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Foreword

This Group Report (GR) has been produced by ETSI Industry Specification Group (1SG) Augmented Reality
Framework (ARF).

The present document provides an executive summary of the ETSI GR ARF 010 [i.8] Standards L andscape Report and
the ETSI DMI ARF 011 [i.9] Recommendations Report.

Modal verbs terminology

In the present document "should", "should not", "may", "need not", "will", "will not", "can" and "cannot" areto be
interpreted as described in clause 3.2 of the ETSI Drafting Rules (Verbal forms for the expression of provisions).

"must” and "must not" are NOT alowed in ETSI deliverables except when used in direct citation.
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Executive summary

The present document consolidates insights from two reports focusing on Virtual Worlds standardization processes,
standards and the role of standards for enhancing the European Virtual Worlds ecosystem. It provides an overview of
the current standards landscape covering 912 standards and 354 technical reports across eight Virtual Worlds domains.
The Standards Landscape Report [i.8] published by ETSI in 2025 is the most extensive of its kind to date. While many
standards exist, adoption among major industry players remains low, limiting interoperability. A fragmented and poorly
coordinated standardization system presents major challenges to improving future prospects for scalable Virtual Worlds
ecosystems. Structural issues such as power imbalances, overlapping mandates, and regulatory uncertainty hinder
progress. The study identified such barriers and, in its Recommendations Report [i.9], provided recommendations to
improve coordination, inclusivity, sustainability, and trust. If and when followed, the data-driven recommendations
provided to policymakers will foster stakeholder engagement, collaboration, and coordination of organizations and
working groups. Together, these can support growth of a secure, inclusive, and innovation-friendly European Virtual
Worlds economy.

Introduction

Virtual Worlds technologies are transforming how people work, interact, learn, and create within persistent, interactive
3D environments. These experiences, delivered through immersive interfaces, increasingly blur the boundaries between
physical and digital redlities. As the European Commission emphasized in its 2023 communication on Virtual Worlds
[1.10], athriving ecosystem will rely on the convergence of enabling technologies such as Al, 5G/6G, and IoT -
supported by open standards. However, limited interoperability, inconsistent data exchange, and weak integration of
existing protocols remain critical barriers to value creation and innovation. The research which the present document
summarizes was initiated to examine these concerns and to guide public and private stakehol ders toward coordinated,
standards-based solutions to addressing barriers.

ETSI
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1 Scope

The present document distils findings from two previously prepared ET S| Reports. They document the current state of
Virtual Worlds standards and, based on standards and gaps, provide concrete recommendations. These reports are based
on the systematic analysis of information in public documents, interviews with subject matter experts, standards,
standardization working group charters and documents, and reports of SDO activities about Virtual Worlds. The
objectives of the research included identifying all standards and technical reports, in order to reduce duplication,
conflicting initiatives, and to identify gapsin standards. Eight Virtual Worlds domains are defined and over

900 standards are examined for their technical coverage in the domains identified. Ongoing efforts, and coordination
status were al so assessed. Research also evaluated how structural and institutional limitations affect the devel opment of
standards and their adoption. Recommendations were framed around stakeholder groups including providers,
policymakers, researchers, and end-users.

For policymakers seeking to expand the European standards-based Virtual Worlds ecosystem with support for
innovation and through harmonized regulatory and technical approaches, the present document also summarizes
recommendations.

2 References

2.1 Normative references

Normative references are not applicable in the present document.

2.2 Informative references

References are either specific (identified by date of publication and/or edition number or version number) or
non-specific. For specific references, only the cited version applies. For non-specific references, the latest version of the
referenced document (including any amendments) applies.

NOTE: While any hyperlinksincluded in this clause were valid at the time of publication, ETSI cannot guarantee
their long-term validity.

The following referenced documents may be useful in implementing an ETSI deliverable or add to the reader's
understanding, but are not required for conformance to the present document.

[i.1] 3GPP TS 26.566: "Immersive Audio for Split Rendering Scenarios”.

[i.2] 3GPP TR 26.866: "Immersive Audio for Split Rendering Scenarios; Performance
characterization”.

[i.3] AIMS - |P Media Experience (IPMX).

[i.4] CTA-2094: "HDR/XR metadata’".

[i.5] CTA-2097: "XR experience comfort metrics'.

[i.6] Eclipse Foundation: "Dataspace Protocol 2025-1", EDWG DSP, n.d.

[i.7] ETSI GS ARF 003: "Augmented Reality Framework (ARF); AR framework architecture”.

[i.8] ETSI GR ARF 010 (V2.1.1): "Augmented Reality Framework (ARF); Virtua World Standards
Landscape Report”.

[i.9] ETSI DMI/ARF 0011 (V0.0.2) (2025-06): "Augmented Reality Framework (ARF); Virtual World

Standards Recommendations Report Virtual World Standards Recommendations Report”.

[i.10] COM (2023) 442/final: "Communication from the Commission to the European Parliament, the
Council, the European economic and social committee and the committee of the regions- An EU
initiative on Web 4.0 and virtual worlds: a head start in the next technological transition”.
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https://data.consilium.europa.eu/doc/document/ST-12092-2023-INIT/en/pdf
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IEC 62629 (al parts): "3D display devices".

IEC PWI 110-39: "Contact-lens-based AR displays", in progress.
IEC PWI 110-36: "Electronic displays: Durability test methods of eyewear display".

IEC TR 63340-3:2025: "Electronic displays for special applications - Part 3: Gaming and
e-sports'.

IEC TS 63528:2025: "Multimedia systems - Haptics - Haptics stimuli descriptors'.

|EC 63145 (series): "Eyewear display".

IEC TR 63614-1: "Multimedia Systems and Equipment for Metaverse - Part 1. General".
IEC TR 110-22: "Electronic Displays: Measurement Method of Volumetric Display”.

|EEE P2957™: " Standard for a Reference Architecture for Big Data Governance and Metadata
Management".

|EEE P7030™: "Recommended Practice for Ethical Assessment of Extended Reality (XR)
Technologies'.

IEEE P7016™: "Standard for Ethically Aligned Design and Operation of Metaverse Systems'.

|EEE P2888.6™: " Standard for Holographic Visualization for Interfacing Cyber and Physical
Worlds".

|EEE 2048.x™ (al parts): "VR/AR Working Group (VRARWG)".
|EEE P3079.2™: "Standard for Mixed Reality (MR) Framework for Motion Training".
|EEE P3079.1™: "Motion to Photon (MTP) Latency in Virtual Environments".

|EEE P3079.3.2™: "Standard for a Framework for Privacy Protection through Identifiability
Management Arising from Avatar Interaction”.

IEEE 3079.3.1™-2025: "I EEE Approved Draft Standard for Service Application Programming
Interfaces (APIs) for Digital Human Authoring and Visualization®.

|IEEE 2874™-2025: "IEEE Approved Draft Standard for Spatial Web Protocol, Architecture and
Governance”.

|EEE P3079.4™: " Standard for the Visual Quality Assessment of Auto-Stereoscopic Displays'.
|EEE P3322™: "Guide for Comfort Requirements for Extended Reality (XR) Devices'.

IETF RFC 9901: " Selective Disclosure for JISON Web Tokens".

SO 23353.3: "Blockchain and DLT - Auditing".

SO 23516.3: "Blockchain and DLT - Interoperability ".

ISO/TR 9241-313:2025: "Ergonomics of human-system interaction — Part 313: Optical
measurement methods for reflective displays'.

ISO/TS 16551:2025: "Health informatics — Reference model for virtual redlity (VR)-based
clinical practice simulation”.

ISO/NP TS 10303-1856: "Industrial automation systems and integration — Product data
representation and exchange — Part 1856: Annotated 3d model equivalence triangulated shape
modul€e".

ISO/NP TS 10303-1857: "Industrial automation systems and integration — Product data
representation and exchange — Part 1857: Annotated 3d model equivalence display attribute
module".
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https://standards.ieee.org/ieee/2957/10381/
https://standards.ieee.org/ieee/7030/10799/
https://standards.ieee.org/ieee/7016/11178/
https://standards.ieee.org/ieee/2888.6/10788/
https://sagroups.ieee.org/2048wg/
https://standards.ieee.org/ieee/3079.2/11575/
https://standards.ieee.org/ieee/3079.1/10383/
https://standards.ieee.org/ieee/3079.3.2/11535/
https://standards.ieee.org/ieee/3079.3.1/11021/
https://standards.ieee.org/ieee/2874/11717/
https://standards.ieee.org/ieee/3079.4/11442/
https://standards.ieee.org/ieee/3322/11073/
https://www.rfc-editor.org/info/rfc9901
https://www.iso.org/standard/87939.html
https://www.iso.org/standard/84642.html
https://isme.me/en/project/show/iso:proj:89214
https://isme.me/en/project/show/iso:proj:89215
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[i.39]
[i.40]
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| SO/IEC PWI 24931-2: "Information Technology — Metaverse — Part 2: Framework and
architecture”.

I SO/IEC PWI 24931-4: "Information Technology — Metaverse — Part 4: Reference model”.

I SO/IEC PWI 24931-5: "Information Technology — Metaverse — Part 5: Information model".

ISO/IEC CD 20996.2: "Information technology — Cloud computing — Cloud service customer
business continuity and resilience”.

ISO/IEC DIS 20151-1: "Cloud computing and distributed platforms — Dataspaces — Part 1.
Concepts and characteristics'.

I SO/IEC FDIS 23090-29: "Information technology — Coded representation of immersive media
— Part 29: Video-based dynamic mesh coding (V-DMC)".

I SO/IEC FDIS 23090-30: "Information technology — Coded representation of immersive media
— Part 30: Low latency, low complexity light detection and ranging (LiDAR) coding".

I SO/IEC 23090-32:2025: "Information technology — Coded representation of immersive media
— Part 32: Carriage of haptics data".

| SO/IEC 23093-3:2022: "Information technology — Internet of media things — Part 3: Media
dataformats and APIS".

I SO/IEC 23093-1:2025: "Information technology — Internet of mediathings — Part 1:
Architecture”.

I SO/IEC 23093-2:2025: "Information technology — Internet of media things — Part 2: Discovery
and communication application programming interface (API)".

ISO/IEC DIS 24931-1: "Information Technology — Metaverse — Part 1. Concepts, definitions
and terminology".

ISO/IEC JTC 1: "WG 10 Internet of Things".

I SO/IEC 22989:2022: "Information technology — Avrtificial intelligence — Artificial intelligence
concepts and terminology”.

I SO/IEC 23894:2023: "Information technology — Artificial intelligence — Guidance on risk
management".

ISO/IEC CD TR 23090-1: "Information technology — Coded representation of immersive media
— Part 1: Architectures for immersive media’.

ISO/IEC TR 23090-27: "Information technology — Coded representation of immersive media—
Part 27: Media and architectures for render-based systems and applications'.

I SO/IEC 23090-28: " Coded Representation of |mmersive Media— MPEG-I — Interchangeable
scene-based media representations”.

ISO/IEC CD TR 23090-11: "Information technology — Coded representation of immersive media
— Part 11: Network-based media processing implementation guidelines”.

I SO/IEC 23090-33:2025: "Information technology — Coded representation of immersive media
— Part 33: Conformance and reference software for haptics coding”.

I SO/TR 9241-380:2022: "Ergonomics of human-system interaction — Part 380: Survey result of
HMD (Head-Mounted Displays) characteristics related to human-system interaction”.

SO 9241-391:2016: "Ergonomics of human-system interaction — Part 391: Reguirements,
analysis and compliance test methods for the reduction of photosensitive seizures'.

ISO/IEC DIS 27091 " Cybersecurity and Privacy — Artificia Intelligence — Privacy protection”.
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https://www.iso.org/standard/86589.html
https://www.iso.org/standard/85254.html?browse=tc
https://www.iso.org/standard/85255.html?browse=tc
https://www.iso.org/standard/86443.html?browse=tc
https://www.iso.org/standard/81589.html
https://www.iso.org/standard/86429.html
https://www.iso.org/standard/86430.html
https://www.iso.org/standard/88529.html
https://jtc1info.org/sd-2-history/jtc1-working-groups/wg-10/
https://www.iso.org/standard/74296.html
https://www.iso.org/standard/77304.html
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https://www.iso.org/advanced-search/x/title/status/P,U/docNumber/23090/docPartNo/27/docType/0/langCode/ics/currentStage/true/searchAbstract/true/stage/stageDateStart/stageDateEnd/committee/sdg
https://www.iso.org/standard/78479.html
https://www.iso.org/standard/86518.html
https://www.iso.org/standard/76430.html
https://www.iso.org/standard/56350.html
https://www.iso.org/standard/56582.html
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| SO/IEC 21134: "Information technology — Computer graphics, image processing and
environmental data representation — Benchmarking of integrated indoor localization and tracking
methods using dead reckoning".

ISO/IEC CD 18038-2: "Computer graphics, image processing and environmental representation —
Sensor representation in mixed and augmented reality — Part 2: Information modelling”.

ISO/IEC NP 22626: "Information technology — Virtual reality (VR) motion capture (MOCAP)
technology for Humanoid Animation (HAnim)".

| SO/IEC DIS 23090-39: "Information technology — Coded representation of immersive media—
Part 39: Avatar representation format".

I SO/IEC 23090-23:2026: "Information technology — Coded representation of immersive media
— Part 23; Conformance and reference software for MPEG immersive video".

I SO/IEC NP 23554: "Information technology — Computer graphics, image processing and
environmental data representation — Privacy Policy Requirementsin Modelling and Simulation
Environments'.

I SO/IEC DIS 20538: "Information technology — Computer Graphics, image processing and
environmental data representation — Human information data model for VR-based smart cities”.

I SO/IEC 18026:2025: "Information technology — Spatial reference model (SRM)".

ISO/IEC AWI 23595: "Computer graphics, image processing and environmental data
representation - User Experience Design in AR/MR/VR".

I SO/IEC PWI 23620-4: "Information technology - VR/AR/MR systems integration — Part 4:
Virtual human model”.

ISO/IEC TR 16088:2025: "Information technology — Computer graphics, image processing and
environmental representation — Constructs for visual positioning systems in mixed and
augmented redlity (MAR)".

ISO/IEC PWI 26951: "Information technology — Computer graphics, image processing and
environmental data representation — Visual protection in the metaverse”.

I SO/IEC 9234:2025: "Information technology — Information modelling for virtual, augmented
and mixed reality based education and training systems’.

Recommendation ITU-T F.748.58: "Requirements and architectures of multimedia platform for
digital human services using edge cloud".

Recommendation ITU-T F.748.50: "Framework and requirements of digital human access
interfaces’.

Recommendation ITU-T F.748.31: "Technical requirements and evaluation methods of 3D digital
human system based on smart mobile devices'.

OGC: "3D Tilesv1.1".
OGC: "OGC City Geography Markup Language (CityGML) Part 1. Conceptual Model Standard".

OGC: "OGC GeoPose 1.0 Data Exchange Standard".

OMG: "Data Product Ontology (DPROD)".

OMG: "DDS Extensions for Time Sensitive Networking (DDS-TSN)".

OMG: "Pedigree and Provenance Model and Notation (PPMN)".

oneM2M TR-0069: "Bridging Metaverse and Physical World viaoneM2M system”.

oneM2M: " Supporting M etaverse Services via Standardized oneM2M |1oT Platform™.

Openl D®: "Digital Credentials Protocols (DCP) Working Group - Specifications'.
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https://www.iso.org/advanced-search/x/title/status/P/docNumber/21134/docPartNo/docType/0/langCode/ics/currentStage/true/searchAbstract/true/stage/stageDateStart/stageDateEnd/committee/sdg
https://www.iso.org/standard/87791.html
https://isrsm.gov.mk/sq/project/show/iso:proj:87487
https://www.iso.org/standard/91745.html
https://www.iso.org/standard/91381.html
https://isrsm.gov.mk/sq/project/show/iso:proj:87490
https://www.iso.org/standard/86311.html
https://www.iso.org/standard/87028.html
https://www.iso.org/standard/87492.html
https://genorma.com/en/standards/iso-iec-pwi-23620-4
https://www.iso.org/standard/84455.html
https://isme.me/en/project/show/iso:proj:89995
https://www.iso.org/standard/83436.html
https://www.itu.int/rec/T-REC-F.748.58/en
https://www.itu.int/rec/T-REC-F.748.50/en
https://www.itu.int/rec/T-REC-F.748.31/en
https://www.ogc.org/publications/standard/3dtiles
https://docs.ogc.org/is/20-010/20-010.html
https://docs.ogc.org/is/21-056r11/21-056r11.html
https://www.omg.org/spec/DPROD/1.0/Beta1/PDF
https://www.omg.org/spec/DDS-TSN/1.0/Beta2/PDF
https://www.omg.org/spec/PPMN/1.0/Beta2/PDF
https://git.onem2m.org/specifications/tr/tr-0069
https://www.onem2m.org/images/news/2024/PDF/Presentations-2024-0005-oneM2M_IoT_Platform_Supporting_Metaverse_Services_.PDF
https://openid.net/wg/digital-credentials-protocols/specifications/

11 ETSI GR ARF 012 V2.1.1 (2026-02)

[1.86] Openl D®: "EAP Working Group - Specifications'.

[1.87] Openl D®: " Self-1ssued Openl D Provider".

[i.88] SVTA: "Resolving User-Experience Issues for VR/XR Content by Customizing Congestion
Control Logic to the VR/XR Service and to the Network".

[1.89] TolP: "Authentic Chained Data Containers (ACDC)".

[1.90] Tol P: "Composable Event Streaming Representation (CESR)".

[i.91] Virtual Reality/Augmented Reality und immersive Technologien.

[1.92] W3C® - Draft Community Group Report 21 February 2026: "VCALM v0.9 - A Verifiable
Credential API for Lifecycle Management”.

[i.93] W3C® Recommendation 15 May 2025: "Verifiable Credentials Data Model v2.0".

[1.94] W3C® Candidate Recommendation Draft, 29 January 2026: "WebGPU".

[1.95] W3C®: "First Public Working Drafts. WebXR Depth Sensing, Hit Test, DOM Overlays Modules”.

[1.96] Khronos® Group: "Kamaros Embedded Camera System API".

[1.97] ISO/IEC CD 11034: "Information technology — Cloud computing — Trustworthinessin cloud
computing”.

[1.98] | SO/IEC FDIS 23093-6: "Information technology — Internet of media things — Part 6: loMT
Media data formats and API for distributed Al processing”.

[i.99] |EEE 7000™: "IEEE Standard Model Process for Addressing Ethical Concerns during System
Design".

[1.100] I SO/IEC 23090-24: "Information technology — Coded representation of immersive media—
Part 24: Conformance and reference software for scene description”.

[i.101] I SO/IEC 16248: "Health informatics — Categorial structure for terminological systems of human
anatomy".

[i.102] I SO/IEC PWI 24931-6: "Information Technology — Metaverse — Part 6: Metaverse governance”.

3 Definition of terms, symbols and abbreviations
3.1 Terms

For the purposes of the present document, the following terms apply:

Artificial Intelligence (Al): technologies using computers and processors, including computer vision, machine
learning, natural language recognition, data processing, and generative algorithms, that perform tasks to produce, refine
and optimize elements of experiencesin Virtual Worlds and, as a result, enrich and enhance the value to users

data management: processes, technologies, and policies for collecting, storing, processing, securing, and utilizing data
within Virtual Worlds environments and experiences

NOTE:

Effective data management underpins the functionality, scalability, and ethical operation of Virtual
Worlds ecosystems.

human interface systems and devices. integrated systems of hardware and software components for acquisition of
context and delivery of immersive experiences to users

NOTE:

Together, components create systems and devices that, when used with design principles or guidelines,
facilitate interaction with and immersion in virtual reality and augmented reality experiences.
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https://weboftrust.github.io/ietf-cesr/draft-ssmith-cesr.html
https://www.vdc-fellbach.de/xr-wissen/xr-metaverse-standards-register/
https://w3c-ccg.github.io/vcalm/
https://www.w3.org/TR/vc-data-model-2.0/
https://www.w3.org/TR/webgpu/
https://www.w3.org/news/2021/first-public-working-drafts-webxr-depth-sensing-hit-test-dom-overlays-modules/
https://www.khronos.org/kamaros/
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immer sive experiences: enabling technologies and actors involved in generating and packaging assets and behaviours
for interactive, and digitally mediated activities or simulations within Virtual Worlds or mixed real-and-digital
environments

NOTE: These experiences engage users through sensory inputs (e.g. visual, auditory, haptic) and dynamic
interactions, offering opportunities for many use cases including economic activities, exploration,
learning, entertainment, or collaboration in digitally constructed and mixed digital-physical world
Settings.

industry-driven standard: publication approved by membership of and released by an industry-driven standards
development organization

industry-driven standar ds development or ganization: independent entity established to develop standards driven by
the needs and contributions of its members

NOTE: Members may include private or publicly traded companies of any size, public agencies, and institutes of
higher learning. Membership is typically based on payment of dues or invitation, and on acceptance of the
organization's terms and conditions.

infrastructure: foundational systems, technologies, and frameworks that enable the seamless operation, scalability of
and interactivity within Virtual Worlds environments

NOTE: It encompasses the hardware, software, networking, and computational resources required to deliver
immersive, real-time experiences, ensuring high performance, low latency, and accessibility across
devices and platforms.

inter nationally mandated standards development or ganization: organization formed and operating for the purpose
of developing standards to meet requirements of its members who are themselves the standardization bodies of national
member states, not based on payment of member dues

NOTE: Initiation of and contributions to activities are based on consensus of national bodies and their members,
regardless of size. These organizations are recognized by national governments and their results can be
the basis for national or muti-national legislation and regulations.

National Standards Body (NSB): organization established and financed by a government for the purpose of
developing, reviewing and publishing standards that are used in the government's jurisdiction

Open Standard: publicly available specifications and guidelines designed to ensure that different systems, software,
and technol ogies can communicate and operate seamlessly together

NOTE 1: Open Standards may be royalty-free or have royalties associated with their use.

NOTE 2: Open Standards and Open Source technologies differ in their approaches but often converge on their
goals.

reality capture: technologies for and processes of digitizing physical environments, objects, humans and their
interactions for further use in immersive, interactive, and virtual representations or by agents

NOTE: It involvesthe use of technologiesto collect spatial, visual, and sensory data, enabling the seamless
integration of real-world elementsinto virtual and augmented reality experiences.

standard: document or other form of structured information containing a set of agreed-upon technical rules or
specifications that, when approved and implemented independently by two or more entities, ensure that different
technologies or products work together consistently and without transformation, such as for the exchange of data

standardsworking group: team of experts who collaborate to develop and document technical specifications or
guidelines for a specific domain or topic

Technical Report (TR): document that explains the details, such as use cases, requirements, background, or reasoning
behind a specific technical standard or group of standards

Virtual Economy: buying and selling, using systems of interconnected components that drive economic activities,
transactions, and business models, of goods and services within virtual environments, including both digital and
physical items within digital and mixed (digital-physical) environments
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Virtual Society: communities of individuals and organizations who share common interests, operate under social
norms, governance structures, and ethical frameworks and interact, collaborate, and engage in shared socia activities
within immersive environments or in the real world with assistance of immersive interfaces

Virtual Worlds: technologies, tools, processes and content that enrich and support computer-assisted experiences for
users, blurring real and synthetic spaces and objects, enhancing and enriching in new and unpredictable ways the daily
lives of citizens while they are socialising, working, learning, making transactions, playing and engaging in creative
activities

NOTE 1: They encompass awide range of digital experiences, from fully immersive Virtual Worlds to augmented
reality overlays on the physical world.

NOTE 2: They can be used for avariety of purposes such as designing, making simulations, collaborating, learning,
sociaising, carrying out transactions or providing entertainment.

3.2 Symbols

Void.

3.3 Abbreviations

For the purposes of the present document, the following abbreviations apply:

2D Two Dimensional

3GPP 34 Generation Partnership Project

6G 6™ Generation Cellular Network

ACDC Authentic Chained Data Containers

AEC Architecture, Engineering and Construction
AfA Access for All

Al Artificial Intelligence

AIMS Alliance for IP Media Solutions

API Application Programming Interface

AR Augmented Reality

BIM Building Information Modelling

BLE Bluetooth® Low Energy

BuildingSMART  BuildingSMART International

CCPA California Consumer Protection Act

CD Committee Draft

CEl Central European Initiative

CEN European Committee for Standardization (Comité Européen de Normalisation)
CESR Composable Event Streaming Representation
CTA Consumer Technology Association

DAO Decentralized Autonomous Organization
DCP Digital Credentials Protocol

DDS Data Distribution Service

DID Decentralized | Dentifier

DIF Decentralized Identity Foundation

DIS Draft International Standard

DLT Distributed Ledger Technology

DOl Digital Object Identifier

DOM Document Object Model

DPROD Decentralized Product Ontology (OMG)
DSP Dataspace Protocol

EAP Extension for Attribute Providers (Openi D)
EC European Commission

EDWG Eclipse Dataspace Working Group

EPRI Electric Power Research Ingtitute

ETSI European Telecommunications Standards I nstitute
EU European Union

EUDI European Digital Identity

FAIR Findability, Accessibility, Interoperability, and Reuse
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FG-MV Focus Group on Metaverse

GDPR General Data Protection Regulation

oTF graphic language Transmission Format

GNSS Global Navigation Satellite System

GPU Graphics Processing Unit

HDR High Definition

HIF Haptics Industry Forum

HIPAA Health Insurance Portability and Accountability Act

HL7 Health Level Seven International

HLIG High Level Internet Governance

HMD Head-Mounted Display

ICHOM International Consortium for Health Outcomes Measurement

ICT Information and Communication Technology

ID Identifier

IEC International Electrotechnical Commission

|IEEE Institute of Electrical and Electronics Engineers

lloT Industrial Internet of Things

IMRA Industrial Metaverse Reference Architecture

IMVAAM Industrial Metaverse Virtual Application Assessment Model

IMVCMM Industrial Metaverse Virtual Capability Maturity Model

i0S Apple Operating System for mobile devices

NOTE: iOSisatrademark or registered trademark of Cisco inthe U.S. and other countries and is used by Apple
under license.

loT Internet of Things

IP Intellectual Property

IPMX Internet Protocol Media eX perience

IPR Intellectual Property Rights

IPT Ingtitute for Production Technology

ISAC Integrated Sensing and Communication

ISAR International Standards of Accounting and Reporting

ISO International Organization for Standardization

ISO/IECJTC 1 Joint Technical Committee 1 of 1SO und IEC

ITU International Telecommunication Union

ITU-T International Telecommunication Union - Telecommunication Standardization Sector

IVAS Immersive Voice and Audio Services

JPEG Joint Photographic Experts Group

JSON Java Script Object Notation

Jic Joint Technical Committee

JIC1 Joint Technical Committee 1

JWG Joint Working Group

WT JSON Web Token

LiDAR Light Detection and Ranging

Linux Linux® Foundation

NOTE: Linux® isthe registered trademark of Linus Torvaldsin the U.S. and other countries.

MIT Ministry of Industry and Information Technology (China)

MML Metaverse Markup Language

MPEG Motion Pictures Experts Group

MR Mixed Reality

MTP Motion-To-Photon

NBMP Network-Based Media Processing

NEM New Digital Media Group (of NEM)

NFT Non-Fungible Token

NPC Non-Playable Characters

NQF National Quality Forum

OGC Open Geospatial Consortium

OMA3 Open Metaverse Alliance for Web3

OoMG Object Management Group

oMl Open Metaverse Interoperability Group

oneM2M oneM2M Partnership Project
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Open3D
OpenlD
oS
OSCAR4US
OWF
P2E

P
PPMN
PRC
PWI
QA
REST
SAREF
SC
SDK
SDO
SIOP
SLAM
SME
SMPTE
SOSA
SRA
SVTA
TC

TM Forum
TolP
TSN
TSP

ul
Ul/UXx
UL

UXx

VC
VC-API
VDC
VPS
VQEG
VR
VRML
W3C
WBAN
WebXR
WG
WG9
X3D
XR
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Open3D Foundation

Openl D Foundation

Operating System

Open Source Scalable and Continuous Augmented Reality Services for Urban Spaces
OpenWallet Foundation

Play-to-Earn

Personally Identifiable Information

Pedigree and Provenance Model and Notation
PEREY Research & Consulting

Proposed Work Item

Quality Assurance

Representational State Transfer

Smart Applications REFerence

SubCommittee

Software Development Kit

Standards Development Organization

Self-1ssued Openl D Provider

Simultaneous Localization And Mapping

Small and Medium-sized Enterprises

Saciety of Motion Picture and Television Engineers
Sensor, Observation, Sample, and Actuator ontology
Strategic Research Agenda

Streaming Video Technology Alliance

Technical Committee

TeleManagement Forum

Trust over |P Foundation

Time Sensitive Networking

Trust Spanning Protocol

User Interface

User Interface/User Interaction

Underwriters Limited

User Experience

Verifiable Credentials

Verifiable Credentials Application Programming Interface
Virtual Dimension Center

Visual Positioning System

Video Quality Experts Group

Virtual Reality

Virtual Reality Modelling Language

World Wide Web Consortium

Wireless Body Area Network

Thisis an abbreviation and the name of a standard
Working Group

Working Group 9

eXtensible 3D Graphics

eXtended Reality
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4 Context

4.1 Emerging Virtual Worlds

Virtual Worlds are rapidly evolving through the convergence of many enabling technologies, including but not limited
to artificial intelligence, real-time graphics engines, high-speed communication networks, sensors, and immersive
interface systems. These technol ogies are becoming progressively more powerful, portable, and economical to use,
creating the infrastructure needed to support persistent, interactive, and shared digital environments.

The COVID-19 pandemic acted as amgjor catalyst for interest and investment in remote collaboration, digital
interaction, and hybrid experiences. Industry leaders have further fuelled momentum by launching or announcing
advanced XR devices and platforms, embedding immersive experiences deeper into the consumer and enterprise
markets.

Although public and media attention has recently shifted toward generative Al, especially with the rise of tools like
ChatGPT and diffusion-based image generators, key players across the tech industry continue to commit significant
resources to developing virtual and augmented reality technologies. These investments suggest that Virtual Worlds
remain a strategic priority, even as short-term hype cycles fluctuate.

As aresult, the concept of Virtual Worlds is undergoing a quiet but steady transformation-from marketing-driven hype
toward more technically-viable and economically justifiable Virtual Worlds use cases. These developments are laying
the groundwork for the future standardization, governance, and societal embedding of Virtual Worlds across sectors
such as education, health, industry, and culture.

ETSI



17 ETSI GR ARF 012 V2.1.1 (2026-02)

Figure 1 shows how the many diverse technologies upon which Virtual Worlds stakeholders are building interlock.
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Figure 1: Enabling technologies contribute to development and delivery of Virtual Worlds experiences

ETSI



18 ETSI GR ARF 012 V2.1.1 (2026-02)

The standardization landscape in this area is dynamic and increasingly complex, with hundreds of working groups
having emerged between 2000 and 2025. This growth reflects rising industrial, societal, and academic interest but also
reveals the urgent need for systemic coordination. The present document provides evidence-based insights and
recommendations to align fragmented standardization initiatives and ensure coherent devel opment paths across diverse
domains such asinfrastructure, data management, Al, immersive experiences, and virtual economies.

4.2 Objectives

While key elements for expansion of the European Virtual Worlds industry are in place, there remain many obstacles.
Notable among the challenges are the lack of interoperability and technical approaches to ensure market openness,
foster innovation, and protect consumers and businesses using Virtual Worlds. Reducing platform dominance and
ecosystem fragmentation, supporting high-impact researchers and high quality content creators, and ensuring that rights
are protected are key goals for Europe to gain and maintain aleading role in Virtual Worlds era.

The project that produced the two studies ([i.8], [i.9]) summarized in the present document support European goals for
Virtual Worlds devel opment by:

1) Assessing and documenting the relevance, current status and potential impact of Virtual Worlds standards and
standardization activitiesin eight domains through the most modern and comprehensi ve techniques available
to date.

2) ldentifying critical gapsin current standards and detecting structural or procedural weaknessesin the
standardization systems that hinder broad alignment, especially between industry-driven and internationally
mandated SDOs, and delay or prevent adoption.

3) Dédlivering to stakeholders actionable recommendations for increasing coordination of standards and
standardization activities, stakeholder engagement, pre- and post-standardization support, and to guide
strategic investments.

Together, the above activities and their results contribute to a stronger, more agile European Virtual Worlds ecosystem
built on open, consensus-based standards, user trust, and technological interoperability.

4.3 Usage

The present document is published by ETSI and directly supports the EU's agenda for global digital leadership, open
standards, and technological sovereignty. The European Commission's strategic emphasis specifically fosters an open,
interoperable, and human-centric Virtual Worlds ecosystem. Politicaly, it aligns with the Digital Decade Policy
Programme 2030, the EU Strategy on Web 4.0 and Virtual Worlds, and the EU's Rolling Plan for ICT Standardization.

It is designed for use by anyone or any ingtitution that seeks to accelerate the convergence of spatial computing,
immersive user interfaces, and digital ecosystems and to strengthen the foundations for the expansion of a strong
European Virtual World ecosystem.

5 Methodology

5.1 Standards landscape development

The present document is based on use of a structured, multi-phase methodology to analyse the standardization
landscape for European Virtual Worlds. To permit the deeper study of documents and standardization activities for
different aspects of Virtual Worlds interoperahility, the research team defined eight technological domains using EU
reference materials and expert refinement.
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Figure 2: Eight Virtual Worlds domains form the framework for this standards landscape

The eight Virtual Worlds domains are arranged in the form of atechnological hierarchy with infrastructure and data
management forming the foundations in Figure 2, upon which the additional domains build. Each domain covers at least
three components shown in Table 1. The full definitions of the domains and components, published in the ETS
Standards Landscape Report [i.8], were validated through examples and improved in an iterative manner until final.
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Table 1: Eight Virtual Worlds domains and their components

Domain Component #1 Component #2 Component #3 Component #4 Component #5
Infrastructure Networks and Computational Content Delivery
Connectivity Resources and Optimization
Data Data Protection Data Collection Data Data Integration
Management and Processing Compression, and
Resilience and Interoperability
Optimization
Artificial Content Environment and Interaction and Real-time Intelligent Virtual
Intelligence Generation and Experience Recognition adaptation Entities
Design Optimization
Reality Capture Environmental Human Capture, | Digital Twins and
Data Acquisition | Recognition and | Internet of Things
and Mapping Interaction Integration
Human Interface Immersive General Purpose |Selection, Control Feedback Metrology for
Systems and Experience Form Components and Interaction Mechanisms Systems and
Devices Factors Components Displays
Immersive Delivery, Realism and Authoring and Distributed User Interaction
Experiences Recording and Immersion Design Architectures Design and
Communication Usability
Virtual Society | Governance and Ethics and Open Social
Frameworks for Accessibility Structures and
Civil Society Interactions
Virtual Economy Identity and Verification of Digital Goods and | Transactions and | Governance and
Representation of Authenticity, Services Business Models Regulations
Entities Ownership,
Provenance and
Traceability

The dataset of open, consensus-based standards and technical reports analysed by the team in the research built upon
and significantly expanded prior assets by the Virtual Dimension Center through targeted research of standards
bodies websites, landscapes, and other tools[i.91]. Figure 3 illustrates the research processes used in the project to
ensure the dataset includes all relevant standards.

free WWW
research

.‘

inactive
working groups

| 1

research of
standards organisations

v

analysis of
committees,
boards

I

working
groups

published

resea
assoc

#

‘ docu
L

rch of  (university)
ations libraries,
eg. Nautos
ment
-

servers

v

analysis of
standardization projects

ongoing projects
and activities

XR standards

Figure 3: Methodology used in developing the project dataset used

in the landscape and recommendation reports

Metadata, including document types, group affiliations, publication dates, and abstracts, were manually entered. English
was used as the most common language, although some translated Mandarin and German documents were included.
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Natural language processing was used to match standards and technical report segment summaries with virtual world
domain and component definitions. Documents with high relevance were further reviewed by experts to compile ranked
tables of standards and technical reports per domain. Using working group establishment dates and publication
timelines, activity timelines informed discussion on the topic of relevance and how two types of standards organizations
differ.

In presenting results, scatterplots and radar chart visualizations depict domain relevance and organizational activity.
Interactive tools to position documentsin a domain space based on weighted relevance scores are aso published in the
Standards Landscape Report addendum. To support deeper investigation by stakeholders, an archive (the addendum)
published in parallel with the Standards Landscape Report [i.8], provides data and tools for filtering.

The comprehensive approach taken by the research team ensures a transparent, replicable, and evidence-based
foundation for identifying gaps and making recommendations.

5.2 Development of recommendations

To understand not only missing standards, but also tensions between existing specifications, in-progress efforts, and
actual Virtual Worlds standardization requirements, the research team combined several research methods. The
approach emphasized that a gap is meaningful only when a clear demand exists without corresponding activity.

Data collection involved three streams. First, 71 publications, including standardization roadmaps, provided contextual
knowledge, especially on structural and contribution issues. In parallel, 19 qualitative interviews were conducted with
European standards experts, vendors, consortia, and researchers. These followed a semi-structured guide covering
technological requirements, barriers, success cases, gaps, and motivations. Finally, desk research mapped 388
standardi zation activities from working groups and roadmaps; 188 were sufficiently well aligned with the eight
previously-defined Virtual Worlds domains to be the basis for further analyses.

Data processing began with categorizing stakeholders and standardization objectives. Literature review and expert
validation helped form a coherent structure using large language models. This enabled systematic coding of statements
to relevant stakeholder groups and objectives.

Content analysis matched standardization activities to domains, based on document review and descriptions. Gap
analysis was carried out by clustering gaps from interviews and publications using generative Al and iterative expert
validation. Each gap was assigned to a domain, stakeholder group, and objective.

Dueto limited interview data, gaps and opportunities in the domain of Al in Virtual Worlds posed a methodological
challenge. To address this, six Al-specific academic publications were analysed.

Finally, results were visualized using Sankey diagrams to reveal domain relevance, gaps, and links to recommendations
and stakeholder groups, supporting clarity and strategic insight.

6 Finding I: Current Virtual Worlds standardization
landscape
6.1 Standardization objectives and stakeholders

Standardization activities can accelerate the development of Virtual Worlds technologies and their adoption, emergence
of new use cases and foster economic growth without compromising values embraced by European governments and
people. For the purpose of identifying standardization gaps and formulating recommendations for stakeholder groups,
the present document aligns the gaps with specific goals. The present document used the five standardization objectives
asshown in Table 2.
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Table 2: Five standardization objectives

Objective Description

Interoperability and compatibility Standards ensure that Virtual Worlds products, systems, and services work
together seamlessly and that they can be integrated with existing technologies
while requiring minimal or no translation or additional interfaces.

Innovation and technology transfer Standards provide a shared technical foundation and define an abstraction
layer that fosters collaboration and helps to more efficiently transfer research
into commercially-viable solutions.

Cost reduction and efficiency Standardization reduces variant diversity, streamlines production, and
simplifies maintenance of Virtual Worlds technologies. It enables economies of
scale by using standardized components.

Market access and trade facilitation Harmonized Virtual Worlds standards reduce technical barriers to international
trade and accelerate product approvals in foreign markets.

Quality assurance and product safety  |Standards define minimum requirements for content, materials, testing
methods, and safety features, which enhance Virtual Worlds service and
product reliability and user trust.

The standardization stakeholder groups in Table 3 are used for the purpose of identifying standardization gaps and
formulating recommendations in the remainder of the present document. The five stakeholder group definitions are
summarized in Table 3.

Table 3: Five Virtual World standardization stakeholder groups

Stakeholder Group Description

Providers All Virtual Worlds technology, component, product, content and service providers

Buyers Corporate technology/IT groups, customers, users, any business that may use the
Virtual Worlds technology to increase efficiency, add value to its products, data or
services

Government All national, regional, multinational and international public sector agencies, regulatory
bodies, or other entities that develop and enforce policies for people and businesses

Researchers Academics in universities, researchers in corporate centres, independent institutes and
public/private research centres

Standardization community | Those that operate and manage organizations for the purpose of developing and
publishing standards

6.2 Standards and reports by Virtual Worlds domain

6.2.1 Key figures of the landscape

The researchers who prepared the present document compiled structured information about and closely studied the
contents of 912 standards and 354 technical reports considered relevant for Virtual Worlds and published by Standards
Development Organizations (SDOs). Technical reports complement the standards activities with research findings,
recommendations and guidelines. Both standards and technical report datasets were analysed across multiple
dimensions to understand their composition, historical trends, domain coverage and organizational contributors. In
addition, over 50 Virtual Worlds standards landscapes were studied to ensure that the dataset is complete. Figure 4
shows how documents in the dataset were assigned to one of the eight Virtual Worlds domains (as defined in this clause
below) with which it is most strongly aligned. Some standards are relevant for more than one domain, but Figure 4 is
only taking the domain with which the standard is most highly correlated. There are over 200 standards that address
multiple domains.
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Figure 4: Standards published to date with their respective focus
on eight Virtual Worlds domains [n=912]

6.2.2 Infrastructure
Theinfrastructure domain is divided into three components:

o Networks and Connectivity covers the communication systems that enable distributed and rea-time Virtua
Worldsinteractions. This includes internet protocol development, World Wide Web architecture,
high-throughput 5G and emerging 6G networks, latency optimization mechanisms, quantum networking, and
network dlicing techniques to allocate resources across user clusters or applications.

. Computational Resources refers to the processing systems that support rendering, simulation, and analytics
within Virtual Worlds. This sub-domain includes cloud computing architectures, edge computing for localized
real-time processing, quantum computing for advanced simulation workloads, and hybrid approaches that
combine centralized and distributed models for performance and scalability.

. Content Delivery and Optimization focuses on the efficient transmission and adaptation of immersive content.
It encompasses technol ogies such as real-time rendering and adaptive streaming, localization and
relocalization (e.g. SLAM), and dynamic scene analysis for context-aware content delivery.

Table 4: Number of standards development organizations and
standards published in Infrastructure domain

Infrastructure domain

Standards Development Organizations |49
Standards published 335, including 111 standards from internationally-mandated SDOs

Standards working groups in 49 SDOs are engaged in infrastructure-rel ated standardization efforts, supporting protocol
evolution, network architecture, and resource orchestration. See Table 4. The standards working groups actively
working in this domain are listed in the relevant clause of the complete Standards L andscape Report [i.8]. Standards and
influential technical reports cover areas such as network performance, computational offloading, streaming protocols,
and distributed system design, and are foundational to enabling high-performance, interoperable virtual world
experiences.
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6.2.3 Data management
The Data Management domain was defined as encompassing four components:

. Data Protection covers the legal and ethical handling of user datain virtual environments. Topicsinclude
access control systems, biometric authentication, zero-knowledge privacy protocols, data provenance,
ownership, security, and regulatory compliance (e.g. GDPR, CCPA, HIPAA). Ethical policies ensure fairness
and transparency in data usage.

o Data Collection and Processing involves technol ogies that gather and manage data for real-time applications.
This includes state synchronization to maintain consistent environments, distributed data processing (e.g. split
rendering), motion tracking, scene analysis, and real-time integration of datafrom IoT devices.

. Data Compression, Resilience, and Optimization deals with techniques for handling large-scale 3D and
volumetric data. It focuses on compression methods for models and mediafiles, and on streaming optimization
strategies to ensure efficient, high-quality delivery across devices.

. Data Integration and I nteroperability enables seamless data exchange and system coherence across Virtual
Worlds platforms. This includes semantic ontologies, metadata management systems, spatial databases, and
mechanisms for maintaining temporal coherence and persistence of data and virtual entities.

Table 5: Number of standards development organizations and
standards published in the Data Management domain

Data Management domain
Standards Development Organizations |50
Standards published 435, including 161 standards from internationally-mandated SDOs

The data management domain is supported by standards working groups across 50 SDOs, addressing topics such as data
privacy frameworks, rea-time data flows, compression formats, and semantic interoperability. See Table 5. The
standards working groups actively working in thisdomain are listed in the relevant clause of the complete Standards
Landscape Report [i.8]. The most prominent standards are authored by the seven most active SDOsin this domain and
address critical aspects of secure data handling, cross-platform data formats, and resilient system architectures. Leading
technical reports provide additional guidance, use case insights, and implementation practices related to data
governance, optimization, and compliance in immersive environments. These documents inform and complement the
ongoing development of formal standards in the data management field.

6.2.4 Artificial Intelligence
The Artificial Intelligence domainin Virtual Worlds was defined as encompassing five components:

. Al-powered content generation and design includes technol ogies that automate the creation of digital assets.
Topics are Al-driven asset generation, 3D model reconstruction from 2D inputs, neural radiance fields for
scene synthesis, and automated environment generation-each reducing development effort while enhancing
immersion.

e  Al-powered interaction and recognition focuses on interpreting user behaviour to improve interactivity. It
includes machine learning for gesture and motion tracking, natural language processing for dialogue-capable
avatars, and emotion recognition systems that respond to user expressions, voice, and posture.

e  Al-powered intelligent virtual entities are systems that create autonomous agents. These include Non-Playable
Characters (NPCs) and Al-powered agents capable of adapting to user actions and providing contextual
support within XR environments.

. Al-assisted environment and experience optimization enhances the overall performance and realism of Virtual
Worlds. It includes crowd simulation, predictive analytics for user behaviour, spatial and semantic scene
understanding, and procedural generation to dynamically optimize virtua settings.

. Real-time Al-assi sted adaptation comprises technologies that continuously adjust virtual environments.
Examples include dynamic scene rendering, adaptive rendering based on device performance and user focus,
personalized experiences, and Al-driven physics simulations.
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Table 6: Number of standards development organizations and
standards published in Artificial Intelligence domain

Artificial intelligence domain

Standards Development Organizations |7
Standards published 29, including 10 standards from internationally-mandated SDOs

Standards working groups in seven SDOs are active in this domain, addressing areas such as Al ethics, behaviour
recognition, machine learning models, and immersive content generation. See Table 6. The standards working groups
actively working in this domain are listed in the relevant clause of the complete Standards Landscape Report [i.8]. The
most relevant standards cover aspects such as Al safety, interoperability, behavioural modelling, and intelligent agent
architecture in Virtual Worlds. Notable technical reports also support this domain by offering state-of-the-art insights,
implementation frameworks, and emerging requirement analyses that guide pre-standardization initiatives across Al
applications in immersive environments.

6.2.5 Reality capture
The Reality Capture domain was defined as encompassing three components:

. Environmental Data Acquisition and Mapping includes technologies for capturing spatial, visual, and acoustic
data about physical environments. Elements are reality capture pipelines, spatial mapping anchored in
coordinate systems, photogrammetry across aerial, terrestrial, and close-range settings, camera systems
(monocular, stereoscopic, plenoptic), volumetric capture for real-time 3D representations, and spatial audio
using mono, stereo, or ambisonic formats.

. Human Capture, Recognition and Interaction focuses on systems that interpret human presence and behaviour
in real time. Thisincludes emotional response mapping for avatar realism, body scanning via sensors, gesture
and action capture for touchless interaction, facial recognition systems for authentication and expression
detection, and modelling of user context based on spatiotemporal factors.

. Digital Twins and Internet of Things Integration integrates real-time data from connected devices to enhance
immersion and environmental realism. It involves dynamic digital twins representing physical entities, and 10T
systems supplying contextual sensor data-such as temperature or motion-for live responsiveness within virtual
experiences.

Table 7: Number of standards development organizations and
standards published in the Reality Capture domain

Reality capture domain

Standards Development Organizations |15
Standards published 88, including 38 standards from internationally-mandated SDOs

Standards working groups in 15 SDOs are active in this domain, devel oping specifications for image acquisition, sensor
calibration, capture device APIs, and volumetric media standards. See Table 7. The standards working groups actively
working in this domain are listed in the relevant clause of the complete Standards Landscape Report [i.8]. The most
significant standards in this domain originate from highly active SDOs, particularly in areas such as image compression
(e.g. JPEG), video formats and volumetric content encoding (e.g. ISO/IEC JTC1 SC 29). Complementary technical
reports support the evolution of this domain by addressing the performance, integration, and usability of reality capture
technologies, with afocus on interoperability, scalability, and privacy-aware implementation strategies.

6.2.6 Human interface systems and devices

The Human Interface Systems and Devices domain was defined as encompassing six components:

. Immersive Experience Form Factors include the physical device configurations that enable users to engage
with Virtual Worlds. These range from walk-in environments with multisensory feedback, projection systems
and volumetric displays, handheld devices such as smartphones, head-worn devices like AR/VR headsets, and
tethered systems that distribute processing between components. Field of view parameters are also essential
for determining user immersion.
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. General Purpose Components are foundational elements necessary for any immersive system to function. This
includes sensors (e.g. LIDAR, cameras), Application Programming Interfaces (APIs), memory storage, optics
and display technologies, data processing units such as GPUs, mechanical frames, and power supply solutions.

. Selection, Control, and I nteraction Components enable intuitive interaction with virtual environments. This
involves spatial computing, voice and speech input systems, keyboards (physical or virtual), 3D controllers,
hand and gesture tracking, face and eye tracking, motion capture systems, and multimodal interaction
combining various input types.

. Feedback M echanisms enhance user awareness and realism by delivering output through various channels.
These mechanismsinclude optical and auditory feedback, haptic and tactile systems that simulate physical
sensations, cognitive load balancing for user comfort, spatial audio propagation for immersive soundscapes,
and biometric feedback systems such as brain-computer interfaces.

. Metrology for Systems and Displays concerns the measurement and calibration of interface technologies. It
ensures accurate rendering, perceptual realism, and user comfort through standardized validation procedures
and system performance benchmarking.

Table 8: Number of standards development organizations and
standards published in the Human Interface Systems and Devices domain

Human interface systems and devices domain
Standards Development Organizations |31
Standards published 183, including 112 standards from internationally-mandated SDOs

Standards working groupsin 31 SDOs are active in this domain, focusing on specifications for devices, user input
technologies, sensor calibration, and interoperability of interface components. See Table 8. The standards working
groups actively working in this domain are listed in the relevant clause of the complete Standards Landscape

Report [i.8]. Standards in this domain address areas such as display ergonomics, haptic feedback protocols, sensor
integration, and interaction control architectures. These are produced by the seven most productive SDOs contributing
to thisfield. Important technical reports supplement formal standards by offering applied insights, research findings,
and implementation frameworks related to usability, safety, and multimodal interface design in immersive systems.

6.2.7 Immersive experiences
The Immersive Experiences domain was defined as encompassing five components:

. Delivery, Recording, and Communication focuses on software frameworks and runtime engines that produce
and transmit sensory-rich Virtual Worlds content in real time. Technologies include immersive applications,
middleware for device-agnostic operation, avatar representation and personalization, social interaction
platforms, experience recording and playback tools, and tel epresence systems using video or 3D scans.

o Realism and Immersion comprises tools and engines that replicate real-world physics and perception. This
includes scene description protocols, ambient intelligence for adaptive environments, stereoscopic rendering,
depth perception techniques, physics and animation engines, procedural modelling, and advanced lighting and
effects such as ray tracing and radiance fields.

e  Authoring and Design deals with platforms and workflows for creating and compiling immersive content. It
spans asset creation pipelines, authoring platforms using SDK's, APIs or no-code tools, spatial mapping and
anchoring technologies, experience optimization, and collaborative prototyping environments that facilitate
teamwork and iteration.

o Distributed Architectures support the scalable delivery of immersive content across multiple networked
resources. This includes experience streaming protocols, hosted persistent environments, and synchronization
mechanisms for maintaining consistency across users and devicesin collaborative XR scenarios.

. User Interaction Design and Usability addresses interaction paradigms and user-centred design for immersive
interfaces. Components include control elements for user customization, tracking tools for interaction
refinement, spatial interface principles, user profile monitoring, and usability metrics covering safety,
engagement, comfort, and satisfaction.
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Table 9: Number of standards development organizations and
standards published in the Immersive Experiences domain

Immersive experiences domain

Standards Development Organizations |36
Standards published 268, including 165 standards from internationally-mandated SDOs

Standards working groups in 36 SDOs contribute to this domain, focusing on interoperability, avatar design, interaction
protocols, rendering systems, and user experience metrics. See Table 9. The standards working groups actively working
in this domain are listed in the relevant clause of the complete Standards Landscape Report [i.8]. Standards devel oped
by the top seven SDOs provide technical foundations for real-time content delivery, environment rendering, and
multisensory interaction design. Complementary technical reports address best practices, experimental findings, and
emerging approaches in the design and implementation of immersive experiences. These documents support broader
understanding and help bridge the gap between cutting-edge devel opment and formal standardization.

6.2.8  Virtual society
The Virtual Society domain was defined as encompassing three components:

. Governance and Frameworks for Civil Society focuses on replicating essential legal, ethical, and social
frameworks from the physical world into virtual environments. Elements include digital citizenship (rights and
responsibilities of users), personal identity management systems, privacy protection tools, mechanisms against
discrimination, the right to be forgotten, and the principle of data sovereignty over personal and behavioural
information in virtual spaces.

. Ethics and Accessibility addresses responsible behaviour and inclusion. This sub-domain covers
anti-harassment standards, age-appropriate guardrails, and accessibility measures designed to ensure equitable
participation for users with diverse abilities and needs.

. Open Socia Structures and I nteractions concerns systems that enable healthy community dynamics and
meaningful user engagement. These include community development tools, social graph visualizations,
mechanisms for social presence, inclusive cultural representation, and platforms for shared experiences like
virtual events and collaborative learning.

Table 10: Number of standards development organizations and
standards published in the Virtual Society domain

Virtual society domain

Standards Development Organizations |18
Standards published 59, including 24 standards from internationally-mandated SDOs

Standards working groups in 18 SDOs are engaged in shaping this domain. See Table 10. The standards working groups
actively working in this domain are listed in the relevant clause of the complete Standards Landscape Report [i.8]. Their
work spans the development of specifications for identity management, ethics, anti-discrimination policies, and
inclusive community frameworks. The most significant standards have been developed by the seven most active SDOs
and cover issues of identity verification, privacy, digital citizenship, and ethical governance in immersive environments.
Accompanying technical reports explore best practices and emerging strategies for fostering safe, inclusive, and
rights-based virtual societies. These documents help fill gapsin formal standards by providing actionable guidance for
developers, regulators, and user communities.

6.2.9  Virtual economy

The Virtual Economy domain was defined as encompassing six components.

. Identity and Representation of Entities includes the technologies and frameworks for establishing verifiable
digital identitiesin virtual environments. These systems cover digital identity attributes, account credentials,
avatars, asset ownership (such asdigital goods and NFTs), behavioural tracking within virtual economies,
cross-platform identity management, and portable representations that maintain continuity across platforms.
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e  Veification of Authenticity, Ownership, Provenance, and Traceability focuses on mechanisms that confirm
the integrity and origin of digital assets. Thisincludes systems for digital rights and intellectual property
management, Distributed Ledger Technologies (DLT), NFT protocols for secure and verifiable ownership,
digital watermarks, and certificates attached to assets for validation and provenance tracking.

. Digital Goods and Services encompasses all tradeable or ownable digital assetsin virtual environments.
Topicsinclude virtual goods (e.g. avatar items, tools, 3D objects), the gig economy for freelance digital work,
digital real estate including overlays on physical property, and virtual/mixed events as monetized services like
concerts or educational experiences.

. Transactions and Business Models involves the protocol s and systems enabling economic exchange in
immersive environments. This covers Play-to-Earn (P2E) mechanics, cross-platform value transfers,
Decentralized Autonomous Organizations (DAOs), virtua marketplaces, in-world currencies, digital wallets,
and smart contracts for automated transactions.

. Governance and Regulations addresses the legal, ethical, and administrative mechanisms regul ating economic
activity in virtual spaces. Topicsinclude virtual justice systems, smart contract legal frameworks, cross-border
jurisdiction, dispute resolution protocols, taxation models, and labour regulations for digital workspaces.

Table 11: Number of standards development organizations and
standards published in the Virtual economy domain

Virtual Economy domain
Standards Development Organizations |31
Standards published 84, including 32 standards from internationally-mandated SDOs

Standards working groups in 31 SDOs are engaged in the development of protocols and frameworks for the Virtual
Economy. See Table 11. The standards working groups actively working in this domain are listed in the relevant clause
of the complete Standards Landscape Report [i.8]. Their detailed structures, though extensive, underscore the high level
of exploratory work currently under way. The most relevant standards originate from the seven most active SDOs and
cover areas like asset tokenization, identity management, smart contract architecture, and interoperability of
marketplaces and wallets. Prominent technical reports published by leading SDOs offer complementary insights into
economic design, taxation frameworks, and transaction integrity for digital commerce in immersive ecosystems. These
reports are instrumental in identifying pre-standardization gaps and promoting aligned development across industry
sectors.

6.2.10 Standards addressing multiple domains

Cross-domain standards refer to specifications that define architectures, conceptual models, protocols, interfaces, data
formats, or other mechanisms intended to support interoperability across multiple Virtual Worlds domains-specifically,
three or more of the eight domains defined.

The value of some cross-domain standards lies in their ability to enable a common language and interoperable processes
between otherwise disparate systems and stakeholder communities. When experts from various domains collaborate,
such standards allow different components and services to work together across use cases. For users, this resultsin
reduced redundancy, clearer expectations, and a more cohesive experience.

Over 200 standards were identified as having a high alignment score (7 or above) in at least two of the Virtual Worlds
domains, making them strongly cross-domain in nature. Due to the size and detail of this dataset, the full list is
documented separately.

Developing effective cross-domain standards is a balancing act: they can accommodate the complex and varied
requirements of multiple domains without sacrificing clarity or precision. When the contributing experts adequately
represent the necessary areas of expertise, these standards can foster synergy, reduce duplication, and enhance system
efficiency. Their adoption becomes more likely when they remain neutral in scope and flexible in implementation.
Conversely, cross-domain standards may falter when contributor groups are incomplete, dependencies are not clearly
addressed, or when the documents include prescriptive implementation detail s that constrain adaptation. Thus,
well-composed cross-domain standards can serve as strategic enablers of sustainable and interoperable Virtual Worlds
architectures.
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6.2.11 Industry-specific standards

Each industry operates within a layered ecosystem of regulations and specialized standards that address distinct
operational challenges. These standards are developed by both globally recognized SDOs and industry-specific
aliances, often evolving to match emerging technological needs. As Virtual Worlds technologies gain traction, their
successful integration into industrial ecosystems requires not only adoption by developers but al so bi-directional
interoperability with established industry standards. The clause of the Standards Landscape Report [i.8] focusing on
industry standards reverses the earlier focus: instead of showing how industry can benefit from Virtual Worlds
standards, it recommends that Virtual Worlds developers identify popular, industry-specific standards which they may
need to align with in order to penetrate targeted sectors. Three industries were selected to illustrate the recommendation.

Manufacturing Industry has long embraced digitalization through automation, robotics, and integration technologies
under the umbrella of Industry 4.0. With the EU's vision for Industry 5.0 emphasizing sustainability, resilience, and
human-centric systems, Virtual Worlds technol ogies present new opportunities. They can enhance design, simulation,
planning, and training by embedding humans via avatars in digital environments. Digital Twins, Virtua Factories, and
I10T-based systems are increasingly reliant on standardized integration and cybersecurity frameworks. Standards from
IEC, 1S0, and various manufacturing consortia are central to this development, supporting transparent data flow and
system-wide interoperability across the manufacturing ecosystem.

The Architecture, Engineering, and Construction (AEC) industries rely on robust standards to support digital
transformation. Building Information Modelling (BIM) is a core framework that supports lifecycle management, design
coordination, environmental assessment, and data interoperability. Standardization spans international and
industry-specific bodies such as CEN, 1SO, ASTM, and the International Code Council. Topics include structura
safety, sustainability, environmental compliance, and occupational protection. The rise of smart cities and digital urban
infrastructure further integrates these standards into virtual planning and simulation environments, amplifying the
relevance of BIM and related protocols for immersive, interoperable solutions.

Healthcare operates within atightly regulated environment where standards ensure patient safety, data integrity, and
interoperable care systems. Widely adopted frameworks developed by bodies such asHL7, ICHOM, and the National
Quiality Forum (NQF) support clinical data exchange, decision-making, outcome measurement, and regulatory
compliance. Virtual Worlds technol ogies can contribute to training, telemedicine, simulation, and collaborative
diagnostics-but only if they align with these well-established norms. The top 20 healthcare standards, while not
exhaustively covered, emphasize the role of consensus-driven protocols in enabling safe integration of immersive
technologies into sensitive health applications.

Industry-specific standards are foundational for unlocking the full potential of Virtual Worlds technologiesin industrial
applications. The examples of manufacturing, AEC, and healthcare illustrate the complexity and maturity of these
environments. Developers of Virtual Worlds platforms could ensure alignment with these established norms to offer
interoperable, compliant, and valuable solutions. Bi-directional standardization-where Virtual Worlds systems both
adopt and influence sectoral frameworks-is essential for deep integration. Ultimately, industry-specific cohesion will be
a determining factor in the success of Virtual Worldsin real-world economic and operational contexts.

7 Finding II: Standardization gaps, structural issues
and strategic recommendations

7.1 Active standards bodies, working groups, and ongoing
activities per Virtual Worlds domain

7.1.1 Key metrics in virtual worlds standardization efforts
Standardization efforts among domains vary. Domains related to economic frameworks, interaction hardware, and

immersive experience design are receiving the most coordinated attention, while critical technical and societal
foundations-especialy in Al and capture technol ogies-remain underrepresented.
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Figure 5 visualizes the number of standards currently under development across eight Virtual Worlds domains (n=188).
It reveals significant standardization activity disparities. The highest concentration of new standards work seeksto
address requirements for the Virtual Economy (33 standards), closely followed by Human Interface Systems and
Devices (32), Data Management, and | mmersive Experiences (each with 31). Infrastructure (20 standards) and Virtual
Society (16) show moderate activity. Artificial Intelligence (12) and Reality Capture (13) have the lowest number of
active standardization efforts.

Wiftual sconemy; 33 Infrastructure: 20

Data management:
31
Virtual society: 16

Artificial intelligence:
12

Immersive

experiences: 31 Reality capture: 13

Human interface systems
and devices: 32

Figure 5: Virtual Worlds standards under development, per domain [n=188]

Figure 6 illustrates how 372 active working groups are distributed among eight Virtual Worlds domains. The largest
concentration is in Data Management with 116 groups, followed by Infrastructure with 84 groups and | mmersive
Experiences with 45. Moderate activity is seen in Reality Capture (36), Virtual Society (31), and Human Interface
Systems and Devices (29). Virtual Economy accounts for 24 groups, while Artificia Intelligence has the fewest with
only 7. The distribution highlights a strong focus on data-centric and infrastructure standards, whereas Al-related
standardization is comparatively underrepresented.

Virtual economy: 24

Virtual society: 31 Infrastructure: 84

Immersive experiences:
45

Human interface systems
and devices: 29

Reality capture: 36 Data management: 116

Artificial intelligence: 7

Figure 6: Virtual Worlds standards working groups, per domain [n=372]
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7.1.2 Infrastructure

A diverse array of Standards Development Organizations (SDOs) are currently shaping the infrastructure domain for
Virtual Worlds. The International Organization for Standardization (1SO) and the International Electrotechnical
Commission (IEC) are leading contributors through their joint technical committees. ISO/IEC JTC 1/SC 38 focuses on
cloud computing and distributed platforms, while SC 24 and its working group WG 10 [i.50] are pioneering Virtual
Worlds-specific frameworks (e.g. ISO/IEC 24931 series[i.38], [i.39], [i.40]). These efforts are complemented by
initiatives from the Object Management Group (OMG), particularly around Data Distribution Service (DDS) protocols
tailored for Time-Sensitive Networking (TSN) and monitoring. Additionally, Alliance for IP Media Solutions (AIMS)
drives interoperability in mediainfrastructure through the IPM X [i.3] standard, targeting | P-based media transport. The
European Commission plays arole viaits EUDI Wallet Architecture, supporting secure and standardized digital identity
management. Other active players include oneM2M, addressing | 0T-to-metaverse integration; the OpenWallet
Foundation (OWF), focusing on secure decentralized identity infrastructure; and the W3C, advancing WebGPU [i.94]
for native-level GPU access on the web.

Several roadmaps are in active development or early drafting stages. The | SO/IEC 24931 series outlines along-term
modular standardization trajectory, with Part 1 [i.49] (terminology), Part 2 [i.38] (architecture), and Part 4 [i.39]
(reference model) building an integrated ecosystem model. These are in various stages of drafting (CD or PWI),
reflecting a gradual but strategic roadmap toward Virtual Worlds-ready infrastructure. 1ISO/IEC CD 23090-11 [i.56]
adds to this by providing network-based media processing guidelines, linking immersive media applicationsto cloud
and edge processing.

OMG's DDS-TSN [i.81] initiative forms part of a roadmap toward deterministic, low-latency communication
infrastructure for critical applications. Similarly, oneM2M TR-0069 [i.83] by oneM2M envisions a roadmap for hybrid
physical-virtua integration, addressing latency, data security, and interoperability. China's MIIT isfollowing a national
strategic roadmap, formalizing Virtual Worlds computing platform standards under government supervision. These
parallel roadmaps often aim to converge on interoperability, latency reduction, data sovereignty, and resilience, but
coordination across SDOs remains limited, and mutual dependencies are not always transparent.

Infrastructure-related standardization is notably dynamic. ISO/IEC JTC 1/SC 38 is expanding standards on cloud
business continuity (ISO/IEC CD 20996.2 [i.41]), vital for Virtual Worlds platform reliability. ISO/IEC 23093-1 [i.47]
and ISO/IEC 23093-2 [i.48] detail the Internet of Media Things architecture and APIs, facilitating media device
interoperability in 10T ecosystems. NBMP (Network-Based Media Processing) activities are maturing, supporting
in-network computation and rendering, critical for performance-sensitive VR/AR applications. OMG isiterating on
specifications for status monitoring and time-sensitive extensions for DDS middleware. Their work supports granular
visibility into system performance and deterministic network behaviour. Meanwhile, W3C's WebGPU [i.94] standard-
now in candidate recommendation phase-enables web applications to leverage modern GPU capabilities for real-time
rendering and computation. Emerging actors such as the OpenWallet Foundation are operationalizing digital identity
infrastructure (e.g. Askar, Solid Data Wallet), while M11T's working group in Chinais drafting technical requirements
for Virtual Worlds computing platforms, likely influencing regional and sectoral compliance models.

Standardization in the Virtual Worlds domain "Infrastructure” in a nutshell:
. Leading SDOs: ISO/IEC (JTC1 SC 24, SC 29, SC 38), OMG, W3C, AIMS, oneM2M, OWF, MIIT.

e Roadmaps: ISO/IEC 24931 [i.38], [i.39] [i.40], [i.49], OMG DDS-TSN, EC EUDI Wallet, oneM2M
TR-0069 [i.83], MIIT's strategic roadmap.

. Current projects: NBMP, Cloud continuity, Internet of Media Things, WebGPU, decentralized identity
systems, monitoring frameworks.
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7.1.3 Data Management

The data management domain of Virtual Worlds is shaped by a wide ecosystem of standardization bodies and working
groups. The ISO/IEC JTC 1 subcommittees SC 24 (graphics, data modelling) and SC 38 (cloud computing) are central
players, developing standards such as | SO/IEC DIS 20151-1 [i.42] (dataspace concepts), |SO/IEC PWI 24931-5 [i.40]
(metaverse information models), and | SO/IEC 23093-3 [i.46] (media data APIs). Meanwhile, the IEEE contributes
through multiple initiatives, including | EEE P2874 [i.28] (Spatial Web Protocol) and |EEE P2957 [i.19] (Big Data
Governance). The World Wide Web Consortium (W3C) provides a critical backbone for identity and credential
management with its Verifiable Credentials (V C) suite, complemented by the Decentralized Identity Foundation (DIF)
and the Openl D Foundation, which focus on selective disclosure and digital credentialing protocols. Similarly, the Trust
over |P (Tol P) Foundation develops decentralized identity tools like CESR [i.90] and ACDC [i.89] for verifiable data
lineage. Other groups include the Eclipse Dataspace Working Group (EDWG), creating interoperable Dataspace
Protocols (DSP) [i.6], and the Object Management Group (OMG) with its Pedigree and Provenance Model (PPMN)
[1.82]. Specialized bodies such as the OpenWallet Foundation and companies, such as Msguared, contribute
implementations like the Learner Credential Wallet and Metaverse Markup Language (MML), pushing forward
modular, open-source solutions.

Current roadmaps emphasize secure, interoperable, and privacy-preserving data ecosystems. |1SO/IEC

DIS 20151-1 [i.42] outlines a foundational vision for dataspace infrastructures-covering interoperability, governance,
and scalability-serving as afuture reference for cross-domain data sharing. Parallel developmentsin ISO/IEC

PWI 24931-5 [i.40] aim to build a consistent data model for Virtual Worlds, a cornerstone for platform interoperability
and structured data exchange. |EEE's P2957 [i.19] introduces a machine-readable big data architecture roadmap focused
on metadata registries, persistent identifiers, and data type conversion, supporting FAIR principles across diverse
environments. Additionally, W3C's VC-API, DIF's JISON Schema for Verifiable Credentials, and the OpenlD Digital
Credentials Protocol (DCP) [i.85] articulate a path toward trust-based identity ecosystems built on user control and
selective data sharing. These roadmaps tend to converge on afew strategic principles: decentralized trust, semantic
interoperability, standard data schemas, and composabl e identity/data credentials. However, their governance remains
highly fragmented across foundations, SDOs, and open-source consortia.

Several initiatives are active and progressing. The Dataspace Protocol (DSP) [i.6] by EDWG operationalizes data
federation frameworks, enabling organizations to negotiate access and enforce usage policies. 1SO's EXPRESS-Q and
Annotated EXPRESS work enhance schema expressiveness for product and structured data. At the same time, standards
like ISO/IEC 11034 [i.97] address cloud trustworthiness, while ISO/IEC DIS 23090-39 [i.64] develops avatar data
exchange formats-a unique intersection of personal data and immersive representation. The IETF is advancing SD-JWT
(Selective Disclosure JWT) [i.31], allowing granular claim rel ease while safeguarding privacy-critical for identity and
compliance in immersive platforms. Simultaneously, CESR [i.90] and ACDC [i.89] from the Trust over IP Foundation
support cryptographically secure, event-driven data streams and provenance chains. These mechanisms enable
tamper-evident data lineage and trustworthy real-time data flows. W3C's VC-API and the Learner Credential Wallet
push forward lifelong learning credentialing and decentralized portfolio management. On the immersive media side,
|EEE's 2048.3 and 2048.10 [i.23] once proposed standards for immersive video/audio formats, although their current
momentum appears stalled.

Standardization in the Virtual Worlds domain "Data Management” in a nutshell:

. Active bodies: ISO/IEC (JTC1 SC 24, SC 38), IEEE (2048 [i.23], P2874 [i.28], P2957 [i.19]), W3C, DIF,
Trust over |P, OpenlD, OMG, EDWG.

. Roadmaps: Emphasi ze dataspace architectures, privacy-preserving identity, big data governance, and
immersive content exchange.

. Activities. Focus on interoperable data exchange, verifiable credentials, data provenance, and cloud trust
frameworks.
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7.1.4  Artificial Intelligence

Several standards devel opment organizations are actively addressing Al within Virtual Worlds. The ISO/IEC

JTC 1/SC 24 and SC 29 are central actors, particularly through working groups like WG 7 (image processing and
computer vision) and JWG 12 (XR-based information systems). | SO/IEC 23093-6 [i.98] and ISO/IEC

DIS 24931-1 [i.49] lay groundwork for data semantics and terminology alignment. |EEE plays a pivotal role with its
IEEE 7000 [i.99] (Al ethics), especialy |IEEE P7016 [i.21] (Ethically Aligned Metaverse Systems) and

IEEE P7030 [i.20] (Ethical Assessment of XR). Additionally, IEEE P3079.3.1 [i.27] focuses on APIsfor digital human
authoring, a critical interface layer for Al avatars and agents. The ITU-T engages through standards such as
Recommendation ITU-T F.748.58 [i.74] and Recommendation ITU-T F.748.50 [i.75] (F.DHALI), defining frameworks
for cloud-edge multimedia platforms and digital human access interfaces, respectively. These support real-time,
Al-powered avatar services. Other actorsinclude the Trust over IP Foundation (Al Management Task Force), Linux
Foundation (Decentralized Trust WG), and Open3D Foundation, which focuses on simulation, physics, and Al
integration in game engines. The Consumer Technology Association (CTA) and NEM's New Digital Media Group also
contribute cross-sector coordination.

Roadmapping efforts underline the need for interoperable, transparent, and ethical Al deployment inimmersive
contexts. The ITU FG-MV roadmap frames Al as afoundational enabler for personalization, real-time decision-making,
and autonomous interaction. It calls for standards in algorithmic transparency, Al-assisted rendering, and ethical agent
design. IEEE's Industrial Metaverse report emphasizes Al'srolein digital twin systems, advocating for interoperability
standards for predictive analytics, simulated intelligence, and edge-Al deployment. The roadmap also highlights risk
assessment, traceability, and bias mitigation. The ISO/IEC JTC 1 Al roadmap refersto pre-existing standards such as
ISO/IEC 22989 [i.51] and I SO/IEC 23894 [i.52], recommending their adaptation to Virtual Worlds contexts. These
standards address trustworthy Al, including safety, explainability, and algorithmic fairness. Finally, the Khronos
Group's gl TF roadmap anticipates Al-enabled 3D asset generation. However, the lack of formal linkage to Al model
interchange formats like ONNX suggests a coordination gap that could limit standard interoperability across Al
pipelines.

Al-related standardization is rapidly expanding across multiple layers. ISO/IEC's 23093-6 [i.98] supports distributed Al
processing in media-rich [oT environments. ISO/IEC 27091.3 [i.60] is under development for Al privacy protection,
providing guidance across the Al lifecycle. ISO/IEC PWI 23620-4 [i.70] defines virtual human modelsin XR learning
contexts, enhancing realism and didactic value. IEEE P3079.3.1 [i.27] targets cross-platform APIs for digital humans,
while |EEE P7016 [i.21] and IEEE P7030 [i.20] guide ethical design and assessment of Al-powered XR systems. These
initiatives promote accountability in Al decision-making, particularly in emotionally responsive or behaviour-adaptive
virtual agents. The ITU's work on Recommendations ITU-T F.748.58 [i.74] and ITU-T F.748.50 [i.75] (F.DHAI)
supports cloud-edge orchestration for immersive Al avatars. These standards focus on low-latency, high-interactivity
services that are critical for scalable virtual humans. China's MIIT is contributing national standards for Al-driven
avatar and digital human generation platforms, although many documents remain unpublished. Their focusison
industry coordination and domestic platform consistency. Despite this activity, there remain critical interoperability
gaps, ethical blind spots, and regulatory fragmentation. Most implementations are proprietary, limiting open innovation.
Coordination between SDOs, industry, and regulatorsis still underdevel oped.

Standardization in the Virtual Worlds domain "Artificial Intelligence” in anutshell:

. Active Bodies: ISO/IEC (JTC1 SC 24, SC 29), IEEE (7000 [i.99], P3079[i.25] & [i.24]), ITU-T, Trust over
IP, Linux Foundation, Open3D, CTA, NEM.

. Roadmaps: Emphasize Al ethics, digital twins, adaptive services, and transparency; key documents from ITU
FG-MV, |EEE, ISO/IEC, and Khronos.

. Key Activities: Digital human APIs, Al-enhanced XR ethics, cloud-edge orchestration for avatars,
privacy-preserving Al, semantic scene interpretation, and distributed Al media processing.
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7.1.5 Reality Capture

Several international standardization bodies are actively contributing to the development of the reality capture domain
in Virtual Worlds. 1ISO/IEC JTC1/SC24 plays a central role through standards like | SO/IEC 18026 [i.68] (Spatial
Reference Modél), ISO/IEC TR 16088 [i.71] (Visual Positioning Systems), and | SO/IEC NP 22626 [i.63] (Motion
Capture). These efforts define the foundational models and data structures required for aligning virtual content with
real-world spatial contexts. IEEE's 2048 working group contributes two standards: |EEE 2048.7 [i.23], which specifies
the mapping of virtual objectsin real-world coordinates, and IEEE 2048.8 [i.23], which focuses on interaction protocols
between virtual and physical environments. Although IEEE 2048.8 [i.23] has shown little progress recently, its original
scope reflects ongoing relevance. The Open Geospatial Consortium (OGC) is another major player, particularly through
GeoPose [i.79] and CityGML [i.78] standards, which are essential for geospatial anchoring and digital twin
interoperability. ETSI isindirectly involved viaits ARF (Augmented Reality Framework) [i.7], and oneM2M advances
its Metal oT [i.84] initiative, which connects 0T infrastructure with Virtual Worlds environments. Additional
contributions come from IEC TC 100/TA 18, which devel ops guidance for remote assist systems, and from specialized
efforts such as the Volumetric Format Association and BuildingSMART International, focusing on 3D capture and BIM
integration.

Multiple organizations have outlined roadmaps that address technical trajectories for reality capture. OGC's roadmap
emphasizes semantically enriched geospatial models and robust interoperability between 3D spatial datasets and
immersive systems. Thisincludes ongoing evolution of standards such as CityGML 3.0 [i.78] and 3D Tiles[i.77].
IEEE's Industrial Metaverse report envisions advanced sensor fusion and spatial computing frameworks, supporting
applications like real-time digital twins and AR-enhanced industrial maintenance. | SO/IEC continues to expand its
MPEG-I and MPEG-V standards to accommodate dynamic mesh compression and LiDAR point cloud encoding

(e.0. ISO/IEC FDIS 23090-29 [i.43] and I SO/IEC FDIS 23090-30 [i.44]), with the aim of supporting real-time
immersive rendering. ITU-T's FG-MV roadmap highlights the convergence between reality capture, Al-based
perception, and location-aware networking infrastructure. Across these roadmaps, common priorities emerge: low-
latency data streams, accurate spatial localization, cross-platform compatibility, and open APIs for seamlessintegration.
However, implementation lags remain due to fragmented industry alignment and the absence of universal middleware
to trandlate between competing standards.

A broad range of current standardization efforts are underway in the reality capture domain. ISO/IEC TR 16088 [i.71] is
nearing finalization and defines architectural components for visual positioning systems, including data fusion from
image databases, GNSS, inertial sensors, and mapping frameworks. | SO/IEC FDIS 23090-30 [i.44] introduces a codec
for LIDAR compression optimized for real-time use, while ISO/IEC FDIS 23090-29 [i.43] defines tools for dynamic
mesh compression using video-based methods. These standards support immersive applications such as AR-assisted
navigation and volumetric communication. | SO/IEC PRF 21134 [i.61] is developing benchmarks for integrated indoor
localization using dead reckoning, establishing reproducible evaluation protocols. ISO/IEC CD 18038-2 [i.62]
formalizes information models for integrating sensor data into virtual environments. |SO/IEC DIS 20538 [i.67] defines
adatamodel for representing human-related sensor datain smart city simulations. Additional work includes the
proposed | SO/IEC NP 22626 [i.63] standard for capturing and exchanging motion data from human actors. Meanwhile,
oneM2M's Metal oT [i.84] project creates semantic models and APIs for embedding 10T sensors and physical devices
into Virtual Worlds frameworks, extending to smart cities, industrial AR, and digital twins. These activities collectively
advance the precision, realism, and interoperability of spatial datain virtual environments, though adoption by
commercia platforms remains limited.

Standardization in the Virtual Worlds domain "Reality Capture” in a nutshell:

o Leading bodies: include | SO/IEC (JTC1 SC24), |EEE (2048 series[i.23]), OGC (GeoPose, CityGML), ETS|
(ARF), and oneM2M (MetaloT).

. Roadmaps: focus on spatial data fusion, low-latency capture pipelines, dynamic mesh/LiDAR compression,
and semantic geospatial modelling.

. Ongoing activities: span visual positioning, sensor and motion data models, benchmarking of localization
methods, and integration of real-world sensor data into immersive digital contexts.
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7.1.6 Human Interface Systems and Devices

Human interface systems are addressed by a wide spectrum of standardization organizations. Khronos Group's Kamaros
working group is developing an embedded camera API that is agnostic to device type, therefore, including but not
limited to human interface systems[i.96]. The IEEE plays a dominant role with multiple active projects, particularly
within its 3079 series, which addresses latency, motion training, and immersive visual quality. For example,

|EEE P3079.1 [i.25] focuses on reducing Motion-to-Photon (MTP) latency, a critical determinant of user comfort in
VR. |EEE P3079.2 [i.24] and its sub-series (3079.2.1 [i.25]) define frameworks for motion training systems,
standardizing interfaces and sensor synchronization in mixed reality environments. Complementing these efforts,

|EEE P2888.6 [i.22] devel ops holographic visualization standards for bridging the cyber-physical divide. The Haptics
Industry Forum (HIF) is spearheading the standardization of haptic primitives through a Universal Haptics API, aiming
to foster cross-platform tactile feedback design. The IEC, particularly through its Technical Committee 110, contributes
substantially via standards such as |EC 63145 [i.16] (focused on VR eyewear) [i.16], IEC 63528 (haptic descriptors)
[.15], and IEC 62629 [i.11] (3D and volumetric displays). SO engages through its 9241 series on human-system
ergonomics, with ISO/TR 9241-380 [i.58] addressing biomedical risks in head-mounted display use and

SO 9241-391 [i.59] focusing on mitigation of photosensitive seizures. Across these bodies, the emphasisliesin
harmonizing ergonomic, optical, and interaction-specific dimensions of human-device interfacesin XR environments.

Standardization roadmaps in the human interface domain focus on performance, interoperability, and health safety in
immersive experiences. | EEE's trajectory centres on immersive interaction reliability, seeking to reduce latency,
standardize gesture-based input, and ensure seamless haptic feedback. Its IEEE P3322 [i.30] guideline outlines XR
device comfort requirements, encompassing physical ergonomics, optical properties, and interface responsiveness.
IEC's roadmap is oriented toward measuring and certifying immersive hardware quality, with particular focus on optical
performance, display durability (IEC 63145-30 [i.16]), and sensor integration (IEC 63145-40 [i.16]). Notably,

IEC PWI 110-39 [i.12] explores specifications for contact-lens-based AR displays, signalling a shift toward
ultra-miniaturized interface systems. 1SO prioritizes human safety and usability in immersive systems, with

SO 9241-313 [i.34] offering standards for reflective display measurement and | SO/IEC 23090-32 [i.45] defining haptic
data transport formats for media synchronization. These roadmaps align toward a common vision: multisensory,
ergonomic, and interoperable XR interfaces that are safe and accessible across platforms and user demographics.

Active projects in this domain span haptics, optics, motion sensing, and system latency optimization. The Haptics
Industry Forum is finalizing the specification of cross-device haptic primitives, enabling consistent tactile experiences.
ISO/IEC 23090-33 [i.57] and ISO/IEC 23090-32 [i.45] support this by standardizing the encoding and transport of
haptic signals. |EEE is advancing motion training standards through |EEE P3079.2 and |IEEE P3079.2.1 [i.24], which
define application interfaces, sensor alignment methods, and user interaction design for MR-based training
environments. |EEE P3079.4 [i.29] addresses visual quality of autostereoscopic displays, introducing machine-learning
methods for objective assessment. In parallel, IEC is formalizing several technical standards on VR/AR display optics,
including IEC 63145-201-10 [i.16] (lens measurement), and I1EC 63145-50 [i.16] (user interaction methods). The
organization is also developing standards for contact lens displays (IEC PWI 110-39 [i.12]), volumetric imaging (IEC
TR 110-22[i.18]), and display durability (IEC 110-36 [i.13]). 1 SO continues to refine standards that mitigate risks
associated with HMD usage, while |EEE 3322 focuses on generalized comfort requirements for XR wearables.
Although the ecosystem is active and technically rich, alack of convergence across display and haptic subsystems,
combined with ongoing proprietary implementations, still inhibits widespread interoperability and mass deployment.

Standardization in the Virtual Worlds domain "Human I nterface Systems and Devices' in a nutshell:

o Leading SDOs: include |EEE (3079 [i.25] & [i.24], 2888.6 [i.22], 3322 [i.30]), IEC (TC 110, TA 18),
SO (9241 series), and Haptics Industry Forum (Universal Haptics API).

o Roadmaps: prioritize ergonomics, latency reduction, haptic and visual quality, miniaturized AR optics, and
safe interaction protocols.

. Ongoing activities: span motion training standards, autostereoscopic and contact lens display evaluation,
haptic transport protocols, and comfort benchmarks for immersive wearabl es.
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7.1.7 Immersive Experiences

The immersive experiences domain is supported by a dense network of standardization bodies, most prominently
ISO/IEC JTC 1/SC 29 and SC 24, Khronos Group, |EEE, 3GPP, IEC, W3C, and CTA. ISO/IEC SC 29 leads through its
MPEG-I 23090 series, covering architectural frameworks, immersive audio/video coding, dynamic mesh compression,
scene representation, and haptic data transport. SC 24 complements this with UX-focused developments, including
ISO/IEC AWI 23595 [i.69] (UX design for XR) and ISO/IEC 9234 [i.73] (VR/AR/MR learning systems modelling).
|EEE's 2048 series expands into immersive media taxonomy, quality metrics, user interface standardization, and content
rating systems. The 3GPP defines technical and performance specifications for immersive audio under split rendering
scenarios (e.g. 3GPP TR 26.866 [i.2] and 3GPP TS 26.566 [i.1]), supporting mobile-to-headset workflows. IEC TC 100
and TC 110 are active in specifying display performance (IEC TR 63340-3 [i.14]), multimedia metaverse architectures
(IEC TR 63614-1[i.17]), and haptic integration (ISO/IEC 23090-32 [i.45]). The W3C's WebXR group has established
foundational APIs and modules for browser-based immersive experiences, including hit testing [i.95], depth sensing,
DOM overlays, and AR extensions. The Consumer Technology Association contributes with metadata (CTA-2094 [i.4]
for HDR/XR) and experience comfort metrics (CTA-2097 [i.5]). While activity levels vary, several bodies are
coordinating efforts toward standardized, interoperable, and perceptually rich XR content delivery.

The roadmaps across organizations reveal a shared orientation toward modular, scalable, and perceptually optimized
XR environments. |SO/IEC's MPEG roadmap anti cipates the evolution of immersive media from fixed content to
adaptive, render-based, and sensor-informed applications. This includes architectural convergence for audio, video,
scene graphs, haptics, and user interfaces. IEEE 2048.x [i.23] envisions taxonomic coherence and metric alignment
across immersive media types. 3GPP's roadmap for immersive audio in constrained devices supports mobile-rendering
pipelines, aiming to extend spatial audio quality to AR glasses and lightweight devices. IEC TC 100 is establishing
foundational architectural reference models (IEC TR 63614-1 [i.17]) for multimedia systemsin Virtual Worlds
contexts. W3C's modular WebXR roadmap enables browser-based access to depth data, AR interfaces, and DOM
elements, reflecting a progressive migration of immersive UX to the web. The SVTA [i.88] (Streaming Video
Technology Alliance) contributes with strategies to optimize network-level behaviour for XR streaming and congestion
control. While most roadmaps share the goal of improving realism, usability, and efficiency, the regulatory and
implementation pacing differs considerably between industrial, academic, and consumer-facing bodies.

Numerous immersive experience standards are currently under development or in finalization. | SO/IEC 23090-32 [i.45]
and I SO/IEC FDIS 23090-29 [i.43] focus on haptics transport and dynamic mesh coding, respectively, while

ISO/IEC TR 23090-27 [i.54] and 1SO/IEC 23090-28 [i.55] specify render-based scene and media representation
frameworks. ISO/IEC CD TR 23090-1 [i.53] serves as the architectural backbone for immersive media systems.
Complementing this are reference software and conformance standards like | SO/IEC 23090-24 [i.100] and its
amendment on haptics, avatars, and lighting. |[EEE P2048.9 [i.23] (audio metrics), P2048.2 [i.23] (video quality), and
P2048.6 [i.23] (immersive Ul design) aim to align subjective and objective quality metrics across media types. 3GPP's
ISAR codec is operationalized through 3GPP TS 26.566 [i.1] and 3GPP TR 26.866 [i.2], optimizing immersive audio in
distributed rendering setups. CTA-2094 [i.4] is widely adopted in HDR10+ content pipelines, while CTA-2097 [i.5]
attempts to formalize comfort thresholds in XR, though its status remains unclear. IEC TR 63340-3 [i.14] addresses
gaming/e-sports display metrics, and |IEC TR 63614-1 [i.17] develops a base framework for Virtual Worlds media
systems. W3C's WebX R modules-Hit Test [i.95], Depth Sensing, AR Module Level 1, and DOM Overlays-enable
web-native immersive experiences with increasing complexity. Additional work from the ITU (P.IXC) addresses XR
quality assessment methodol ogies, while the VR/AR Association and SVTA [i.88] contribute practice-oriented
guidelines on 3D modelling and content delivery optimization. Despite occasional stagnation in individual

|EEE 2048 [i.23] sub-projects, the overall pace of specification development remains high and cross-sectorally
integrated.

Standardization in the Virtual Worlds domain "Immersive Experiences' in a nutshell:

e  Leading bodies: include ISO/IEC (JTC1 SC29, SC24), | EEE (2048 series[i.23]), W3C (WebXR), 3GPP
(IVAS), ITU-T (P.IXC), SVTA, and IEC (TC 100, 110).

. Roadmaps: prioritize immersive media architecture, Ul/UX standardization, multi-sensory integration, and
web-based interoperability.

. Ongoing activities: include MPEG standards for audio/video/haptics, WebX R module expansion, split
rendering audio specs, and immersive UX design frameworks.
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7.1.8  Virtual Society

The Virtual Society domain isincreasingly shaped by standardization efforts focusing on ethics, governance,
accessibility, and digital identity. The IEEE leads several initiativesin this area. IEEE P3079.3.2 [i.26] defines a
framework for privacy protection in avatar-based interaction by managing Personally Identifiable Information (PI1)
within Virtual Worlds environments. It specifies principles and mechanisms for the collection, storage, sharing, and
deletion of identity-related data. |EEE P7030 [i.20] complements this with a broader ethical assessment framework for
XR technologies, covering social impacts, technical risks, and value-sensitive design, guided by the |EEE Ethically
Aligned Design principles. 1ISO and |IEC are jointly developing standards with a focus on inclusivity and governance.
ISO/IEC 16248 [i.101] addresses cognitive accessibility for users with learning disabilitiesin digital learning
environments, providing guidelines for user interface design and interaction logic. 1SO/IEC JTC1L/SC24/WG10 is
responsible for ISO/IEC PWI 24931-6 [i.102] (unpublished yet) on metaverse governance, aiming to define frameworks
for interoperability, ethics, and regulatory compliance. Additionally, ISO/IEC PWI 26951 [i.72] focuses on visual
security in Virtual Worlds, developing protocols to protect avatars and digital representations against manipulation or
identity spoofing. ISO/IEC NP 23554 [i.66] explores privacy policy requirementsin modelling and simulation
environments, particularly in AR/VR contexts. The ITU contributes with its recommendation F.DH-PE [i.76], which
sets eval uation methods and system requirements for digital human platforms. Meanwhile, China's MIIT works on a
classification system for virtual digital humans to support regulatory frameworks and technology coordination. The
Open Metaverse Interoperability (OMI1) Group expands gl TF extensions for avatars and physics-based simulations,
while the OpenWallet Foundation leads several identity-related initiatives. These include the Bifold wallet, Credo
credentialing framework, Multipaz identity credential system, and a unified VC-API for verifiable credentials. W3C's
Verifiable Credentials[i.92] DataModel 2.0 [i.93] ensures cryptographically secure, privacy-preserving credential
exchange across domains.

Strategic standardization roadmaps in this domain converge on ethics, privacy, accessibility, and trust infrastructure.
|EEE's roadmap emphasizes identifiability management and ethical XR system evaluation, proposing tools for risk
analysis, fairness, and user-centred design. |SO/IEC's AfA and metaverse initiatives prioritize inclusive digital
environments, targeting cognitive, sensory, and interaction accessibility, as well as governance mechanisms to structure
policy development, stakeholder roles, and data regulation. W3C's trgjectory in digital identity and credentials
underscores selective disclosure, zero-knowledge proofs, and cryptographic trust layers that decouple identity from
central authorities. The ITU and China's MIIT align toward interoperability and classification systems for digital
humans, advocating shared taxonomies and quality assurance frameworks. The OpenWallet Foundation's multi-pronged
roadmap promotes reusable, privacy-conscious components for decentralized identity infrastructure, emphasizing
compliance and ecosystem interoperability. Overall, these roadmaps point toward ethical, interoperable, and
user-sovereign systems, although global synchronization remains a challenge, particularly across jurisdictions with
differing regulatory philosophies.

Severa active standardization projects are defining the foundations of a secure and inclusive Virtual Society.

|EEE P3079.3.2 [i.26] formalizes data governance mechanisms for avatar-based PlI. |[EEE P7030 [i.20] developsa
comprehensive ethical assessment toolkit for XR technologies, covering classification schemes, methodological
principles, and alignment with human values. ISO/IEC 16248 [i.101] defines cognitive accessibility layers for learning
environments, while ISO/IEC NP 23554 [i.66] provides privacy policy structures for immersive simulations.

| SO/IEC PWI 24931-6 (unpublished yet) works toward governance frameworks to ensure legal compliance, data
protection, and stakeholder accountability in the Virtual Worlds. 1ISO/IEC PWI 26951 [i.72] introduces technical
protocols for visual integrity and avatar authentication to combat manipulation and identity forgery. TheITU's
F.DH-PE [i.76] sets criteriafor evaluating digital human platforms across performance and interaction dimensions.
W3C's Verifiable Credentials [1.92] Data Model 2.0 [i.93] advances credential portability and cryptographic assurance.
The OpenWallet Foundation contributes core infrastructure components such as VC-API for verifiable credential
exchange, the Multipaz identity model, and application frameworks for secure identity wallets across platforms. MIIT's
digital human classification initiative further anchors these developments within a national regulatory strategy.
Collectively, these activities aim to embed ethics, identity trust, and social inclusion into the technical substrates of
Virtua Worlds.

Standardization in the Virtual Worlds domain "Virtual Society" in anutshell:

e  Leading bodies: include |EEE (P3079.3.2 [i.26], P7030 [i.20]), ISO/IEC (JTCL/SC24, WG10), W3C (VC 2.0),
ITU (F.DH-PE), MIIT (PRC), and the OpenWallet Foundation.

. Roadmaps: emphasize cognitive accessibility, privacy protection, ethical assessment, governance frameworks,
and decentralized identity infrastructure.

. Ongoing activities: span identifiability management, visual security, digital credential APIs, avatar
classification, and inclusive user interface standards.
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7.1.9 Virtual Economy

The Virtual Economy domain is highly dynamic, with awide array of Standards Development Organizations (SDOs)
contributing from fields such as blockchain, identity, digital assets, and Virtual Worlds commerce. The ISO/TC 307
plays afoundational role by developing standards like 1SO 23353.3 [i.32] on blockchain auditing and

SO 23516.3 [i.33] for interoperability across distributed ledger systems. These form the backbone of verifiable,
interoperabl e economic transactions. The OpenWallet Foundation (OWF) is a prominent actor in decentralized identity
and wallet infrastructure. Their projects include the OWF EUDI Wallet Kit for mobile ID wallets, the Tuvali offline
credential exchange (BLE-based), and the Farmworker Wallet OS, which targets financial inclusion for underserved
communities. Their Trust Spanning Protocol (TSP) and Multiformat-V C packages advance interoperable digital
credentialing. The Decentralized Identity Foundation (DIF) develops low-level specifications for secure, user-centric
identity systems. Notable projectsinclude the BBS Signature Scheme + Blind Signatures extension and Sidetree REST
API for managing DIDs across various ledgers. The OpenlD Foundation contributes enterprise-ready authentication
protocols (e.g. EAP [i.86]), while the Object Management Group (OMG) is responsible for the DPROD [i.80] ontology
for decentralized data product marketplaces. Additionally, TeleManagement Forum (TM Forum) offers a monetization
framework (v2.0) for Virtual Worlds business models, addressing pricing, value chains, and regulatory safeguards. On
the national level, the Chinese Ministry of Industry and Information Technology (MIIT) leads with sector-specific
standards, including the Industrial Metaverse Reference Architecture and capability maturity models for industrial
digitalization.

Roadmaps for virtual economic standardization reflect a strategic pivot toward verifiability, interoperability, and
decentralization. The | SO/TC 307 roadmap emphasizes trust-building through auditability, consistent credentialing, and
blockchain system interoperability. OpenWallet Foundation's roadmap supports modular, cross-platform infrastructure
for identity wallets and digital asset exchange, with an emphasis on privacy, accessibility, and real-world utility.
National efforts-particularly those from MIIT in China-illustrate a state-driven approach to virtual economic
infrastructure. These include comprehensive frameworks for industrial Virtual Worlds integration, such as factory
simulation standards, virtual exhibition guidelines, and sectoral capability maturity models. These plans emphasize
synchronized digital transformation in industry, guided by structured planning and eval uation metrics. The OMG's work
on decentralized Data Product ontologies (DPROD) [i.80] and the DIF's standards for decentralized identity form the
semantic and infrastructure layer of future economic ecosystems. Combined with TM Forum's monetization
frameworks, the direction is toward sustainable, accountable, and user-empowering economiesin Virtual Worlds.
However, alack of alignment between jurisdictional policies and technical standards remains acritical roadblock.

Numerous projects are in advanced stages across all technical and regulatory layers of the Virtual Economy. ISO/IEC is
actively developing standards for product data representation (e.g. ISO/NP TS 10303-185 [i.36] and | SO/NP

TS 10303-1857 [i.37]), blockchain auditing (1SO 23353.3 [i.32]), and immersive health simulations

(ISOITS 16551 [i.35]). ISO/IEC 23090-23 [i.65] defines conformance testing for immersive video systems-critical for
trust in virtual goods and experiences. The OpenWallet Foundation is running multiple open-source projects. the OWF
EUDI Wallet Kit, Tuvali for offline credential exchange, Multiformat VC for iOS, and the Trust Spanning Protocol for
secure cross-domain communication. DIF's Sidetree REST API and Blind Signatures extend the privacy and usability of
DID systems. OpenlD's EAP [i.86] and SIOP-based [i.87] authentication protocols add enterprise-grade security and
scalahility to decentralized systems. China's MIIT has introduced an entire suite of national standards addressing
industrial Virtual Worlds maturity (IMVCMM), application evaluation (IMVAAM), reference architecture (IMRA),
and design of virtual factories and exhibition halls. These efforts aim at operationalizing the Virtual Economy within
strategic industrial sectors. TeleManagement Forum's Monetization v2.0 standard is already in use to structure value
chainsin Virtua Worlds commerce. OMG's DPROD [i.80] profile enables decentralized, ontology-driven data
marketplaces, expanding economic models based on verifiable and federated data services.

Standardization in the Virtual Worlds domain "Virtual Economy" in a nutshell:

. Leading bodies: include 1SO (TC 307, TC 184), OpenWallet Foundation, Decentralized Identity Foundation,
OpenlD Foundation, OMG, TM Forum, and Chinas MIIT.

. Roadmaps: focus on decentralized identity, interoperable blockchain frameworks, industrial metaverse
integration, and monetization mechanisms.

e  Ongoing activities: range from wallet and credential APIs, industrial simulation standards, auditing protocols,
to ontology-based data marketplaces and BL E-based identity exchange.
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7.2 Virtual World standardization gaps

The research identified and classified standards gapsin eight Virtual Worlds domains. The highest number of gaps were
found in the domain of immersive experiences (20 %), followed closely by data management (19 %). These high
percentages correl ate with the broad scope and age of these domains. In contrast, artificial intelligence, reality capture,
and Virtual Economy were underrepresented-likely due to a lack of focused expertise and fewer previous studiesin
these areas, rather than areal absence of gaps.

Artificial Intelligence remains critically underrepresented in current Virtual Worlds standardization efforts, despiteits
central role in future immersive systems. Gaps aso remain in content moderation and ethical frameworks, which are
essential for ensuring user safety and accountability in immersive environments.

Adoption of existing standards across the Virtual Worlds landscape remains uneven and generaly limited. While
certain technical areas-such as device hardware or network protocols-benefit from established and widely implemented
standards, adoption in more dynamic or integrative domains like Al, immersive experiences, or governance frameworks
isstill rare. This disparity islargely driven by fragmentation, overlapping or competing standards, low discoverability,
and the lack of validation mechanisms such as testbeds or conformance benchmarks. As aresult, developers and
platform providers often rely on proprietary or siloed solutions, further slowing convergence and interoperability.

The analysis further defined nine standards gaps clusters. See Table 12. These clusters provide athematic lens to assess
deficiencies across Virtual Worlds.

Table 12: Clusters of standardization gaps identified

Cluster Main Gaps / Issues

Fragmentation across networks, platforms, and data systems. No
interoperable frameworks for identity, assets, and immersive environments.
Limits scalability, seamless integration, and collaboration.

XR display hardware & device Missing specifications for displays, sensors, and haptics. Incompatible
interoperability and integration interfaces and calibration standards reduce modularity and cross-platform use.
No consistent standards for personal and biometric data protection. Weak
identity management, consent mechanisms, and ethical data handling.

Lack of ergonomic design standards. Poor support for diverse users. Need for
User experience & accessibility inclusive Ul design, consistent interactions, and assistive technology
integration.

No harmonized legal frameworks or ethical guidelines. Uncertainty in
moderation, user protection, and digital identity. Lacking transparent and
participatory processes.

Fragmented standards for video, 3D, and spatial data. Limits content
exchange and consistent rendering across platforms.

Gaps in addressing physical and psychological risks. Missing standards for
safe device use, moderation, age restrictions, and vulnerable group protection.
Inconsistent terminology and overlapping taxonomies. Creates confusion in
policy, interoperability, and tool development.

No standards for virtual goods, NFTSs, or transactions. Problems with
interoperability, IP protection, and fair valuation mechanisms.

Infrastructure, integration, and
interoperability

Data privacy & security

Ethics, regulatory frameworks &
governance

Content media formats & protocols

Health & safety

Terminology & definitions

Digital economy & asset management

When reviewing standards gaps by cluster, infrastructure emerged as the largest category-unsurprising given the
foundational role connectivity playsin Virtual Worlds. In second place were gaps in the areas of ethics and governance,
which corresponds to EU regulatory requirements. Content media gaps came third, reflecting rapid technical evolution
and inconsistent interoperability standards.

Looking at standards gaps by stakeholder group, Virtual Worlds providers were associated with the highest number

(37 %) of gaps, especialy in technical and content-related clusters. Buyers, researchers, and standardization bodies also
play roles, though responsibilities often overlap. Heatmaps and Sankey diagrams further illustrate that providers are
expected to lead on infrastructure, content protocols, and integration standards.

Finally, standards gaps by standardization goals reveal that addressing interoperability and compatibility remains the
central aim. Gaps linked to innovation support, efficiency, market access, and product safety also persist but to varying
degrees. Mapping gaps across objectives helps prioritize efforts and align strategies with tangible ecosystem benefits.
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In Figure 7 a Sankey diagram visualizes how four stakeholder groups are linked to different thematic gapsin Virtual
Worlds standardization (group five - the SDOs - were taken out as they are obviously always linked to standardization
gaps). On theright hand side, Figure 6 illustrates the number of mentioned gaps assigned to the identified nine gap
clusters. Each flow represents perceived relevance or concern expressed by stakeholders regarding a specific topic.
Figure 7 reveals that stakeholder priorities are unevenly distributed. While ethical governance and infrastructure are
seen as critical by nearly all groups, areas like digital economy, standard vocabulary, and safety protocols receive
comparatively less engagement-highlighting blind spots that may require policy and coordination efforts.
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733 436
- XR Display Hardware and Device Interoperability and Integration
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Figure 7: Virtual Worlds standardization stakeholder groups related to standardization gaps

Virtual Worlds standardization gapsin a nutshell:

. Standards gaps by gap clusters: infrastructure and enabling technology as the largest category, followed by
ethics and governance gaps.

. Standards gaps by stakeholder group: virtual world providers were associated with the highest number of gaps,
followed by buyers, researchers, and standardization bodies.

. Standards gaps by standardization goals: interoperability and compatibility remain the central aims.

7.3 Structural and contribution issues of the Virtual Worlds
standardization system

Structural and contribution issuesin eight Virtual Worlds domains were assessed across a wide range of standardization
activities. These were grouped into clusters. See Table 13. Most issues were concentrated in the infrastructure domain
(30 %), where overlapping working groups, opaque procedures, and high participation costs create barriers.
Surprisingly, a high share of issues (22 %) was also found in the Virtual Society domain, where progress relies more on
political will and public leadership than on formal standardization bodies. Other domains like immersive experiences

a so face fragmentation, but lesser-known standardization efforts hinder cross-sector visibility and collaboration.

The present document identified ten thematic structural and contribution issues clusters defined, each illustrating
systemic weaknesses in the standardization ecosystem.
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Table 13: Clusters of structural and contribution issues identified

Cluster Main Issues
Misalignment between fast tech development and slow, rigid standardization.
Process & pace challenges Inefficient consensus, outdated governance, and mismatched timelines delay
innovation and adoption.
Fragmentation & lack of Disconnected bodies, overlapping mandates, and siloed projects cause duplication,
coordination conflicting specs, and poor interoperability.

Dominance of large regional players. Exclusion of SMEs, civil society, and
non-English speakers. High costs, complex language, and opaque processes limit
inclusiveness.

High participation fees, limited public investment, and reliance on short-term funding
Resource & funding constraints |weaken sustained collaboration, especially for open initiatives and national

Transparency, accessibility &
inclusion barriers

committees.
Incentives & motivation Lack of recognition, financial support, and tangible outcomes. Conflicting goals and
challenges misaligned requirements discourage engagement and create impractical standards.
Dominance & proprietary Large corporations push vendor lock-in, closed platforms, and selective engagement.
control They shape standards in their favour and resist interoperability.
Geopolitical factors & National agendas and major power influence create competing frameworks. Political
politicisation interests overshadow technical merit and fragment the global landscape.
Standardization infrastructure & |Outdated digital platforms, missing collaboration tools, and weak version control
tooling deficiencies reduce efficiency and consensus building.

Jurisdictional differences, unclear guidance for emerging tech, and opaque IPR
policies raise legal uncertainty and hinder adoption.

Low visibility of standards, weak educational support, and poor communication
strategies. Fragmented messaging, ambiguous terminology, and limited training
reduce trust and understanding.

Regulatory & legal complexities

Awareness, communication &
education issues

The present document proceeds to eval uate structural and contribution issues by cluster, with fragmentation and
coordination issues taking the lead, followed by pace and process challenges, and dominance of large market players.
Surprisingly, tooling infrastructure issues were ranked lower, suggesting that existing tools may be underutilized rather
than lacking entirely.

Analysis of structural and contribution issues by stakeholder group assigns 42 % of the issuesto Virtual Worlds
providers, particularly concerning coordination and dominance. Researchers also face challenges, often due to
theoretical work that overlooks real-world applicability. However, issues often span multiple stakeholder groups, and
interpretations could consider the diversity within each.

Finally, the present document maps structural and contribution issues by standardization objectives. Unsurprisingly, the
most urgent objective remains achieving interoperability and compatibility. Fragmented coordination continues to block
progress toward this goal. The data suggest that without systemic improvementsin how standardization efforts are
managed, Virtual Worlds interoperability and alignment with broader ICT ecosystems will remain out of reach.

Figure 8 illustrates how different stakeholder groups are linked to structural challengesin Virtual Worlds
standardization. On the right hand side, the figure illustrates the number of mentioned structural and contribution issues
assigned to the identified issues clusters. The most cited issue is the fragmentation and lack of coordination across
standard-setting efforts, followed by slow and inefficient processes. Concerns about dominance by proprietary actors
and barriers to transparency and inclusion also feature prominently. While some challenges-like legal complexities or
tooling gaps-are more specific to certain groups, the overall picture reveals a need for more collaboration, openness, and
strategic alignment in the standardization ecosystem.
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Figure 8: Virtual Worlds standardization stakeholder groups related
to structural standardization challenges

Structural and contribution issues of the Virtual Worlds standardization system in a nutshell:

. Structural and contribution issues by issues clusters: fragmentation and coordination issues take the lead,
followed by pace and process challenges.

. Structural and contribution issues by stakeholder group: providers come first, particularly concerning
coordination and dominance, followed by researchers due to too theoretical work.

e  Structural and contribution issues by standardization objectives: the most urgent objectives remain
interoperability and compatibility due to fragmented coordination.
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7.4 Recommendations

7.4.1 Standardization objectives

One of the most urgent needs to be addressed is the lack of interoperability and compatibility, which continues to limit
the scalability and openness of Virtual Worlds. Despite the existence of earlier standards such as VRML or X3D,
adoption remains limited, and many platforms still operatein closed silos. To address this, the present document
recommends building coordinated frameworks across SDOs, reusing existing interoperable standards where possible,
and retiring obsolete ones. Recent initiatives like OSCAR4US and OMA3's InterWorld Portaling System show that
cross-platform identity, asset portability, and positioning systems are achievable, but they require stronger alignment
and broader adoption.

Supporting innovation and technology transfer is equally critical. Standards play an essentia role in bridging research
and deployment by providing common technical abstractions and reducing integration burdens. However, many
innovators-especialy in fast-evolving domains like Al or immersive human interfaces-remain unaware of how
standardization can support their work. The present document encourages the use of open-source toolkits, such as
StereoKit, and greater involvement in early-stage research projects like OpenVerse and X R4Human. At the sametime,
standardization groups will need to proceed cautioudly in areas like brain-computer interfaces, where the underlying
technologies are till immature.

The objective of cost reduction and efficiency gainsis another major driver. By enabling modular system design,
component reusability, and common protocols, standards can lower both development and operational costs. While
today's Virtual Worlds platforms are till emerging, the long-term promise of reduced energy use, easier maintenance,
and fewer integration failures is evident. The present document also points to indirect cost benefits, such as those gained
from immersive telepresence, which can reduce the need for physical travel. However, these efficiencies remain
difficult to quantify in early-stage markets, and further research is encouraged.

Facilitating market access and trade through harmonized standards is essential to ensuring that European Virtual Worlds
technologies can scale globally. Differencesin jurisdiction, regulation, and data protection rules currently create
uncertainty for developers and users. The present document recommends aligning Virtual Worlds standards with
evolving EU regulations such as the Al Act and GDPR, while aso piloting regulatory sandboxes and new legal
constructs like a 28" regime for digital environments. Additionally, inclusive design standards and certification schemes
anchored in EU values could help identify trustworthy solutions and support small and medium-sized enterprisesin
reaching international markets.

Finaly, quality assurance and product safety are central to building user trust in immersive technologies. While some
areas-like hardware safety for VR headsets-are aready covered by existing technical norms (e.g. UL 8400), major gaps
persist in areas such as content moderation, accessibility, and inclusive user experience design. Ethical frameworks
from organizations like IEEE and ITU provide useful starting points, but their implementation remains limited. The
present document urges the development of benchmarkable, testable standards that protect vulnerable users, support
human-centric interaction, and ensure that emerging virtual environments are not only functional but also safe,
inclusive, and socially responsible.

Recommendations related to standardization objectivesin a nutshell:

o Interoperability and Compatibility: Fragmentation hampers scalability; coordinated cross-SDO frameworks
and reuse of interoperable standards (e.g. X3D, OSCAR4US) are needed for identity, asset, and spatial
portability.

. Innovation and Technology Transfer: Standards can support deployment by offering technical abstractions;
open-source tools and early research (e.g. XR4Human) should be leveraged, especially in fast-evolving areas
like Al.

. Efficiency and Market Access: Modular design and shared protocols can reduce costs; aligning standards with
EU laws (e.g. GDPR, Al Act) and using regulatory sandboxes can ease market entry and support SMEs.

e  Trust and Safety: Gapsin content moderation, accessibility, and ethics should be addressed through testable,
inclusive standards that ensure safe and responsible virtual experiences.
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7.4.2 Standardization stakeholders

For providers, the central recommendation is to move beyond proprietary ecosystems and contribute actively to the
development and adoption of open, interoperable standards. Providers-from global tech companiesto agile startups-can
begin to embed privacy-by-design, ethical frameworks, and sustainability into the core of their technologies. They are
also urged to engage with both formal and informal SDOs, invest in cross-platform compatibility, and prepare for future
developments like post-quantum security. Through strategic standardization, providers can foster market openness
while still protecting innovation-driven business models.

Therole of buyers, including enterprise users, public agencies, and civic ingtitutions, is to exert influence through
demand. Buyers are encouraged to include standardization criteriain procurement processes, thereby creating incentives
for open, secure, and accessible Virtual Worlds technologies. Governmentsin particular can shape the market through
tendering rules and funding instruments. By insisting on interoperability, transparency, and ethical compliance, buyers
can accelerate the adoption of trustworthy standards and prevent technological lock-in.

When it comes to government, the present document highlights its multifaceted responsibility as regulator, funder, and
system architect. Public authorities could align legislation and policy with strategic standardization goals, fostering
environments that support innovation without compromising public interest. Governments are urged to adopt
forward-looking regulatory models such as sandboxes, integrate standards into public investment programs, and enforce
inclusive and sustainabl e technology development. They could also support open access to test environments and tools
that enable SMEs and civil society to participate meaningfully.

The contribution of researchersis critical to bridging knowledge gaps, translating innovation into technical standards,
and identifying long-term risks and opportunities. Research institutions, including universities and industrial labs, are
encouraged to support pre-standardization work such as terminology, taxonomies, and use case analysis. Researchers
could also engage with ongoing standardization processes to test, validate, and refine specifications-particularly in
domains like Al, immersive interaction, and ethics. Their independent perspective helps ensure that standards remain
grounded, credible, and future-oriented.

Finally, the standardization community itself could modernize to keep pace with the complexity and speed of Virtual
Worlds development. SDOs and consortia are urged to update their technical infrastructure, embrace digital-first
collaboration tools, and make contribution pathways more transparent and inclusive. This includes better onboarding,
multilingual documentation, and more dynamic lifecycle management. By reducing entry barriers and fostering open,
modular development, standardization bodies can build trust and widen participation across sectors, geographies, and
organization types.

Recommendations related to standardization stakeholdersin a nutshell:

. Providers should move beyond proprietary systems, embed ethics, privacy, and sustainability by design,
support cross-platform standards, and engage in both formal and informal SDOs to drive open innovation.

. Buyers (enterprises, governments, institutions) are encouraged to include standardization criteriain
procurement to drive demand for secure, ethical, and interoperable technol ogies and prevent vendor lock-in.

. Governments should act as regulators, funders, and system architects by aligning laws with standardization
goals, enabling regulatory sandboxes, supporting public testbeds, and enforcing inclusive development.

. Researchers are vital for trandating innovation into standards, identifying long-term risks, and contributing to
terminology, validation, and testing, particularly in Al, ethics, and immersive systems.

e  SDOs and Consortia should modernize tools and processes - offering transparent, inclusive participation,
multilingual documentation, and digital-first collaboration - to attract broader and more diverse contributors.

7.4.3 Clusters of recommendations

Recommendations for standardizing Virtual Worlds are grouped, including recommendations across eight domains. The
highest density of recommendations appears in data management and immersive experiences, while domains such as
reality capture and artificial intelligence show fewer recommendations due to their emerging status and more limited
expert engagement.

The recommendations fall into fifteen cross-cutting clusters, reflecting the complex, interdisciplinary nature of Virtual
Worlds.
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Table 14: Clusters of recommendations

Cluster

Main Recommendations

Concepts, terminology &
taxonomy

Standardize terms, reference models, and language for semantic and technical
interoperability. Support consistency and collaboration across domains.

Governance, legal &
economic frameworks

Harmonize digital rights, liability, economic models, and regulations at European and
international levels.

Ethics & responsible
innovation

Embed human-centric design, prevent misuse, and guide responsible Al and immersive
technology deployment.

Digital literacy, education
& awareness

Develop curricula, certifications, and public initiatives to raise literacy and enable inclusive
participation.

Technical infrastructure
interoperability

Harmonize interfaces, APIs, and data protocols for cross-platform interaction, 1oT
integration, and real-time services.

XR hardware & devices

Define ergonomic, safety, and power standards to ensure cross-vendor compatibility and
user health.

Digital content
interoperability

Establish shared formats for 3D assets, avatars, and immersive media to enable fluid
workflows and mobility.

Quality, performance &
metrics

Create benchmarks for latency, comfort, and system integrity using transparent, certified
testing protocols.

User identity, safety,
security & privacy

Implement robust, verifiable identity systems, ethical safety protocols, and privacy-
preserving data flows.

Accessibility & user

Ensure universal usability, inclusive design, and localized content to reduce participation

experience barriers.
Industry-specific Adapt core standards to health, education, culture, manufacturing, and align with sectoral
applications regulation.

Sustainability &
environmental impact

Promote energy-efficient architectures, recyclability, and circular economy principles for
resilience.

Geospatial data & digital
twins

Standardize real-time mapping, spatial anchoring, and open coordinate systems to
connect physical and virtual worlds.

Quantum technologies &
cryptography

Adopt post-quantum cryptography and secure communication standards to future-proof
security.

Standardization
organizations & processes

Evolve governance with faster cycles, broader participation, transparency, and test-driven
development.

Quantitatively, most recommendations examined in the assessment concern the technical infrastructure for Virtual
Worlds, followed by clusters on identity and safety, content interoperability, and standardization process reform. These
priority areas reflect both high technical urgency and critical policy relevance.

Across stakeholder groups, Virtual Worlds providers are the ecosystem segment to which are most recommendations
are addressed, followed by standardization bodies. While providers and standards bodies could improve their support
for interoperability standards adoption, in order to succeed, many recommendations will benefit from coordinated
contributions from researchers, buyers, and government stakeholders.

Mapped against strategic objectives, the recommendations overwhel mingly focus on interoperability, confirming that
while many standards already exist, their adoption remains too low to realize their full potential. Broader uptake,
alignment, and trust frameworks are needed to reduce fragmentation and avoid reliance on proprietary ecosystems.

Figure 9 visualizes the distribution of stakeholder engagement with recommended standardization themes for Virtua
Worlds. It illustrates the number of mentioned recommendations assigned to the identified recommendations clusters.
The strongest alignment is seen around governance and institutional processes, with al groups-especialy SDOs,
providers, and governments-highlighting the urgent need for clearer structures, regulatory alignment, and coordination
between standardization actors. This reflects ongoing fragmentation and a shared desire for coherent frameworks that
enable trust, accountability, and scalability across platforms and jurisdictions.

Terminology and taxonomy is also a high-priority area, particularly for users, researchers, and SDOs, underscoring the
lack of consistent language and conceptual models across domains. Without shared definitions, efforts to harmonize
standards, ensure interoperability, or engage new stakeholders are severely hindered. Thisis closely tied to education
and awareness, another domain receiving significant attention, suggesting that better onboarding, documentation, and
public-facing explanations are seen as essential for adoption and inclusion.

Ethics and accessibility, and privacy, identity, and security rank prominently, with input from users, governments, and
researchers reflecting strong concern for human-centric design, social inclusion, and protection from harm in immersive
systems. These areas indicate growing awareness of virtual environments' societal impacts and the need for normative

safeguards.
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More technical themes-such as data and geospatial systems, technical infrastructure and devices, and sector-specific

standards-are primarily championed by providers and researchers, indicating their focus on performance, integration,
and context-aware applications. These foundational technologies are critical for ensuring that Virtual Worlds are not
only functional but also scalable and adaptable to various domains like healthcare, mobility, or education.

In contrast, immersive experience design and innovation enablement receive the least attention, suggesting that creative,
design-led, and experimental aspects of Virtual Worlds development are not yet fully integrated into the standardization
discourse. Thisisa notable gap, as these dimensions are important to user satisfaction, market growth, and future
adaptability.

Overall, the diagram reveals a clear prioritization of governance, infrastructure, and foundational definitions, but also a
relative neglect of experiential and future-facing dimensions. Balancing structural reforms with innovation-oriented
standards will be crucial to ensuring that Virtual Worlds are not only reliable and interoperable, but also engaging,
inclusive, and forward-looking.
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Figure 9: Virtual Worlds standardization stakeholder groups
related to standardization recommendations

Recommendations on standardization over all eight Virtual Worlds domains in a nutshell:

. Most recommendations provided fall under technical infrastructure, followed by clusters on identity and
safety, content interoperability, and standardization process reforms.

. Most frequently addressed: Virtual Worlds providers.
o Most actions require coordinated contributions from researchers, buyers, and governments.

. Most important strategic objectives: interoperability, broader uptake, alignment, and trust frameworks.
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7.4.4 Further recommendations

Fragmentation of standards and lack of coordination continue to pose serious obstacles to efficient and inclusive
standardization. Standards fragmentation and coordination could be addressed through stronger alignment among
formal Standards Development Organizations (SDOs), industrial consortia, and domain-specific initiatives. The present
document advocates for joint roadmaps, shared planning frameworks, and cross-domain working groups to prevent
duplication and encourage strategic convergence. Increased transparency-via open repositories and collaborative
platforms-will enable stakeholders to identify overlapping efforts early and contribute more effectively.

To overcome persistent barriers within the standardization ecosystem, a suite of actionsis proposed under structural and
contribution issues recommendations. These include modernizing governance processes, simplifying contribution
pathways, and ensuring more equitable access. Special emphasisis placed on supporting Small and Medium-sized
Enterprises (SMESs), civil society, and less-represented geographies. The recommendations call for multilingual
resources, accessible tooling, and improved onboarding practices. By lowering these thresholds, the standardization
process can become more inclusive, agile, and responsive to diverse societal needs.

Before any formal standard is created, pre-standardization activities play acritical role in shaping its foundation. These
early-phase efforts involve interdisciplinary research, real-world prototyping, and the development of shared
vocabularies and conceptual models. Such groundwork ensures that emerging standards are rooted in concrete user
needs, technology trends, and ethical considerations. Pre-standardization also helps align stakeholders on common
goals, paving the way for smoother development of specifications.

After astandard is published, post-standardization activities become essential to ensure its adoption and effectiveness.
This includes the development of testbeds, conformance benchmarks, and reference implementations. These practices
help validate standards in operational settings and identify technical or usability gaps. Certification frameworks and
continuous feedback mechanisms further support uptake, enabling standards to evolve as technol ogies and societal
expectations change.

Further recommendations in a nutshell:

e  Tackle Fragmentation and Coordination Gaps: Stronger alignment between SDOs, industry consortia, and
domain initiatives is needed through joint roadmaps, cross-domain working groups, and open collaboration
platforms.

. Lower Structural Barriersto Participation: Governance processes should be modernized with simplified,
equitable contribution pathways - especially for SMEs, civil society, and underrepresented regions - via
multilingual resources and accessible tools.

. Strengthen Pre-standardization Efforts: Early interdisciplinary research, prototyping, and vocabulary building
are essential to ensure standards address real-world needs and ethical considerations from the outset.

. Support Post-standardization Adoption: Implementation should be guided by testbeds, certification schemes,
and feedback loops to validate standards and enable continuous improvement in line with technological
evolution.

7.4.5 New research and standardization activities

The future development of Virtual Worlds will rely not only on the adaptation of existing standards but also on
initiating new, targeted research and standardization activities. These are divided into technical and societal themes,
each addressing pressing gaps and opportunities.

Artificial Intelligence remains largely unaligned with Virtual Worlds developments. Despite the abundance of
Al-related standards, few address its use in immersive environments. Coordination initiatives like the Metaverse
Standards Forum's Al x Metaverse working group are emerging to align efforts and reduce redundancy. Research could
focus on Al for procedural content generation, personalization, and intelligent agent behaviour. Collaboration between
Al and Virtual Worlds stakeholders, including EU projects and commercial actors, isvital.

In Resality Capture and Description, the lack of integration between geospatial and 3D graphics communities hinders
augmented reality systems. Standards for Visual Positioning Services (VPS) and semantic frameworks describing the
physical world could be devel oped in tandem with industry and academic input. Coordination between semantic
initiatives (e.g. SOSA, SAREF) is needed to prevent fragmentation.
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Cross-Reality Transition technol ogies remain experimental. Research is required into display materials and identity
persistence across modalities. Seamless user experiences in hybrid environments depend on continuity in interface and
cognitive flow.

Industry-Specific Use Cases and Requirements have yet to be fully explored. While many sectors-manufacturing,
mobility, healthcare, education-stand to benefit, their needs differ significantly. Sectoral research is needed to tailor
Virtual Worlds technologies and accel erate adoption.

Robust User Studies and benchmarking frameworks are essential. Existing studies are limited in scope and
comparability. Research projects could develop repeatable, cross-cultural methodologies and datasets to eval uate
interaction, cognition, and usability across platforms.

The concept of Time and Temporality in Virtual Worlds, including synchronization, persistence, and history, remains
underdeveloped. Basic and applied research is needed to address time representation and coordination across systems.

Integrated Sensing and Communication (ISAC), especially in 6G networks, offers promise for detecting and interacting
with passive physical elements. Its integration into immersive environments requires new standards and testing.

Unified Security Frameworks for Virtual Worlds are lacking. Current efforts are dispersed and not tailored to unique
challenges like avatar identity, virtual asset protection, or immersive safety. Coordination among SDOs (e.g. W3C,
ISO/IEC) and additional research are required to bridge gaps.

Emerging Display Technologies are a bottleneck for widespread AR adoption. High-resolution, low-power, adaptive
optics are needed, along with cost-efficient, lightweight designs and standardized calibration systems. Lightfield and
novel lenstechnologies are areas of active exploration.

User Inputs could evolve beyond current devices. Research into secure, multimodal input-including biometric and
gesture-based systems-is necessary to ensure privacy, reliability, and universal accessibility in virtual environments.

Several Other Technical Topics merit attention. These include Wireless Body Area Networks for sensor integration, QA
standards tailored to virtual applications, standards for real-time collaboration, embodiment protocols, and multisensory
feedback systems. Each could play a defining role in how Virtual Worlds develop.

In paraléd to the technical fields, Economic and Societal Topics also require deeper exploration.

Cryptocurrencies and their use in Virtual Worlds pose regulatory, ethical, and operational challenges. The lack of
oversight and transparency demands research into secure, interoperable standards, financial crime prevention, and
sustainable digital economies.

Evolving Virtual Worlds business models disrupt traditional supply and value chains. Issues such as price elagticity,
gratification dynamics, and secondary markets remain poorly understood. New methodol ogies could assess how these
models interact with both virtual and real-world economies.

Energy usage in and by Virtual Worldsisincreasing but poorly quantified. Life cycle assessments and Net-Zero goals
for hardware could guide development. Research and standards promoting energy-efficient design are essential.

Protection versus Innovation remains a critical balancing act. Intellectual property frameworks could be refined to
ensure creativity and openness are preserved while rights are respected. Future standards could support this balance.

The Promotion of Positive Societal Impactsis hecessary for public trust and ecosystem maturity. This includes research
on accessibility, inclusion, mental health, and ethical engagement, as well as expanding projects like XR4Human that
develop participatory governance models.

Finally, Content Moderation for Immersive Experiences is underdeveloped. Thereis a need for standards addressing
user conduct, trust frameworks, and moderation protocols specific to Virtual Worlds interaction, ensuring user safety
and accountability.

Virtual Worlds span an extraordinary range of challenges and opportunities. Addressing these through research-driven
standardization will be crucial to ensuring their interoperability, inclusivity, and sustainability. The study provides a
roadmap for future research priorities that can bridge critical gaps and ensure that Virtual Worlds technologies evolvein
a coherent and responsible manner.
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Potential new research and standardization activities in a nutshell:

. Align Al and Virtual Worlds: bridge gaps between Al standards and immersive applications (e.g. agents,
personalization) through coordinated initiatives like Al x Metaverse.

e  Advance core technical areas: develop integrated standards for geospatial-3D data (VPS), cross-reality
continuity, immersive security, and next-gen input/display technologies (e.g. lightfield, 6G ISAC, WBANS).

. Support sector-specific needs: tailor standards for industries like healthcare, mobility, and education, while
improving user studies and benchmarking across cultures and platforms.

. Address socioeconomic dimensions: regulate crypto and digital assets, promote energy-efficient design,
balance IP protection with openness, and encourage research on inclusion, mental health, and governance.

. Strengthen trust and safety: create immersive-specific content moderation standards and trust frameworks to
ensure accountability and user protection in virtual environments.

8 Conclusions

8.1 Standardization landscape

The high number and diversity of standards for use in Virtual Worlds reveals both its richness and its complexity. The
analyses performed for the present document identifies a wide array of standardization documents ranging from broad
conceptua frameworks to narrow technical specifications. Some standards apply across multiple domains, while others
aretightly focused. This diversity itself is not problematic; it reflects the maturity and adaptability of the field.
However, for potential adopters, this multitude can be disorienting. The presence of overlapping standards that address
similar requirements in subtly different ways-often without any practical testing or comparative validation-undermines
clarity and confidence. This form of fragmentation is rooted in systemic characteristics of the standardization landscape
and is not likely to resolve in the short term. That said, consolidation, comparative studies, and application-driven
selection could significantly enhance the usability and coherence of this standards ecosystem.

Improved collaboration among standardization bodies is widely recognized as essential to addressing this
fragmentation. While evidence of cross-SDO cooperation remains limited and often informal, several initiatives signal a
cultural shift. Chief among them isthe Metaverse Standards Forum launched by the Khronos Group in 2022, which
quickly attracted over 2 600 member organizations. However, many SDOs remain constrained by governance rules that
prevent participation in other membership-based alliances. Liaison mechanisms offer a partial solution, allowing
exchange without formal membership. More promising still is the prospect of contributor-level mapping, which could
trace who is contributing to which standards, under which affiliations. This approach could reveal overlaps, build trust,
and support convergence across efforts currently siloed by ingtitutional boundaries.

A critical structural barrier emerged in the discovery that thereis alack of standards for standardization information
itself. In the process of assembling this study's dataset, the team encountered wide inconsistencies in how standards are
described, classified, and structured. Basic metadata such as versioning, development stage, or responsible working
group is often missing, incomplete, or inconsistently labelled. Even the terminology used within and between SDOs
varies significantly. Terms such as"Virtual Worlds' or "metaverse” lack shared definitions, and even seemingly
well-understood words like "standard" or "recommendation” are interpreted differently. Without a harmonized way of
describing standards and their interrelationships, efforts like standards mapping are hindered. More importantly, this
confusion makes it harder for newcomers and devel opers to understand the relevance and applicability of existing
standards-delaying or deterring adoption.

Finally, the ultimate goal of standardization-standards adoption-depends on visibility, clarity, and practical value. A
standard achieves impact only when it isimplemented and used. The fragmentation, lack of discoverability, and
inconsistent structuring described above pose real risks to adoption. Without tools to monitor uptake or assess relevance
in context, it remains difficult for developers, organizations, or regulatorsto confidently rely on existing standards. The
future of Virtual Worlds standardization hinges not only on developing new standards, but on making the existing body
of work navigable, interoperable, and useful. Achieving this requires a coordinated effort to standardize the standards
system itself.
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Conclusions on mapping the standardization landscape of virtual worldsin a nutshell:

. Rich but Fragmented Landscape: The standardization ecosystem is diverse and technically mature, yet
fragmented, with overlapping or inconsistent standards that confuse potential adopters.

. Need for Ingtitutional Collaboration: Cross-SDO cooperation is limited; initiatives like the M etaverse
Standards Forum are promising, but structural and governance barriers persist.

. Lack of Metadata Standards: There is no standardized way to describe or classify standards themselves -
leading to inconsistencies in terminology, structure, and traceability.

. Adoption Barriers: Without clear structure, discoverability, or tools to assess applicability, existing standards
remain underused - highlighting the need to "standardize the standards system".

8.2 Recommendations for the standardization of Virtual Worlds

8.2.1 Conclusions per Virtual Worlds domains

Table 15 summarizes the conclusions and recommendations for Virtual Worlds standardization, structured by domain,
highlighting priority actions, systemic needs, and future directions.

Table 15: Conclusions and recommendations for standardization by Virtual World domain

Domain Conclusions and Recommendations
Prioritize interoperability via shared reference architectures and modular design principles. Align
Infrastructure cloud, edge, and networking capabilities with immersive applications. Harmonize

high-throughput connectivity and resource orchestration for resilient infrastructure.

Establish common schemas, metadata structures, and secure exchange protocols. Strengthen
Data Management governance of identity, spatial, and behavioural data with lifecycle management and access
control. Bridge digital twins and Virtual Worlds through interoperable formats.

Standardize transparency, safety, and fairness in immersive Al. Develop explainable Al
Artificial Intelligence |protocols, agent interoperability, and model portability. Support real-time Al responses for
adaptive, natural interactions.

Create accurate, interoperable standards for spatial digitization. Align 3D scanning,

Reality Capture photogrammetry, and sensor fusion. Ensure unified coordinate systems and compatible formats
for reliable integration.
Human Interface Promote device abstraction and inclusive design. Enable integration via unified APIs. Apply

Systems & Devices |ergonomic, safety, and accessibility benchmarks to ensure consistent user experiences.
Standardize content rendering, avatar behaviour, and runtime interoperability. Develop
reference models for experience design, authoring, and usability assessment. Embed inclusive
and ethical design principles.

Build frameworks for identity, rights, and participation. Standardize privacy, user safety, and
inclusive social structures. Adopt governance models and anti-discrimination safeguards.
Develop interoperable protocols for asset ownership, smart contracts, and value exchange.
Ensure authentication, provenance, and consumer protection across platforms.

Immersive
Experiences

Virtual Society

Virtual Economy

8.2.2  Top ten recommendations

Government stakeholders play a pivotal role in shaping the development and adoption of Virtual Worlds technologies.
Their responsibilities extend far beyond technical oversight: they encompass regulatory frameworks, policy design,
public procurement, funding of research and innovation, and-crucially-the safeguarding of societal values such as
privacy, safety, and inclusion. Against this backdrop, the research conducted for the present project highlights one
challenge above all others: the lack of technical interoperability. Fragmented standards, overlapping initiatives, and
uneven adoption currently represent the most significant barriersto the broader uptake of Virtual Worlds technologies
across Europe.
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The European Commission's strategy for Virtual Worlds distinguishes itself by prioritizing citizen rights, ethical
considerations, and the creation of an open and inclusive digital environment. This approach is particularly ambitious
given Europe's diverse multinational, economic, and linguistic landscape. Achieving such avision requires well-
coordinated action at technical, administrative, and financia levels, as well as stronger bridges between European
initiatives and international standardization efforts. Without these measures, Europe risks falling behind in shaping the
rules, technologies, and values of the immersive environments that are rapidly emerging worldwide.

The ten recommendations presented here directly respond to these challenges. They are grounded in evidence from over
900 standards and 350 technical reports, combined with expert interviews, stakeholder consultations, and mapping of
nearly 400 working group activities. They target both technological and societal dimensions, ranging from highly
technical interoperability issues to the broader policy and governance frameworks that define how Virtual Worlds
evolve.

Some recommendations focus on reducing fragmentation in the standards landscape by supporting the continuous
development and adoption of European and international technical standards. These cover critical topics such as content
and data interoperability, spatio-tempora computing, industry-specific extensions, and privacy-by-design principles.
Others address structural barriers by calling for greater engagement of European buyers and providers-including SMEs
and research organi zations-in the standardization process, ensuring that the resulting frameworks genuinely meet
stakeholder needs.

Equally important are measures that emphasize communication, awareness, and education. Campaigns to promote
standards as industry best practices can accel erate adoption and professional devel opment, while dedicated training
programmes for executives and technical experts-such as a proposed European Virtual Worlds Standards Leadership
Program-would strengthen Europe's capacity to implement and benefit from standards. In parallel, better accessto
information is required: improved registers and more transparent documentation of standards would make it easier for
developers, companies, and governments to find, understand, and apply relevant frameworks.

The recommendations al so stress the importance of practical validation. Standards could not remain abstract technical
documents but could be tested and proven through independent i mplementations before approval. Supporting
infrastructures, such as European implementation support centres and a central clearing house for compliance services,
are needed to reduce the risks and costs of adoption while providing certification mechanisms that ensure trust and
accountability.

Finally, public procurement emerges as a powerful strategic tool. By embedding requirements for standards compliance
in EU tenders and funding programmes, the European Commission can create strong market incentives for providers to
align with interoperable, secure, and sovereign solutions. In this way, the EU not only strengthensitsinternal digital
ecosystem but also positions itself as a global |eader in shaping open, ethical, and future-oriented Virtual Worlds.

Taken together, these ten recommendations provide a comprehensive roadmap. They address interoperability,
transparency, education, validation, and governance-while remaining firmly anchored in European values. Their
implementation would help transform Virtual Worlds from fragmented, proprietary ecosystems into open and
trustworthy environments that serve citizens, industries, and soci eties across Europe.

Top ten recommendations:

1) Promote and enforce European and international technical standards for interoperability, privacy, and
industry-specific applications in virtual worlds.

2) Remove barriers so that more European buyer and provider stakeholders can participate in standardization
processes.

3) Build awareness campaigns to highlight the benefits of standards and strengthen their adoption in industry.

4) Requirethat standards be approved only after several independent implementations have proven their
practicality.

5)  Improve coordination of policy and standards across EU member states, projects, and international bodies.

6) Integrate standards compliance into EU procurement and funding programs to drive demand for interoperable
solutions.

7)  Enhance the accessihility and transparency of existing standards and projects through improved registries.
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Establish Europe-wide education programs on standards to train professionals and executives with hands-on
practice.

Provide incentives and support centres for devel opers to facilitate easier implementation of standards.

Create a European clearinghouse for standards compliance offering testing and certification services.
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Annex A:
Fact sheet

The Fact sheet is contained in archive gr_arf012v020101p0.zip which accompanies the present document.
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