diktyo-scheduler

registry.k8s.io/scheduler-plugins/kube-
scheduler:v@.26.7

false

5

1
scheduler-plugins-controller

registry.k8s.io/scheduler-

plugins/controller:ve.26.7
1
appgroup-controller
Jpedrol992/appgroup-controller:vl.8.3-alpha
1
networktopology-controller

jpedrol992/networktopology-controller:vl.@.3-
alpha

1

[“default®]

"NetperfCosts™

"nt-cluster®

Figure 37: Diktyo scheduler configuration parameters

© 2022-2025 SPIRIT Consortium

Page 49 of 211

Funded by the Horizon Europe -
Framework Programme of the European Union


https://github.com/kubernetes-sigs/scheduler-plugins/releases
https://github.com/kubernetes-sigs/scheduler-plugins/blob/master/doc/install.md

SPIRIT | D4.3: SPIRIT Platform (Final Version) (V1.0) :%":_-fs PIRIT

3.2.1 Integration with CloudNativelLab

During the SPIRIT project, Diktyo has been successfully integrated into the CloudNativeLab at
IMEC-IDLab:

A https://practicum.cloudnativelab.ilabt.imec.be/.

CloudNativeLab is a testbed for experimenting with K8s and cloud native technologies. With
only a few clicks, experimenters can spin up their own K8s cluster in the IMEC-IDLab data
center (Figure 38 and Figure 39).

Diktyo has been integrated into K8s clusters created with CloudNativeLab and can be used to
deploy applications in the system by changing the schedulerName field in deployment files
(Figure 40) as shown in the K8s documentation:

A https://kubernetes.io/docs/tasks/extend-kubernetes/configure-multiple-schedulers/.

= CloudNativeLab - Kubemetestestbed ] LesouT

Create new cluster Manage existing clusters Get VPN access

CREATE SHOW STATUS ACCESS

View documentation Get help Request feature

SHOW DOCUMENTATI! oN CoNTACTUS || CREATEISSUE

Figure 38: CloudNativelab main dashboard

= CloudNativeLab - Kubemetes testbed | LogouT |

- Create Cluster

@ Clusterspecs ~

! 1 Plane Machines g
o orker Machines ?
ker M Memory (GB) ?
Ma ores g
CCCCCC
[:]
[: ]

Figure 39: CloudNativelab K8s cluster creation page

© 2022-2025 SPIRIT Consortium Page 50 of 211 Funded by the Horizon Europe -

of the P! Union



https://practicum.cloudnativelab.ilabt.imec.be/
https://kubernetes.io/docs/tasks/extend-kubernetes/configure-multiple-schedulers/

SPIRIT | D4.3: SPIRIT Platform (Final Version) (V1.0) %-1?5 PIRIT

admin/sched/pod2.yaml ﬁj

apiVersion: vi
kind: Pod
metadata:
name: annotation-default-scheduler
labels:
name: multischeduler-example
spec:
schedulerName: default-scheduler
containers:
- name: pod-with-default-annotation-container
image: registry.k8s.io/pause:2.0

Figure 40: example that specifies A scheduler for pod deployment

3.2.2 Integration with Berlin Testbed

During the SPIRIT project, integration efforts have taken place to test and validate Diktyo in
the T-Systems testbed. The integration has been challenging since the T-Systems testbed
currently supports K8s v1.21 and the most recent version of Diktyo is available for K8s v1.26.
The mismatch of K8s API versions has hindered the complete integration of the most recent
version of Diktyo in the T-Systems testbed.

Nonetheless, an older version of Diktyo (v1.22) has been currently deployed and successfully
integrated into the T-Systems testbed, being able to deploy microservices in the system and
providing the required functionality to support experimenters with network-awareness when
scheduling application containers.

3.2.3 Integration with Surrey Testbed

The recent version of Diktyo has been successfully integrated in Surrey based on the described
helm chart. Example applications such as Online Boutique (link below) have been deployed in
Surrey to confirm that Diktyo is able to deploy pods in the system as an additional Kubernetes
scheduler.

A https://github.com/GoogleCloudPlatform/microservices-demo
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The third version of the SPIRIT platform aims to support human-to-human communication use
cases for immersive telepresence applications, as described in D2.3 [2]. In addition, within the
SPIRIT project the goal is to incorporate innovative platform enablers presented in D3.3 [3] to
enhance the immersive telepresence experience.

Prior to exploring the technical considerations of the holographic human-to-human communi-
cation use case it is crucial to emphasize the profound significance of capturing authentic ex-
periences.

For example, in professional settings, holographic communication transforms collaborative en-
deavours by offering lifelike depictions of remote participants. The immersive nature of 3D
representation fosters a collaborative environment where individuals can share ideas, engage
in discussions, and collaborate on projects as if they were physically co-located. The ability to
visualise the spatial arrangement of team members enhances the collaborative process, pos-
sibly contributing to more innovative and human-centric outcomes.

Within the SPIRIT project, the components of the application platform supporting holographic
human-to-human communications by Ericsson are implemented into the network testbeds pro-
vided by DT, UoS and UoB. The procedure mainly involves the integration of the components
primarily responsible for data processing into the network testbeds.

This process entails importing the producer application into a high-performance cluster (HPC)
detailed in Section 2, while maintaining the consumer application on a mobile end device.

Leveraging the computational capabilities of an HPC available at the testbeds facilitates expe-
dited data processing by the producer application software, reducing the end-to-end latency.
This approach is particularly significant for digital human-to-human communication use cases
with real-time requirements.

The required hardware components of the application platform will be provided to third parties,
this includes:

Depth camera
HPC
WebRTC Component(s)

5G Android mobile phone

= = =4 =4 =2

AR glasses

Other components that may be required to extend the application platform to support additional
use cases must be provided by third parties.

The following sections describe the platform components provided by Ericsson and highlights
some aspects of the integration procedure that are needed to implement the holographic hu-
man-to-human communications use case for the third version of the SPIRIT platform.
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3.3.1 Common Prerequisites for Integration

Initially, it is essential to establish a common set of requirements for both the application plat-
form and the network testbed for the integration procedure. The network testbed is designed
to facilitate the deployment and execution of applications within a container-based environ-
ment. This environment enables seamless connectivity between diverse containers and pro-
vides access to tangible resources like GPU cards and computational power.

The producer application is available in two formats, namely as container and as stand-alone
executable. The choice of offering the software as container is motivated by containers ensur-
ing consistent, portable, and efficient software deployment. They encapsulate applications and
dependencies, facilitating easy scaling, versioning, and streamlined management across di-
verse environments. The orchestration of these containers is managed by a Kubernetes Clus-
ter. A 5G network environment is in place to establish connections between SPIRIT platform
devices, such as mobile phones, within a controlled network scenario.

3.3.2 Compatibility Test of Client Devices

The consumer application is provided as an Android application. To integrate the consumer
application, the software is downloaded and installed on a mobile end device equipped with a
SIM card. The SIM card is provided by DT, UoS, or UoB and allows to connect the mobile end
device to a controlled 5G test network within their respective testbeds. It is noteworthy that the
mobile end device must meet certain compatibility criteria. This requires knowledge about the
public land mobile network (PLMN) identification number of the testbed and compatibility with
augmented reality (AR) glasses, more specifically the XReal Light glasses used to develop
and test the application. The latter criterion necessarily requires an Android operating system.

A range of Android test devices was available for SPIRIT to assess connectivity with the 5G
environment within the testbed and compatibility with the holographic communication con-
sumer application that makes use of the AR glasses. In our compatibility tests for suitable client
devices, the mobile end devices Oppo Find X2 Pro and Samsung S20 were identified as suit-
able consumer application devices as they satisfy the criteria for the AR glasses and network
testbeds. It is important to note, that the use of other phones is also possible. However, mobile
phones provided by third parties need to meet the test criteria. Therefore, we suggest selecting
mobile end devices in consultation with Ericsson and DT/UoS/UoB to provide seamless inte-
gration of mobile end devices that have not been tested with the platform.

3.3.3 Integration Efforts

The holographic human-to-human communications use case requires a depth camera, which
is the source to capture the media and spatial information of an object of interest. In this case
the object of interest is a human face or torso. The data obtained from the depth camera is
used by the producer application to compute 3D representations in the form of holograms, that
are streamed to the consumer application once a WebRTC connection has been set up ex-
changing meta data in signalling, as described in D3.3 [3].

It is crucial to highlight that the depth camera only provides a USB 3.0 port and does not offer
a network interface. Hence, a solution that bridges the connection between the depth camera
and the Edge Cloud system is needed. Two solutions have been considered:
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1. Solution using a dedicated device server, as seen in Figure 41:

Edge Cloud

Depth Camera Device Server

Ethernet Network

Figure 41: Connectivity Between Depth Camera and Edge Cloud with a Device server °

The device server provides two USB 3.0 interfaces that are compatible with the depth
camera hardware. In addition, the device server offers a network interface based on
the IEEE 802.3 (1000BaseT, 100BaseTX, and 10BaseT) standard, which can be used
to connect the Edge cloud to the device server. The hardware and the pre-installed
software of the device server enable a data connection between the depth camera and
Edge Cloud system without additional implementation efforts on the application or
testbed side.

In addition, the device server comes with additional features such as freely selectable
power supply between 12V and 48V, integrated change-over relay with automatic or
event-controlled switching in the event of defined status changes (e.g. power or net-
work failure) or manual switching via web browser, and numerous natification options
in the event of faults (via SNMP (Simple Network Management Protocol) traps, e-mail
and relay control). However, one disadvantage of this solution is the additional cost of
procuring this hardware.

2. Solution using a Raspberry Pi:

The setup for the Raspberry Pi solution is similar to the set up proposed in Figure 41.
The difference is that the dedicated device server is exchanged by a Raspberry Pi
computer. Hence, this solution approach can be seen as more cost-effective solution
with lower costs but higher integration complexity.

The idea is that the Raspberry Pi serves as a USB/Ethernet data converter that bridges
a connection between the depth camera via the USB 3.0 interface and the Edge Cloud
system via the Ethernet interface. This approach follows a client-server architecture,
where the Raspberry Pi is the server and the HPC is the client. However, this approach
requires the implementation of a sophisticated communication mechanism in order to
minimise the additional latency caused by the Raspberry Pi, given its relatively weak
computing power.

To initialize a connection between the client and server, both need to detect each other.
To do so, the server listensfora fistarto signal . To star
depth camera, the clientsendsa f st ar t 0 IB address dof the servet. bpon
recei vi ng t haTCPsonneaidnbetweenglierddnd server is established,
RGB and Depth frames are captured and synchronized using the implemented capture

5
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pipeline on the server. Subsequently, the frames are resized and sent in smaller chunks
to the client, in order to comply with TCP transmission requirements.

3.3.3.1 Device Server

For the deployment at DT the device server solution was determined to be the more robust
solution for the use case, as presented in Figure 41. For the deployment at UoS and UoB no
device server is needed since the testbeds support USB 3.0 interfaces making it compatible
with the depth camera in use.

Internally, the device server creates a virtual USB interface within the cloud by mapping the
ethernet interface to a virtual USB interface through the USB driver of the operating system.
The process is managed by the USB-to-Network (UTN)-manager firmware. Figure 42 depicts
the described behaviour.

High-Performance Cluster

Operating System
y
Holographic
Communication Use DL:isvgr m;rsfgce
Sender
User Data
UTN Control Data -
UTN-Manager |#-------= - 5oms s e fofooene
g Ethernet Device Server
Interface

Figure 42: Device Server Firmware

The device server comes with several firmware files that need to be installed on the host sys-
tem.

For the deployment at DT the installation of the UTN manager on a Linux OS without a graph-
ical interface is conducted, i.e., the installation for the minimal UTN manager version which
can be found

The firmware consists of three components which must be installed in the right order to comply
with their dependencies.

1. driver
2. service
3. clitool

Before installing the tools, the requirements given in Table 1 must be met.

6 https://www.seh-technology.com/services/downloads/industrial/inu-100.html
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Table 1: UTN Manager Requirements

Requirement ‘ Version (recommended)
Linux kernel 2.6.32>

glibc 2.15>

OpenSSL 1.0.1>

Dynamic Kernel Module Sup- |/

port (DKMS)

In addition, the logged-in user must have root access, i.e., can use the command sudo.

Once the requirements are met, the headers of the host system kernel must be installed. Here,

one must make sure that the version numbers of the kernel and headers match exactly. Oth-

erwise, a version conflict can occur preventing the successful installation of the firmware tools.
1 sudo apt -get install linux-headers- 6 u n arnte

Next, the downloaded tools must be installed, which can be done using the dpkg.

9 sudo dpkg -i <tool_package>

Using the above steps, the UTN manager (minimal) version was installed successfully.

3.3.4 Additional Components

The HPC is linked to both the controlled 5G network environment and the Internet. In scenarios
where peers are situated in distinct networks, Internet access becomes imperative for initiating
the WebRTC connection.

In this particular use case, the signalling, and Session Traversal Utilities for NAT (STUN) serv-
ers could be located in D T 856 test network or they reside in an Ericsson network that is
openly accessible to the peer devices participating in the use case. Nevertheless, upon re-
quest, there is the possibility of exploring the deployment of signalling and STUN instances
within the 5G network testbed to mitigate delays in the connection set up procedure.

During the integration process, it was finally decided to host the signalling server within the DT
testbed, since the testbed does not offer connectivityt o Er i ¢ s sentednithoud addi-a
tional effort. For UoS and UoB, the signalling server remains at Ericssond setwork, as the UoS
and UoB testbeds do offer connectivity without additional effort.
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3.3.5 Deployment

The application platform consists of the following code components

T main
{ server
T lib/

Here, main includes the WebRTC client and the server is the WebRTC signalling server nec-
essary to create a data channel between the WebRTC clients. The lib directory includes im-
portant helper functions to run the application.

3.3.5.1 Platform (Producer) Modes

The platform producer application can be run in different modes depending on the given envi-
ronment specification. Here, one can differentiate between two modes, namely mode 1 and
mode 2. Table 2 provides an overview of the mode and the specific hardware requirements.

Table 2:Platform Modes and Producer Hardware Requirements

Mode Hardware

Mode 1 High-Performance Cluster

Depth Camera

Mode 2 High-Performance Cluster
Depth Camera

Device Server

The modes consider whether the HPC on which the sender application is running supports a
USB 3.0 interface or requires a device server that converts the USB 3.0 data traffic from the
depth camera into IP data traffic to be compatible with the HPC. This requires that the HPC
supports at least an Ethernet interface.

For the deployment at DT the platform runs in mode 2 and for UoS/UoB the platform runs in
mode 1.
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3.3.5.2 Platform (Consumer Setups)

Figure 43 presents the (consumer) setups deployed at DT, UoS and UoB.

Producer
Mode 2
= Network Consumer
Device
Server Mode 1 :
Mode 0 . ©)
Android AR Glasses
Mabile Phone
o]
Depth Camera High-Performance
PC
Data Flow

Figure 43: Holographic Communication SPIRIT Setup

As can be seen, the producer application is hosted on a high-performance PC. The SPIRIT
setup supports each of the producer modes presented previously. At the receiver side the
consumer application runs on a mobile phone connected to AR glasses. The producer side
and consumer side are connected via a 5G network in the given SPIRIT testbeds.

Table 3 summarises the setup and the receiver hardware requirements. It should be noted that
the total hardware setup is given by considering the hardware requirements on the producer
side presented in Table 2.

Table 3: SPIRIT Holo Setup and Consumer Hardware Requirements

Hardware

SPIRIT Mobile Phone
AR Glasses

3.3.6 Validation

The validation steps described next refer to functional tests of crucial components of the ap-
plication platform to confirm the successful integration within a testbed.

Producer Application as Executable
The binary is validated within a cloud environment that hosts a VM.

After transferring the binary directory to the HPC and starting the holographic communication
sender binary, the output looks like in Figure 44 and Figure 45.
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Figure 44: Validation of Holographic Communication Application as Binary (Initial Phase)

Figure 45: Validation of Holographic Communication Application as Binary (Final Phase)

The first figure illustrates the start-up phase of the holographic communication sender, where
the generator, producer, and consumer instances are initialized. During this phase, signalling
data is exchanged between clients via the signalling server using Session Description Protocol
(SDP) messages. The second figure depicts the final phase of the holographic communication
sender application. At this stage, the consumer component functions as the WebRTC sender,
transmitting 3D data to the receiver through an established WebRTC data channel.
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The terminal output confirms the successful deployment of the holographic communication
system, including the sender, receiver, and signalling applications.

Producer Application as Container
The container is validated within an HPC environment that hosts a VM.

After pulling the image and creating a compose.yaml when using sudo docker images, the
docker engine should display the pulled images similar to Figure 46.

Figure 46: Validation of Docker Image Pull

Next, the holographic communication sender application is started. The receiver and signalling
application are started on a separate machine.

Figure 47 and Figure 48 show terminal output.

Figure 47: Validation of Holographic Communication Application within a Container (Initial Phase)
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Figure 48: Validation of Holographic Communication Application within a Container (Final Phase)

The first figure shows the start-up phase of the holographic communication sender. Here the
generator, producer, and consumer instances are initiated. In addition, the signalling data is
exchanged between the clients through the signalling server in the form of session description
protocol (SDP) messages. The second figure shows the final phase of the holographic com-
munication sender application. Here, the consumer part of the sender application acts as a
WebRTC sender transmitting the 3D data to the receiver through an established WebRTC data
channel.

The terminal output indicates the successful deployment of the holographic communication
application, i.e., sender, receiver, and signalling application.

Device Server

It is important to note that the firmware of the device server must be installed on the host OS.
In the case of a container, installing the firmware within the container is not sufficient. This is
because the UTN manager must communicate to the kernel of the OS within the host system,
which is hardly possible from inside a container.

Device Server - Matching Versions Numbers of Linux Kernels and Headers

To verify the matching version numbers of kernel and headers, the following commands are
used

9 Kernel Version: uname -r
1 Kernel Headers: sudo apt list T installed | grep linux-headers

The result of the terminal output is depicted in Figure 49. As seen, the kernel and headers
show a matching version number marked in green.
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Figure 49: Validation of Matching Linux Kernel and Headers
Device Serve r - Connected USB Devices

After successful installation of the UTN manager, the VM should recognise the camera device
as a USB device. To verify this, the Isusb command can be used within the terminal. The result
is shown in Figure 50. The figure shows that the VM recognises the depth camera connected
to the device server.

RO
ct ot ¢t
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Figure 50: Validation of Depth Camera and Cloud Connectivity

Device Server - Functionality

The device server comes with various functionalities. One important feature is the ability to
activate and deactivate the camera remotely, which can also be automated. For further infor-
mation on the device server, we recommend referring to the device server manual, which can
be found

First, it is verified that the device server and the attached depth camera are visible by using
the UTN manager command as seen in Figure 51.

I utnm -c "getlist 10.7.100.10"

7 https://www.seh-technology.com/services/downloads/industrial/inu-100.html
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Figure 51: Validation of Device Server List Functionality

As expected, the device server displays the connected depth camera, otherwise the Isub com-
mand in the previous validation step would not have displayed the depth camera. However, it
can be noted that the depth camera is not activated as indicated by the state tab in the terminal.

To turn on the camera one can either use the connect or autoconnect method. We recommend
the autoconnect method, which activates the depth camera automatically when the device
server it booted up.

9 utnm -c "activate 10.7.100.10 2"
{ utnm -c "set autoconnect=true 10.7.100.10 2"

The second term after the IP address of the device server indicates the desired USB port, in
this case USB port 2. The result after activating the depth camera and using the list command
of the device server is depicted in Figure 52 .

Figure 52: Validation of Device Server Activate Functionality

As it can be seen, the state of the depth camera changed to activated. It should be noted that
activate does not mean that the camera starts streaming but rather that the camera interface
is ready to be used by the cloud through the device server.

In summary, the device server was successfully validated when installing the firmware directly
on the host machine or the VM on top.
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3.3.7 Summary

To summarise, the application platform supporting the holographic communication use case is
successfully deployed at DT, UoS, and UoB. To integrate the producer application into the
testbed of DT, additional hardware in the form of a device server is needed to connect the
depth camera on the producer side to the HPC hosting the producer application. The additional
hardware mainly serves the purpose of relaying USB data from a depth camera to an IP net-
work where the HPC resides. For UoS, there is no need for an additional device server since
the HPC and the depth camera both support a common interface in the form of USB 3.0. The
same hardware requirements apply to the integration efforts for UoB.

The consumer application integration demands the use of a mobile phone that can be con-
nected to the network testbed using a SIM card provided by the testbed owners, namely DT,
UoS, and UoB. In addition, the mobile phone hosting the consumer application must be sup-
ported by the corresponding AR glasses of this use case.

Table 4 highlights important specifications of the implemented use case:

Table 4: Use case: Holographic Communication Specifications

Holographic Communications

Users Producer: a user who is captured by a depth camera. The captured infor-
mation is used to generate a digital 3D representation which is streamed to a
receiving consumer.

Consumer: a user who receives, processes, and displays the human 3D rep-
resentation of the user on the producer side.

Network Real-time communication peer-to-peer network (WebRTC)

Network Access Wireless, e.g., Wi-Fi/ 5G
Wired, e.g., Ethernet

Components Depth Camera (Intel RealSense): capture of media and spatial information.
(Device Server: relay instance between camera and cloud.)

HPC (Windows/Linux): generation and encoding of meshes for each RGB-D
frame and transmission of the data.

Mobile phone (Android): receiving, decoding, and rendering of data.

AR glasses (XReal Light): displaying of 3D object to a user.

The use case includes two users engaged in digital communications. The user on the producer
side provides data to be processed and ultimately transmitted to a receiver on the consumer
side for the presentation of volumetric content, manifested as a human hologram on AR
glasses.

For data exchange, users establish a real-time communication peer-to-peer (P2P) connection
employing WebRTC, as described in D3.3 [3]. The essential devices required for leveraging
the presented application platform can be supplied by the respective application platform or
testbed provider. This provision aims to facilitate smooth development, integration, and testing
of innovations by third parties during the first Open Call. The use of other components by third
parties is possible but needs to be considered in collaboration with Ericsson and the testbed
providers, i.e. DT, UoS, and UoB.
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3.3.8 Extension: many -to-many conferencing t hr ough i mecdés Virtual

IND3.3, 1 meco6s de mo n-®wimang videa delizeoyiis presantey. This demonstrator
has first been validated in a local demo setup. For scalability purposes, the setup has been
rebui |l t on Wathand rdasle adcessibleufa éxternal parties.

We recreated our local demo setup on the Virtual Wall using the star-shaped network shown
in Figure 53. Five nodes are available with public IPv4 address: four client nodes and one
server node. All clients are connected to the server through a dedicated switch, which allows
for advanced network emulation using traffic control. This allows to dynamically change the
available bandwidth, network latency and jitter, packet loss, etc.

®  pool | server

\‘
(oo VPN

-y
VPN  cientz

s
v |
i
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/ \
= e

Figure 53: Experimental setup using jFed hosted on imec's Virtual Wall infrastructure

Fed4FIRE uses Rspec files to create, manage and share experiments. Figure 54 shows part
of the Rspec file, which corresponds to the experimental setup in Figure 53. Different elements
specify the requested nodes and the links between them, the requested OS, etc.

Because hardware specifications on the Virtual Wall are limited, our aim is to make sure that
remote high-tier machines, equipped with a powerful GPU and an external HMD, can be used
to run the experiments. These devices can connect through VPN, since a custom VPN is set
up through OpenVPN on each of the client nodes. Since all nodes have a public IP address,
remote machines (belonging to e.g., one user at Surrey and one user at Berlin) can easily
connect to the local network.

The selective forwarding unit (SFU) described in D3.3 [3] is hosted on the server node, so that
clients can connect over WebRTC. While these clients can technically connect over any inter-
face (including the one used for public access), they are forced to set up a connection over the
local network. This way, the impact of emulated network conditions on the system performance
can be examined. The HRombbpisalsdmadenbaitable ot thd sereee
node and can be accessed through its public IPv4 address.
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version="1.0
- xmlns="http://www.geni.net/resources/rspec/3" type="request"” generated by="jFed RSpec
Editor" generated="2024-88-16T10:07:17.984+082:00" xmlns:emulab="http://www.protogeni.net/resources
/rspec/ext/emulab/1" xmlns:delay="http://www.protogeni.net/resources/rspec/ext/delay/1" xmlns:
jfed-command="http://jfed.iminds.be/rspec/ext/jfed-command /1" xmlns:client=
http://www.protogeni.net/resources/rspec/ext/client/1" xmlns:jfed-ssh-keys="http://jfed.iminds . be/
rspec/ext/jfed-ssh-keys/1" xmlns:jfed="http://jfed.iminds.be/rspec/ext/jfed/1" xmlns:sharedvlan="
http://www._protogeni.net/resources/rspec/ext/shared-vlan/1" xmlns:> "http://www.w3.org/2001/
XMLSchema-instance"” xsi:schemalocation="http://www.geni.net/resources/rspec/3 http://www.geni.net/
resources/rspec/3/request.xsd
- client_id="pool" component_manager_id=
urn:publicid:IDN+wall2.ilabt.iminds.be+authority+cm"” count="6" ty "any" x="150.0" y="150.8
client_id="server" exclusive="true" component_manager_ id=
urn:publicid:IDN+wall2.ilabt.iminds.be+authority+cm
< name="raw-pc">
name="urn:publicid:IDN+wall2.ilabt.iminds.be+image+emulab-ops:UBUNTU20-64-STD

xmlns="http://jfed.iminds.be/rspec/ext/jfed/1" x="450.8" y="150.8
client_id="server:if@’
address="192.168.1.2" netmask="255.255.255.8" type="ipv4"

client id="server:ifl’
address="192.168.3.2" netmask="255.255.255.0" type="ipv4"

2

client_id="clientl" exclusive="true" component_manager_id=
:publicid:IDN+wall2.ilabt.iminds.be+authority+cm
name="raw-pc
name="urn:publicid:IDN+wall2.ilabt.iminds.be+image+emulab-ops:UBUNTU20-64-STD

xmlns="http://jfed.iminds.be/rspec/ext/jfed/1" %="156.0" y="450.0
client_id="clientl:if@":
address="192.168.08.1" netmask="255.255.255.8" type="ipv4"

>

client_id="switchl" exclusive="true" component_manager_id=
:publicid:IDN+wall2.ilabt.iminds.be+authority+cm
name="raw-pc
name="urn:publicid:IDN+wall2.ilabt.iminds.be+image+emulab-ops:UBUNTU20-64-STD

xmlns="http://jfed.iminds.be/rspec/ext/jfed/1" =="300.0
client_id="switchl:ife":>
address="192.168.8.2" netmask="255.255.255.8" type="ipv4"
client_id="switchl:if1
address="192.168.1.1" netmask="255.255.255.8" type="ipv4"

client_id="link1">
name="urn:publicid:IDN+wall2.ilabt.iminds.be+authority+cm
client_id="clientl:if®
client_id="switchl:if®
name="1an

client_id="1link2
name="urn:publicid:IDN+wall2.ilabt.iminds.be+authority+cm
client_id="switchl:if1
client_id="server:if@
name="1an

Figure 54: Part of the Rspec file, specifying the required nodes and links in the experiment
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Figure 55: Dashboard of the WebRTC demonstrator described in D3.2

The functionality of this dashboard has been extended recently to include computational met-
rics about the server node. CPU and memory usage, as well as the temperature, are included
in the top left corner.

To help other researchers set up an experiment of their own, we created a GitHub repository®
that explains exactly how to do that. This repository contains the following:

1 A README.md file with detailed instructions on how to set up an experiment

T The Rspec file to recreate the experiment

9 Install scripts that are automatically retrieved and executed when launching the exper-
iment, making sure that client nodes set up a custom VPN, that traffic control is enabled
on all switches, and that the SFU and corresponding dashboard are started on the
server node

1 A sample configuration file used for experimentation, specifying e.g. the available
bandwidth

The provided documentation enables external users to create an experimental setup, connect
several remote machines, and start up a WebRTC session between the involved clients. Pa-
rameter settings can easily be configured, specifying the number of clients (2, 3 or 4), the
number of quality representations, and several network-related parameters.

Currently, the Rspec file provides a setup with four client nodes only. The setup can be ex-
tended to contain more clients, but this is not straightforward for a number of reasons:

8 https://github.com/idlab-discover/pc-webrtc-vwall
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1 Physical machines in the Virtual Wall infrastructure are interconnected through 1 Gb/s
links, which in practice result in bandwidths between 500 to 940 Mb/s. While this is
significant, it is important to realise that our solution for a single RGBD camera results
in a compressed video bitrate of approximately 75 Mb/s. When ten client devices ac-
tively send content to the SFU, network limitations quickly result in an impeded video
quality.

1 Even though bitrate adaptation is used to respect network capacity, it is possible for a
client to retrieve multiple representations of all users involved in the immersive video
conference. Decoding the content requires significant computational resources, which
makes it unpractical to consider video at 30 FPS for e.g. ten other participants on com-
modity hardware, even with parallel decoding of incoming descriptions.

Nevertheless, the provided Rspec file can be modified to consider more than four clients if
needed. The setup can also be extended with a |I|i
clients that send pre-captured static or dynamic point cloud video (e.g., objects from the 8i

dataset®) to the SFU. While the content is not captured live, it does require receiving clients to

decode and render the content.

3.3.8.1 Validationtestson i mecd6s Virtual Wa |l |

The goal of our pipeline is being able to adapt its content based on the available bandwidth,
while still maintaining a latency suited for real-time communication. In order to test the achiev-
able throughput and WebRTC latency on the Virtual Wall testbed we use two different link
capacities, 50 Mbit/s and 100 Mbit/s. We motivate the use of the 50 Mbit/s capacity due to it
being below the maximum required bandwidth, while still allowing for a sufficient number of
quality representations (see Figure 56). In this experiment, we employ the fixed-size MDC
encoder due to it having the most consistent resulting bitrates, as a stable bandwidth makes it
easier for the congestion controller to converge.

Figure 57 depicts the results of this experiment, we observe that the 100 Mbit/s link reaches a
stable bitrate of 70.6 Mbit/s. Referring to Table 5, we observe that this corresponds to the
bitrate of the highest quality representation. Contrary, the 50 Mbit/s link stabilizes at 30.6
Mbit/s, corresponding with the 40% representation. However, even with the 90% safeguard
this link should be able to achieve bitrate of the 60% representation. Figure 57 indicates that
this behaviour is due to the GCC algorithm not recovering after an overestimation which sub-
sequently caused packet loss. By analysing both figures, we can conclude that the GCC algo-
rithm takes a significant time before converging to a stable estimation. This phenomenon is
related to the initial bitrate of GCC, which was set to the minimum required bandwidth. Increas-
ing the initial bitrate speeds up the convergence at the cost of causing packet loss for low
bandwidth links. In the case of the 50 Mbit/s link, convergence is observed around 30 Mbit/s.
Looking at Table 5, this corresponds to a quality level of 40% with an average VMAF score of
67.56.

9
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(c) Seven evenly spaced quality levels.

Figure 56: Having only three fixed quality representations causes
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(d) MDC-based encoding with D1=15%, D2=25% and D3=60% of
the original point cloud.

large jumps in the bitrate ladder compared to the smooth be-

havior of having seven fixed representations. Available bitrates for the MDC-based approach have a similar spread as the seven
qualities.

Table 5: Resulting average bitrates (Mbit/s) for the different MDC quality representations, with 15%, 25% and 60% being the
base descriptions used to generate the other representations

| 15% 25% 40% 60% 75% 85% 100%

Fixed Size 119 186 306 39.9 518 585 705

Fixed Bitrate | 12.6 19.6 32.1 41.2 53.6 608 733

Percentage 12.7 198 320 424 550 62.1 748
g‘ 701 Bandwidth
=Ty B 50 Mbit/s
g 60 B 100 Mbit/s
< 501
% 401
g 30'
— 20_
E

10 1 T T T T T
0 10 20 30 40 50 60
Time (ms)

Figure 57: Throughput obtained when using the fixed

In terms of latency, the 100 Mbit/s link achieves
dev=10.2 ms), compared to 24.4 ms (std dev=5

size MDC approach for 50 Mbit/s and 100 Mbit/s

an average transport latency of 30.9 ms (std
.7 ms) for the 50 Mbit/s link. Both results are

acceptable to use in a real-time environment. The lower latency of the 50 Mbit/s link is at-

tributed to the lower throughput, indicating that

the GCC algorithm ensures a good balance

between estimated bandwidth, latency and potential packet loss.

As illustrated by Figure 58, it is necessary to have at least five evenly distributed quality levels
to achieve the throughput needed for the highest quality level. This requirement arises from
significant jJumps in required bitrates, which cause sudden latency spikes. The GCC implemen-
tation in use cannot manage these spikes effectively, because it relies on inter-packet latency
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to detect sudden congestion and cannot discern whether the increase is caused by the appli-
cation or network congestion. Consequently, having a higher number of quality levels gradually
increases the latency, ensuring the inter-packet latency increase remains stable, as shown in
Figure 59d. Reducing the available bandwidth to 50 Mbit/s shows similar behaviour and also
requires at least five fixed quality levels before acceptable bitrates are achieved. For the en-
coders with five or more qualities the gaps between the qualities have decreased enough to
allow for a smoother increase of latency.

With the 100 Mbit/s link, the encoder with five fixed quality levels achieves a throughput of 65.2
Mbit/s (std dev=3.5 Mbit/s) with an average latency of 29.4 ms (std dev=2.6 ms). These results
are comparable to the results of the MDC-based approach. This is also observed when reduc-
ing the bandwidth to 50 Mbit/s, which results in a throughput of 43.8 Mbit/s (std dev=1.5 Mbit/s),
which corresponds to a sampling rate of 60% or a VMAF score of 75.8.

| #Fixed quality levels
M Three

W Four

B Five

B Six

B Seven

Time (s)

Figure 58: Achieved bitrates when using WebRTC together with GCC, indicating that three and four quality levels are insufficient
to achieve the throughput required for high quality
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Figure 59: Resulting bitrate, estimated bitrate and latency for a single WebRTC run, illustrating the impact of the latency spikes
on the throughput and bitrate estimated by GCC when using a 100 Mbit/s network link

We refer to our published paper for more detailed presentation of the results [6].
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3.4 REAL-TIME ANIMATION AND STREAMING OF REALISTIC AVATARS

The integration of the fReal-Time Animation and Streaming of Realistic Avatar sagplication
platform in the testbeds provided by T-Systems (as described in Section 2.3) and the Univer-
sities of Surrey and Bristol (Section 2.1) has been carried out in a sequence of steps, from the
definition of the requirements to the evaluation and assessment of the performance. A detailed
description of the proposed scenario has been described in other deliverables of the project,
such as D2.3 [2], where the general architecture of the framework is included or D3.3 [3], where
a list of the innovations developed within the use case is detailed.

3.4.1 Common Prerequisites for Integration

The requirements of both the application platform and the testbed first had to aligned. The
testbed in Berlin allows the deployment and execution of applications in a container-based
environment. This environment offers connectivity options among different containers and ac-
cess to physical resources, such as GPU cards and computational power. The orchestration
of the containers is carried out by a Kubernetes Cluster that uses the Rancher management
platform. On the other hand, a 5G internal network is also available to connect the servers with
different client devices, such as mobile phones, tablets, and AR glasses. No external connec-
tion is needed at this step of the integration, since the whole application platform can be tested
internally.

On the other hand, the testbed in Surrey requires the deployment of the server application on
a virtual machine equipped with Ubuntu 22.04 LTS. This machine has access to a Nvidia GPU
and the required connectivity to its internal 5G network. Again, no external connection is
needed.

3.4.2 Containeri sation of the Application

The original server application platform was based on a central Unity app in which different
external plugins provided the required functionalities. To integrate it in the testbed in Berlin, an
effort has been carried out to build a set of three containers from the application. These con-
tainers are self-sufficient and include integral environments in which software can run without
the need of additional components. This makes this kind of deployments very portable across
a variety of scenarios.

Three containers have been created:
A Audio animation server: audio processing application written in Python that accepts a

set of audio samples and generates a list of the visemes that corresponds to the speech
contained in them.

A Video animation server: video processing application written in Python that accepts a
video streaming signal and generates a list of the visemes that corresponds to the facial
expressions contained in them.

A Avatar animation, rendering and streaming: Unity application that acts as a central hub

with which the rest of the components interact to generate the mesh and texture of the
avatar, render it and stream the resulting audio and video to the clients. This application

mu s t run in fAservero or fiheadl ess 0 mormtlee.

server. To overcome this obstacle, a virtual display is configured within the container to
allow Unity to render the necessary views.
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3.4.3 Deployment and Interconnection of Containers

Once the containers were created, they were deployed in the Rancher Kubernetes orchestra-
tor. Three images, corresponding to both necessary containers, were created and uploaded to
Docker Hub. Then, a deployment element was created in Rancher. This deployment has three
containers, each of them using one of the images.

The audio animation server exposes the port 6666 through the container. The main container
uses this port to insert the received audio samples so they can be processed. This container,
on its side, is exposing the port 8080. This allows the client devices to connect to the running
server.

A schema of the architecture of the whole integration can be seen in Figure 60, simplified by
showing only the rendering and the audio animation servers, since the container for the video
animation server is similar to the audio animation server.

T-Systems Berlin testbed

Audio
Kubernetes cluster D

Source Client
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Figure 60: Integration of the real -time animation and streaming system in the Berlin testbed

One of the main challenges that the deployment of the server component has presented is the
need of the central Unity application (see D2.3 [2]) to have access to a display while running
in headless mode. In this working mode, there is no visible rendering of the Unity scene at the
server since the whole rendering process takes place in the background and only the clients
show the corresponding video. To solve this, a reference to an X virtual server has been in-
cluded within the Docker image. This way, the container can access the GPU and the Unity
application can run without a real display.

The startup of the container corresponding to the avatar animation and streaming server re-
quired extra configuration to guarantee that the application could make use of the hardware
resources of the machine. The following command is used to run this container:

docker run -it 0\
-- gpus all \
-p 8080 \
- e PULSE_SERVER=unix:${XDG_RUNTIME_DIR}/pulse/na-
tive:${XDG_RUNTIME_DIR}/pulse/native \
- v ${XDG_RUNTIME_DIR}/pulse/native:${XDG_RUNTIME_DIR}/pulse/native \
- v ~/.config/pulse/cookie:/root/.config/pulse/cookie \

-v/tmp/.X11 - unix:/tmp/.X11 -unix \
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-v $XDG_RUNTIME_DIR:$XDG_RUNTIME_DIR \
- e XAUTHORITY \

- e DISPLAY \

-e XDG_RUNTIME_DIR \

-- net="host" \

hhivca/ avatar_server \

1

This configuration was applied to the Kubernetes cluster, to ensure the correct deployment of
the application and to perform the necessary tests.

3.4.4 Compatibility Test of Client Devices

In the testbed in Berlin, a set of testing devices were available to test the connectivity of the
5G network present in the testbed and the overall performance of the scenario. This set in-
cluded mobile phones such as Samsung Galaxy S20, Samsung Galaxy S8, Oppo Find X2 Pro,
Oppo Find X3 and Motorola Edge +.

In a first attempt, important difficulties were met when trying to use the 5G network, since none
of these devices were able to connect. This presents a serious challenge, since only specific
phones are compatible with the AR glasses that are being used (Xreal Light). Only one phone
model belonging to Ericsson, the Oppo Find X2, could successfully connect to the network
using a 5G SIM card provided by T-Systems, as specified in Section 3.3.2. Two of these de-
vices were used to test the different execution modes of the use case.

Regarding the testbed in Surrey, the phones that were used as producer and consumer were

the Samsung S23 and the Samsung S23 Ultra, respectively. The tests could be carried out
without major issues.

3.4.5 Validation and Performance Evaluation

An initial validation of the deployments has been carried out successfully in both testbeds. The
following configurations and functionalities have been tested:

Video encoding configurations

I Software encoding: for this test, the Gstreamer pipeline in charge of the processing,
encoding and transmission of video and
element. This uses software encoding to generate the video that is sent to the client.

I Hardware encoding: in this case, the faster and more advanced hardware encoding
provided by the Nvidia GPUs available in the testbed was tested by using the element
Anvh264encd in the Gstreamer pipeline.

The use of these encoding configurations allows to carry out a variety of latency and through-
put evaluations that are described later in this document.

Functionalities

Pre-configured speech script: as a first test, the capabilities of the animation module to process
text was evaluated. A JSON script with predefined sentences was created and audio was rec-
orded for them. This script contains the specific phonemes corresponding to each sound, as
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well as information about their timings. Then, the avatar was animated using this script. The
following lines show an example of this:

{

"sentences”:[

{
"audioFile":"scripts/story/S1",
"s2tData":{

"text":"hello”,
"start":0.000000,
"end":0.990000,
"result":[
{
"conf":1.000000,
"end":0.560000,
"phones™:[

"end":0.560000,
"phone™:"SIL",
"start":0.000000
}
1,
"start":0.000000,
"word":""

"conf":1.000000,
"end":0.990000,
"phones™:[

"end":0.810000,
"phone™:"HH_B",
"start":0.660000

"end":0.870000,
"phone™:"EH_1",
"start":0.810000

"end":0.930000,
"phone™:"L_1",
"start":0.870000

"end":0.990000,
"phone™:"OW_E",
"start":0.930000
}
1,
"start":0.660000,
"word":"hello"
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Real-time audio capture: in this working mode, the full pipeline of the use case was tested.
One of the participants, the so-called producer, uses one of the phones to send his/her voice
to the server. Then, these audio samples are used to animate the face of the avatar. The
second patrticipant (consumer) receives audio and video of the animated avatar on a tablet/XR
glasses.

Real-time video capture: as an additional mode, the possibility of capturing a 2D video signal
and using it as the source of the animation for the face of the avatar has been added. In this
mode, in which audio is also streamed to produce a full communication scenario, the facial
features of the producer user are extracted from the video and transferred to the avatar. More
information on this innovation can be found in D3.3.

Playback methods

2D video: Android phones such as the Oppo Find X3 and the Samsung S23 and tablets such
as the Samsung Galaxy Tab S7+ have been used to act as consumer devices. This kind of
devices provides full interactivity with the avatar and a 360° view of the model, although it
cannot provide any 3D effect. Figure 61 shows this scenario being successfully tested in Berlin.

XR glasses: the use of the XReal Light glasses has also been tested successfully. In this case,
the video of the avatar received by the consumer is stereoscopic. In this case, two images,
one per eye, is shown, creating a more immersive 3D effect. On top of this, an OpenXR client
for the Meta Quest3 glasses has been implemented and tested at the testbeds.

Figure 61: Avatar use case running in the berlin testbed
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On top of these evaluations, as mentioned in section 2.4, cross-testbed tests have been car-
ried out as well. They showed that the use case also offers a remote-access scenario in which
the producer and consumer users are in different locations.

The integration and deployment work carried out in the testbeds allow the Open Call partici-
pants to use a variety of functionalities while, at the same time, enabling qualitative and quan-
titative evaluation of the performance.

One-to-many capabilities

The original configuration of the Avatar use case was based on a one-to-one communication.
Throughout the course of SPIRIT, this setup has been reworked and extended to allow multiple
consumer users to participate simultaneously. This opens a new set of applications for the use
case, such as common lectures in educational environments or multi-user conferences.

To enable the connection of multiple concurrent users, and to improve the general user expe-
rience, a series of changes and new functionalities have been implemented:

Dynamic user and session creation

The internal structure of the session handler has been modified to dynamically generate the
resources associated to a user when a new one connects. This includes the creation of a
WebSocket session, an individual Gstreamer pipeline and a virtual camera in Unity. Once the
users disconnect, all these elements are safely removed.

Customizable video streaming parameters

The Ul of the consumer application has been reworked to increase the customization of the
communication for each user, as can be seen in Figure 62. It includes, in the first place, the
selection of the resolution of the streamed video, so it can be individually chosen by each user
depending on his/her device and network conditions. On top of this, the encoder to use (soft-
ware or hardware with NVENC) can also be selected when initiating the communication. The
Gstreamer pipeline will then be configured accordingly.

( )

Server: ‘ Custom v
192.168.178.73 ‘: 8080
Username: Maria

Mode: ’ Video & Audio v
Resolution: ‘ 720 x 1280 o
Encoder: ’ NVENC Y

\ /

Figure 62: Consumer Application Ul
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Customizable username

Each user can also select a username that will identify him/her in the communication.

Client placeholder icons

When multiple users are collaborating in the communication, new placeholder icons have been
included to mark the position of each participant. These icons will move in real time with the
users to which they belong, and they will show the username. An example of such icons can
be seen in Figure 63.

Figure 63: Client placeholder icon

Concurrency lock for the interaction with the avatar

The possibility to drag and drop the avatar and reposition it in the scene has been kept. How-
ever, a new lock has been implemented to guarantee that no race conditions appear and only
one user can interact with the avatar at the same time. These actions will be then perceived
by all users.

Dynamic avatar gaze direction

The gaze direction of the avatar is now adapted automatically to the relative position of the
users in the scene. The avatar will look at the user that is closer to it.

Support for concurrent heterogeneous devices

The dynamic and independent nature of the streaming pipelines allow for the simultaneous
use of different devices, being able to have 2D (phones/tablets/browsers) and 3D (VR/XR
glasses) in the same communication session.

Volume control

The audio of the avatar (generated in the server or captured by the producer user) is broadcast
to all the active users. New volume controls have been added to the Ul of all the client appli-
cations, including a button to mute/unmute the audio.

Multi-user metrics website

In order to extract performance indicators and quantitative results of the different configurations
that the new setup allows, a new metrics HTML/Javascript website has been developed. This
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website receives real-time data about the throughput, latency, jitter and FPS from the clients
and the server. This information is updated constantly and adapted to the addition/removal of
new users. Figure 64 shows an example of this new metrics website.

« c O D = localhost:8000/metrics_client/webrtc_metrics.html * L g g =
Z Fraunhofer  spitRendering WebClient
HHI
LH v- 127.00.1 8080 <
- Consumer client 1683824976 a |

&

Video Data (Mbps): 6.0946 Video Net Lat (ms): 0.6340 Video Proc Time (ms): 0.0000
Audio Data (Mbps): 0.0646 Audio Net Lat (ms): 0.6035 Audio Proc Time (ms): 0.0000

v Consumer client 1195980059 v |

Video Data (Mbps): 6.0914 Video Net Lat (ms): 0.5733 Video Proc Time (ms): 0.0000
Audio Data (Mbps): 0.0646 Audio Net Lat (ms): 0.6184 Audio Proc Time (ms): 0.0000

a Server a |

e

18

%,

FEIFPFOLEPFFLILEISTSS

Server FPS: 24.1071

Figure 64: Metrics website developed for the avatar use case

Metrics evaluation

In the last stage of the project, a set of metrics and KPIs have been evaluated in order to
analyse the performance of the implementation and to identify possible areas for improvement.
For this, the already mention metrics client has been used. This website acts as a special client
and retrieves data from the Gstreamer pipelines and the Unity application itself to show the
evolution of different parameters such as the data throughput and the network latency. The
information about the users is displayed dynamically as they connect, showing data about
those (both consumers and producer) currently present in the scene. At the same time, the
frame rate of the Unity application is also shown.
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From this live data, it has been possible to extract information related to the performance of
the pipeline and the variety of configuration options that it offers. The following metrics have
been measured:

Data bandwidth

The use of GStreamer pipelines to stream audio and video offer great flexibility in the encoding
and streaming process. When talking about the amount of data sent from the server to the
clients, it is important that it can adapt to the network conditions and the requirements of the
hardware involved. To achieve that, the properties of the pipeline can be customized when
starting the server in a configuration file, as shown in Figure 65. Individual configurations for
SW and HW encoders are included.

{
server”:
ip": "G ,
port":
cert”: B
key":
1 N
controller”: {
ping": 500€
}’
gstreamer": {
iceconfig": n",
) tune=zerolatency speed-preset=ultrafast|",
O zerolatency=true preset=4",
s
Ls 1
}
1

Figure 65: Configuration file with encoding properties

The video bandwidth can therefore be chosen depending on the available resources. Figure
66 shows the evolution of the used bandwidth for two different configurations. On the other
hand, Figure 67 shows the bandwidth used by the producer application when sending audio.
It can be seen that, in this case, the amount of data sent by the application decreases to near
to zero when audio is not being transmitted, making it more efficient.

:Video Data (Mpbs) [——] Audio Data (Mbps) =] Video Data (Mpbs) [ Audio Data (Mbps
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Figure 66: Evolution of the used data bandwidth for different configurations of the encoder (left: 1.5 Mbps, right: 6 mbps)
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Figure 67: Evolution of the data bandwidth sent by the producer user

Jitter

The jitter is defined as the variation in the arrival time of data packets over a network connec-
tion. In the avatar use case, it has been measured in real time from the WebRTC statistics
provided by GStreamer. Figure 68 shows an example.

4

D AV A¥ AT DS

: Video Jitter (ms) : Audio Jitter (ms)

Latency

Figure 68: Evolution of the audio and video jitter

In a complex system like the one corresponding to the Avatar use case, there are several
latencies that can be measured, depending on the scope of the analysis. The following have
been defined as the most important ones:

1 Network latency

This metric is provided by the GStreamer pipeline (at the webrtcbin element) and is defined
as the time that a packet needs to be transmitted from the sender to the receiver. In this
case, it has been measured as half of the round-trip time that the WebRTC library states.
It is included in the metrics client as shown in Figure 69.
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Figure 69: Evolution of the audio and video network latencies

9 Interaction latency

The interaction latency is a metric that appears as a result of the Split Rendering approach
used in the Avatar application. It has been defined as the time that passes since a user
interacts with the avatar (by modifying its position) until the change is visible on the screen.
This includes informing the server of the action, the adaptation of the virtual camera, the
rendering of the view from the new position and the modification of the viewpoint in the 3D
space managed by the consumer application.

This latency is crucial for the functioning of the Split Rendering mechanism, as well as for
the perception of the avatar by the user as a 3D object and not as a 2D texture. It has been
measured directly on the client device.

1 End-to-end latency

The end-to-end latency has been defined, in relation to the Avatar use case, as the time
that it takes from an audio sample that has been generated by the producer user to be
played at the consumer application. This includes its generation, the streaming to the
server, the animation of the avatar, the rendering in Unity, the encoding of the video and
audio, the streaming towards the consumer user and the decoding and rendering at the
consumer application.

To measure this metric, a reference sound (a clean artificial tone produced by a sound tool)
has been used. This sound, produced on an external computer with speakers, has been
used as input to the producer application. After a moment, the same sound has been
played at the consumer application. A third device, a phone, has been used to record the
soundwave, that has been later analysed with the help of the open-source program Au-
dacity. An example of the result appears in Figure 70. To eliminate random errors associ-
ated to this process, the same operation has been performed a number of times (at least
10) and an average value of the end-to-end latency has been obtained.
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Figure 70: Sound wave analysed to study the end-to-end latency
Framerate

One of the crucial metrics when using telepresence systems is the framerate of the video signal
that the consumer user receives. This can be measured in both the server and the client ap-
plications, since the two of them perform rendering actions. However, the Split Rendering ap-
proach offloads a big part of this process to the server. Because of this, the FPS provided by
Unity have also been included in the metrics website, as shown in Figure 71.
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Figure 71: Evolution of the framerate of the server

After performing a set of tests in a local environment and using the network available at the
testbed in Berlin, the values gathered in Table 6 show the performance of the Avatar use case.

© 2022-2025 SPIRIT Consortium Page 82 of 211 Funded by the Horizon Europe -

Framework Programme of the European Union



SPIRIT | D4.3: SPIRIT Platform (Final Version) (V1.0) %L'gfs PIRIT

Table 6: Values of the metrics analyzed for the avatar use case

Metric ‘Measured value

Video bandwidth consumer (Mbps) Variable (encoding max bitrate se-
lectable). Between 1.5 and 4 for accepta-
ble quality

Audio bandwidth consumer (Mbps) |0.06

Audio bandwidth producer (Mbps) [0.045

Video jitter (ms) 6

Audio jitter (ms) 12
Video network latency (ms) 0.6
Audio network latency (ms) 0.6
Interaction latency (ms) 79
End to end latency (s) 1.3

Number of simultaneous consumerp> 5
users

During the tests, it has been proved that at least 5 simultaneous consumer users can be con-
nected at the same time when using resolutions up to 1080p, which already provides good
quality for the display of the avatar.

The interaction latency presents values of around 79 ms, providing a smooth user experience
and prevents the avatar from losing its 3D appearance.

The biggest improvement spot appears at the end-to-end latency, which, at the writing of this
document, has values of over one second. The main reason for this is the necessary delay
that the face animation library requires, since it uses a window of previous audio samples to
generate the mesh and texture of each frame. This fact, however, does not seem to affect the
overall experience, since the use cases contemplated in these tests (unidirectional communi-
cation with one producer user and multiple consumers) do not rely on low end-to-end latency,
but on low interaction latency.
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3.4.6 Summary

The deployment of the application corresponding to the Real-Time Animation and Streaming
of Realistic Avatars use case is contained completely within the infrastructure of the available
testbeds. A list of the agents that participate in the system as well as the network components
used at the testbed can be found in Table 7.

Table 7: Use Case: real-time animation and streaming of realistic avatars

Real-Time Animation and Streaming of Realistic Avatars

Users Producer: a user whose voice is captured by the media capture device and
streamed over the network to the server, where it will be processed and used
as input to animate the avatar.

Consumer: a user that receives audio and video from the server that is dis-
played on the client device. This user can interact with the avatar and modify
its position, scale and rotation.

Network RTC P2P (WebRTC)
Network Access Wireless, e.g., Wi-Fi / 5G

Components Edge Cloud System (Linux 20.04 LTS): generation of the animated avatar,
rendering, streaming, Websockets/WebRTC connection management.

Media capture device: Android mobile device that captures media (audio) and
streams it to the server through the network.

Consumer device: Android mobile device that displays audio and video re-
ceived from the server and can interact with the avatar.

AR glasses (Xreal Light or Meta Quest 3): Augmented Reality glasses that
displays audio and video received from the server and can interact with the
avatar.

The extensive compatibility of the system with a variety of devices, especially Android mobile
phones or tablets, reduces the number of obstacles encountered when trying to connect a
media capture/consumer device. The number of mobile phones that are compatible with the
testbeds has now been extended, which facilitates the access to the applications by potential
users. On the other hand, only a few mobile phones are compatible with the investigated AR
glasses, so a potential user must convey with this information when using the application. Be-
cause of this limitation, a new client working on the Meta Quest 3 headset has been imple-
mented.
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4 | MPLEMENTED USE CASES

This section covers the implementation of use cases, which are described in detail in D2.3 [2].
On the one hand, the integration of the platform components into the use cases and the de-
scription of the necessary adjustments for a smooth integration into the testbeds and, on the
other hand, a look ahead to how these components could be used in various scenarios, such
as third-party applications. For each use case, there is a table at the end of the respective
section that summarises the relationship to the requirements and KPIs from the document
D2.3 [2], together with the validations carried out so far.

41 UC HOGRAMHOLOGRAPHUMA-WOGHUMARBOMMU -
NI CATI ONS

This section presents the application pipeline and possible extensions of the holographic hu-
man-to-human communication use case implemented into the network testbed representing
one part of the third version of the SPIRIT platform. The use case can be extended within the
SPIRIT project to offer a wide compatibility with applications from third parties.

4.1.1 Overview

Figure 72 presents the implemented holographic human-to-human use case using the appli-
cation platform:
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Figure 72: Application Pipeline of the Holographic Human-to-human communication
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The use case is implemented by means of two applications, i.e., a producer and a consumer
application:

A Producer application: Containerised Python-based application hosted on a high-perfor-
mance PC connected to a depth camera.

1. Upon starting the application, the HPC connects to the signalling server.

2. Once the consumer device joins the signalling server, a WebRTC channel is set up
as described in D3.3 [3].

3. Producer application initiates the acquisition of RGB-D information data of an object
of interest (human torso/face) using a depth camera.

4. Producer application generates human 3D representations using the acquired
RGB-D information.

5. Encoded human 3D representations are streamed to the consumer application us-
ing a 5G network.

A Consumer application: Unity (C#)-based application running on an Android mobile
phone connected to AR glasses via USB-C.

1. Upon starting the consumer application, the mobile phone connects to the signal-
ling server.

2. Once, the producer device joins the signalling server, a WebRTC channel is set up
as described in D3.3 [3].

3. Consumer application receives the 3D data stream through a 5G network.
4. The 3D data stream is decoded and rendered.

5. Human 3D representation of the user on the producer side is displayed on AR
glasses in real time.

4.1.2 Extension of Use Case

The implemented use case offers real-time holographic streaming delivery with the flexibility
of manual configuration for both quality and data size of holographic content. This includes the
ability to achieve a 3D representation through filtering and compression techniques that can
be tailored to meet network and Quality of Experience (QOE) requirements. Here, a producer
client application functions as a versatile tool for media and spatial information acquisition and
processing, compatible with applications supporting either network or USB connections. On
the other end, the consumer client application serves as a decoding and rendering component.
It allows users to visualize encoded 3D data transmitted from the producer client application.
Both application parts are adaptable to wireless network access technologies such as Wi-Fi or
5G, providing a seamless and efficient holographic communication experience.
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For the SPIRIT project the goal is to extend this implemented use case by leveraging immer-
sive telepresence application provided by third parties in the scope of two Open Call waves.

General

I Research on 3D data processing

External parties are given the opportunity to utilise the use case to drive development
in the processing of 3D content. This includes researching and testing novel processing
methods in the areas of point cloud generation and mesh calculation as well as encod-
ing/compression algorithms. Assessments by third parties can be made on various as-
pects such as encoded data size, processing time, image quality, or overall QoE. In
corporation with University of Klagenfurt, the QoE of the holographic communication
platform has been calculated using QoE models trained on third-party datasets incor-
porating knowledge of 3D compression parameters. The results of the QoE evaluation
can be found in section 6.

1 Implementation of various streaming technologies
The existing iteration of the application employs WebRTC for streaming 3D data be-
tween the clients asymmetrically. There have been developments in extending these
technologies, e.g., in terms of scalability (c.f. Section 3.3.8). This offers a promising
chance to explore the system's performance. In addition, alternative streaming frame-
works such as LL-DASH have been explored and compared to WebRTC solutions.

I Use of new devices and new ways of interaction
The market of AR devices evolves rapidly and new options with improved features are
constantly made available. This presents a good chance to extend the compatibility of
the application to a wider range of equipment. New ways of interaction between the
user and the holographic content could be implemented using new device technologies
to provide a richer immersive experience. This for example may include the incorpora-
tion of the Microsoft HoloLens 2 or the Apple Vision Pro through third parties.

Based on the feedback of the SPIRIT partners and the Open Calls, the following optional ex-
tensions were implemented for the holographic communication use case.

o Poaint Clouds: An option has been added to display the human 3D model as a point
cloud instead of a polygon mesh. In general, the underlying 3D compression technique
used for holographic communication works faster with point clouds than with polygon
meshes. However, as described in D3.3 [3], using point clouds instead of meshes usu-
ally comes at the expense of immersion quality. It is up to the user/experimenter to
decide which option to use.

0 Built-In Congestion Control: The holographic communication architecture, or more pre-
cisely the underlying WebRTC component, has been extended to support media tracks
for streaming content in addition to the more generic data channel of earlier holographic
communication versions. Unlike the data channel, the WebRTC media track is more
specialised for traditional media such as 2D video and has built-in support for 2D com-
pression codecs such as VP8 and H264. It also features Google Congestion Control
(GCC). These characteristics enable efficient streaming in congested networks. For
holographic communication use cases, the WebRTC media track option streams syn-
chronised depth and colour images via the media track. The receiver has been modified
to generate 3D content from the received colour and depth images for an immersive
experience. The user/experimenter can choose which option to use.
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o Audio Support: The holographic communication use case was extended to also support
real-time streaming of audio. At the receiver side the audio can be used in parallel with
the real-time hologram presentation. The streaming of audio is optional and can be
turned on or off depending on the needs.

0 Support for other protocol suites: While WebRTC is the de facto transport protocol in
this use case for holographic human-to-human communication, other protocol suites
have been added in collaboration with Open Call participants to enrich the SPIRIT of-
fering towards novel usage scenarios:

0 Together with the OPEN-DASH-PC project, an open-source implementation of
ultra-low latency dynamic adaptive streaming over HTTP (ULL-DASH) for point
clouds is now supported in both the Surrey and Ghent testbeds.

o0 In cooperation with the QUEST project, scalable real-time holographic stream-
ing through Media-over-QUIC (MoQ) enables many-to-many scenarios through
a relay-based mesh network, instantiated and publicly accessible on the Virtual
Wall testbed in Ghent.

Furthermore, in the third version of the SPIRIT platform, the following extensions are conceiv-
able but should not be understood as limiting the immersive telepresence application of third
parties:

1 Incorporating edge computing (split-rendering): The rendering operation is done by the
consumer application supposed to be running on a mobile end device such as a com-
mercial off-the-shelf mobile phone. However, rendering is GPU- intensive, as the pro-
cesses involved in creating realistic and visually appealing images or animations are
very complicated. The complexity arises from factors such as intricate scene geometry,
high-resolution textures, advanced lighting effects and complicated shading models.
Meticulous calculations for light interactions, reflections, refractions, and shadows are
required to achieve photorealistic results as demanded by the digital human-to-human
use cases presented in D2.3 [2]. One solution to mitigate the impact of rendering on
hardware with low GPU power is to (partially) off-load the rendering operation on more
sophisticated hardware, such as the HPC provided in the implemented use case.

Similar to [7], third parties could investigate cloud solutions leveraging the provided
HPC for the use case with a special focus on rendering within immersive telepresence
scenarios. Excluding cloud service monetisation, computational off-loading of heavy
software operations from a mobile end device to an HPC not only optimises end con-
sumer battery usage but also contributes to possibly reducing end-to-end latency in the
overall system originating from faster software processing time.
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Table 8: Use case Holograms: development/integration and performance

Use case Holographic
Communication de-
velopment and inte-

gration

Relevant re-
quirements

KPIs (metrics
achieved)

Evaluation (determina-
tion of KPIs)

The use-case was devel-
oped by EDD and initially
tested locally at 5G
testbed in Aachen.

Integration in the DT
testbed is done.

Integration in the UoS
testbed is done.

Integration in the UoB
testbed is done.

The extension for many-
to-many conferencing was
developed by imec, tested

in a local setup and inte-

grated in the Virtual Wall
testbed in Ghent.

RLat = 200 ms

RDown = 20
Mbps

RClients = 2
RFPS =30

RRes =
1280x720

RQOE = 4

RLat = 300 ms
RDown = 10 Mbps

Clients = 2 (exten-

sion to 10 clients in

the many-to-many
scenario)

RFPS =60
RRes = 848x480
RQoE =4

E2E latency (Lat) is in this
case the time between the
capturing and displaying on
AR glasses.

Downlink bandwidth corre-
sponds to the 3D video
stream (compressed mesh).

In our tests satisfactory re-
sults were achieved with a
resolution of
848x480@60FPS.

Two clients were used in the
tests, one producer and one
receiver (up to 10 clients in
the many-to-many scenario
on the Virtual Wall testbed).

A signalling server included
in the application was used
to test the communication.
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