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This documentonstitutes the @liverable D6.2 of Work Package 6 (We@BD Digital Twin XR Use
case integration and validation and KPVI assessinkriocuses on the deployment andlidation of
3D Digital TwirfDT)use case, combiningRtechnology with advanced networking enablers, including
Wireless TimeSensitive Networking (TSN), B&twork slicing, and edge computinghe integration
and validationof the use caséhavebeencarried out atthe 6GXRNorth Node test facilitiesnamely
5G Test Network5GTN Oulu, Finland1], [2].

D6.2 reports on the implementation and validation of tB® DTuse case, where remote users
collaborate in a shared VR environment for design rexdéadigital printable 3D objecand remote
operation of a 3D printerThe3D DTapplication was developed as a representative demonstrator of
3DDTcenabled collaboration, building on the initial architectural design describddlinerablesdD1.1

[3] and D1.2[4]. The3D DTapplicationis runningon top of sliced 5G mobile network testbecs
reported in deliverablesD2.2 [5] and D2.3 [6]. Furthermore, the3D DTapplication wasused in
conjunction with the trial controller and disruptive RAN technologies, as documented in
deliverable®42 [7] and D4.38].

Part of the work addresses the role of TSN in enabling deterministic communicati8b ol powered

robot arm control Both wired and wireless TSN architectures are investigated: the wired deployment
demonstrates clock synchronization and deterministic scheduling within 5GTN, while the wireless
deployment extends TSN functionality to ‘i 6 with arobot arm system. Th&D DTapplication
integrates reattime robot control viaRobot Operating Systewersion 2(ROS) [9] with live video
streaming, where WFi TSN ensures prioritization of missiitical traffic.

This deliverable contributes to the overall objectives of the -B& experimentation First,
heterogeneous communication of 3DTApplications was adapted to the proposed 6G architecture,
integrating multimodalcommunicationsuch as immersive VR collaboration and téak robot arm
control. Second, the 6&R infrastructure was configured to support the deployment of 3Bdbvices,
combining the WHi TSN system with the application platform. Third, the services were tested,
validated, and demonstrated ovéne 6GXR experimentation facilities by applying key technological
enablers for 3D DT operation, including API orchestratiomé@&ork slicing, WiFi TSN, and théG
XRtrial controller. Validation results confirm that the proposed approach can ddidaptive 5G slice
configuratiors, the deterministic performanceover wireless through Wi-Fi TSNand ensurethe
requiredQuality of Service(QoS) and reliability required for nexgenerationDTand XR servicess a
result, the deliverable successfully addresses theXd@&GhigHevel Objective 7 (Obj.7§Develop and
deploy 3D Digital Twin with XR remote control capalsility
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The mainpurpose of B.2 isto summarize the outcomes d¢iie Tasks 6.4, 6.5, 6@ the WP6 during
M1-M34of the 6GXR projectThe overall objective dhesetasksis torespectivelydesign, implement,

and validate3D DT Use Cadieat demonstratesthe integration ofUse Case 4JC4)3D DTapplication

with advanced 5G networkingndthe TimeSensitive Networking (TSbkBpabilities. Th&VP6 bridges
applicationlevel development with networkevel innovation, thereby providing evidence of how
emerging technologies can meet both the Key Performance Indicators (KPIs) and Key Value Indicators
(KVIs) defined by the project.

Thetasksof WF6 related toUC4are:

1 T6.4 cRemote Control witiTSN and 3D Twin component Adaptataevelops and deploys a
3D DTapplication within the5G Test Network5sG TN test facility. The deployment leverages
APitcontrolled network slies to allocate dedicated resources f@&D DTtraffic, thereby
enabling immersive remote interaction with laboratory equipment. This task validates the
feasibility and potential of XBnabledDTenvironments irthe real5G system.

1 T6.5 6aTSN/3D Twin Use case integras@xploresTSN capabilities over Wi, evaluating the
extent to which wireless TSN can provide deterministic and resilient communication for XR and
industrial applications.

1 T6.6 dvalidation and KPVI assessment of 3D Digital Twariad€Rses on the validation of KPIs
and KVIs by integrating tf&D DTapplication within a testbed that includes both B@&twork
slicing and WFi TSN functionalities. This ensures that the evaluation captures performance,
user experience, and broader value dimensions across different networking features.

1.1h. WEL/49 hC ¢19 59[L+9w! .[9

The objective 0oD6.2is toexplain thedesign, implemerdtion, and validaibn of UC4that combine 3D
DTapplication withslicedand orchestrated5G network. Thisdeliverableis alignedwith the defined
WP6 objectives:

(1) Adaptheterogenous communication with 3DTapplications to the proposed 6G architecture

(2) 6G-XR infrastructure configuration for deployment3i DTservices.

(3) Test, validate and demonstrat8D DT services over 6&Rexperimentation facilities, by
applying technological enablers from WR#4 (e.g., 6G comms control plane, smart
orchestration of cloud continuum resources, netwagsisted XR processing, etc.).

The 6GXR higHevel Obj. @®Develop and deploy 3D Digital Twin with XR remote control cap@hdity
defined to bevalidated by the KPIs:

KPI | Definition
7.1 | Implementation, deployment and successful piloting of a mustr cybesphysical system
prototype.

7.2 | Verification of physical machine and VR human interworking.
7.3 | Predictive safety, efficiency utilizing AI/ML in cyber world feedback into physical world
operation.
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7.4

Assessment of at least 4 crdsger KPIs / QoS metrics in objective tests, in line with the
expected levelsletailed in Objective .2

7.5

Assessment of at least 3 QOE metrics via questionnaires and interviews, with at least 4
users in auser study with statistically significant benefits of-B& enablers inomparison
with the stateof-the-art.

12{¢w! / ¢!'w9 hC ¢19 59[L+9w! . [0

The structure ofhis documents as follows:

=A =/ =4 =4 =4 =4 4 -4 I

Chapterl introduces theobjectivesand the overall structure of the document.
Chapter2 introduces the collaborative 3D DT use case

Chapter3focuses on the 3D Tsystemand its deployment in the 5G testbed.
Chapter4 presents the intgrationand deployment of WFi TSN.

Chapter5 outlines the KPlIs and K\dfthe 3D DT Use Case

Chapter6 describes the validation methodology.

Chapter7 provides the assessment KPIs andKVIs through selected test cases.
Chapter8 presents the analysis of the results.

Finally,Chapter9 concludes the deliverable with a summary of the main findings.

1.3¢ wDOF5L90 9¢1 9 59[ L+9w! . [09

This deliverable is a public report which targets the project consortium, stakeholders, academic and
research organizations, EU commission services, and the general pulgiovides feedback to
industry by demonstrating ho®D DTapplication andXRtechnologies can be combined with TSN and
6Gadvanced networking features, illustrated through réiate remote-controlledrobot and industrial
DTuse cases.
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The collaborative 3D Tconsists in theéhree-dimensional virtual representation of a physical object,
system, or environment that mirrors its realorld counterpart, providing a shared space for hurgan
machine interactions and rediime collaboration Within the 6GXR frameworkithe UC4enables a 3D

DT application andemonstrates how future networks can enable immersive remote communication,
remote work, and remote control in a 3D environment. By moving beyond voice and video, th€ 3D
provides participants with a shared, spatially accurateimment where they can interact with
objects, processes, and colleagues as if they were physicalbcated. This approach underlines the
role of 6G as an enabler for negéneration collaboration and operations, bridging physical and virtual
worlds through enhanced capacity, uklaw latency, andemote-control accessibility.

21' {9 /1{9 59CLbL¢LhbD

TheFab Lalat the University of Oul(UOulY is usedasan environmentfor 3D DThumanmachine
interaction. A Fab Lab, short for "fabricatiteboratory”, is a smalcale workshop offering digital
fabrication tools and resources, enabling individuals to create, learn, and inn@gital fabrication

has surpassed the limits of location on a global scad¢he designs created in one location can be
reproduced in other locations across the world. However, the process of producing physical objects
from digital assets using fabrication tools requicedlaborativeinteraction between the designer and

Fab Lab instructor to set up the tools aatiog to thespecific requirementsf the site To address the
challenges of reviewing 3D designs, setting up machines, and controlling them collaboratively
different locationsbetween the remote user and the instruart a digital space using XRvironment
synchronized with machines and human avataes criticalneed

Beyond remotecontrolled production, an important benefdaf 3D DTis that the digital environment
allows human collaboration and reviewith real outlook and scaldefore initiating physical
production.In this scenarichow inFigurel, firstly there are limitationof conventional2D display to
review the 3D desigrBy using an immersive VR environment and upload the 3D design thera and
remote user anda Fab Lalinstructor engage in coreativeXRenvironment.The VR environmertan

be used to scal¢he objectandallowsboth participants to confirm and discuss the exact size and shape
of the object before fabricationusing 3D printer This approach eliminates the inefficiency of
repeatedly fabricating and reviewing physical prototypes, as the digital replica shortens the iteration
cycle and ensures alignment befgranting.

Figurel: 3D Digital Twin concept showing the 2D display limitation, VR immersion, and physical outcome.
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The architecture of thaJC4is structured to demonstrate the integration &R enabled3D Game
enginewith advanced wireless connectivity enable aconnected3D DTapplication While detailed
architectural aspects are reported BG-XRD1.1[3], D2.1[5], D2.2 [6] and D42 [7], this work
incorporates the latest system requirements and updatene after the submission of the
aforementioneddeliverables

4 I
UOQulu 5GTN testbed

’-q::q ] NG

=
Remote . e
User / “‘ SN Live stream
" i DT : @robot a
Avatar 2 VR Scene @robot arm

Collaborative
robot arm
o
)
\_F

an

Figure2: 3D DI Componaets in the Use Case

Thecomponents used iklC4areillustratedin Figure2. Componentsand human agentsf each of the
three mainspacesare presented below.

1. Real Fab Lab Environment
1 VR headsetised toconnect to the DT
Remote Instructoof the Fab Lab that inspects the object to be printed
3D Printer
3D Printer Controller
Camerain 3D Printeiused to stream the printing process tiee DTenvironment
Collaborative robot arm

Camerdn the robot armto stream the video with motiosfor surveillance of environment
andreviewing theprinted product

2. 3DDT Environmenbf the 5GTNestbed:
1 Remote User and Remotestructor avatars,
3D model of the designed object,
3Dmodelfiles,
VRscene of the Fab Lab,
Interactive3D printer digital model,
Live stream videwvindow of the physical 3D printer
Interactive3D model of the robot arm, and

=A =4 =4 =4 A 4

=A =4 =4 =4 4 =4
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i Live stream video window of the robot arm.
3. Remote Place
 RemoteUser,
1 VR headsetised to connect to th®T environment

The physical and digital environments are interconnected through advaBGHased on 3GPP
Release & and WiFi 6 based TSNwireless communicatiometworks Specifically, the remote
operation of 3D printeat the Fab Labas well as the immersive VR interaction between the remote
user and the ossite instructor, are supported via a 5G connection. In parallel, the robotic arm, which
requires realtime control and higlkguality live streaming, is connected using-M/iTSN tensure
deterministic latency and t@ble transmission

23¢L#Vb{LECL+t9 b9¢2hwYLbD

The demand for communication systems with predictable performance has increased with the growth
of applications such as industrial automation, autonomous driving, and immersive services. These
applications not only require low latency but high reliabiliynd deterministic transmission of data.

While Ethernet is costffective and widely deployed, it does not itself support deterministic
communication and is therefore limited when strict latency and jitter guarantees are reqiidd

[11]. To overcome this limitation, the IEEE 802.1 working group has standardized a set of
enhancements under the title TSN. TSN extends Ethernet to supporttitizal and beseffort traffic

on the same physical infrastructure. Important examples include IBBE1AS for time
synchronization, IEEE 802.1Qbv for scheduled traffic, and IEEE 802.1CB for frame replication and
elimination[12].

Practical adoption of TSN is already visible in several areas. In industrial automation, TSN enables the
convergence of operational technology and information technology, removing the need for parallel
dedicated networks and simplifying factory communioatisystems[13]. TSN has also gained
relevance in mobile networks, especially in 5G fronthaul and edge computing, where deterministic
transport is required for coordination between distributed elemefitd]. As discussed by Sharma et

al. [15], deterministic communication is a key requirement for future 6G systems. Building on this
perspective, in the specific context of BrandVVR applications, TSN is critical to ensure deterministic
QoS for reatime collaboration and control. These applications depend on continuous multimodal data
exchange including video, motion tracking, and robotic commands, where latency or jitter directly
affects usability and safety. By providing bounded delay and reliability through mechanisms such as
time-aware scheduling, TSN enables remote equipment operation, immersiea[¥Boration and
synchronized interaction between physical aridual environments

2.3.1 Core TSN Standards for Deterministic Communication
1 IEEE 802.1ASTime Synchronization

TSN establishes a netwenkde time reference that enables coordinated operation across all network
devices. The 802.1AS protocol provides-subrosecond time synchronization accuracy, creating a
common time base that allows precise scheduling of netwasources. This synchronized time
reference is essential for coordinating tirsensitive data flows across multiple network segments and
ensuring thatvVR applications maintain their strict timing requirements across distributed computing
architectures.
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1 IEEE 802.1QbvTime-Aware Scheduling

This standard implements deterministic traffic scheduling through {rased gate control. Network
traffic is classified into different priority queues, each controlled by tsyechronized gates that open
and close according to a peomputed schedule. irie-critical traffic receives protected transmission
windows where no other traffic can interfere, guaranteeing bounded latency and eliminating
congestioninduced delays.When consideringVR applications,the pose tracking data can be
guaranteed transmission opportunities while higandwidth video streams are scheduled to avoid
interference with timecritical flows.

24' {9 /1{9 n {.{¢9a h+x9wzLO9>
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Figure3: 6GXRUse Case 4 system overview

Figure3 shows the use case system diagram with edge services, where the edge delivers processing
and networking capabilities as a service to the end users. The Use Case 4 operates in following way:

1. Theremote userwho requires a review and printing of a 3D objegtloads the object model (.obj
file, .stl fil® from a PC to the Object (OBJ) importer in the edge sendiben, he remote user
agrees on a 3D DT online meeting with the remote instructor.

2. Atthe scheduled meeting time, the remote user accesses the 3xihda VR headset, launches
the 3D DTApplication, and enters theollaborativeVR environmentof the 3D DT environment.
The remote instructor joins the same \éRvironmentin the same way. Both participants are
spawned as avatars aragte able to interact with each othediscussing the design with voice and
hand tracking in an immersive setting until they rearhagreementabout the printability of the
object in question.

3. Once the 3D object design is confirmed with the remote instructor, the remote user operates the
3D printer to start production. The printer fabricates the objewmbdelinto a physical object, and
a live production view is streamed into the VR scene thragicamera installed inside the 3D
printer.

4, I;)uring and aftertrle prpduction, the remote user and, insgructor observe theal Favagb R
SYOBANRBYYSYU TNRY gAUKAY UKS o5 5¢ £w aoOSySo
the production process via a live video feed. A camera mounted on the roboticcamected with
TSNdeterministiccommunicationprovidesreaktimely controllableand adjustable viewpoints

5. The process ends when the object is completely printed, and the remote user and instructor
finalize their collaborative VR experience.
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3D DTsystemrequires an immersive environment for re@ne interaction between users and
facilities. A Vibased 3D platform built on a game engine provides dynamic rendering, synchronization,
and remote operation featuresThis section describes how the 3D DT application is delivered and
configured on the 5GTiéstbedat UOulu For functional validation, an Obased 5G Standlone (SA)

system (OAIBOX) with slicing capability is used. For KPI evaluation, the same application runs on a
3GPPcompliant 5G system with nhile-edge integrationThis setup enables functional verification in

the OAI environment and quantitative KPI validation in the 3@#HRpliant system, confirming
interoperability and performance of the 3D DT deployment.

3105 II5t¢ct [ L/ ' ¢Lhb

The 3D DT application builds on the conceptual design reported-KR5@eliverable D2[5] and D22

[6] to incorporate the latest system requirements and architectural refinemertie. C3DDT platform

is powered by an opesource 3D game engine architecturentred around Babylon.js, a Web&L
based and WebXxBompliant frameworkfor building immersive 3D applications within modern web
browsers Combined with Reactfor the control interface, OpenVidu for multimedsé&reaming, and
OctoPrint for 3D printer remote control, the platform leveragefully opensource software stack.
This design ensures accessibility across devices, awamdsr lockin, and supports transparency and
adaptabilityt key requirements foreducational and research use cases. This approatables
community-driven development and customization without commercial licensing restrictions, unlike
proprietary game engines that may impose platform limitations. The use of open technolaigies
with the values of openness, reproducibility, and lgegn sustainability.

As illustratedFigure4, the architecture comprises of three main layers: clisiule interaction (VR
headsets and web interface), backend game engine coordinationdawite integration interfaces.

On the client side, VR headsets run Welm$Ripatiblebrowsers to render the 3D environment using
Babylon.js. Users interact with theD DT environment through head and hand tracking, gesture
recognition, and spatialoice communication. A complementary 2D interface, developed in React.js,
providessession management features such as control panels, file uploads, and interaction logs.

3D DT User Web Server 3D DT

User 2D Intarface 3D VR Interface
Platform

File System
Backend Service sifies

VR Headset

— Machine Control (ROS2) STL File Importer geode fies
uvm ] ook, |
o 3D Rendaring 3D Printer Control Session & Conn. Control Avatar fles
VRS View Head & Hand
Motion Input ' ‘

Streaming Server (OpenVidu)

Audie Connections

3D printer P

<3

Camera OctoP

afl =l -
5 HEHH G
g S 2
. cl G El B

Figure4: Functional diagram of the 3DT platform

As shown irFigure5, the G3DDT platform consists of three main stages. On the left, both the remote
user and the remote instructor register in the system. The remote user uploads a 3D model and enters
the shared 3D DT environment, which replicates a Fab Lab VR room whesomalized avatars are
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synchronized through headind handtracking. The center illustrates the immersive design review
phase, in which multiple users collaboratively inspect and manipulate the 3D object in real time using
voice and gesturdased interactions supported by Babylis and OpenVidu. On the right, the finalized

3D model is linked to the physical 3D printer, and live video streams from the fabrication grocess
captured from top and side camermasire rendered within the 3D DT environment, enabling teak
remote superision of printing.

\
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Figure5: 3D DT application overview

3205 I5¢w2 ! w9 plbBbb9/ ¢L£LC,

The3D DTplatform is validated using twoypes of VR headseatsthe Apple Vision Pro (AVP) and the

Meta Quest 3 (MQ3)demonstrating crossendor operability through Babylon(snulti-platform

WebXR support. This interoperability enables users to accessathe shared XR environment across
RAFTFSNBY (G KIFINRgl NB SO2maAAVSHY{a ZI yAR/-GabciiRR §aform. yL R XIS QF
Each usedevicewas assigned to a different 5G SA network slice, either Enhanced Mobile Broadband
(eMBB) or UltreReliable Low.atency Communication (URLLC), to eatalthe 3D DT application over

the 5G network system under different slice configurations. The slicing setup was prepared specifically

for KPI evaluation, enabling the comparison of network performance and service quality between high
bandwidth and lowatency profiles. Each user handled mixed VR traffic through a single 5G modem,

and the assigned slice determined the QoS parameters, including bandwidth, latency, and reliability.

AVP wired connection with 5G modem

Quest3 wired connection with 5G modem

Figure6: 5G modem connecteflVP and Np3.

Since most VR headsets are not nativelyes@bled, the connection is established throughaptop
PC equipped with a 5G modeithe VR headset is connected to thptopvia a wired link, anthptop
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PC bridges the traffic to the wireless 5G netwadtks possible to employ both AVP and MQ3. Also, the
network QoS measurement probe is installed to the Ubuntu based laptop proviegagime
performance monitoringagnd KPI data collectim

Tablel: Sliced 5&adio System Configurations

Parameter ' O-RAN based System | 3GPP compliant System
Radio Hardware USRP X410 Nokia AirScale Indoor
Radio Band n77 (3850.0 MHz) n77 (3950.0 MHz)
Bandwidth 100 MHz 100 MHz

TDD Pattern DDDFU 1UL/4DL

Antenna Config 2x2 MIMO 4x4 MIMO

Slice Enabler N-RFRIC 5GCore

eMBB Slice Proportional Fair Scheduler| 5QI: 9

URLLC Slice Designated PRBs 5Ql: 85

5G Modem Quectel RM520€55L Quectel RM520€55L

In this use case development, tviss slicedSAnetwork system ofUOulu 5GTNvere used Tablel
presents the comparison &G radio system configurations between th®@pen RANO-RAN-based

and 3GPRompliant 5G networksThe configuration of eMBB and URLLC slices was defined for each
system. In the @RAN based setup, the NeRealTime RIC (RTFRIC) controlled two predefined slices:
eMBB and URLLBYy adapting the radio scheduler through theR¥RIC, eMBB traffic was managed
using the Proportional Fair Scheduler, while URLLC traffic was assigned designated Physical Resource
Blocks (PRBs) to guaraatea specific performance leveln the 3GPRompliant configuration,
Cumucore provided slice isolation through distinct QoS flows defined by the 5G QoS Identifier (5QlI):
5QI 9 for eMBRBype traffic and 5QI 85 for URLtype traffic, following23.501[17]. This setup
implemented a fully 3GREompliant slicing approach, where service differentiation was achieved
through standardized 5G Core QoS mechanisms.

33hm! b . [[2B®HIVE2 hwy

TheUCisfirstly deployed onJOuluSGTNwith O-RAN basedliced5GSAsystem.The detailed results
were published in K. Komatsu et f8], and theypresent the evaluation of an 3D DT application
utilizing sliced5G network, focusing on latency and throughput measurements and their relation to
usability as a KMriented assessment.

OAIBOX was usedto setup a O-RANbased 5G networkQosiummeasurement systenis used to
perform QoSmeasurements in the 5G systemiligstrated inFigure7. The setup consists éfVPand

Meta Quest 3 headsets connectéd the networkvia PCs andbG modens, an 3D DTApplication
consisted oBabylon.js and OpenVidocated at the edge node, and the OAIBOX Central Unit (CU) and
Distributed Unit (DU) implemented as a split solution using Universal Software Radio Peripheral (USRP)
as Radio Unit (RUamerasising RaspberrPiswere connected to th&D DT Application viaU This
systemallowed the evaluation of slice performance and relakdels andKVIswvhile using avR headset
immersive application

10AIBOX a plugand-play opensource 5G/6G network testing platform based on the OpenAirinterface project. [Online].
Available: https://oaibox.sourceforge.net/
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Figure7: System Diagram of-BAN base@uCNC/6Gsummit 2024 demo

O-RAN base@D DT demo systedeveloped by 66XR fothe EUCNC/6G Summit 2024 in Antwefp
Belgium is aproduct ofcombined contribution of thre®eGXROpen Call projects(Faladin, BanQ,
and 6GSlicg and UOULU effortsas reported in the 6&XR projec{20]. A live demonstration was
conducted ashown inFigure8, two VR headsetsperated oveilOAIBOXased sliced 5G-RANsystem,
each headset in their own slices, within the same XHrenscene, while QoS measurements for the
system were done using Qosium measurement system.

4

Figure8: A Demo with Open Calfojects at the event of EUCNC/6Gsummit 2024.

340Dt that [ {[Hhp B¢z hwy

The same 3D DT use case is deployed amother sliced 5G networkt UOulu5GTN,over 3GPP
compliant systemutilizing Cumucorg21]. Figure9 illustrates the implementation of the 3D DT
application over a 3GPPased Cumucore 5@etwork with trial controller orchestrating with Al/ML

based network optimizatiorOn theleft side offigure, the remote instructor and remote user ugiee
non-5Gnative VR headsets that connect via a 5G modem installed on a PC. The PC pobadiys

5G connectivity but also functions as a Qosium network measurement point, enabling QoS and KPI
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measurements with data uploaded to the Measurement Storage selvaaed atthe edge sevice
Through the 5G radio access network, the users access the 3D DT appéittimedge sevice

/ 3D DT User \

Remote Instructor

PC with 5G
modem . i 4 Edge Service h

3D DT APP Qosium Probe

QoS/KPI data uploader
[ webPortal | [ AL |
Cumucore T
5G RAN North Node Qosium
Adapter Storage

OpenStack

PC with 5G

modem C-3DDT Platform

3D DT APP Qosium Probe

3D Game 3D Printer
\ QoS/KPI data uploader / Engine Surveillance
g Babylon.js Printer
e . ™ OpenVidu controller
-
D Printer Service streams
Surveillance Raobot Arm
Remote control
Remote control
\_ Video streams J

Figure9: System Diagram GPPased 5G slicesith Orchestrated Edge Services

The edge sevice on the right sidef the figure hosts the orchestration serviaaf the Trial Controller
developed undethe WP4 deliverable[5], [6]. The achestraion componentconsiss of the North

Node Adapter (NNAgndthe North Node Web Portal. The Web Pompabvides a user interface that
simplifies 5G testbed setup and operatidtigurel0 shows the North Node Web Portal serving as the
front-end interface for configuring testbed experiments and presenting measurement results through
a GUI dashboard.

Expariment Anslysis Number: 90

Wit s
&Ga * 0
Trial List ==

in I QA

Figurel0: North Node Web Portal Dashboard

The NNA enables intuitive orchestration of 5G RAN QoS/KPI measurements and dgsannice
allocation for 5G slicBlPFsThe service control interface is provided through a REST API connected to
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the Web Portal. Once a test case is initiated by the Web Portal, the ddbhfestratesthree key
componentsQosiumStorage, Al/ML, and the Cumucore 5G RAN.

O >

Edge Service

C-3DDT Platform

3D Game 3D Printer
Engine Surveillance
r 2
J (3)
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Figurell: Aldriven dynamic resource allocation wilhial Controller

Figurellshows thesystem diagram of thBINA orchestration for QoS/KPI measurement andriMen

dynamic resource allocatian 5G slicesWhen 5G slicing is applied, the User Plane Function (UPF) is
responsible for handling user data traffic, including packet forwarding, routing, and policy enforcement

between the radio network and external data networks. In this use case, two UPFs anedg$sighe
eMBB and URLLC slices. For Alldted adaptation, the dynamic resource allocation enabler is

implemented through a traffic shaping mechanism positioned before the UPFs. The NNA regulates

slicelevel bandwidth through a dedicatedaffic shaping layer placed in front of the UPFs, rather than

directly controlling the 5G Core or UPF entities. This shaping mechanism dynamically adjusts uplink

and downlink traffic for each slice according to AlAtiven decisions.
TheAl/ML coordinatiorprocess is as follows:

1. QoS and KPI measurements, together with ¢hgebased measurement storage system, are
implemented usindaitotek Qosium Storage. When the Web PosethdsNNAthe message
to initiate a testbed experiment, the NNA starts the Qosium Pmbe both ends of the
measurement paththet / Q & 5Gmiodeks andthe Edge serice. QoS parameterare then
measured for this patAndmeasurement results areploadedto Qosium Storage at the edge.

The stored data can then be accessed through the Web Portal Dashboard via REST API
requests.

In dynamic resource allocation with AlI/ML, the NNA takes the central coordination role. At
regular intervals (everg seconds), it fetches the latest measurement data from the Qosium
Storage and sends it to the AI/ML function. The data is then analysed by thejred Policy
Network, which returns the optimal resource allocation rates for each 5G e Al/ML
component applies a reinforcement learning based policy optimization approach derived from
the REINFORCE algorithm, tailored for dynamic 5 sfisource allocation. The Policy
Network receives redime Key Performance Indicators (KPIs) from MI¢A every second,
including downlink/uplink throughput, latency, jitter, packet loss, and other congestion
related indicators. These normalized inputs form the network state used to determine the next
optimal resource allocation between slices.

The neural network outputs parameters of a Dirichlet distribution, which represent continuous
allocation ratios (e.g., URLLC = 0.8, eMBB = 0.2). The objective is to maximize a cumulative
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while maintaining fairness and respectiSgrvice Level Agreemersl(A limits. The reward

increases when target KPIs are achieved and decreases under SLA violations or excessive
imbalance between slices. Through this formulation, the Al learns to adaptively balance and
optimize slice resources in real time, ensuring stalle ir utilization under dynamic traffic

conditions.

After receiving the AI/ML analysis, the NNA applies iber resourceallocation parametersto the
slicesby sending the new configuration t6umucore 5G RAN through its slice configura#iéi
Qosium probes then measure the performanafethe newly configured systepand the results are
againfed back to the NN#&hrough Qosium Storagé his feedback loop ensures continuous monitoring
and supports Atlriven dynamic optimization of the 5&ices

Figure 12 shows the policy network learning curve snapshots during-tming with real
measurements from the 3D DT application over the 5G network. Each episode includes KPI traces
covering a wide vaable of throughput, lateny, jitter, packetloss rate, and signal strength. The pre
training results are presented as reward and loss curves, together with the average resource allocation
to Slice 1 and Slice Zhe reward function is defined as a weighted combination of slpEzific
performance metrics. It increases when throughput and latency targets are met. In this way, the
learning agentseeks to maximize the expected cumulative reward, effectively aligning the
optimization goal with balanced and efficient resource distribution across slices. This ensures that the
Al continuously adapts allocations to rdmhe network dynamics while preséng fairness and
performancestability. The snhapshots illustrate the behavioofrthe modelat 100 episodes (top) and

at 500 episodes (bottom). The steadily increasing reward demonstrates that the policy network
converged to an effective allocation stety and generalized across different KPI scenarios before
online finetuning with live data from the NNA.
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Figurel2: Policy networlpre-training and allocation tred (top:100 episodes, bottom:500 episodes)
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This chapter addresses the role of TSN in enabling the CBDuse case within the 6GR
experimentationenvironment at5GTN It covers the configuration and deployment of teatad
components provided by 6&R WP25][6] for the 3D DT application and WE2] for infrastructure

with Wi-Fi TSN. Tiachapter focuses on a multimodal communication scenario that combines machine
control signals for the robot arm with video streaming and discusses TSN optimization to control
latency and jitter.This optimization ensures precise synchronization, reliable remote control, and
immersive collaboration, enhancin@uality of Experience(QoE)and demonstratingthe readinessof
TSNor nextgenerationDTservices.

412 LwO2a€ b

Recent research has investigated the extension of TSN into heterogeneous networks that combine
wired and wireless domains. Sudhakaran et [@3] presented methods for entb-end clock
synchronization in industrial systems, highlighting the feasibility of integratingdguieeless TSN to
establish unified time bases across heterogeneousda&idble networks. These studies illustrate that
Wi-Fi TSN is actively being explored as a means of extending deterministic communication beyond
wired infrastructure.

Building on this backgroun®fR applicationsire transforming how we interact with digital content and
collaborate in virtual environments. However, these immersive experiences impose unprecedented
demands on wireless connectivity that traditional -Wi cannot reliably meet.Conventional
contentionbased medium access creates fundamental barrier¥/foapplication$23]:

1 Variable Latency Random backoff mechanisms and collidi@sed recovery introduce
unpredictable delays that can exceed strict timing requiremefitgR applications

1 No Performance GuaranteesBesteffort delivery cannot provide the bounded latency and
reliability needed for immersive experiences

1 Interference Sensitivityreattime natureof VRmakes it particularly vulnerable to interference
and congestion in unlicensed spectrum

4.1.1 Time synchronization

To implement 802.1AS in Wi networks, it is necessary tmave a NIC with HW timestamping
capabilities, to enablestablished clock synchronization protocols to operate with sufficient time
granularity.In the test bed, we used the Intel AX210 NIC, which allows to timestamp the sent packets
and thws enables to have PTP over-Rif24].

4.1.2 Traffic Scheduling Implementation

802.1Qbv scheduling in VA networks can be implemented at multiple levels to provide deterministic
channel access for time sensitive applications:

a) Operating System{(OS)Level Implementation 802.1Qbv scheduling can be implemented as a
software function within theOSnetwork stack. In this approach, tirevare gates control when
different XR traffic classes (pose data, video streams, control commands) can enter the 802.11
MAC queues. The @8vel scheduler prevents conflicting channel access reqégitsichanne)
by ensuring that only authorized traffic types can access the wireless medium during their
designated time windowsl his means, that the ®performs the timeware gating for the wireless
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medium. This softwarebased approach provides flexibility and can be deployed on existing
hardware platformsin this test bed, we followed this approach as we do not control the access
point.

b) Access Point Level ImplementatiorFor more precise control, 802.1Qbv scheduling can be
implemented directly within WFi Access Points that support TSN bridge functionalityatbess
point can maintain finegrained control over thescheduleof wireless participantscoordinating
both downlink transmissions tenddevices and uplink scheduling for pose data transmission. This
hardwarelevel implementation provides tighter timing control and can leverageFWb
(802.11ax) OFDMA scheduling capabilities.

The integration of TSN time synchronization and scheduling witH-iWietworks enables/R
applications to achieve deterministic, lelatency wireless connectivity while maintaining the mobility
and flexibility that wireless networks provide. This foundation supports the strict timing requirements
of immersive experiences across distributedjeccomputing architectures.

422 I€EL{dDLOWh. hevd L { ¢9a

The robot arm(UR10, Universal Robotpart of the UCt demonstrates the integration of physical
equipment into a 3MTenvironment. The arm is mirrored in tR&T, enabling remote observation and
interaction in real time. It was selected as a representative industrial task with strict requirements on
latency, jitter, and reliability, making it an ideal test case for evaluating TSN. The use case highlights
challengs such as ensuring deterministic communication for saéeitycal control signals and
maintaining synchronization between physical and virtual reprgations in dynamic production
environments

4.2.1 UseCaseRequiremens

Therobot arm system wittWi-FF TSNfocuses on the remote operation of a robot arm, where a remote
user controls the arm while monitoring the environment through live video streaming. A robot arm
equipped with cameras provides reiine surveillance of theeal Fab Lab, allowing users to observe
the 3D printing process and evaluate the printed object after production. Within the 3D DT VR scene,
remote users can dynamically adjust tbemeraviewpoint and receive immersive live streams as if
operating the physical robot directly. This capi#pienhances situational awareness and supports
effective interaction with thereal Fab Lab. To guarantee deterministic latency and reliable
transmission, thecontrol of therobot arm and video streaming are connected viaPRNITSN. The
objective of thispart of the UCL is to assess whether deterministic communication can be achieved
over WiFi, where latency is typically unpredictable, and to validate-tiea¢ robot arm control even
under the bandwidth demands of simultaneous vid#eaming
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The architecture of th&Vi-Fi TSN witlhobot armuse case istructured to demonstrate the integration
of reaktime motion robot arm controlled by immersive 3D Dpplication under deterministic
commurication of WiFiTSN

3D Game Engine
VR Scene

Physical side (Fab Lab) Digital Twin side
Video stream WTSN STA Video stream
Jetson WTSN AP
el Xaiver WiFi TSN
KA
b Intel Wifi (((

TSN driver Intel Wifi

TSN driver Wm’@ ‘e

Robot (.y

L Controller

Machine control

Figurel3: Wi-Fi TSN Robot Arm Architecture

Asshown inFigurel3, the setup implements remote robot arm control in the Fab Lab oveFMISN,

with the objective of achieving deterministic communication. The robot arm is operated through a
controller handling machine control signals and is equipped with a camera strgdingrvideo to the

VR scene. Connectivity is providedMdiyFi TSN access point (WTAR) and station (WTSS8ITA, both

using TSMapable NICs and customized-Widrivers implementing IEEE 802.1AS and IEEE 802.1Qbv.
Missioncritical control traffic for the robot arm is prioritized to ensure reliable +ale actuation,

while video streaming and background data aoheduled to avoid interference with control flows

4.3.1 3D DTApplicationfor Wi-FiTSN robot arm

Asanimmersive user interfacehe Remote-Control3D DTapplication has been implemented on the
Babylon.js platform, following the same approach as the FaRiDT applicatiarBabylon.js isised

as 3D Game Enginehich isa webbased, multidevice platform that supports WebXR, enabling
compatibility across VR headsets from different vendors as well as devices such as smartphones,
tablets, and PCs running WebXRabled browsers.

Within the RemoteControl3D DTapplicationin Figurel4, a dedicated VR room is providedth an
avatar representation of the robot arm. Users can manipulate the awdtdre robot armin the virtual
scene, and the corresponding position data is synchronized with the physizziarmin real time.
This allows intuitive remote control, where moving the avatar directly translates into robotic motion.

The Babylon.js application is integrated WRDS29] throughroshridge suite [26]. ROS2 replaces the
centralized master of RO&rsionl with a decentralized communication model based on the Data
Distribution Service (DDS). Unlike MQTT, DDS enables direetopgeer data exchange without a

central broker. Thanks to this architecture, ROS2 is better suited for distributedi)lar, andflexible

defined robotic systems The robot am position updates are converted into ROS2 topics and
transmitted to the robot side. On the robot side, the ROS2 drdferobot armreceives these topics

and translates them into control commands foretliobot arm synchronizedmotions ensuring

I OOdzN} G S SESOdziAz2y 2F (wkrB. dzaSNDa +OGAz2ya Ay GKS
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Figurel4: Robot Arm Remote Control XR Application view (left: PC, rightesisel.

4.3.2 Functiond system design

The WiFi TSN system implements tikemoteControl 3D DT application, which consists of three
functional components interconnected through Wi TSNasshown inFigurel5:

1 Server NodeThe RemoteControl 3D DT application provides the user interface for immersive
remote operation of the robot arm. The application handles heterogeneous communication
including live video streaming, robot control ROS2 signals, and a safety heartbeatisid¥dal
Fi TSN.

1 Robot Control Nodefhe UR Robot ROS2 driver executes actuation commands from the 3D DT
application to the robot arm. For safety, a heartbeat signal is transmitted at a constant 200 ms
interval, enabling detection of alarms or abnormal conditions from the environment or the
robot.

I Camera NodeThe video encoder processes the video stream from the USB camera and
transmits it to the server.

plp Real-Time Traffic
Best-Effort Traffic

mera Node Server Node

Ca \ / Robot Control Node

Video WiFi TSN WIiFi TSN
Encoder Station Access Point

200ms Safety

Vlde_o intervals heartbeat
traffic
AN / Remote-Control
3D DT App /
USB
WebCam

VR Headset

Figurel5: Functional system diagram of Robotic ARemote ControVR Application

The connectivity of Wi TSNonsists ilWTSNAPand WTSNSTA whichwere configured with IEEE
802.1AS clock synchronization and IEEE 802.1i@kvaware schedulingThe traffic scheduling was
set to prioritizeRealTime (RTraffic overBestEffort BB one. In this use case, RT traffic consists of a
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safety heartbeat message sent at 203 intervals between the robot controller and the remote XR
application, ensuring deterministic delivery of critical safety information. The remaining ROS2 and
video streaming traffic was classified as Biis demonstratethat Wi-Fi TSNan ensure deterministic
communication for roboticafetycontrol, while simultaneously supporting video streamigugd ROS2
communications

As a challenge, deterministic communication was initially considered for machine control traffic based
on ROS2. However, the underlytogic and messagassed in ROS#he communication protocdDDS
aggregates not only robot control signals but also various atitygic signals. While this makes ROS2
convenient to use, it also means that all netwdekel signal control is handled internally by DDS,
effectively making it a black box. This prevented the extraction of a constant interval signal required
for time-aware deterministicscheduling. Therefore, instead of directly using ROS2 traffic, a 200 ms
safety heartbeat signdfom the robot armwas designated as the higgdriority RT flow for timeaware
scheduling, and this was used in the validation.

44Lat [ 9a9bf{¢! ¢Lhb

For the preparation of endb-end system validation of KPVike required hardware was integrated
into the system, and the basic functionality of-AiiTSN was verified according to the standards.

4.4.1 Hardware System

To enable the XR application for remote operation of a robot arm holding a surveillance camera, a Wi
Fi TSHbased system was implemented. The sys&wn in

Figurel6isbuilt with the following devices:

1 WTSNAPand WTSNSTABothusing thelntel WiFi 6E AX210 module integratad NIGn an
Asus PL64 Mis?C with Intel Core 13215U processorunning Ubuntu 22.04 QS

1 Robot armUniversal Robot UR10, supporting external control via Ethernet witkirealdata
exchange (RTDE) and sochkated interfaces, enabling integration with 8 The UR10
Robot arm is connecting to WTSN A vidthernet IP connection by the controller.

1 Surveillance Camera: Jetson Xavier fKning Jetpack 5 with lopower GPU capabilitywith
an USB camerdt is connected to the WTSTA and sends the video streaming from the camera
to the serve.

| sl

|

¥ JETSON
g?' XAIVER

Figurel6: Robot arm with Camera for 3D printer Surveillance.
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4.4.2 WIi-FiTSN8021ASImplementation

Time synchronizationas specified in IEEE 802.1&39mplemented using theinuxPTPtoolset. The
two maincomponents are:

1 ptp4l: It provides theimplementation of the Precision Time Protocol (PTP, IEEE 1588) and its TSN
profile (802.1AS), enabling swmicrosecond synchronization between network devices equipped
with PTP Hardware Clock (PHC).

1 phc2sys It synchronizes the system clock (e.§L.OCK_REALTIME) with the PHC, ensuring that
both kernel and useapplications operate on a time base aligned with the network reference.

The WiFi physical module used in this implementatisthe Intel AX21(29], compliant with the IEEE
802.11ax (WFi 6), which defines enhancements to MAC and Ri&rsto improve performance,
efficiency, and latency in dense wireless environments. éntE4the AX210s operated in the 5 GHz
band with OFDMAupport and80 MHz channel bandwidth. As shownHRigurel7, the WTSNAPis
acting as the master clock sour@sd providing synchronization to its followe?WTSNSTA.

O

Clock Follower Clock Leader
SI—S

Figurel7: TSN 801.AS CloSknchronizatiobetweenWi-FiAccess Point and Station

Theimplementation of WiFi 6 with Intel TSN driver in WT-8IR enables the \Aki module to operate

as a NIC with hardware timestamping capability, synchronizgetgg. In this setupptp4l disciplines

the PHC according to the PTP protocol. Subsequetib2sysligns the OS clock with the local PHC of
the WiFi NIC. In this casphc2sysvas used to ensure that both the hardware and software domains

of the same system operated on a unified time bads. shown inFigure18, immediately after
executing thgphc2sysommand, the large initial offset was corrected, and drift compensation reduced
the offset to below 1000 ns. This confirms that the system clock was synchronized with the PHC,
establishing a common time base between the OS and the network domain.

DETECTED (FT_UNSPECIFIED)
COMPLETE

ULT_DETECTED (FT_UNSPECIFIED)
TE

t the attached ptp

G on INIT_COMPLETE
n INIT_COMPLETE

Figurel8: Clock synchronization betwe®iT SNAPand WiFinetwork module

2 LinuxPTP¢ The Linux PTP Project (Precision Time Protocol implementation for Linux). [Online]. Available:
https://linuxptp.sourceforge.net/
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As shown irFigurel9, the WTSNSTA was connected to tAWTSNAP ovetthe wireless link oWi-Fi,

and bothptp4l and phc2syswere executed on th&®VTSNSTA. The clock synchronization source was
set to the PH®f the WSTMNAPR, transmitted via the WFi link. After the start ophc2sys a gradual
reduction in offset wasobserved, and the values eventually stabilizetler £2000 ns, confirming
successful clock alignment between MWETSNAP and theVTSNSTA.

RE
REALTIME phc offset

Figurel9: Clock synchronization between Station and Access.Point

4.4.3 Details onWi-Fi TSN802.1Qbv Implementation

An implementation of IEEE 802.1Qbv traffic scheduling was carried out to evaluate the use of a
synchronized clock for deterministic communication. The scheduling was realized using the Linux
Traffic Control (TC) framework, with separate queuesRdand BEtraffic. In this setup, the Time
Aware Shaper (TAS) aligned transmission and reception windows according to the common time base,
ensuring that reatime packets were delivered in protected time slots without interference, whie

traffic was deferred @ the remaining windowdperf2 network performance measurement toalas

used in theexperiment[25]. The functional evaluation was conducted using active measurements with
constant traffic generated biperf2 between the WTSMP and WTSSTA. As shown Figure20, the
measurement was configured as follovi®T taffic consisted of 64yte packets transmitted at 1000
packets per second, whilBEtraffic consisted of 10byte packets at 100 Mbps using 10 parallel
streams.
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")) (‘D
100 bytes 100 Mbps UDP

Figure20: IEEE 8D.1Qbv traffic shaper setup in WT-8R and WTSISTA

As shown irFigure2l, the test results obtained witliperf2 under the configuredBEand RTtraffic
conditions demonstrate the impact of V#i TSN scheduling. Without TSN, the measurements showed
jitter in the range of 0.60.8 ms and latency at the 5 ms level. With TSN enabled, the results improved
significantly, with jitter reduced to 0.@®.2 ms and latency to approximately L B5 ms, clearly
reflecting the effect of the TBased scheduling period.
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Figure21: IEEE 802.1 Qlsaffic schedulingneasurementesults without TSNtop) and with TSNbottom).
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The6GXR UC4, i.e3DDTuse caseentails a considerable set of weleéfined KPIs to ensure seamless
interaction between the virtual and physical components. These KPIs establish performance targets
across multiple dimensions such as connectivity, latency, reliability, mobility, demsigrgy
efficiency, synchronizatiqgrand 5Gslices availability The overall objective of the target KPI values is

to guarantee immersive and retime experience for the end usenshile ensuring robust integration

with supporting systems like VR devices, riofans, and wireless networks.

In addition to technical KPIs, tf&G-XRUG! case also defines a set of KWsreflect the societal,
economic, and mvironmentalimpact of the system. The focus of the KVIs is to capture the broader
value created through the adoption oDT technologies in realorld scenarios. These KVis
demonstrate how collaborative 3T environments can enhance productivity, sustainability,
inclusiveness, and ethical practices by highlighting the expected benefits for individuals, organizations,
and society at large.

The 6GXRUC! is further specifiedthrough a comprehensive set of user requirementshich are
categorizednto functional and norfunctionaldimensionsof the systemThese requirements ensure
that the system not only meets the performance targegit also deliversfunctional usability
reliability, and scalability.Nonfunctional requirements cover thesystem setup, environment
replication, connectivity, service qualjitand accessibility to the systecomplementing the KPIs by
providing operational boundaries and quality expectations. Functional requiremelefine the
capabilitiesthe system must provide tits usersto support the intended user case. Théselude the
digital environment setupcapabilities such amirroring objects between environmentnd enabling
video and camera integratigmndthe supportof network slicing.

51Yt L {

Table?2 presentsall KPlgelevant to 6GXRUG, identified in 6GXR deliverablé1.1[3]. It covers
critical concepts such as higlapacity data links to support VR traffic, 3D rendering and video
streaming, and low endto-end latency to enable responsive interactions between the virtual
environment and the gamengine It further includeshigh reliable transmissionof data packets,
mobility and density support for users, energy efficiency, time synchronization via W8N, and
network slicing for flexible allocation of wireless resources.

Table2: List of KPIs and Target Values

No. @ Category Reference \ Target Value
1 VR glasses Link Data Ra{ 3D printer monitoring video 2 Mbps
Link Capability VR glasses (3D data + audio +
1 Mbps
control)

3D printer virtualUser Interface
(U (remote desktopbrowsen

Wi_—Fi towar;ls the V@Iassgs 400 Mbps
(wirelessuplink and downlink)
Wi-Fi traffic towards 5GTN (wired) 10 Gbps
5G downlink 400 Mbps
5G uplink 50 Mbps

1 Mbps
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2 Latency: Endio-end for Downlink (from VR glasses to gan 10ms
both 5G and WFi engine)
Uplink (from gamengine to VR 14ms
glasses)
Game engine processing time 16.6 ms (60 fps)
3 Reliability: Percentage of
packets delivered within 99.99%
the target latency KPI
4 Mobility Users located indoar Low
S Density Users locatedn indoor rooms 10/m?
6 Energy efficiency Nominal
7 Wi-Fi TSN between VR | Time Synchronization Accuracy | ~10ps
and robotarm (PC on the g nded Latencfor 200 ms cyclic
lab and ro_bot conr_lected signal from robot 1-10ms
to a PC with a Wi TSN - -
Network Interface Card) Video payload 1 Mbps (30‘p_s) with
lower resolution
8 Slicing (optional) Wireless connectivity Two separatsslices
exist, and useand
instructorcan connect
to different slices
52Y + L {

In Table3, KVIsestablished under D1 [B] are outlined, addressing multiple dimensions such as

Societal productivity and efficiency by enabling remote collaboration and bridging

Digital inclusion ensuring usability across diverse user group leading to fair access
Economic sustainability and innovation by enabling customization, process efficiandy

Data privacy and security by maintaining trust and compliance with regulations

Bhical assurance by supporting adherence to social, governmental, and corporate guidelines.

Table3: List of KVIand Enablers

KV Enablers

1
geographical divisions
1 Sustainability by minimizing carbon footprints and disparities
1
1
improved product development
1
1 Knowledge sharing
1 Sdmplified daily life and optimized activities
1 Optimized resources through efficient allocation
1
Category ~ KVI Description
Societal Remote collaboration enhances societad
productivity team productivity/efficiency. Real

and efficiency

collaboration around a common asset,
machine, manufacturing placer
environment is enabled thanks to a

- Digital presence
- Rural and industrial equality
- Telepresence

Co-funded by
the European Union
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collaborative 3D DT environmemt.key
outcome is extractedhanksto the
capabilily of bridgng regional disparities and
to providing equal opportunities regardless
of the geographical locatior traditional
example of gaps covered is the disparity
between industrial and rurdbcations.

Societal
sustainability

Measures productivity and efficiency in
remote teamwork. Reduction of regional
disparities of rural area.

- VR telepresence and remote
control.

Environmental
sustainability

Measures the reduction of the carbon
footprint associated to travels by eliminatin
the physical meetings within local and gloh
communities, asset logisticand other
transportation through the adoption of
collaborative DT environments.

- VR telepresence and remote
control.

- Standardizegblatform for DT
implementation

- Remote collaboration with
enhanced and redime
information from 39 party
software

- Visualization of the information
enhancing discussions and
decisionmaking processes

Digital
inclusion

Measures fair opportunity as accessibility
and user interface for industrial production
by the DT participation. People can use th
manufacturing facility even from the region
not locatingmanufacturing. Increasing the
inclusivity of the user interface design by
means of a collaborative 3D interface. It
enhances and standardizes the accessibili
of different people with a variety of abilities
skills, background, and culture.

- VR telepresence ang@mote
control, VR UlDigital
accessibility supplementing
potential limitationsof people
interacting withthe Digital Twin
like hand disabilitiegi.e.,voice
interaction).

- Telepresence in @ommon
digitalenvironment

- Accessiblémmersive Ul

- European accessibility act
https://ec.europa.eu/social/ma
in.jsp?catld=1202

Economical
sustainability
and innovation

Economical improvemen@ssociated to the
production andproductivity efficiency
through theadoption of DT environment.
Partially enabled by the ability to
differentiate and customize thproduction,
leading to increaseconomic sustainability
andinnovation within the processes.

- VR telepresence productivity
- Part customization

- Product previsualizatian

- Improve tial anderror
processes

- Speed up testing phases

- Telepresence

Co-funded by
the European Union

GGSNS

Page35of 96

© 20232025 6GXR Consortium



https://ec.europa.eu/social/ma%20%20in.jsp?catId=1202
https://ec.europa.eu/social/ma%20%20in.jsp?catId=1202

6G XR D6.2: 3D Digital Twin XR U8aselntegration Validation and KP\Assessment

(V3.0) | Public

{ a3

- Productivity
- Accessibility

Data Privacy
and security

Measuresthe effectiveness of therivacy
and security of 3D Ddnvironments. Key
points to checlare user data, privagand
confidentiality as well as othgrotential
security leaks. Virtuahteraction needs to
comply withgeneral and industry standards

- VR telepresence avatars, edge
cloud, E2E communications

- SDK to implement masks in the
communication and video
streaming

- Edge and cloud combination to
reduce potential points ofttack
- Encrypted information

Knowledge Measuresthe increaseof participationand | - Utilization rate of application
sharing involvement of the locatommunity with and usability, accessibility
knowledgesharing and transfer among - Cultural exchange
globalcommunities Whentransferredto - Amount of content stored in the
the collaborative 3MTenvironment environment
knowledge sharings boosted thankso the [ - Type of content consumed
crosscultural collaborationjdea exchange | - Number ofideas generated
and individuaknowhow shared. - Category of the people using
and consuming theollaborative
information andenvironments
Simplified life | Reduced travel and immersiexperience | - Utilization rate of application
that improvethe quality of life by saving and usability, accessibility
time andincreasing quality of
communication
Optimized Improvement of thecommunications and | - Utilization rates of the
daily effectivenesf the information shared application
activities whileLJS2 LJt SQ& (A YS Isa | Time saved while using the
needed. application in comparisowith
travel.
-Reduction ofmisunderstandings
due to the immersion of the
solution
- Common asset asentre of
discussion
Optimized Resources (material, energgquipment, - Decentralization of the
resources supply chain, personagtc.) optimization knowhow allowing to access

due to thedecentralized location of the
people and assets. Then, thetimal
allocation of the resourcesan be selected
according to theestrictions in place or
organizational decisions.

global talent

- Optimization of theenergetical
resources consumptian

- Global vision of the complete

Co-funded by

the European Union
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environment resource
consumption
Ethical Ensure the adherence to ethigadactices in | - Proof of ethical compliancand
assurance place inboth manufacturing and sociologicqd channel to introduce potential
practices. Having a 3D [Bmivironment helps| ethical limitations
in the guidanceand implementation of - Register potential deviations of
corporative, social, agovernmental ethical | the ethical politics and ensure
guidelines. corrective actions

- Modules and SDKs to enable
ethical assurance standardized

53C! b/ ¢Lhb! [€! b5 ¢hhb! |

Table4 presens userand 3D DT virtual environmentrequirements encompassgg non-functional
aspectf the 3DDTsystem Theserequirementswere additionallyintroduced in D1.13].

Table4: Nonfunctional Requirement®r the 3DDTSystem

No. Requiremens

UC4.R1 | Create a 3D object to be reviewed in defirfedmat.
UCA4.R2 The Remote User needs to be able to deliver the 3D object in questitineoto a predefined
' location.
UC4.R3 | The Remote User is to agree review time with Instructor withge&ned methods
UC4.R4 | The Remote User needs VR equipment compatible with DT environment
UC4.R5 | Live 3D environment is delivered to the Remote User 3D glasses
UC4.R6 | Bidirectional live audio is delivered between the Remote User and DT environment
The Remote User needs to be able to interact witheDWironment. This includes movement
UC4.R7 o .
and object interaction
The Remote User can monitor the progress of the printing process through the virtual Ul a
UC4.R8 | . : .
live video stream from the physical Fab Lab space
UC4.R9 | The Remote Instructor is tagree review time with Remote User with pdefined methods
The Remote Instructor is to be able to retrieve the delivered 3D object in question from the
UC4.R10 . : .
defined online location
UC4.R11| The Remote Instructor needs VR equipment compatible with DT environment
UC4.R12| Live 3D environment is delivered to Remote Instructor 3D glasses
UC4.R13| Bidirectional realtime audio is delivered between the Remote Instructor and DT environme
The Remote Instructor needs to be ablenteract with DT environment. This includes
UC4.R14 o .
movement and object interactian
UC4.R15| After approved review process the Remote Instructor starts the printing process
UCAR16 The Remote Instructor needs to be able tefoemat the 3D object for printing and upload the
' re-formatted model to the real world FabLab {ibinter through the virtual Ul
The Remote Instructor needs to be able to set the printing parameters through the virtual |
UC4.R17 o
and starts the actual printing process
UCA.R1S TheRemote Instructor needs to be able to monitor the progress of the printing process thrq
' the virtual Ul and live video stream from the physical Fab Lab space
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After the printing has been completed, the Remote Instructor notifies the Remote User abg
UC4.R19 . :
that using a predefined method.
UC4.R20| Lastly, the Remote Instructor needs to send the printed object to iradRe Userby post mail
The environment needs to be an exact replica of the physical Fab Lab space of the Univer|
UC4.R21 oulu
The environment needs to enable remote online access for two simultaneous users (Remq
UC4.R22
User and Remote Instructor)
UCA.R23 The environment needs to provide a Ul/portal for its users for identity verification and avatg
' selection
The environment needs to provide three pdefined avatars so that the users can select one
UC4.R24 . .
use when entering the environment
UC4.R25| The DT needs to support access (virtual Ul) to theweald 3D printer
UC4.R26 | The DT needs to kable to receive the live video stream from the 3D printer printing stage
The DT needs to enabletiirectional realtime audio communication between the Remote Ug
UC4.R27
and the Remote Instructor
UC4.R28| The DT needs to be able to access the file system where the 3D models are.located
UC4.R29| The DT needs to be able to recreate the 3D object as real scale into the virtual environmer
The DT environment needs to enable Remote User and Remote Instructor interaction with
UC4.R30 .
3D object
UC4.R31| The DT needs to connect with thebot arm camera at the real Fab Lab via TSN services
UC4.R32| Therobot arm camera motion/position is synchronized with virtual environment
UC4.R33| Optional: 5G Network is to support 2 simultaneous URIIEEs

Moreover, Table5 contains the functional requirementie 3DDTsystem is required to fulfill.

Table5: Functional requirements for the 3DT System

No. \ Requirements

UC4.FR1

DT Environment set upRemote Instructoneeds to be able to launch the VR game engine
loading the DT environment of Fab Lab room replica.

UC4.FR2

Mirror Windows PC Remote User and Remote Instructor shall be able to see the mirror
Windows PC mirror 3D object in VR scene.

UC4.FR3

Review 3D model in VARRemote User is to create 3D model data file (.obj).

UC4.FR4

Configure 3D printerRemote User and Remotestructor shall be able to see the mirror
Windows PC mirror 3D object in VR scene.

UC4.FR5

Reviewng printed model with robot arm cameraRemote User and Remote Instructor shall b
able to see the physical replica of arm camera robot and the étteam 3D objects in VR
scene.

UC4.FR6

Network slicing for 3D DT servic&he service vides the network slicing function into the 5G
mobile networks related Core network and base stations. Two slices are prepared in the 5(¢
network communications. One for the Remote User (remote area) and second the Remote
Instructor (the Fab Lab room) in the same local network.
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6 ! [ L5!atOLehibh 5h [ h D,

To meet thehigh-levelobjectives(Obj. 7)in 6GXRandvalidatethe UC4, a series ofest plans certify
the readiness and benefits of ¢hinfrastructure. This evaluationencompasses wide range of
scenarioscloselyaligned with functionahnd non-functional requirementsas well a&Pls and KV l®
identify the performancecharacteristicassured by th system.

6.1+! [ L5!tewhi o { {

Tocarry outextensive validation and qualitative results, a system¥gtmodel approach is taken to
performthe validationas presented ifrigure22.

o Validation Conclusion& [T~~~ ~
Objectives Analysis

Test Cases + .
~[ Questionniare ] [Results Reportlng}
Validation
- -[ Test Execution ] [Results Evaluation]- -
]

1
1
e Data FIO‘.NS and Test Case Results |= = = = = = = =
Metrics

[ Data Classification ]

Functional
Non-functional
KPIs
KVis

Figure22: V-Model Validation Process

The process begins by gathering the functional requirements;fanctional requirements, KPls, and
KVls. These form the basis of validation and define what the system should achieve both technically
and expeninentally. Specific test cases are designed to map withkKRé metrics as well as functional

and nonfunctionalrequirements Moreover, a questionnaire is designed to cover thed@ectations

of the system.These testsare carried out under controlled scenari@ecilitating the collection of
performance data, user experience metrics, and system logs during the execution.

The collected data is classified and organized to prepare for andihsislata obtained from the tools

list in Table6 including average values, flow statistics, and console outprgsnapped to checkpoint

IDs corresponding to the required verification pointhese checkpoint IDs are then organizedlign

with each generated test case, ensuring that the results remain traceable to the respective test
objectives and requirements.

Test case resuli@re then prepared evaluating the output of each test ca3wese gathered values are
compared against KPIs, KVl$unctional and non-functional requirements.Findings are then
summarized for the stakeholderginally,the insightscaptured by this analysigrovides the useful
information onreadiness, strengthsnd limitationsof the system
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Thissystematic approachas relevanimportance as italignsthe evaluationwith the requirements,
KPls, KVJand their association with the metrics, data floausd logs of the respective measurements.
The testing setupindicators tools, and templates are furtheletailedin the following subsectios.

62¢C9{ ¢CCwDa92 hw{otbb

The testing frameworlemploysa structured template presented in Annex A Test Case Template,
whichis applied throughoutthe 6G-XRproject for each planned test cas@hisensures consistency
and order in the testing process,as well as systematic recording of tbetained results with the
appropriate datgpresentation

6.2.1 Measurement Indicators

The tindamentalquantitative measurement indicators foralidatingthe 3DDTsystemrepresentthe
first pointin the V-Model process. These inclutiek capacityend-to-end latencycapturing bothdelay
and jitter, and thereliability of data trafficacrosswireless 5G and wired connedtiv. In addition the
system is evaluateth terms ofusermobility and densityas well aprocessing and energy efficiency
of the systemThe creation of network slices f66 wireless connectivity is also verifiecensuretheir
proper existence and functionalitffhe TSNomponentwithin the 3DDTsystemis assessed through
time synchronization accuracwaténcyconsidering bottdelay and jitterand video payloatiandling.

The basidefinitions for these KPkre presentedin Sectiorb.1 TheTable6 presents an overview of
the metrics and the relevant tools for evaluation of these metriEsr each performance parameter
the system metrics are calculated usittge Qosiumtool [19], which include the Qosium Probe
responsible forcapturing packets and performsneasurement calculationgnd the Qosium Scope
whichcontrols the measurement rurenddisplays the analysed resulta the dashboardThe Qosium
tool isfacilitatedby related networkraffic monitoring tools including Ping and iP2[28]. Moreover,
htop (interactive processor viewepackage[27] and NETIO PowerBOX 4RB] are also utilized to
check the processing and energy efficiency of the system.

Table6: Measurement Indicators

PRSI LGS Calculated System Metric Tools

Parameter
Upload UDP rates in bps Max/Min/Avg.

. . Download UDP rates in bps Max/Min/Avg o

Link Capability Upload TCP rates in bps Max/Min/Avg. Qosium iPer3
Download TCP rates in bps Max/Min/Avg.
Delay metric irms is measuretietweenUEand
game engine (edge processing server) .

Latency Jitter metric in mss measured between UE anc Qosium
game engine

Link Reliability Endto-eno_l packet reliability between UE and Qosium iPerB, Ang (ICMP
game engine
Delaymetric is measured imsbetween UE and

Mobility & game engindor low mobilty userconditions. L

Density Jitter metric is measured in netween UE and Qosium iPerB
game engine for low molity user conditions.
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Delaymetric is measured in ms between UE al
game enginewith increased user density
simulatedby generatingtraffic to game engine
usingiPerf3.

Jitter metric is measured in ms between UE ar
game engine, with increased user density
simulated by generatingaffic to game engine

usingiPerf3.
Energy and processing efficiency of the[3D htop (interactive processor
Efficiency system is evaluated both inleland active viewer), NETIO PowerBOX
states 4KF
Multiple VR Headsets
Sice/Service Multiple slices exist for remote user and connected to different
Availability instructorto access the 3DTSystem slices toaccess the virtual

environment

6.2.2 TestEnvironment

To evaluatethe 3D DT system a dedicated testing setup has beatesigned to ensur¢hat all the
required metricscan be accurately collecte@presenting the Test Executigrhase of the Mnodel
processThe setup is carefullgtructured to enable the extraction of reime valuesand to capture
the necessarydata metricsusing multiple set of toolend measurement methodsThis approach
ensures that the collected data reflects the actual behavafuhe systemwhen users are interacting
under realistic operating conditionslo ensure thevalidation of functional, nonfunctional and
quantitative KPI metricdescribedunder Sections5.1and5.3, two dedicatedtesting setupsiave been
constructed asoutlined below and illustrated with figures

6.2.2.1 Testing Setup 1

1 5GRANNetwork

A Two 5G QuectdRM500QGL modems are used to connect iBheadsetgo the 5G
network.

A The operating frequendyand isn77, provided by a Nokia Pidmse station.

A The® modems are configuretb useseparatenetwork slices with remote instructor
usingeMBBsliceand remote useutilizingURLLC sliaespectively

1 5G Core Network

A The core functions for the 5G network are provided by Cumyaehichis compliant
with the 3GPP Rehsel6 andincludesall the required functionaliesfor endto-end
5Gnetwork operationswith its Service Based Architecture (SBA).

A Cumucoreslicing managealso enables the configuration different traffic rules for
each slice.

A The core is deployedn baremetal serverwithin the 5SGTNwith a mirrored VM
running alongsid¢he Cumucore to capture the traffic.

T VR Headsets

A TwoMeta Quest 3 headsets are ustmlaccess thdTof the FabLabenvironment;
oneintended forthe remote instructor andther for the remote user.
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A EachVvR headses connectedo a laptop whichhas 856G modentonnected allowing
the 5G network to bextended from the modems to théRheadsetsasthese devices
cannot connect directlyo 5G networkusinga SIMcard.

1 Gaming engine (Edde&rocessing Server)

A An edge processing servdeployed on dinux-basedVM supports thegame engine
by hosting web, backendnd streaming services for the VR environment.

A The VM isprovisioned in the 5GTN environment, am@ommunicate with both the
5G core ana@nd devicessuch ad/R headsets.

9 3D Printer

A A Creatly Sermoon D3 3D printésintegratedwith the 3DDTsystem connected with
the 5GTN

A It receivesand executs commandsfrom the virtual environmentbased on the
instructions provided by the connectd® headsets users

1 Video Streaming Cameras

A TwoRaspberryPi camera modules armountedon top and side of the 3D printer to
capture video of theprinting processThe captured video is stread to the 3D DT
environment for monitoring the printing process.

1 Laptops

A Three Lenovdaptops are used in the systerall running Linwbased O3wo with
Ubuntu 22.04and one with 24.04

A Two laptops areised to connect th&G modemsand VR headsetne modem and
one VR headset eaclhelping to extendhe 5G network from themodens to the
headsets Both have Qosium probe package runnioget the measurement probes.

A One laptop has th@osiumscope packagt collect the measurements data.

1 Network Switch

A A5GTN infrastructure switch Juniper EX4100F provides the interconnectivity to all the
devices in the testing setup

A The uplink fibre connected with this switch has 10 Gigabits (GB) capacity towards the
edge server VM residing under 5G3@tver racks.
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Figure23: 3DDTTestingSetup 1

Figure23 depicts the first testing environmerat UOULUab with all the components interconnected
under 5GTN infrastructurewitchhavinguplink connectivity towards the edge seryhighlighted with
arrows

Laptopwith Qosium scope to collect KPI metrics

Laptop for connectivity witlemote user UE and VR Headset
UEfor remote user (slice 1)

VR Headsdor remote user

VR Headset for remote instructor

UE for remote instructor (slice .2)

Laptop for connectivity with remot@structor UE and VR Headset
3D printer

Raspberry Pi camera module 1

10 Raspberry Pi camera module 2

©COoNOO~WNE

6.2.2.2 Testing Setup 2

1 Next Unit Computing (NUC) MiniPC

A TwoASUS PL64 NUC MiniPCs are usgpgpped with Intel WiFi 6e AX210 Modules
which support the Wi TSN features.
A One deviceactas WiFiSTAand the other as WFi AP.

1 Robot Arm

A URI1Gsintegratedandcontrolled viaremote robotVR application.
1 Video Streaming Camera

A DellUltrasharp webcam is installed to support video streandatga.
1 VR Headset

A A Meta Quest 3 VR headset is useddntrol the robot remote arm from the virtual
environment.

1 Network Switch Unmanaged

A An unmanaged network switch is preséat the interconnectivity between the NUC,
robot arm, cameraand VR headset.
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f Laptop

A A Lenovo laptophaving LinwbasedOSUbuntu 22.04is used with all the required
Qosium packages to collect the measurements data.

Figure24: Robot arm withwireless TSNiesting Setup.2

Figure24illustrates the second testing environmeiat validate WiFi TSN metrics, the setup is present
in UOULU 5GTN lab and related components are highlighted

Laptop with Qosium scope to collect KPI metrics
Wi-FiAP.

5GTN network switch

Wi-FiSTA

VR Headset

Robot arm

Video stream camera

NogakwdpE

63¢9{ ¢ {/t!9/OLCL/ ! ¢Lhb{

Following the definition ofhe testing environmentcharacteristics and the validation process based
on the ¥model assessment approadhe next stepnvolvesthe description of test casesxecutedfor
each scenariolhe test cases are designedaddressthe quantitative aspects of the system and are
mapped to the KPI metricas well as thdunctional and norfunctional requirements described in
Sctions5.1and5.3 These test casespecifythe testingenvironment setup, deploymergrocedures
test configurationsand monitoredparametersthereby facilitating the evaluatiorof the system and
enabling the collection akequiredset ofperformance indicators.

Below Table7 summarizes the validation objectives afidkage with thecorresponding test cases
conducted toassess the systenkach test case is uniquely identified with a corresponding Test ID
referred to as North Node (NN) for traceability across the validation framewfotktal of seven test
cases from NN1.1 to NN1.7 are designed and grouped to map with validation objectives of functional,
non-functionaland KPI metrics of the developed system.
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Table7 Validation Objectives antbrresponding Test Cases

Validation Objective Test Case Test ID
. Remote User 3D Review and Interaction Validation Test Cg NN1.1
Functional and Nen - — . —
. Remote Instructor 3D Review, Printing & Delivery Validatio
Functional
. Case NN1.2
Requirements —_ T ;
Network Slicing Validation for 3D DT Service Test Case NN1.3
Integrated Data Rate, Network Performance, Latency, and
Reliability Test Case NN1.4
KPI Metrics Operational and Environmental KPI Validation Test Case | NN1.5
WiFi TSN KPI Validation for Robot Arm Integration Test Cg NN1.6
Endto-End System Validatidhilizing Trial Controller Test Ca] NN1.7

6.3.1 Remote User 3D Review and Interaction Validatidbast Case

UOULU Remote User 3D Review and Interaction Validation Test Case

Test Case Name

Remote User 3D Review and Interaction Validation Test TasdD:NN1.J)

To verify ttat Remote Useis able tocreate,upload, reviewinteract with, and

Environment

Test Case monitor a 3D object in DT environmenthile ensuring all technical enablers
Objective function correctly

Test Case User Requirement, Virtual Environment and Function Requirement Valida
Category for UC4

Test

5GTN Laboratory

TestDeployment
Setup

- ;#

VR Headset
: UE Laptop + Qosium Probe

—

!j .....

5G Radio

=— |§
Nokia n77

VR Headset — e
u ptop + Qosium Probe 2>~
g
.
- tﬁ

Qosium Scope Laptop
for measurement visualization

Figure25: Test Case Network Deployment

E-5

5G Core  Mirrorvim

Faladin Cumucore Qosium Probe

[
ﬁ “
K

3D Printer
5GTN

Initial Conditions/Prerequisites

3D DT system is fully operatiorveith all components available and functioning

Test scenario

Co-funded by
the European Union
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Test steps are as follows:

1. 3DObject Creation: Create a 3D object in the required format and isave

2. 3D Object Delivery: Upload the 3D object to the predefined location and access it

3. Review Time Scheduling: Schedule a review session with the instructor

4. VR Equipmer@ompatibility: Connect the VR headset for remote user and access the DT
environment

5. Live 3D Environment Delivery: Connect the VR headset for remote user and observe the |
environment throughit.

6. Communication between the user and instructor: Connect the VR headset for remofe aisel
access tahe 3Denvironmentand communicate with thenicrophoneand speaker of the headset
7. Interaction with DT Environment: Connect the VR headset for remote usarsatide hand
gestureso move and interact \th the virtual objects in the 3D environment

8. Monitoring the Printing Process: Connect the VR headset for remotepiskrone object and
print in the 3D environmenthen observe the printing process through the Ul in browser and li
video feed i3D environment

Test variables

System configuration componesibeing tested (hardware/software)

ExpectedbehaviorTarget Values

All the components present in the system should successfully pass the validation and work &
expected

6.3.2 Remote Instructor 3D Review, Printing & Delivery Validatidast Case

Remote Instructor 3D Review, Printing & Delivery Validation Test Case
Remote Instructor 3D Review, Printing & Delivery Validation Test(Tase
Test Case Name| ID:NN1.2

To verify that the Remote Instructor can successfully review, retrieve, inte

Test Case print, and deliver a 3D objecwvhile ensuring all technical enablers function
Objective correctly.

Test Case User Requirement, Virtual Environment and Function Requirement Valida
Category for UC4

Test

Environment 5GTN Laboratory

Test Deployment

Setup Same agigure25.

Initial Conditions/Prerequisites
3D DT system is fully operational, with all components available and functioning
Test scenario
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Test steps are as follows:

1. Review Time Scheduling: Remote Instructor schedules a review session with the remote (
2. Retrieve 3D Object: Access the online location and download the 3D .object

3. VR Equipment Compatibility: Connect the VR headset for remote instructor and dwe€sk t
environment

4. Live 3D Environment Delivery: Connect the VR headset for remote instructor and observe
3D environment through the headset

5. Communication between user and instructor: Connect the VR headsenhate instructorto
access the 3D environment and communicate with the microphone and speaker of headset
6. Interaction with DT Environment: Connect the VR headset for remstauctorandusethe
hand gestureso interact with the virtualobjects in the 3D environment

7. Start Printing Process: After the review is appthvheremote instructorcaninitiate the
printing process

8. 3D Object REormatting for Printing: The remote instructor modifies the 3D object before
printing and then uploads.it

9. Setting Printing Parameters: The remote instructor configures the printing parameters and
starts the printing process

10. Monitoring Printing Progress: Connect the VR headset for remstieictor, pick one object
and print in the 3D environmenthen observe the printing process through the Ul in browser a
live video feed in 3D environment

11. Notify Remote User of Completion: Once the printing process is comptetadte instructor
informs remote user of completion

Test variables

System configuration componesibeing tested (hardware/software)

Expected behavior/Target Values

All the components present in the system should successfully pass the validation and work &
expected

6.3.3 Network Slicing Validation for 3IDTServiceTest Case

UouLU Network Slicing Validation for 3D TService Test Case

Test Case Name| Network Slicing Validation for 3DTService Test Cag€est IDNN1.3

Test Case To verify and validate the working of network slicing function of the conne
Objective 5G network with the 3 Tenvironment

IS5 Function Requirement Validation for UC4

Category

Test

Environment 5GTN Laboratory

Test Deployment

Setup Same agigure2s.

Initial Conditions/Prerequisites
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The3D DT system is fully operationahdthe connected 5G network is up. Slices configuration
done at the gNodeRnd in the5G CoreTheconfiguration is performed via web user interfacke
the Cumucoreunder slice configuration managgéfigure26), where Slice Service Type (SST) arn
Slide Differentiator (SD) values are defined. The Access Management Function (AMF) and §
Management Function (SMF) configurations are then upddtewally the User Plane Functions
(UPFs) are mapped to specific slices. The UEs utilize the requirsdssicep under subscriber
management, and the corresponding shcelated UPEareinvoked when connecting to the
system.

&b

Cumucore
Home
Create a Slice Instances
gNB Configuration
Operator Name

~ Slice Configuration Default Slice

Slice Manager MaxNumber of UEs

) Subscriber Management

Latency

) Policy Management miliseconds.

Maximum Uplink Throughput Perslice 1000
) NF Configuration

) Monitoring Uplink Threshold PerSlice 500

License Management Uplink Threshold persfice Mbps
Maximum Downlink Throughput Perslice 1000

) Seltings

Maximum Downlink throughput Mbps

[ Logout Downlink Threshold PerSlice 500

© 2025 V5.6 Downlink Threshold persiice Mbps

Hide Advanced Configuration

Figure26: Slice Configuration Manager User Interface

Test scenario

Test steps are as follows:

1. 5G Network Slice Provisioning of URLLC and eMBB slices: Connect sw@uéBrheadsets
with two UEs configured as URLLC and eMBB slices in the 5G core network

2. Connectivity Check for Remote User: Connect remote user to a designatetdRlideor
eMBB individually

3. Connectivity Check for Remote Instructor: Connect remote instructor to a designated slice
URLL®r eMBB individually
4. Endto-End 3D DT Communication Test: Connect remote user to one slice and remote inst
with the second slicgthen interactwith each otherin the 3D environment
5. Network Slice Failover Test between the URLLC and eMBB slices: Connect remote user {
slice and remote instructor witthe second slicethen simulate a temporary failuref one slice to
reroute the traffic tothe other operating slice

Test variables

System configuration componesibeing tested (hardware/software)

Expected behavior/Target Values

All the components present in the system should successfully pass the validation and work &
expected
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6.3.4 Integrated Data Rate, Network Performance, Lateneyd ReliabilityTest Case

UOULU \ Integrated Data Rate, Network Performance, Latenend Reliability Test Cast
Test Case Integrated Data Rate, Network Performance, Lateaoyl Reliability Test Case
Name (Test IDNN1.94
Measuring data rate, network performancand latency values by verifying link
Test Case capabilities between the UC4 components. The system is considered adequ
Objective each specified KPI valismet.
Test Case KPI Measurements
Category
Test
Environment 5GTN Laboratory
Test
Deployment Same a§igure25.
Setup
Band:
ggls(lea S Cumuc Faladin i.g_GHz
Network Setup | RAN: . Core Edge: Application ' .
station ) ore Server Bandwid
n77 ' th:
100MHz
Laptop for
UE
Connectivity
" e
Headsets iPerf3 Testing
. . ScopeVR
3D Printer Qosiu Payload
Compone Test Headsets i
Test UEs m Data:
Test nts Soft Test Ethernet
, : (G Probe o TCP and
Configuration | Under ware . Devices:| Cables
] Capable) | . Qosiu UDP
Test: : Ethernet to
Edge m USB Data
Applicatio Scope streams
n Server Converters
3D Printer
Faladin Edge
Application
Server
Initial Conditions/Prerequisites
1. 3DDTsystem is operational withllits components running.
2. The VR headsets are connectedespective modems witBthernet cables and converters.
3. Qosium probe is running on both laptops where the modems are connéeted
4. Qosium probe is running on the mirfg@M for traffic capturantendedfor Cumucore.
5. Qosium scope is running on a laptop where the measurements results will be collected.
6. End to end reachability between the probes is established.
7. iPerf3 packages are present on both the laptop #redcore togenerate traffic from both ends.
Test scenario
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In thistest after the 5G connection is establisheid theUEsthe VR headsets are connected to t
laptop with BEhernet cables and network sharing is turned to extend the 5G network to the V
headsets. Qosium tools are employed to collect the KPI values across multiple required n
Qosium probe service is running on the laptops where UEs are connected and iPerf3 packg
also installed on these laptops generate and receive traffic. These 5G modems are registered
the Cumucore. A mirror VM is deployed alongside Cumucore to capture traffic intended f
Cumucore. This mirrored traffic is the replica of the traffic receive@amucoreto assesghe

measurement data. Qosium probe service and iPerf3 packages are also available on this sys
edge server running the 3DTserviceds reachabldrom the UEs The3D printer isavailable and it

comprises oRaspbernfi devices connected witbameras to deliver video streaming of the printi
process.

Test steps are as follows:

1. The serusesthe VRheadsetto enters the VR environmentThe usepresses the print button orf
the 3D printer and camera stream starg@@osium probe is started at the UE laptop and steam bitf
is observed via Qosium scape

2.The instructoralso enters the VR environmei@osium probe is also started at the second lapt
Both userand instructolinteract with objects, perform printing process and communicate with e
other. Thecombined dataare observed via Qosium scope

3. Virtual BrowserUl is observed remotely, and traffic is observed

4. Traffic generated from VR headsets over the wireless link is observed

5. Wireless traffic from VReadsetdowards 5GTN edge server over wired connection is obser
6. 5G downlink data rate is observed

7. 5G uplink data rate mbserved

8. Latency and delay values are observed from the VR headsets to the edge gaimile). (

9. Latency and delay values are observed from the edge server to VR heddsetnk).

10. Processing time of the edge server hosting the 3D services is ohserved

11. Reliability percentage of the packets within the target latency range values is also obsen|
Test variables

Single and multiple users generated data

ExpectedbehaviorTarget Values

Expected behavior of the generated data trafffiould align with the below target KPI values
1. Camera stream bitrate 2 Mbps

2. VR headsets 3D, audio and control dataMbps

3. 3D Printer virtuabrowserUIl data 1 Mbps

4. Wirelesdink is able to accommodattaffic from the VR glasses up 400Mbps
5. Wired link toward$5GTN edge servéias the capacity up th0Gbps

6. 5G downlink traffic up to 400Mbps

7. 5G uplink traffic up to 50Mbps

8. Latency and delay downlink10ms

9. Latency and delay uplink14ms

10. Processing time of 3DTapplicationserver 16.6ms(60 fps)

11. Packet reliability within the target lateneyth 99.9%of reliability.

6.3.5 Operational and Environmental KPI Validatidrest Case

Operational and Environmental KRMalidation Test Case
Operational and Environmental KPI Validation Test Case Tes(Reas¢D:
Test Case Namg NN1.5
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Test Case aSl adz2NB (KS dza S Nil&Enenpeffidiency 6fehe IDR Sy &
Objective System
Test Case KPIMeasurements
Category
Test
Environment 5GTN Laboratory
Test .
Deployment Same agigure25.
Setup
Nokia Faladin Band:3.9-
) Base 5G Cumuco| Edg o 4.0GHz
Rl RAN: station Core: re e: ggrp\lllé:fltlon Bandwidth
n77 : 100MHz
Laptop for
UE
Connectivit
VR Y, Laptqp
for Qosium
Headsets
ScopeVR .
, 3D . Testing
: iPerf3 Headsets
Compone | Printer, . Payload
Test Qosium | Test | Ethernet ]
Test nts Test UEs . Data: TCP
. . Softwar | Probe Devi | Cables
Configuration Under 6G . : i and UDP
_ e: Qosium | ces: | Ethernet to
Test: Capable) Data
Scope USB
Edge streams
Applicati Converters
3DPrinter,
on Server| .
Faladin
Edge
Application
Server

Initial Conditions/Prerequisites

1. 3DDTsystem is operational withll its components running.

2. The VR headsets are connectedespective modems witBthernet cables and converters.

3. Qosium probe is running on both laptogpguippedwith the modemsas well as orthe mirror

VM.

4. Qosium scope is running on another laptop where the measurements raseltsllected.

5. End to end reachability between the probes is established.

6. iPerf3 packages are present on both the lagtapdedgeto generate traffic from both ends.
Test scenario
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In this test scenario afteésG connection is established to the Uthe VR headsets are connected
the same laptop vi&hernet cables and network sharing is turned to extend the 5G network td
the VR headsets. Qosium tools are employed to collect the KPI values across multiple r
metrics. Qosium probe service is running on the lapiagsere UEs are connectednd iPerf3
packages are also installed to generate and receive traffic. The 5G modems are registered
Cumucore. The mirror VM alongside Cumucore for traffipture is also presenfosium probe
service and iPerf3 packages are available on this system. An edge server runnindffeeBices
is reachable from the UE$he 3D printer is also part of 5GTN environment, and it comprise
RaspberryPi devices connected with cameras to deliver video streaming of the printing proce
Test steps are as follows:

1. Multiple users are connected the VR headsets and enter the virtual environment. Users
indoors simulating the typical indoor environment. Walking around the room, rotating the b
and using multiple handepresentlow indoor mobility. Qosium probes are running on the ¢
devices and traffic is monitorada Qosium scop® observethroughput, latency, delgyand session
interruptions during the mobility of the users.
2. The number of connected users is increased in the VR environment to increase the
device/user densityip to 10 usergm?, and Qosium scope is used to monitor for the degradatior
services. Throughput, latency, deland session interruptions are observed with the increass
users.

3. The energy efficiency of tH&Tsystem is observed both when the system is idle and when
processing multiple requests from multiple users simultaneously.

Test variables

Single and multiple users generated data

Expected behavior/Target Values

1. The throughpuigenerated diring bw indoor mobility of users,delay and jittervaluesshould be
low, with no session interruptions

2. The number of connected useassincreased resulting inan increased densityf 10 usergm?,
while the values ofdelay and jittershould remainlow, with no session interruptionsthe overall
performance should not degrade severely

3. The energy efficiency of thBT system is evaluated during both idle and active virt
environment processing state&fficiency of the system should be nominalth non-excessive
levels

6.3.6 Wi-Fi TSN KPI Validation for Robot Arm Integratidbest Case

Wi-Fi TSN KPR/alidation for Robot Arm Integration Test Case

'Il\'lz?;élase Wi-Fi TSN KPI Validation for Robot Arm Integration Test(@aseIDNN1.9
Test Case Measure the time synchronization accuracy, bounded latency for robot arm
Obijective cyclic signal andideo payload from the camera

Test Case KPIl Measurements

Category

Test_ 5GTN Laboratory

Environment
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Test VR Headset Cra
Deployment
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|==\J
Qosium Scope Laptop
for measurement visualization
Figure27: NN1.6 Test Case Network Deployment
Wired Band:
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ogy managem Applicati Mhz
ent on
Laptop
for
Qosium
Scope
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Headsef | Test (ptp4l), to USB | Data:
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Configuration | Under NUC ey Qosium Devices: Converte| TCP and
Test: Ml'mI?C re: Prope rs, Robot | UDP
Wi-Fi 6E Qosium Arm, Data
Module Scope Intel Wi | streams
Fi 6e
AX210
Module,
ASUS
PL64
NUC
Mini PC
Initial Conditions/Prerequisites
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1. WiFi TSN system is operational with all components running.

2.VR headset isonnectedto the system.

3. Qosium probe is running on both the NWEFI APand the NUGVI-FI STA

4. Qosium scope is running on a laptop to collect the measurement results.

5. Robot arm and streaming camera are operational witd-to-end reachability.

6. Robot remote/R application is workingorrectlyand reachable from the VR headset.

Test scenario

The test scenario consists of a set of NUCs equipped witii W8N supported moduleBeseNUCs
are interconnected via Wi. One devicsthe WiFiAPwhich also acts a Grandmaster sourasile

the otherdevice isWi-FiSTAwvhichacts aslave These devices are also connected via wired lin
the 5GTN network, which hosts an edge server running the Robot remote XR application. Th
arm, cameraand VRheadsetalso have wiredEthernetconnectiors to the NUCMini PCsAll the

components are accessible througmetwork switch, which also facilitates device management
Test steps are as follows:

1. The robot remoté&/Rapplication is run on the edge server.

2. The camera stream is verified within the application.

3. The TSN configurations are implemented and on bothWhd-1 AP and STA and PTP timg
synchronizatiorbetween the WiFi TSN devices is verified.

4. The robot arm traffic is sent over the Wi TSN and is isolated from the remaining routed traf
5. VR headsés connectedto the VR applicatiomnd user entesthe VR environment to control thg
movementsof the robot arm

6. TheQosiumprobe is run on both th&VI-FIAP andSTAdevices to observe traffic metrics from th
robot armto the application.

Test variables

Single user generated data from the VR headset to control the robot arm ovEr VYEN

ExpectedbehaviorTarget Values

Wi-Fi TSN traffic between thapplication and robot arm is observedhich should align witlthe
target KPI valueelow:

1. Timesynchronizatioraccuracy between th#Vi-FiTSN AP anfiTAclocks 10ps.

2. Latency bounds generated by 200 egslic signal from the robot arm should be in betweehOL
ms.

3. Video payload from the camerdal Mbps (30 fps)

6.3.7 Endto-End System Validation Utilizing Trial Controller Test Case

Endto-End System Validation Utilizing Trial Controller T€sise
Endto-End System Validation Utilizing Trial Controller Test Qass ID:
Test Case Name | NN1.7

Test Case Measuring network performance metrics by creating automated slices us
Objective the trial controller for 30D Tusers
Test Case

Trial controller functionaValidation
Category

Test Environment | 5GTN Laboratory
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Test: Storage Converter
, Edge s 3D Data
?spllcatl Printer. streams
Server Faladin
Edge
Applicatio
n Server

Initial Conditions/Prerequisites

1. 3D DT system is operational with all its components running.

2. The VR headsets are connected to respective modemdgtighinet cables and converters.

3. Qosium probe is running on both laptops where the modems are connected.
4. User access to the Unified and North Node web portal is granted.

5. North node adapter is functioning properly and reachable from both Qosium storage and 4

nodes.

Test scenario
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The test scenario comprises of multiple 5G modems connected with laptops to gain axé6s
network. Unified web portal is accessed, and a new trial is created by selecting UOULU (Nort
facility. The North Node portal is accessed with the generated trial ID. A new experiment is G
on this portal. The experiment is executed selegtiwo slice options, one for each remote user g
instructor. The North Node Adapter gets the information and creates required slices on Cum
Measurement data isnanaged by Qosium storage, and once the experimerbiapleted,the
measurement results are extracted from the Qosium storage are presented atathevisualization
dashboard. The results are verified with the target metrics.

Test steps are as follows:

1. The user connects to the 5G slice created by Cumucore after the trial is initiated by th
controller. Using a VR headset, the user enters the VR environment, presses the print button
3D printer, and the camera stream starts.

2. Theinstructor connects to the second 5G slice created by Cumucore after the trial is initiat
the trial controller. Using a VR headset, thetructorenters the VR environment, presses the pr
button on the 3D printer, and camera stream starts.

3. The experiment is stopped, and measurement metrics are observed on the web portal.
Test variables

Multiple users generated data

Expected behavior/Target Values
Allthe components present in the system should successfully pass the validation as expecte

64+! [ L5! ¢ltHb hC Y

While the test case specifications allow for the measurement of quantitative KPI metrics and functional
and nonfunctional requirements, certain KVigftecting user experience and perceived value could

not be directly obtained through system measurements. To address thigjeationnairebased
evaluation is conducted amoragarget publicaudience.The selected venu®r the KVI questionnaire
execution washe annualw S a S I NNRKSaNEBEOQIY 2025 edition.¢t KS wSa Sl NOKSNA Q
multidisciplinary event for the whole family, offering a chance to explore the work of researchers and
the role of science in our everyday lives. At the Researchers' Nigat;an dive into the world of
science by taking part in workshops, exhibitions, and popular science talks. The programme includes a
wide range of activities and experiences for all agéee event is free and open for .afence the

venue is an excellent opportunity to collect opinions of people from multiple age and gender groups
as well as nationalitie§.he 2025 edition gatheredhore than 300Gttendees from the influence area

of UOulu

The questionnaireis designed to validate the qualitative aspects of the systsoch as user
experience, satisfactigrand perceived usabilityThe collected responses provide insighitgo the
dimensionsof validation that are complementary woverthe KVIof the 3DDTSystem. Annex BKVI
Questionnairecontains the questionnairaitilized to collectdata from the diverse audienceThs
guestionnaire covers all the KVI categories and their relekaptvalue enablers.

The evaluation procesapplied to the collective responseagathered from thequestionnaireare
mapped ino two dimensions.The passve responses collected for each categoepresent the
negative impact of the system dhe audience broadly classified agootprints. On the other hand,
the positiveoutcomescorresponding to each categorgpresent the #ractive contributions of the
system grouped asHandprints.The Table8 summarizeghe outcomesmapped ashandprints and

3 https://www.oulu.fi/fen/events/researchersight
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footprints across each KVI dimension structured for 3DT system. Handprints highlightthe
contribution of the DT systento sustainability, inclusivityenhanced productivityand knowledge
sharing includingtime saving, reduced carbon footprirdnd fair participationenablement On the

other hand, footprints capturéhe concerns that may limit thedoption of system, including increased

complexity, high energy consumptiopotential ethical misuseand privacy risks.

KVI Dimension

Cost and Efficiency

Table8: KVI Handprints and Footprints

\ Handprints

Saving time and
resources
Productivity boost
Enabling remote work

Increased complexity
Adoption costs
Unequal access

Sustainability

Reduces carbon footprint
Supports innovations
Sustainable economy

High energy and resource usage

Digital and Security

Accessibility for diverse
users

Fair participation
Digital inclusion

Privacyand Security Concerns

Knowledge and Learning

Improved knowledge
sharing

Better reattime
collaborationcompared
with existing tools

Difficulty in collaboration compared to
existing tools

Social Impact and Qualit
of Life

Easy and simple
communication

Risk of unethical usage
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This sectiorpresentsthe results of the test casesising quantitative analysis and graphisualisation
to capture KPI metricand systemrequirements for allcomponentsof 3D DT systemcovering the
subsequentlassificationresults, evaluation and reportirgfagesof the \AModel processThe results
are depicted using the Test case template based on AnneXdst Case Teplate.

71tw9{ 9b¢! ¢Lhb hC ¢9{¢ /1!{9 wo{!'![¢{

7.1.1 Remote User 3D Review and Interaction Validation Test Case Results

UOuULU \ Remote User 3D Review ardteraction Validation Test Case

Test Case Name | Remote User 3D Review and Interaction Validation Test @aseIDNNL1.J)
Test Execution

20-25/04/2025
Date
Test Executed By] UOULU
Number of
» 1
repetitions

Tests were performeghysically in 5GTN laboratory with fully operational 3
Test's comments | DT system

Verification Points (VP)
Checkpoint ID Description of Validation Criteria for checkpoint

ID #1 The object can be saved in correct format

ID #2 The fileisaccessible in theorrect location

ID #3 The sessiomwith the instructoris successfully scheduled

ID #4 The VR headset works without any compatibility issues

ID #5 The remote user can see the environment clearly through the headset

D #6 The remote user is able to communicate with ihstructorvia headset and
hear clearly

ID #7 The remote user can successfully interact with the virtual object

The remote user is able &ee the printing process through browser Ul and
video feed in 3D environment
Test Validation Tests were performed with iReadsetsand all checkpoints for each

ID #8

Conditions component's validation were checked.
Test Resul

Test results run Description t
ID #1 1 The object is saved in correct format Pass
ID #2 1 File is accessible in the predefined location Pass
ID #3 1 Session was successfully established Pass
ID #4 1 VR headset has no compatibility issues Pass
ID #5 1 Remote user is able to see the environment clearly Pass

Remote user is able to communicate and hear the
ID #6 1 .

instructor. Pass
ID #7 1 Remote user can interact with the virtual object Pass

Remote user is able teee the printing process feed in
ID #8 1 . .

browser Ul andn 3D environment Pass
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7.1.2 Remote Instructor 3D Review, Printing & Delivery Validation Test Case Results

Test Case Name

Remote Instructor 3D Review, Printing & Delivery Validation Test Case
Remote Instructor 3D Review, Printing & Delivery Validation Test(Tase
ID:NN1.29

Test Execution

20-25/04/2025
Date
Test Executed By UOULU
Number of
i 1
repetitions

Test's comments

Tests were performed physically in 5GTN laboratory with @ghrational 3D
DT system

Verification Points (VP)

Checkpoint ID

Description of Validation Criteria for checkpoint

ID #1

The sessions successfully scheduled with remote user

ID #2 The fileisaccessible in the correct location

ID #3 The VR headset works without any compatibility issues

ID #4 The remote instructor can see the environment clearly through the headsg

D #5 The remote instructor is able to communicate with tteenote uservia
headset and hear cleatly

ID #6 The remote instructor can successfully interact with the virtual object

ID #7 The remote instructor can successfully start the printing process

ID #8 The remote instructor can successfully modify the obfefore printing

ID #9 The _remote instructor is able to set printing parameters before starting the
printing process
The remote instructor is able to see the printing process or not through

ID #10 : . .
browser Ul and video feed in 3D environment

D #11 The remote instructor is able to notifiie remote user about completion of

printing.

Test Validation

Tests were performed with VR headsets, and all checkpoints for each

Conditions component's validation were checked.
Test results Test run Description Result
ID #1 1 Session was successfully established Pass
ID #2 1 File is accessible in the predefined location Pass
ID #3 1 VR headset has no compatibility issues Pass
ID #4 1 Remote instructor is able tsee the environment clearly | Pass
Remote instructor is able to communicate and hear the
ID #5 1
remote user. Pass
ID #6 1 Remote instructor can interact with the virtual object | Pass
ID #7 1 Remote instructor is able tstart the printing process Pass
D #8 1 Remote instructor is able modify the object before
printing. Pass
Remote instructor is able teet printing parameters
ID #9 1 . -
before starting the printing process Pass
Remote instructor is able to see the printing process fe
ID #10 1 : ) .
in browser Ul and not in 3D environment Pass
Remote instructor is able to notitjhe remote user of
ID #11 1 . o
completion of printing Pass
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7.1.3 Network Slicing Validation for 3D TService Test Cadeesults

Test Case Name

Network Slicing Validation for 3DTService Test Case
Network Slicing Validation for 3DTService Test Cag€est IDNN1.3

TestExecution 20-25/04/2025
Date
Test Executed By UOULU
Number of

» 1
repetitions

Test's comments

Tests were performed physically in 5GTN laboratory with fully operational
DT system

Verification Points (VP)

Checkpoint ID

Description ofValidation Criteria for checkpoint

ID #1

The two usergremote user and instructo@re able to connect using the two
configured UE slices

ID #2 Remote useis able to connect with the designated slice
ID #3 Remote instructor is able tconnect with the designated slice
The two users connected via the configured UE slices are able to interact
ID #4 :
the 3DDTenvironment
D #5 Remote user with one slice and remote instructor with second slice are al

switch over in case of temporary failure of one of the connected slices

Test Validation

Tests were performed witi'R headsets, and an operation 3D DT system a

Conditions checkpoints for each component's validation were checked.

Test results Test run Description Result
Two users were connected successfully with the

ID#1 1 . )
configured UE slices Pass
Remote user is able to connect with their designated

ID #2 1 .
slice Pass
Remote instructor is able toonnect with its designated

ID #3 1 .
slice Pass

D #4 1 Remote user and instructpconnected via different
slices are able to interact in the 3DTenvironment Pass
Theswitchoverfrom the temporary failed slice to the

ID #5 1 active one was successful between the remote user ar
instructor. Pass

7.1.4 Integrated
Results

Data Rate, Network Performance, Laten@nd Reliability Test Case

Integrated Data Rate, Networkerformance, Latency and Reliability Test

Test Case Name

(OF1!
Integrated Data Rate, Network Performance, Lateacyl Reliability Test Case
(Test IDNN1.9

Test Execution

16-18/06/2025
Date
Test Executed By UOULU
Number of
» 3
repetitions
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Test'scomments

Tests were performed physically in 5GTN laboratory with fully operational
DT system

Verification Points (VP)

Checkpoint ID

Description of Validation Criteria for checkpoint

ID #1

The camera stream bitrate exceeds 2 Mbps when users@raected in the
virtual environment

The user data from VR headsets, including 3D virtual environment data, at

ID #2 and control data exceeds 1 Mhps
ID #3 Thevirtual browserUl data exceeds 1 Mbps
The wirelesdink canaccommodate théeraffic generatedoy multiple VR
ID #4 headsetausersup to 400 Mbps
ID #5 The wiral link towards 5GTN edge sentes up to 10 Gbpaf capacity
ID #6 5G downlink throughput support up to 400 Mbps of traffic
ID #7 5G uplinkthroughput supports up to 50 Mbps of traffic
ID #8 5G downlink latency and delay should be belowrifor required throughput
ID #9 5G uplink latency and delay should be below 14 ms for required throughpu
D #10 Processing time of 3DTedgeapplicationshould be below 16.6hs when
multiple users are utilizing the virtual environment
D #11 Packet reliability should be 99.9% for both uplink and downlink channels w

the target latency values

Test Validation

Tests were performed withVR headsets, anall checkpoints for eac
component's validation were checked and measurement data values

Conditions collected
Test

Test results run Description Result
ID #1 1-3 Figure29 andFigure30 Pass
ID #2 1-3 Figure29 and Figure30 Pass
ID #3 1-3 Figure29 and Figure30 Pass
ID #4 1-3 Figure31andFigure32 Pass
ID #5 1-3 Figure31andFigure32 Pass
ID #6 1-3 Figure33andFigure34 Pass
ID #7 1-3 Figure35andFigure36 Pass
ID #8 1-3 Figure33andFigure34 Pass
ID #9 1-3 Figure35andFigure36 Pass
ID #10 1-3 Figure33andFigure34 Pass
ID #11 1-3 Figure33, Figure34, Figure35, andFigure36 Pass

Results Diagrams
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THROUGHPUT AVERAGE
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Figure29: Combined Throughput Traffic Averages

Traffic, primary, bits/s

H received sent

Figure30: Combined Throughput Traffiwer time

TheFigure29 presentsthe averages dahree test runs Thesahroughputvalues are taken tnen usersonnect
to the virtual environmenthrough VR headsstTheFigure30illustratesthe traffic throughputover time
The combined datéhroughputincludescamera stream, 3D virtual environment, audio, contesid Ul data
generated by the usersvhen they connect with the virtual environment Across thee test runs, the
throughputmeets thebelowtarget KPI valueshowing thathe mentioned metrics generateaffic above the
required thresholds

1 Camera Stream Data Raseabove2 Mbps constantly

1 3D Virtual Environment Audio and Control Data Rei@bovel Mbps constantly

1 VirtualBrowserUl Data Ratés also abovd Mbpsduring the measurement run
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THROUGHPUT AVERAGE
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Figure31: Average Throughput of User Traffic during 3D DT Environment Utilization

Traffic, primary, bits/s

B received sent

Figure32: Values over timef User Traffic Throughput during 3D DT Environment Utilization

TheFigure31 presents the average valuéisroughput in Mips duringthree test runs. The remote user anc
the instructorinteract with objects, perform printing tasksxd communicate with each otheFheFigure32
presensthe generated trafficover time One carsee the generated traffic intended for the 3D DT Engine ec
serverhosted in 5GTN reachesaximumpeak values of 500 Mbpguring active useThe wireless links ar
sufficientto accommodate théntended traffig on the other hand wirediplink towards the 5GTN edge sery,
has 10GRapacity eneto-end,which confirms the suitability and satisfy target KPI values
1 Wireless links able toaccommodate up to 40Mbpsof traffic throughput generated by VR
headsetsduring active use.
1 Wired linktowards 5GTNdgeserverhasa 10 Gbps capacity6.2.2.7 which is enough to
accommodate traffic generated by VR headshisng active usage.
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Figure33: Downlink Chann

Traffic, primary, bits/s

Figure34: Downlink Channel Traffaver time

TheFigure33shows the average values of throughpuitMbps delayand jitterin ms, and packet loss ratic
percentag (%) TheFigure34 presents thevariationof these parametersver time The blue line indicates
sent traffic utilizing the downlink channdt.can be observed thdownlink channel is able to accommoda
peak value around 4001bps as required,while delay and jitter remain under the required thresho
Moreover, packet loss ratio is minimatross the set dest runs The measurement clearly demonstrates th

target KPI values are met

1 Downlink Channel is able serve 40QMbps traffic.
il

with only one spike observe@bove the threshold.
il

The delayand jitter values for downlink channel during the whole measurement stays beléwmns

The packeteliability is over 99.9% for the generated traffiovertestruns withfew lost packets

el Average Values

Lost packets

B received

Jitter
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Figure35: Uplink Channel Average Values

Traffic, primary, bits/s Lost packets

B received B received

Delay Jitter

Figure36: Uplink Channel Traffaver time

TheFigure35shows the average values of throughput in Mbps, delay and jittersirand packet loss ratio
percentage(%)for the uplink channelTheFigure36illustrates thevariationof the traffic over time It can
be observed thatiplink channel isalsoable to accommodateequiredpeak value aroun80 Mbpsindicated
by green linewhile delay and jitter remain under the required threshdtdirthermore, the first test run
showed a packet loss ratio of about 0.12%, whereas the average across all three runs is 0.093%, indi
minimal loss for the uplink channel with only occasional minor spikes measurementonforms with the
target KPI values

1 UplinkChannel is able to sena® Mbps traffic.

1 The delay and jitter values foplinkchannel during the whole measurement stays belatnis

threshold
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1 The packeteliability is als099% forthe generated traffic with few lost packets.

Processing Time of Virtual Environment
16.675
16.67
16.67
16.665
16.66
16.66
E
16.655
16.65
16.65
16.645
16.64
M1 M2 M3
Measurement Run
Figure37: Processing Time Average
(N O inspector () Console [ Debugger A Network () StyleEditor () Performance )) 0] e X
@ Y Filter Output Errors Warnings Logs Info Debug  CSS XHR Requests ﬁ
Console was cleared. debugger eval code:1:9
g | Average frane tine: 16,67 ms (59,99 FPS) | debugger eval code:21:13
f Min frame tine: 7.60 ms debugger eval code:22:13
Max frame time: 27.00 ms debugger eval code:23:13
OpenViduController Received heartbeat signal, connectionId: con SBvoFklhSU @@ 294.babylonBundle.{s:1:964995
B ) ]

Figure38: Processing Time dfirtual Environment
TheFigure37 presents the average values of processing time of the 3D DT virtual environment over
test runs The Figure 38 shows the value from the virtual emeinment application web page. It care
observed that the VR application satisfies tieowtarget KPI value for processing time.

1 Processing time of 3D DT edge application server i¥ h8s§60 frames per second)

7.1.5 Operational and Environmental KPI Validation Test CRa&sults

UouLU Operational and Environmental KPI Validation Test Case

Test Case Name | Operational and Environmental KPI Validation Test Cesst IDNN1.5
Test Execution 93.96/06/2025
Date
Test Executed By | YUOULU
Number of
» 3
repetitions
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{ &%

Tes® comments

Tests were performed physically in 5GTN laboratory with @girational
3D DT system

Verification Points (VP)

Checkpoint ID

Description of Validation Criteria for checkpoint

ID #1

Operating under low mobility conditions, delapd jitter values ofthe
traffic should be withinlO msdownlinkand 14 msuplink, respectivelywith
no sessiorinterruptions

ID #2

Operating under increased user density, deday jitter values of 10 ms ang
14 ms should be maintained during the mosnodasurementswith
occasional expected spikes and no session interruptions or degraded
service

ID #3

Energy efficiency of the systeilsevaluated in idle and active processing
states, having nominal usage in both states

Test Validation

Tests were performed with ViReadsetsand all checkpoints for each
componeni@ validation were checked and measurement data values ar¢

Conditions collected
Test

Test results run Description Result
ID #1 1-3 Figure39 and Figure40

Pass
ID #2 1-3 Figure4landFigure42

Pass
ID #3 1 Figure43, Figure44 andFigure45

Pass

Results Diagrams
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Througput Under Low Mobility
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Figure39: Average Values under Low Mobility usage

Traffic, primary, bits/s

H received ® sent

Jitter

Figure40: Low Mobility Usagever time

TheFigure39 presents the average values of throughput inpgpanddelay and jitter in ms for the
generated trafficwhenindoor users are under low mobile conditiarfgure40shows thevariation
of these parameter®ver time It isobserved thatthe generateddownlinktraffic, representedby
the green line reaches several peakkloweverthe delay and jitteremainaslow asin other test
casesthusfulfilling the KPI requirements as below
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{ %

1 Operating undetow indoormobile conditionsthe generated throughput traffic should

havelow delay and jitter valuewith no session interruptions

9.2

8.8
» 8.6
Ega

8.2

7.8

30
25
20
a 15
10

Mbps

Delay Under Increased Density

8.31 8.29

M1 M2
Measurement Run

Througput Under Increased Density

11.61

M1

9.02

M3

26.61

12.77

M2 M3
Measurement Run

Jitter Under Increased Density

1.47
1.5
1.11
g 1
0.5
0
M1 M2

Measurement Run

1.17

M3

TheFigure4l presents the average values for throughput in Mbgosg delay and jitter in ms unde
increased user density. Moreovehe Figured2depicts thevariationof these parametersver time,
with green lire depicting the generated downlink traffitt is observed thatwith increased use

Figure4l: Average Values of Increased User Density.

Traffic, primary, bits/s

B received M sent

N received M sent

Jitter

B received M sent

Figure42: Increased User Densityer time
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density, the delay and jitter values remaiow as observed in the other test case measureme
However,one spikefor delayis observed throughout the measurement but otherwibe values
are low Thisfulfill the KPI requirements as below

1 Operation under increased user densliy/m?, the generated throughput should have lo
delay and jitterwith no severedegradation observed in service.

The Faladin edge application server (gsngine) for the 3D Dsystem is being hosted on\éM in
the 5GTN. The 3D printer is controlled and managed via this server asFaelhis test the
consumption of the edge application server is monitored in the idle and processing states
users are utilizing the 3D DT system for printing process.

. . :35 java -jar openvidu-server-2.29.0.jar
1344 : a :00.80 sh -c node dist/index.js "——https=true" "--dbfilenam
33408 A . :06.88 node dist/index.js —https=true ——dbfilename=demo.db
33408 2 3 :00. je dist/index httg true e=demo . dt
334es A . :27. ed
33ues . . :27. ed
33408 2 je d
33408 |
33408 i
334es . . $ ed
33ues . . 14, e dist
33408 i
33408

r
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r
r
T
T
r
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r

0.0
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5[ 0.0
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2918452 roo
3717426 rc
3717529
2918622
2918784
2918791
2915032 root
2915033
2915634
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2915037
2915038

.00 sh -c node dist/index

.14 node dist/index.js —https=true
.00 node ist/index.j T
57 1 st

.54 n

.57 node

oo OLOPOPODODPODOOO®
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DO P PP POINNINOOD
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164 33408

Figure44: 3D DT gamaengine system performance in active state

TheFigure43represents the CPU usage, memawd load averages of the edge application ser
in the idle state. The edge application serigns alavabasedarchive file(. JARcontainingan Open
Vidu Web RealTime Communication(WebR TG platform, whichenablesreaktime video streaming,
audio, recording and signalling betwestiRparticipants The CPU usage is around 0.7% in the i
state, memoryusage ipproximately2.6% per thread on a 2dhread system which indicates thg
serveris very lightly loaded.
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TheFigure44represents the CPU usage, memawd load averages of the edge application ser
duringactiveprocessingTheOpenVidu platformisactivelyrunningand interactingvith VR headse
client sessions. CPU usdgereasedo around 2%, and memory usageises slightly td®2.8% per
thread. The rallel CPUWitilizationindicates efficienuseof system resources. Furthermonender
active session load, thedge servedelivers required performance for supporting multiple usersg
the VR environment users while maintaining low resource consumption hence low energy us

All outputs: Total load: 18 W Total Energy: 14 Wh
Total Current: 159 mA Total Reverse Energy: 0 Wh
Total TPF: N/A Total Energy NR: 392 kWh
Total Phase: N/A Total Reverse Energy NR: 33 Wh

Voltage: 233V
Frequency: 50 Hz

Figured5: Energy Consumption Output
The Figure45 shows the output taken from PowerBokE smarpower strip to check the energ
consumption of the gam engine duringone-hour active virtual environment processingvhich
further justifies the target KPI for energy efficiency of the systenper below target

1 Energy efficiency of the system in idle and active processing states has nominal usag

7.1.6 Wi-Fi TSN KPI Validation for Robot Arm Integration Test GResults

uouLU \ Wi-Fi TSN KPI Validation for Robot Arm Integration Test Case

ingase Wi-Fi TSN KPI Validation for Robot Arm Integration Test(@aseIDNN1.9
Test
Execution | 1-20/08/2025
Date
Test
Executed UoOuLU
By
Number of
" 3
repetitions
Test's Tests were performed physically in 5GTN laboratory with fully operationdli WSN

comments | system

Verification Points (VP)

ICDheckpomt Description of Validation Criteria for checkpoint
D #1 Time synchronization accuracy between the VTSN AP arfIlT Aclocks during the
operation is under 1Qs.
Latency bounds generated by the robotic arm for 200 ms cyclic signals lie in
ID #2
between :10ms.
ID #3 Video payload from the installechmera is around MBps(30fps)
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Test Tests were performed with a set of VR headsets and an operational YBN syster
Validation | operating the robot arm via virtual environment, all checkpoints eeefied, and
Conditions | measurement data values are collected
Test results | Test run Description Result
ID #1 1-3 Figure46 andFigure47
Pass
ID #2 1-3 Figure48 andFigure49
Pass
ID #3 1 Figure50andFigure51
Pass

Results Diagrams

@ wtsn-ptp

Figure46: Time Synchronization Logs-WiAP
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Figured7: Time Synchronization Logs-WiiStation

Figured6 shows the log output foPTP forLinux(ptp4l) andPTP hardware clodkhc2sysfrom Wi
Fi NUCAP. Asimilar log outputis shown inFigure47 from WiFi NUC BA These logs values a
taken when robot arm is connected acdntrolled by user via virtual environmentheAP is acting
as Grandmaster source, while ti8TAis slaveln ptp4l logsthe master offset values which sho
current offset from slave clock relative to master is in nanoseconds. Similadgsydogs show the
differencebetween the system clock and physical hardware clock.

It is observed thathe WiFi AP side correction valuase in tensto hundredsof nanoseconds ang
Wi-FiSTAoffset is reported irhundreds ofnanoseconds as welneaning thatSTAs staying within
few hundred nanoseconds of the AFhe offsets are consistently iundreds ofhanosecondswell
below the target KPI threshold value, thereby fulfilling tequirement

9 Time synchronization accuracy between the MWViIr'SN AP ar®TAs below 1Qus.
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Figure48: Average Values for Cyclic Signal Delay
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Figure49: Values foiCyclic Signalver time

The Figure48 presents the averagealues fordelay parametersin msfor continuous cyclic signa
generated by the robot armMoreover,the Figure49 shows the graplof these metrics. It can by
observedthat the continuous cyclic signdelay and jitter valuesemain inmicrosecondswhich is
well below the required KPI threshadieence the requirement is fulfilled

1 Latency bonds generated by 20fhs robotic arm cyclic signahould be in between-10
ms.

- S L BGSNS Page74 of 96 © 20232025 6GXR Consortium



o
6G XR D6.2: 3D Digital Twin XR U8aselntegration Validation and KP\Assessment ’qu
(V3.0) | Public

Traffic, primary, bits/s Delay

received M sent

Jitter

Figureb1: Datatraffic of installed camera video payloader time

Figure 50 shows the image taken from the VR environment fbe installed video camera
Moreover,Figure51shows thedata traffic due tahe generatedvideopayload. It can be seen traff
around 1IMBps(megabyte per secwl) is generated by the cameravhileand delay and jitter value
are below 10ms. This confirms the below required KPI

1 Video payload of the installed camera is aroundBps(30fps)

- S L sﬁ SNS Page75of 96 © 20232025 6GXR Consortium



»
6G XR D6.2: 3D Digital Twin XR U8aselntegration Validation and KP\Assessment ’Gxa
(V3.0) | Public

7.1.7 Endto-End System Validation Utilizing Trial Controller Test CRssults

Endto-End System Validation Utilizing Trial Controller Test Case

ijlgase Endto-End System Validation Utilizing Trial Controller Test (Jaest IDNN1.7)
Test
Execution 10-13/10/2025
Date
Test
Executed By UOULU
Number of
" 1
repetitions
Test's Tests were performed physically in 5GTN laboratory with @ghrational 3D DT

comments system

Verification Points (VP)

I(Il:)heckpomt Description of Validation Criteria for checkpoint

ID #1 Unified web portal is accessible.

ID #2 North Node web portal is accessible.

ID #3 Trial is created at/OULU(North Node)site.

ID #4 Experiment under trial is run for two network slices to supportCBLusers.

ID #5 Experiment results are extracted and visualized at the web pdashboard
Test Testsare performed with two VR headsets connected with separate slices
Validation configured by the trial controller. All checkpoints for each component's validat
Conditions were checked.

Testresults | Testrun Description Result
ID #1 1 Unified Web portal isccessible. Pass
ID #2 1 North Node web portal is accessible. Pass
ID #3 1 Figure52 Pass
ID #4 1 Figureb3 Pass
ID #5 1 Figure54 and Figureb5 Pass

Results Diagrams
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Edit Trial

d save your change

@ Edit Trial
Trial Controller Validation 10/10/2025 12:14 PM X &
10/31/2025 12:14 PM X [3 Oulu -

Validation test for Trial Controller

Figureb52: Trial Creation

TheFigure52 shows the trial creation at unified web porfathere start and end times are selecte
description for the trial validation is addeand Oulu facility is selected.

Edit Experiment
e Edit Experiment
Testing
10/13/2025 12:30 PM x B 10/14/2025 12:30 PM x @
|| 1

two_slices
Slice 1 Slice 2
® uwre O emeB O uRLLC (® emBB

Update Experiment

Figure53: Experiment Creation for two slicks VR users

TheFigure53 shows the experiment creation &orth Node web portal under the created trial
where the two slice options is selected for each VR headset user.
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Experiment Analysis Number: 323
Select Fields for Analysis
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Figure54: Experiment Analysis field selectifmn measurement visualization
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Figure55: Measurements visualization on the web portal

TheFigure54 andthe Figure55 show the extracted measurement visualizations on the web pg
dashboard,after the slices were created for the VR heads@he measurement resulisuch as
throughput, delay, jitter, and packet lospercentage fordownlink channel are extracted upor
selection The results arseparatelyshownfor each configured slicevith minimal delay and jitter
valuesobserved.
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A demonstration of the 3AMDTae adiSyY ¢l a O2yRdzO( SR NightzhWQuB (KS
Responses were collected using tipgestionnaire provided in Annex Bfter the demonstration was
explained to the audiencand they had gossibility to test out the system.

Figure56: Demonstration atJOuluduringthew Sa ST NOKSNXRa bAIK

Figure56 shows thatmanypeoplewith diverse backgroundgsarticipated in the demonstratiartheir
responsesvere collected and the data was gathered and analysed accordif@¥grall, 94 voluntary
responseseither in digital or paper forpwere gathered from the participantduring the four hours
dedicated for the eventThe respondets comprised 62Males,29 Females, and 3 participantsho
identified in Other gender groufhe questionnaire did not include any aspects leading to Gi3B&s

as the responses were collected anonymously and they cannot be traced to any individual people

Pertaining to the demographics and the backgrounthefaudience the results aresummarizedand
trends areanalysedasedon gender and age group$the participants The most ative participation
wasobservedamongthe age groups dietween20and40 years.Moreover, thel dzR A S3frdi&iQ a
with the immersive technologiesuch as/R, XR and ARs well as wireless network technologies like
5G and 6Gisconsidered
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Familiarity with Immersive Technologies XR/VR/AR
o Over60 __
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E —_—
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Over60 =— ®m Familiar
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Figure57.TNBYy R&a Ay | dzR adhinintQide teEhnotogidsA I N { &

Figure57 shows the trendsn audience& tamiliarity acrossdifferent genders and age groupsth

immersive technologies. It is observethles across all aggroups generallglaimsomewhat familiar,
while females generallglaimslightly familiaron thetechnologiesParticipants identifying wittother

gender groups are observed ttaimat least familiaity with the technologes

Familiarity with Wireless Technologies 5G/6G
© Over60 __
@ —
£
@] 20-40 —
o 40-60 m—— B Somewhat familiar
E _ m Slightly familiar
10-20 =______ -
W Not familiar at all
Over 60 = m Familiar
< p— m Expert
Xper

€ 2040 lewe—=— P
L S —

0-10  rom—

0 5 10 15 20

Figure58: Trends for thefamiliarity with wireless technologies

Figure58 presents the trend$or the familiarity ofthe audience with wireless technologiesgith males
in generalclaimingfamiliarity across all age grougsd female® O ftréndlingfowards to slightly
familiar. Participants identifying with the other gender gratlpimat leastsomewhat familiar irthis
case.
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7.2.1 Observed Patterns iiKVI Categries

The followingpatterns were extracted and observed across each KVI category in the questionnaire
where each categorgonsisted ofmultiple questionsThe following figures only depict thresponses
over the entire group oparticipants for simplicity of observation, while the analysis also covers all the
gender groupsThe responses based on age group division are omitted the analysis below.

Cost and Efficiency
Strongy Disagreee r
Disagree

Neutral

Agree

HIT'

Strongly Agree

0.00% 10.00% 20.00% 30.00% 40.00% 50.00% 60.00% 70.00%

H Statement3 M Statement2 M Statement 1

Figureb59: Cost and Efficiency Category Trends

Figure59 shows thetrend of responses undéhe cost and efficiency categgrgpproximately81% of

all respondersacross all age groups gree¢ 2 NJ & { (i NEhgt Thé 3D DTsyshel Sriproves
collaboration and productivitySatement 1). By gender, 86% ofmales 69% offemales and67% of

other gender groupsespondedd greet 2 NJ & { G NP yFdthélp wittHdddpieeng daily tasks

(Statement 2) approximately66% of respondersr ! 3 NBNJE a { (i N2 yBY gehder 6BNE S ¢
males,66% of femalesand 33% of other gender groupdB & LJ2 Y RS R N& a3 NiBNRg It & | 3
Finally,peopled greet 2 NJ ¢ { hdveéyhatfsy&tem helps in reducing resource usgg§eatement

3) with approximately87% of all responders across all age groups. By geB@ligr males, 79% females

and 100% of other gender groupssponded in this way
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Sustainability

Strongy Disagreee

Disagree

Neutral

Agree

Strongly Agree

!IH"_

0.00% 10.00% 20.00% 30.00% 40.00% 50.00% 60.00% 70.00%
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Figure60: Sustainability Category Trends

Figure60 presents theresponse trends asustainability categoryit is observedapproximately73% of

all responders across all age grodpgreeé 2 NJ & { ( NiBay ydtedreducddNdarBoh footprint

(Statement 1)By gendery/3% of males76% of femalesand33%o0f other gender groups responded

similarly. Furthermore,89% ofpeopleof all gender groupgt ! ANBE Sé¢ 2 NJ a{ (y@Bendt & | 3
helping in future innovationgStatement 2) By gender89%of males,86%of females, and 67%f

other gender groupsresponded similarly For the system supporting more economic models
(Statement 3)78% of responder§ greeé 2 NJ @& { U NuRityl tHef q@estiorackaBss| &gegroups.

By gender, 78%f males,72%of females, and 100%f other gendergroupsresponded similarly

Figure61: Digital and Security Category Trends

Figure6l illustratesthe trends for the digital and security category respondess observedthat
approximately 7% of all responderd | ANB S ¢ 2Addedithalisisbeyi B tickessible for people

having different backgroundgStatement 1). By gender3% of males,69% of females,and 67% of

other gender groupgespondedda ! 3 NBNIE & { ( NP y Mdredver)cahdeBid éprivacy and
security(Statement 2)most of thepeopleacross all age groupsspondedeitherd b S dzii NI dr ¢ 6 o iz
GAgree (31%), totalling around 70%.By gender46% of males aré butralé and 29% | 3 NR% éf>
FSYIESa a! DB a b § gefhitlefor 2 0 KSNJ ISY RSNJ 3 NRddBZIa 0 027
G{ GNRy3Iféd 5Aal ANBS
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