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ABSTRACT: Metaverse technologies are increasingly promoted as game-changers in transport planning, connected-
autonomous mobility, and immersive traveler services. However, the field lacks a systematic review of what has
been achieved, where critical technical gaps remain, and where future deployments should be integrated. Using a
transparent protocol-driven screening process, we reviewed 1589 records and retained 101 peer-reviewed journal and
conference articles (2021-2025) that explicitly frame their contributions within a transport-oriented metaverse. Our
review reveals a predominantly exploratory evidence base. Among the 101 studies reviewed, 17 (16.8%) apply fuzzy multi-
criteria decision-making, 36 (35.6%) feature digital-twin visualizations or simulation-based testbeds, 9 (8.9%) present
hardware-in-the-loop or field pilots, and only 4 (4.0%) report performance metrics such as latency, throughput, or safety
under realistic network conditions. Over time, the literature evolves from early conceptual sketches (2021-2022) through
simulation-centered frameworks (2023) to nascent engineering prototypes (2024-2025). To clarify persistent gaps, we
synthesize findings into four foundational layers—geometry and rendering, distributed synchronization, cryptographic
integrity, and human factors—enumerating essential algorithms (homogeneous 4 x 4 transforms, Lamport clocks, Raft
consensus, Merkle proofs, sweep-and-prune collision culling, Q-learning, and real-time ergonomic feedback loops).
A worked bus-fleet prototype illustrates how blockchain-based ticketing, reinforcement learning-optimized traffic
signals, and extended reality dispatch can be integrated into a live digital twin. This prototype is supported by a three-
phase rollout strategy. Advancing the transport metaverse from blueprint to operation requires open data schemas,
reproducible edge-cloud performance benchmarks, cross-disciplinary cyber-physical threat models, and city-scale
sandboxes that apply their mathematical foundations in real-world settings.

KEYWORDS: Artificial intelligence; blockchain; computational modeling; digital twins; extended reality; fuzzy
MCDM; machine learning; metaverse; reinforcement learning

1 Introduction

The term metaverse was popularized by the 1992 science-fiction novel “Snow Crash’, in which an
always-on, three-dimensional (3D) cyberspace is accessed through personal terminals and head-mounted
displays [1]. While multi-user virtual environments predate that novel, the term provided a concise label that
has since gained widespread use—often applied loosely—to describe large-scale shared digital environments.

The rebranding of Facebook Inc. as Meta in 2021 [2] reignited academic and industrial interest in
the technological and societal implications of such ecosystems [3-5]. Today, the metaverse is commonly
framed as the convergence of immersive 3D interaction, real-time communication, artificial intelligence
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(AI)-driven personalization, and blockchain-based digital economies [6]. Unlike a traditional virtual reality
(VR) application or a stand-alone digital twin (DT), the metaverse is expected to be persistent, decentralized,
and interoperable. It should support synchronous interactions among geographically distributed users via
extended reality (XR) interfaces, haptic devices, and cryptographically secured assets [3,4]. Nonetheless,
there is no universally accepted definition in the literature about the metaverse.

Some sources emphasize the immersive and social dimensions of the metaverse [7-9], while others
examine decentralized applications [10] and Tokenized economies based on distributed ledger technolo-
gies [11]. Related work explores maturity models [12], terminology harmonization [13], and cross-disciplinary
syntheses [14]. Further links include explainable AI [I5] and surveys on conceptual boundaries [16],
culminating in proposals for governance in decentralized ecosystems [17].

The metaverse here refers to environments with: (i) persistency—continuing and evolving indepen-
dently of individual users; (ii) large-scale real-time multi-user interaction; (iii) immersive user experience
(UX) via extended reality (XR), haptics, and high-fidelity rendering; and (iv) distributed architectures sup-
porting ownership, asset management, and governance through consensus—serving as scope and inclusion
criteria for this review.

Technologies from the intelligent transportation systems (ITS) domain underpin adaptive signal
control, real-time traffic monitoring, predictive maintenance, and decentralized payment platforms [18-21].
Within this domain, the metaverse is emerging as the next integrative layer, offering DTs for urban planning,
scenario-based training for autonomous vehicle (AV) validation, and XR interfaces that enhance traveler
safety and interaction. The anticipated benefits could include reduced crash risk, lower operational costs,
and improved passenger engagement.

Two recent surveys help to frame the state of metaverse-enabled transport and the work that remains to
be done. In [22], a broad technology map for ITS is offered, whereas the uses of bibliometric methods [23]
to trace publication trends and thematic clusters in XR mobility research are presented in [24]. Neither
survey explores the mathematical and decision-analytic foundations required for large-scale, real-time, and
economically viable deployments, thereby identifying a gap in the literature and signaling future trends. To
address this gap, the present study makes the following contributions:

(i) Foundational synthesis—We distil the computational building blocks supporting a transport metaverse,
that is, homogeneous 4 x 4 geometry, distributed-clock ordering, consensus protocols, Merkle proofs,
sweep-and-prune culling, and Q-learning loops.

(ii) Decision-analytic integration—We reconcile soft-computing fuzzy multi-criteria decision-making
(MCDM) with the hard real-time constraints of live XR twins, indicating where and when each
technique is appropriate.

(iii) Operational gap analysis—Drawing on a corpus of 101 peer-reviewed articles (2021-2025) identified
through the preferred reporting items for systematic reviews and meta-analyses (PRISMA) proto-
col [25], we quantify how often latency, throughput, safety, and human-factor metrics are reported
and expose four persistent shortfalls, namely interoperability, reproducible benchmarking, security
modeling, and large-scale validation.

(iv) Actionable frameworks—We introduce three artefacts that connect architecture to readiness, say, the
validated XR-AV cycle, the layered XR-mobility stack, and a four-phase strategic agenda for city-scale
pilots, none of which appear in previous reviews.

(v) Conceptual prototype—A worked bus-fleet case study shows how blockchain ticketing, reinforcement
learning (RL) signal control, and multi-user XR dispatch can be fused inside a live DT, complete with
rollout key performance indicators (KPIs).
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Guided by these contributions, the article addresses the following five research questions (RQ):

RQ1 What computational architectures and core technologies are required for a persistent real-time
metaverse in ITS?

RQ2 How can fuzzy-logic MCDM and related decision-analytic tools be reconciled with the hard real-
time constraints of such ITSs?

RQ3 Which transport domains (aviation, maritime, rail, and road) stand to benefit most, and what
functional requirements do they impose?

RQ4 What technical, human-factor, and regulatory barriers currently hinder real-world adoption, and
how might these be mitigated?

RQ5 Which gaps and future directions could align XR with AL fifth-/sixth-generation mobile networks
(5G/6G) and edge—cloud ecosystems to support sustainable business models?

With these questions in mind, we now turn to the organization of the article. The remainder of
the article is structured as follows. Section 2 details the systematic-review protocol and analytical tools.
In Section 3, we revisit the mathematical and computational principles underlying metaverse platforms.
In Section 4, transport-specific applications published between 2021 and 2025 are synthesized. Lessons from
extra-transport pilots are summarized in Section 5. Section 6 translates the identified gaps into guidelines for
empirical evaluation. In Section 7, we conclude this article with a roadmap toward human-centered, scalable
and ethically aligned metaverse deployments in transportation. Appendix A presents a list of acronyms
used throughout the article. Key studies from 2021 to 2025 are detailed in Appendices B-E. The PRISMA
checklist associated with this review is provided as supplementary material. Fig. | summarizes the roadmap
of the study.

Mathematical foundations
- 3D geometry

Transportation applications

- distributed systems core concepts - CAVIUAY edgF: twins
b ———| - XR + generative Al
- cryptograpny - fuzzy MCDM

-Al/ML

- multichain security
- human factors

l

Roadmap and future steps
- interdisciplinary collaboration
- pilot projects and standards
- formal safety and security checks
- empirical validation

Key gaps
- lack of field-scale metrics
- weak interoperability
- missing threat model

Figure 1: Summary—The diagram starts with the mathematical foundations of the metaverse (3D rendering, dis-
tributed systems, cryptography, AI/ML, human factors), which support the latest transportation applications such as
connected autonomous vehicle (CAV)/UAV edge twins, XR with generative-Al content, fuzzy MCDM evaluation and
multichain security layers. We highlight key gaps: missing field-scale metrics, limited interoperability, and no unified
threat model. The roadmap and future steps call for interdisciplinary pilots, open standards, formal safety/security
checks, and robust empirical validation
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2 Methodology

This section details the search, screening, and selection procedures that underpin the review.

2.1 Context and Search Strategy

The Web of Science (WoS, by Clarivate Analytics) and Scopus (by Elsevier) databases were queried on
16 June 2025. Only peer-reviewed journal articles or conference articles were considered. A record had to
contain the term “metaverse” together with at least one transport-related keyword covering road, rail, air,
maritime, logistics, micromobility, CAV, ITS, or traffic control. The Boolean string entered verbatim in both
databases was structured as follows:

“metaverse” AND (

transport* OR mobility OR vehicle* OR automotive

OR “intelligent transportation system*” OR ITS

OR *"autonomous driving” OR “autonomous vehiclex*”

OR “connected wvehicle*” OR CAV

OR “public transport*” OR “public transit” OR “mass transit”
OR rail* OR railway

OR “air transport*” OR aviation OR aircraft

OR maritime OR “marine transport*” OR shipping OR port

OR freight OR logistics

OR “ride-hailing” OR “ride sharing” OR “shared mobility”

OR “car sharing” OR micromobility OR scooter* OR “bicycle sharing”

OR “intersection management” OR “traffic signal*” OR “traffic
management”)

These multidisciplinary databases were selected for their broad coverage of engineering, computer-
science and management outlets, reducing the risk of database bias.

2.2 Inclusion and Exclusion Criteria

An article was included if it met the following criteria:

(i) It treated the metaverse as a central construct.

(ii) It addressed transport in at least one mode (road, rail, air or maritime).

(iii) It examined technical foundations (for example 3D rendering, blockchain, distributed computing) or
practical transport applications (for example logistics, DTs).

(iv) It incorporated, or could be linked to, data-driven, machine-learning (ML) or other computa-
tional methods.

(v) It was indexed in WoS or Scopus with a verifiable digital object identifier (DOI).

An article was excluded if it met the following criteria:

(i) It mentioned the metaverse only as a generic trend.

(ii) It discussed virtual reality or DTs without connecting them to metaverse principles.
(iii) It focused solely on sociological or macro-economic aspects with no transport tie-in.
(iv) Itlacked any data-driven or computational component.

(v) It was not peer-reviewed or had no DOI.
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2.3 Corpus Selection Process

Screening followed the PRISMA protocol (see completed checklist in Supplementary Materials). Fig. 2

summarizes the four selection stages—identification, screening, eligibility, and inclusion—leading to the

final corpus of 101 articles. Duplicates were removed automatically using R software with DOI and fuzzy-title

matching algorithms. Two reviewers then applied the eligibility rules independently, resolving disagreements

by discussion before full-text assessment. Detailed data extraction from the full texts was conducted manually
by two reviewers using a predefined extraction form, with discrepancies resolved through discussion. No
automation tools were used at this stage. The results are described as follows:

Identification (1589 records)—The query returned 1000 WoS records and 589 Scopus records (total n =
1589). All metadata were exported (BibTeX + CSV) and deposited in an open GitHub repository (https://
github.com/cila-ally/cv (accessed on 20 July 2025)).

Deduplication (1298)—Automated DOI and title matching removed 291 duplicates, resulting in 1298
unique records.

Language filter (1270)—Only English-language documents were retained (28 non-English articles were
excluded).

Title/keyword/abstract screening (192)—Two reviewers independently applied the inclusion/exclusion
rules (requiring transport focus and substantive—not rhetorical—use of metaverse). The Cohen « was
0.83 [26], indicating strong inter-rater agreement.

Eligibility re-check (101)—Full texts were reviewed. Ninety-one items were excluded due to: (i) use of
metaverse only as a visionary label, (ii) focus on pure VR/AR without metaverse infrastructure, or (iii)
lack of scientific peer review. The final corpus consists of 101 articles published between 2021 and 2025.

s o N
Identification
WoS: 1000; Scopus: 589
L Total: 1589 )
Deduplication ) Language filter
Duplicates removed: 291 ——| Non-English removed: 28
Remaining: 1298 Remaining: 1270
. J
Full-text eligibility Title/keyword /abstract
Excluded: 91 Excluded: 1078
Remaining: 101 Remaining: 192

Final corpus

101 articles

Figure 2: PRISMA-style flow diagram for corpus construction


https://github.com/cila-a11y/cv

1486 Comput Model Eng Sci. 2025;144(2)

The resulting 10l-article dataset underpins the longitudinal analyses in Sections4.1-4.4
and Appendices A-D. All intermediate datasets (raw exports, deduplicated set, screened subset, and final
corpus) are openly available on GitHub to ensure full reproducibility (https://github.com/cila-ally/cv
(accessed on 20 July 2025)).

3 Mathematical Foundations of the Metaverse

In this section, we present the core mathematical and computational principles underlying metaverse
systems. The mathematical underpinnings of the metaverse span multiple areas, including 3D computer
graphics, distributed systems, cryptography, Al, and human-computer interaction. While each of these areas
relies on distinct theoretical models, they converge to enable the creation of immersive and persistent virtual
worlds. This section outlines the key mathematical principles that form the foundation of the metaverse,
explaining not only the relevant equations but also their necessity and application in practical scenarios.

3.1 3D Geometry and Computer Graphics

One of the most immediate aspects of entering the metaverse is the ability to visualize and interact with
a real-time 3D environment. The mathematical framework that supports these experiences is grounded in
linear algebra, computational geometry, and optics, providing the tools needed for high-fidelity rendering at
every frame.

To position and manipulate objects in a virtual scene, we rely on the three elementary transformations
—rotation, translation and scaling—which are detailed as follows:

(i)  Rotation adjusts an object’s orientation about one or more axes (such as steering a vehicle in a driving
simulator).

(ii)  Translation moves an object from one spatial location to another (such as the displacement of an
avatar across a landscape).

(iii) ~ Scaling changes the size of an object while preserving its shape (such as resizing environmental assets
procedurally).

These transformations are most often encoded in 4 x 4 homogeneous transformation matrices. Note
that pure rotations can also be stored compactly as unit quaternions [27,28]. A homogeneous matrix takes
the canonical form

R t
M_(OT 1)’

where R € R¥? is a rotation, possibly premultiplied by a diagonal scaling matrix if anisotropic scaling
is required, t e R3 is a translation vector, and 0" is the zero vector of adequate dimension. Because
homogeneous matrices are closed under multiplication, any sequence of rotations, translations, scalings, or
shears can be concatenated into a single matrix, yielding smooth and efficient animation pipelines [29,30].

In large-scale virtual worlds—whether for buildings, avatars, or props—consistent spatial behavior
is paramount. Matrix and quaternion algebra furnish the deterministic, graphics processing unit (GPU)-
friendly operations that make real-time positioning and motion possible. Fig. 3 illustrates the three basic
two-dimension (2D) transformations. In homogeneous coordinates the same algebra extends directly to 3D.
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Figure 3: Basic 2D transformations (rotation, translation, and scaling)

Realistic lighting is essential for users to perceive shapes, distances, and materials convincingly. A
unifying description of light transport is provided by the rendering equation, given by

Lo(x,w,) = Le(x, a)o)+/(;fr(x,wi,wO)Li(x,w,»)(n-wi)dwi, 1)

where L, is the outgoing radiance at point x in direction w,, L, the emitted radiance, L; the incoming
radiance from direction w;, f, is the bidirectional reflectance distribution function (BRDF), and n is the
surface normal.

The integral given in (1) is over the hemisphere Q) of all incident directions. In words, the expression
formulated in (1) states that the light leaving a surface equals the light it emits plus the incoming light scattered
according to the BRDEF, and the angle of incidence.

Strict evaluation of the formulation presented in (1) is expensive. Real-time engines therefore combine
fast rasterization with hardware-accelerated ray tracing, denoising filters and pre-computed illumination to
strike a balance between physical accuracy and interactive frame rates. Fig. 4 displays multiple incoming
radiance directions contributing to the outgoing radiance.

Figure 4: Plot of the multiple incoming radiance directions L; contributing to the outgoing radiance L, at x, with n
being the surface normal, w; an incident direction, and w, the corresponding direction

3.2 Collision Detection and Surface Management

A second cornerstone of any interactive world is collision detection, which guarantees that avatars and
objects behave in a physically plausible manner. Two classes of computational-geometry tools are ubiquitous
and detailed as follows:
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(i)  Bounding volumes—Simple shapes, most commonly axis-aligned bounding boxes (AABBs), whose
faces are parallel to the global axes, or bounding spheres, that allow extremely fast intersection tests.

(ii) Voronoi diagrams and convex hulls—Data structures that help to approximate object extents and
accelerate proximity queries.

Without such tools, objects could interpenetrate and break the user’s sense of presence. Efficient
algorithms keep the physics subsystem interactive and affordable, as in the book [31] on real-time collision
detection to prevent interpenetration in virtual environments.

Fig. 5 depicts how an irregular 2D silhouette can be enclosed by an AABB (dashed red rectangle) or
by the smallest circle that contains it (dashed blue line). Exactly the same logic carries over to 3D, where a
complex polygonal mesh is wrapped in a rectangular box aligned with the x-y-z axes or a sphere centered at
the object centroid. Because the mathematics for testing two AABBs or two spheres for overlap is constant-
time, these coarse volumes form the bedrock of the broad phase of the collision detection, quickly discarding
pairs that are provably disjoint.

bounding sphere

Figure 5: Plot of irregular 2D object enclosed by two bounding volumes: an AABB and a bounding sphere

Beyond collision handling, visually convincing scenes rely on the following two additional geometry-
processing steps:

(i)  Surface parameterization—The mapping of a 3D surface to a 2D texture domain so that image data
(textures) can be painted or sampled efficiently.

(ii)  Subdivision—The adaptive refinement of meshes that adds detail only where the camera demands it,
balancing fidelity against throughput.

These two steps ensure stable physics and high visual fidelity in large-scale real-time metaverse envi-
ronments.

Efficient mesh generation and simplification algorithms further enable the rendering of large-scale
virtual environments with minimal overhead, by distributing the computational load either on the central
processing unit (CPU) or offloading it to the GPU, depending on the task [32]. In short, without the
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mathematical principles of transformations, illumination, collision management, and surface generation, a
seamless virtual universe would be impossible. Concretely, these principles achieve the following:

« They maintain spatial coherence as users traverse the scene.

« They enhance realism through reflections, shadows and material responses.

o They prevent interpenetration by means of bounding-volume checks followed by narrow-phase poly-
gon tests.

+ They automate content creation for the ever-expanding landscapes of the metaverse.

To handle tens of thousands of objects, modern engines employ sweep-and-prune (also called sort-
and-sweep) [33]. Instead of naively examining all O(N?) pairs of objects—which denotes quadratic time
complexity in the number of objects N—the algorithm projects each AABB onto one or more coordinate
axes and sorts the interval endpoints. Only intervals that overlap on all axes proceed to the narrow phase.
More specifically, each object O; is assigned an AABB with minimum and maximum x-coordinates denoted
by x, and X;, respectively.

A single-axis sweep maintains an active set A of intervals that overlap the current sweep position.
Whenever a new interval starts, it is paired with every element already in \A. The sorting step has a time
complexity of O(Nlog(N)), meaning that the number of operations increases proportionally to N log(N)
as the number of objects grows. This dominates the broad-phase run time and represents a substantial
improvement over naive quadratic enumeration.

After broad-phase culling, advanced polygon-level collision detection methods—such as the Gilbert—
Johnson-Keerthi (GJK) algorithm, the separating axis theorem (SAT), or bounding volume (BV)
hierarchies—are applied to the reduced set of candidate pairs. These methods ensure that frame times remain
within the strict latency budgets required by immersive metaverse applications.

The next subsections explore how these computational models are distributed across global networks
and how cryptographic protocols provide the foundation for secure digital ownership and transactions
within these persistent virtual environments.

3.3 Distributed Systems and Synchronization Protocols in the Metaverse

A hallmark of any metaverse platform is its ability to sustain simultaneous and persistent interaction
among geographically dispersed participants. Unlike single-player simulations, the metaverse must maintain
one coherent world state across a federation of servers and heterogeneous clients in the presence of variable
network delay, high user concurrency, and partial failures. This invokes traditional results from distributed-
systems theory. We first revisit logical-clock ordering and then outline how large clusters agree on world
updates through consensus.

In a distributed setting there is no physically shared timer that can order events—a hardware clock
cannot be read instantaneously, nor can it be kept exactly in synchrony across machines. Suppose Avatar A
opens a door while Avatar B grabs an object. If replicas disagree on which action happened first, the global
state can diverge (for example, two users might own the same unique item).

The Lamport logical clock [34] assigns an integer timestamp T € N to every event. Each process
increments T for every local action and piggy-backs the current value on outgoing messages. Upon receipt,
the destination updates its own clock according to T — max{T, Trecy} + 1, so that a > b - T(a) < T(b).
The converse need not hold, that is, T'(a) < T(b) does not guarantee causality. Algorithm 1 summarizes the
three operations.
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Algorithm 1: Lamport logical-clock maintenance [34]

Require: local clock T € N
function INTERNALEVENT
T« T+1
end function
function SEND (e, dest d)
T<T+1
send (e, T) tod
end function
function RECEIVE ({e, Trecy))
T « max( T, Trecy) +1
apply e to local state
11:  end function
Ensure: timestamps that respect causality

=

O N QU e

—
=

While logical clocks prevent blatant inconsistencies by preserving causal order, they are insufficient to
resolve concurrent conflicts—cases where two or more actions occur independently and have no defined
causal relationship. Resolving such conflicts requires consensus mechanisms that can determine a single
agreed-upon sequence of events across distributed replicas.

Consensus protocols are designed to ensure that a group of distributed replicas agrees on a consistent
sequence of state updates, even in the presence of message loss or node failures. One widely adopted protocol,
named Raft [35], models each server as a replicated state machine and provides formal guarantees of safety.

These guarantees include the log matching property (ensuring identical logs for committed entries),
leader completeness (the leader contains all committed entries), and state machine safety (no two servers
apply different commands at the same log index).

In the event of a leader failure, the remaining nodes hold a new election to select a successor, allowing
the system to resume operation without violating consistency. This mechanism ensures eventual consistency
from the perspective of clients or users—such as players in immersive environments—who observe a
coherent and stable world state despite underlying network asynchrony or transient faults. Algorithm 2
sketches one election/replication round.

Algorithm 2: Simplified Raft cycle (election and log replication)

Require: cluster of # servers; quorum size g = |n/2] +1
1: function ELECTIONTIMEOUT (server s)
s becomes candidate; term < term +1
broadcast REQUESTVOTE(term, lastLog)
if votes > g then s becomes leader
else restart timer
end if
end function
function CLIENTCMD (leader ¢, cmd ¢)
¢ appends c to its log (current term)
broadcast APPENDENTRIES
if acks > g then commit entry; apply to world state

—_
= o

(Continued)



Comput Model Eng Sci. 2025;144(2) 1491

Algorithm 2 (continued)

12: end if
13: end function

Ensure: a totally ordered stream of game-state commands

Modern metaverses may span thousands of shards or regions. A naive all-to-all consensus is infeasible.
Hence, practical systems adopt hierarchical or sharded consensus, that is, each shard runs Raft (or a
Byzantine-fault-tolerant analogue) locally, while a higher tier coordinates cross-shard transfers (such as
avatar teleportation, global auctions). If a shard leader crashes, clients in that region endure only a brief
hiccup, whereas the remainder of the world continues uninterrupted.

Metaverse back-ends must process millions of messages per second at sub-100-ms end-to-end latency.
Queueing theory and network calculus supply the analytic tools needed as stated as follows:

«  Markov and Poisson models approximate arrival processes, letting operators predict queue lengths and
waiting times.

o The Little law given by L = A W relates the average number of outstanding requests L to the arrival rate A
and the mean response time W (under stability and ergodicity assumptions), guiding capacity planning.

«  Worst-case bounds from network calculus yield hard latency guarantees, ensuring that critical updates
(such as collision events) meet service-level objectives [36].

Without careful load balancing and bandwidth allocation, overload-induced lag would shatter
immersion.

Logical clocks provide causality; consensus protocols provide authority; and queueing models provide
predictability. Together they form the mathematical and algorithmic substrate of the large-scale, low-latency,
and fault-tolerant metaverse.

The metaverse continuously ingests large streams of data from users (for instance, movements, ges-
tures, chat messages) and system sensors (for example, environmental changes, Al agent behaviors). To
extract meaningful patterns in real time, complex event processing (CEP) applies automata and streaming
algorithms to detect trends. Note that CEP is a computational technique that continuously monitors event
streams to identify patterns or anomalies in real time. Pattern recognition identifies sequences of events
(such as a gathering of players in a virtual space), and trigger mechanisms can initiate adaptive behaviors
(for instance, spawning a new non-player character when a player enters a restricted area) [37].

Thus, CEP enables dynamic responsive worlds. It can detect increases in user density within a
particular location and dynamically adjust rendering parameters to balance performance or initiate event-
driven story elements based on player actions. Together, the CEP-based mathematical principles yield a
scalable, synchronized, and interactive metaverse, where users worldwide can seamlessly engage in a shared
digital experience.

3.4 Blockchain and Cryptography

Metaverse platforms increasingly embed digital assets—from plots of virtual land to bespoke avatar
items and Tokenized currencies. For users to own, transfer and verify these assets without trusting a
single authority, the underlying infrastructure must combine modern cryptography with decentralized-
ledger technology.

Secure transactions rely on asymmetric schemes, such as Rivest-Shamir-Adleman and elliptic-curve
cryptography, whose security rests on number-theoretic hardness assumptions (such as integer factorization
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or discrete logarithms). These schemes support the following two primitives indispensable to a metaverse
economy:

(i)  Digital signatures authenticate asset transfers, preventing impersonation and replay attacks [38].
(if) Key exchange establishes end-to-end encrypted channels for private negotiations or in-world pay-
ments.

Whereas logical clocks and crash-fault consensus keep a server cluster consistent (see Section 3.3),
an open metaverse must also tolerate untrusted or pseudonymous participants. To address the need
for tolerating untrusted or pseudonymous participants in an open metaverse, blockchains transform the
consensus problem into an incentive-compatible game, stated as follows:

o Proof of work—Miners expend computational resources to solve hash-preimage puzzles. Markov-chain
models quantify fork probability and chain-growth rates in adversarial settings [39].

o Proof of stake—Validators lock tokens as collateral, with a weighted often verifiably-random function
selecting the next block proposer, reducing energy cost while preserving Sybil resistance.

A Merkle tree hashes transactions pairwise up the levels until a single Merkle root is obtained, where
the root is placed in the block header. To prove inclusion of a transaction tx, a user submits a Merkle proof
consisting of the sibling hashes along the path from tx to the root. Algorithm 3 verifies such proofs in
O(log(n)) hashes, where n is the number of transactions in the block, enabling lightweight clients to confirm
ownership without downloading entire blocks.

Algorithm 3: Verify a Merkle proof for a transaction (adapted from [40])

Require: txHash—hash of the transaction to be verified
Require: proof = (hy, ..., hy)—sibling hashes from leaf to root
Require: isLeft = (by, ..., by)—booleans: true if the running hash is left child at level i
Require: root—Merkle-tree root hash published in the block header
1:  hash < txHash > initialize with leaf

2: fori=1tokdo

3:  if isLeft[i] then

4: hash < HasH (hash|proof[i])
5: else

6: hash < HasH(proof|i]||hash)
7: end if

8: end for

9: return (hash = root)

Ensure: true if and only if txHash is included in the tree identified by root

Public-key signatures bind asset ownership to user identities, blockchains enforce a tamper-evident
ledger, and Merkle proofs allow lightweight yet trustless verification. These three aspects provide the
cryptographic backbone that lets millions of users trade and showcase scarce digital artefacts in an open
metaverse—all without relinquishing control to a central gatekeeper. Fig. 6 shows a diagram of consecutive
blockchain blocks, each containing a header, with previous hash, Merkle root, timestamp, etc., and a body
of transactions, as well as a Merkle tree where transactions (Tx1-Tx4) are hashed pairwise up to the Merkle
root stored in the block header.
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(a) Blockchain structure
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Figure 6: Schematic diagram of (a) an blockchain structure and (b) Merkle tree of transactions

Whenever a metaverse platform aims to provide trustless verification, provable scarcity, and liquid
tradable assets, these cryptographic foundations become indispensable. By securing user identities, transac-
tions, and asset uniqueness, blockchain and cryptography form the mathematical backbone for robust digital
economies within immersive multi-user virtual environments.

3.5 Artificial Intelligence and Behavioral Modeling

Metaverse requires realistic and responsive virtual worlds, where autonomous agents, such as non-
player characters (NPCs) and Al-driven entities, interact with personalized UXs. These worlds—capable of
simulating lifelike settings and adapting to user behavior—are termed immersive environments. Four key
AT domains support them: RL, natural language processing (NLP), computer vision (CV), and procedural
content generation (PCG). These domains provide the mathematical and algorithmic basis for agent
behavior, dialog, perception, and automated content creation. Thus, Al is essential to the design of immersive
metaverse environments.

RL enables virtual agents to learn optimal behaviors through trial and error in simulated settings. This
learning process involves making decisions based on environmental feedback, where agents observe the
outcomes of their actions and adjust their strategies over time. To formally represent this interaction, the
environment is typically modeled as a Markov decision process, defined by the tuple (S, A, P, R, y), where S
is the state space, A is the set of actions, P describes the transition probabilities, R is a reward function, and
y € [0,1] is a discount factor.

A widely used algorithm within RL is Q-learning, which enables agents to estimate the value of state-
action pairs through experience. A simplified update rule for Q-learning is given by

Q(s,a) < Q(s,a) +a(r+ ynza,\x{Q(s’,a')} -Q(s,a)),
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where « is the learning rate, r is the reward received after executing action a in state s, and max, {Q(s’,a") }
denotes the highest estimated value achievable from the next state s’ [41]. Algorithm 4 presents a minimal
pseudocode implementation of this update rule. By iteratively applying this update rule across state tran-
sitions, the agent incrementally refines its Q-function, encoding an evolving policy aimed at maximizing
long-term cumulative rewards. For example, in a metaverse scenario, a virtual bus dispatcher trained via
Q-learning could learn to prioritize on-time arrivals (r > 0) while minimizing traffic congestion or user
dissatisfaction (r < 0), thus enhancing overall mobility and UX.

Algorithm 4: Basic Q-learning for an NPC (adapted from [41])

Require: a > learning rate (0 < a <1)
Require: y > discount factor (0 < y < 1)
Require: € > exploration rate (0 <e< 1)
Require: Q(s,a) initialized arbitrarily for every (s,a)
Require: Nepisodes > number of training episodes
Require: Tiax > maximum steps per episode 7(s) = argmax, Q(s, a)
1: for episode = 1t0 Nepisodes 4O
2: initialize s > such as, random valid environment state
3 for t = 1to Trpax do
4: Choose a from s using an e-greedy policy with respect to Q(s, -)
5: Execute a; observe reward r and next state s’
6: if ¢ is terminal then
7: Q(s,a) < Q(s,a) +a(r—Q(s,a))
8: break > end of episode
9: else
10: Q(s,a) < Q(s,a) + a(r +ymaxQ(s',a’) — Q(s, a))
a
11: s< s > proceed to the next state
12: end if
13: end for

14: end for
15: return Q and 7(s) = argmax, Q(s, a)
Ensure: Learned action—value function Q and greedy policy

By repeatedly applying the Q-learning update rule, agents continuously refine the function Q based
on observed rewards r and the estimated future value max, {Q(s’,a") }. This process of iterative Q-value
updates enables RL-based agents to gradually improve their decision-making policies over time. As a result,
virtual environments in the metaverse become increasingly dynamic and self-improving, as agents adapt to
both user behavior and environmental conditions.

For instance, an NPC acting as a city bus driver in a metaverse simulation could learn to optimize
passenger satisfaction by balancing timely arrivals (r > 0) with the need to avoid hazardous maneuvers
or overcrowding (r < 0). The agent’s capacity to respond in real time to changing states s is one of the
core advantages of RL in the design of adaptive and intelligent metaverse systems. NLP addresses user
inputs ranging from voice commands and text-based chat to complex in-world dialogs. Techniques such as
hidden Markov models, recurrent neural networks, and transformer architectures [42] enable human-like
conversation and voice-driven navigation. CV techniques, as presented in the book on deep learning [43],
track gestures and expressions, allowing avatars to reflect user movements. Game-related PCG methods [44],
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grounded in early perceptual theory [45], drive scalable content creation in immersive spaces central to
metaverse experiences [3].

The core Al components—RL, NLP, CV, and PCG—intersect with graphics, cryptography, and net-
working to support real-time world updates, secure asset control, and immersive interactions. As illustrated
in Fig. 7, the metaverse environment synchronizes state changes across distributed servers, while these Al
components process incoming events to personalize UXs and maintain world consistency. The AI modules
operate in conjunction with the networking and blockchain layers to enable responsive interactions, secure
asset management, and dynamic updates to virtual worlds.

User VR/AR
Al modules head-mounted display;,
RL, CV, controllers (immersive interface ]
NLE PCG) ( : y Mobile/PC
(Slic ¢ 3 text/voice input
| P . y d ’OQ» % § (web, chat, etcetera)
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Figure 7: Flowchart depicting high-level interactions among user devices, Al modules, and the metaverse environment

An integrated multi-layer architecture emerges from the interplay between AI, communication systems,
and decentralized infrastructure. This architecture forms the backbone of modern metaverse ecosystems—
technological frameworks that combine Al, distributed computing, and immersive media to support scalable
and adaptive virtual societies. This layered architecture also supports extensibility and interoperability, allow-
ing modular integration across heterogeneous platforms. The above-mentioned core AI components also
interface seamlessly with the cryptographic and distributed layers, laying the foundation for personalized,
secure, and scalable digital societies within the metaverse.
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3.6 Human Factors, Perception, and Ergonomics

Metaverse environments must account for human perceptual and cognitive limitations to ensure
usability and sustained immersion. Research in human-computer interaction provides mathematical and
computational models for perception, ergonomics, and user comfort, which guide the development of
experiences that remain both engaging and tolerable during extended interaction sessions.

Psychophysical principles, such as the Weber-Fechner and the Stevens power laws, model how changes
in physical stimuli correspond to perceived differences in intensity [45]. These laws enable the adjustment of
sensory cues (for example, brightness or haptic feedback) to match human perceptual thresholds. Likewise,
methods from biomechanics—such as inverse kinematics and load analysis—help to mitigate fatigue and
simulator sickness by keeping user posture and movement within ergonomic limits [46].

In parallel, eye-tracking techniques and foveated rendering algorithms exploit the non-uniform distri-
bution of photoreceptors in the human retina to dynamically allocate resolution. These approaches allow
high-resolution rendering only in the user’s focal region [47], thereby reducing computational demand
without sacrificing visual fidelity.

To illustrate, Algorithm 5 presents a simplified procedure for real-time ergonomic monitoring, which
estimates user discomfort risk based on basic posture angles and session duration.

Algorithm 5: Simplified posture monitoring for VR usage (adapted from [46])

Require: A wearable tracker providing joint angles, fy.y: recommended continuous usage threshold
(minutes)

Ensure: Real-time alerts if posture or session duration exceed comfortable limits

LLt<0 > elapsed session time in minutes
2: Initialize angle thresholds 0yeck, Oback > ergonomic constraints
3: while UserSessionActive do

4: Acquire current neck angle 8,, and back angle 0, from tracker

5 if |9n| > Opeck O |6b| > Op,ck then

6 triggerWarning (Poor posture detected)
7: end if
8
9

t—t+At > increment session time by a small interval
: if t > t.« then
10: triggerBreakPrompt (Take rest or re-center)
11: t<0 > reset the counter or require user action to continue
12: end if
13: sleep (At) > sampling interval for posture checking

14: end while

As shown in Fig. 8, accounting for human-centered design principles—such as ergonomics, perceptual
realism, and the cognitive load—ensures that metaverse experiences remain immersive yet physically and
mentally sustainable.

In transportation applications, poorly aligned ergonomic setups can result in user discomfort, delayed
reactions, or reduced perceived realism, ultimately affecting the validity and credibility of simulations.
Therefore, integrating human factors is essential not only for usability, but also for the safety, reliability, and
long-term scalability of metaverse-based transportation systems.
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Figure 8: Simplified scheme of key human factors in metaverse environments of a VR user setup with components
ergonomic constraints and inverse kinematics (black arrow), eye tracking and foveated rendering (blue arrow and
dashed circle), psychophysical principles like the Weber-Fechner law (brace and vertical arrow), and a support structure
(gray rectangle)

3.7 Transition to Applied Computational Modeling

In summary, the mathematical and computational foundations detailed in Sections 3.1-3.6 form a
cohesive theoretical toolkit for designing immersive, secure, and Al-driven virtual environments. These
foundations include RL, perceptual modeling, decentralized synchronization, and user-centered interaction
design—each playing a critical role in enabling core metaverse functionality. However, applying this theoreti-
cal toolkit at scale in real-world transportation scenarios presents additional challenges, such as performance
constraints, algorithmic complexity, resource management, and multi-agent coordination. In Section 6, we
explore how these foundations are embedded within computational modeling frameworks that support
large-scale, real-time metaverse applications.

4 Analysis of Metaverse Studies in Transportation

This section reviews how the metaverse concept has been employed in transportation research from
2021 to 2025. Although our search query (see Section 2.1) did not restrict by publication year, every article
that met our inclusion criteria (see Section 2.2) was published in or after 2021. The discussion is Organized
chronologically to highlight the main domains addressed, the methodological repertoire adopted and the
trajectory from conceptual proposals to engineering-oriented deployments.

4.1 Studies from 2021-2022

Thirteen peer-reviewed articles meet the 2021-2022 inclusion criteria (see Appendix B): two from
2021—both focused on the aviation maintenance domain—and eleven from 2022, which jointly expand
the scope to include freight logistics, urban and shared mobility, public transport, railway operations, mar-
itime collaboration, road-based ITS, and automotive services offered by original equipment manufacturers
(OEMs).

Building upon the established areas of freight, urban mobility, sharing-economy logistics, and railway
maintenance, 2022 studies extend metaverse applications in transportation as follows:

«  Maritime remote collaboration through a social-VR DT platform for ship-engine maintenance [48].

« Automotive design and customer experience, outlining OEM opportunities, 5G/6G requirements, and
privacy barriers [49].

« Road CAV ITS frameworks that couple lane-free intersection management [50] and parallel-vision
learning loops [51].

» Public-transport and shared-mobility sustainability via rough Aczel-Alsina priority aggregation (OPA)
to rank metro, bus, ride-share and AV scenarios [52].
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o A mixed-reality (MR) user study on social presence in autonomous driving [53].

MCDM dominates early-stage appraisal tasks, such as those addressed using the Dombi-norm loga-
rithmic mean aggregation weighting (LMAW) combined with evaluation based on distance from average
solution (EDAS) [54,55], and the rough Aczel-Alsina ordered OPA method [52]. However, the corpus reveals
a diverse range of metaverse methodologies in transportation detailed as follows:

o Deep RL for 6G resource scheduling in in-vehicle metaverse scenes [56].

«  Cyber-physical-social (CPS) optimal control combined with virtual-currency trading is used for lane-
free autonomous intersection management (AIM) [50].

o A parallel-vision pipeline linking virtual traffic space and iterative model learning [51].

« Alab-controlled MR experiment that quantifies social-presence metrics in automated driving [53].

o Conceptual architecture studies for intelligent passenger stations [57] and XR-enabled railway asset
management [58].

Across the corpus, authors position metaverse integration as a lever for efficiency, transparency, and
resilience in transportation as follows:

o  Freight and urban mobility articles emphasize blockchain-enabled traceability and decentralized pay-
ment/toll models.

o Public-transport and shared-mobility studies use fuzzy MCDM to expose trade-offs between cost,
sustainability and user acceptance.

«  Maritime and railway works highlight DT-assisted maintenance and remote collaboration.

« Road-CAV investigations demonstrate throughput gains and fairness in lane-free junctions, while MR
user studies reveal how avatar co-presence shapes driver experience.

Several articles move beyond theory to tangible artefacts—including three implementations: the Turku
University of Applied Sciences (TUAS) maritime test-bed [48], the lane-free AIM simulator [50], and the
transformer-driven Boeing 737 DT for speech-assisted maintenance [59]. These implementations exemplify
early-stage prototypes that mark a first step toward human-in-the-loop validation.

Persistent issues involve the real-time twin synchronization, interoperable data schemas, quality of
service (QoS) guarantees for multi-user interaction XR, and scalable edge/cloud off-loading. Addressing
these gaps requires standardized reference architectures and cross-sector demonstrators—especially for
under-represented modes (such as aviation outside maintenance training).

4.2 Studies in 2023

Thirty-six articles published in 2023 (see Appendix C) explicitly frame their contributions around the
metaverse in transportation. The portfolio is markedly broader than in 2022, spanning strategic decision-
support, edge-cloud implementation frameworks, and human-factor evaluations. The 2023 corpus of the
metaverse in transportation includes the following:

o  Shared-mobility and micromobility platforms [60,61].

o Public-transport demand management [62].

»  Traffic-safety analytics and road-maintenance crack detection [63,64].

o DT control of unmanned electric vehicles (UEV) [65],

o  Comprehensive reviews of metaverse-enabled ITS [66].

o Autonomous-driving simulation and physical-virtual synchronization powered by generative
Al [67,68].

o Vehicular-metaverse operations such as twin migration, crowdsensing, coded computing and secu-
rity [69-71].
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o  Maritime XR training and green edge-intelligent ship networks [72,73].

« Unmanned aerial vehicle (UAV)-centric logistics, sensing, and VR streaming [74-77].

o Automotive human-machine interface (HMI) applications, such as emotion-aware cockpits and AR
parking guidance [78,79].

o Cross-modal governance frameworks such as decentralized autonomous organization (DAO)-based
TransVerse [30].

Fuzzy MCDM retains a strong presence—using interval-valued Pythagorean fuzzy sets [60], q-ROF
models [81], Einstein-technique for order of preference by similarity to ideal solution (TOPSIS) [63], and
Schweizer-Sklar OPA [61]. Nonetheless, the methodological palette of the metaverse in transportation has
diversified markedly as follows:

« Deep RL (DRL) dominates operation-level optimization—such as hybrid-action trajectory and power
control for UAV semantic uplinks [77], heterogeneous-agent proximal policy optimization (HAPPO)-
driven adversarial-patch defense in edge internet of vehicles (IoV) [82], and Stackelberg-learning
incentives for vehicle-twin migration [83].

»  Generative Al and diffusion models appear in autonomous-driving simulators [67] and physical-virtual
content generation [68].

o Blockchain, DAO, and reputation mechanisms secure consensus, crowdsourcing, and logistics streams,
including pandemic-era transit data [75,80,84].

«  Game-theoretic formulations—coalition formation, Stackelberg, and hierarchical games—optimize
resource allocation and coded computing [71,85].

Three macro-trends characterize the 2023 literature of the metaverse in transportation and are detailed
as follows:

(i) Edge intelligence and twin migration—Multiple studies design roadside unit (RSU)- or UAV-based
edge frameworks that migrate vehicle or road twins in real time while balancing latency, energy, and
security constraints [69,86].

(ii) Generative-Al augmentation—Diffusion and large-language models (LLM) are adopted to craft limit-
less training scenes and personalized AR/head-up display (HUD) content, signaling a shift from static
DT to adaptive user-centric metaverses [67,68].

(iii) Convergence of governance and security layers—DAO federations, zero-trust architectures, and
multi-chain reputation systems emerge as recurring enablers of trustworthy transportation meta-
verses [70,87].

Most works rely on simulated scenarios or small prototypes (such as the Macao autonomous-parking
simulator [88]). However, an increasing number report hardware test-beds or field data (such as self-powered
crack-detection sensors [64] and UAV VR trials [76]). This indicates an evolution from the theoretical focus
of 2022 towards high-fidelity, data-driven demonstrators.

4.3 Studies from 2022 to 2023

Between 2022 and 2023, the research agenda progressed from strategic design-oriented models to
operational demonstrators that fuse edge intelligence, blockchain-based governance, and generative Al
Fuzzy MCDM remains indispensable for early-stage option appraisal, but is now complemented by deep RL
(DRL), cooperative game theory, and multi-chain security protocols to support real-time decision-making
in dynamic transport settings.

The next milestone is the deployment of large-scale pilots with interoperable architectures capable of
validating performance, safety, and user acceptance across multiple transport modes.
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4.4 Studies in 2024

Our updated query retrieved 38 peer-reviewed articles that explicitly frame their contributions around
metaverse applications in transportation (see Appendix D).

Compared to the conceptual sketches of 2022 and the simulation-focused prototypes of 2023, the 2024
literature marks a clear shift toward engineering-oriented deployments—including real DT test beds, on-
board 6G trials, Al-generated synthetic datasets, and blockchain-secured platforms.

Fig. 9 shows the five-year progression of metaverse research in transportation from the 2021 kick-

off (aviation XR pilots) through conceptual work (2022), simulation frameworks (2023), and engineering
prototypes (2024) to market-oriented, and trust-centered solutions (2025).
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Figure 9: Timeline of five-year progression of metaverse research in transportation from 2021 to 2025

Fig. 10 shows the distribution of methods used in transportation studies based on the metaverse from
2022 to 2025.

The 2024 corpus covers an unprecedented mix of transport modes, business layers, and governance
settings within the metaverse, detailed as follows:

o  Urban mobility, micromobility, and ride-sharing—Such as blockchain-enabled e-tolling and fare design
models, evaluated through several fuzzy MCDM variants, including cubic fuzzy, q-Rung orthopair fuzzy
(q-ROF), constrained q-Rung orthopair fuzzy (CQ-ROF), and picture Yager fuzzy (PYF) sets [89-93],
along with a resilience analysis of ride-sharing behavior [94].

« Road-CAV operations and in-vehicle metaverse—Such as joint sensing/off-loading [95], radiance-field
compression [96], spatio-temporal back-door attacks [97], freshness-aware UAV relaying [98], quality of
information (Qol)-aware UAV crowdsensing [99], diffusion vision transformer (DVIT) inference [100],
VR-streamed platooning [101], multi-agent deep RL (MADRL) pseudonym management [102], mul-
tichain false data injection attack (FDIA) defense [103], reputation-guided practical Byzantine fault
tolerance (PBFT) consensus [104], zero-trust split-learning attacks [105], auction-based synchronization
incentives [106], and augmented reality (AR) meta-testing for critical scenarios [107].
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« Rail and station environments—Such as generative AI DT creation [108], proximal policy optimization
(PPO)-based evacuation in Krung Thep Aphiwat [109], and reconfigurable massive multiple-input
multiple-output (MIMO) for high-speed trains [110].

o Traffic perception and safety analytics—Such as meta-physical vision acceleration using the meta-
intelligent traffic vision framework (MITVEF) [111], the privacy-preserving MetaPed anomaly data
set [112], in-car XR quality of experience (QoE) surveys [113], and an NVIDIA omniverse-based
multi-simulation survey [114].

+ Inclusive and human-centric transport—Such as science-fiction prototyping for passengers with dis-
abilities [115], LLM-enhanced metaverse racing education [116], and foresight/design-futures toolkits for
vehicle metaverses [117].

o Supply chain and logistics—Such as the architecture-blockchain-cloud/edge-DT-extended reality
(ABCDE) digital-technology stack [118], and the BlockTwins traceability framework [119].

«  Governance, public services, and cross-modal foundations—Such as a low-code public-sector chatbot
that integrates local-transport queries [120], comprehensive ITS technology and security reviews [121],
a foundation-model agenda for parallel driving [122], and an omniverse state-of-practice survey [114].
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Figure 10: Bar plot of the distribution of methods used in transportation studies based on the metaverse from 2022
to 2025, where each article is counted under its dominant method; totals therefore match the 101-article corpus rather
than the raw sum of tags

Fuzzy MCDM remains a staple for early-stage appraisal, now in richer forms, such as cubic-picture
complex proportional assessment (COPRAS) [89], trigonometric full consistency method (FUCOM) inte-
grated with the combined compromise solution (CoCoSo) [90], Fermatean ordinal consistency ratio analysis
(OCRA) [123], Pythagorean multi-step consensus group decision making [93], and constrained q-Rung
orthopair fuzzy set-based (CQ-ROFS) step-wise weight assessment ratio analysis (SWARA) combined with
additive ratio assessment and optimal weights (AROMAN) [91]. However, the dominant focus of the
metaverse in transportation is towards Al-centered engineering, detailed as follows:
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o Deep and multi-agent RL (MARL), including PPO and MADRL, combined with graph neural net-
works (MARL+GNN)—where GNN is graph neural network—applied to evacuation, pseudonym
management, VR streaming, and quality of information (Qol) sensing [99,101,102,109].

o Generative and diffusion models used for code-generated railway DTs, edge inference, and radiance-field
video compression [96,100,108].

o Blockchain and multichain security—ranging from lightweight FDIA hashing [103] to reputation-guided
PBFT [104] and zero-trust split learning [105].

o 6G semantic communication and millimetre-wave (mmWave) beamforming [124], as well as UAV-
assisted fronthaul/backhaul for more than 60 immersive rail users [110].

o Design foresight and governance—including science-fiction prototyping [115] and structured forecasting
and backcasting methods for vehicular metaverses [117].

The key advances in the metaverse for transportation in 2024 are the following:

» Scalable connectivity—Reconfigurable massive MIMO systems and UAV relays sustain multi-gigabit-
per-second (Gbps) links for immersive rail and aerial DTs [110].

o Data efficiency and freshness—Radiance-field encoding reduces connected and CAV uplink volume
by approximately 80% [96], with the MetaPed dataset augmenting rare pedestrian events without
compromising privacy [112].

o Security and trust—Multichain hashing neutralizes FDIA within milliseconds [103], reputation-based
PBFT reduces latency at the edge [104], and zero-trust split-learning attacks are formally analyzed and
mitigated [105].

o  Human-centered inclusivity—Assistive robotics and metaverse co-design tools rank highest in evalua-
tions by travelers with disabilities [115], where in-vehicle XR QoE gaps and standardization issues are
systematically mapped [113].

« Design foresight and governance—The ABCDE stack and BlockTwins traceability framework pro-
vide foundational blueprints for supply chain applications, while low-code public-sector chatbots
demonstrate accessible entry points for metaverse services [118,120].

Collectively, the 2024 studies exhibit a maturing toolkit that fuses fuzzy decision analytics, Al-driven
modeling, real-time edge/cloud DT, and high-throughput wireless networks. They also introduce forecasting,
design-futures, and governance frameworks that prepare the ground for large-scale interoperable pilots. The
next decisive step is to couple these vertical successes under common ontologies and standards—turning
today mode-specific demonstrators into a fully integrated transportation metaverse.

4.5 Studies in 2025

The 2025 corpus (see Appendix E) comprises 14 articles that take the metaverse as a pivotal construct
for transportation research and deployment. Two high-level observations from the 2025 metaverse studies
on transportation are as follows:

(i) The thematic scope widens well beyond the road-and-rail focus of earlier years to embrace civil aviation,
maritime bridge operations, national port ecosystems, urban innovation hubs, multi-modal logistics,
and non-terrestrial corridors that couple Low Earth Orbit (LEO) satellites and UAVs.

(ii) Several studies move from proof-of-concept prototypes to market-oriented service models—such as
auctions assisted by generative pre-trained transformers (GPT), multi-chain ledgers, and reputation-
driven incentive markets—signaling an incipient commercial maturation of metaverse thinking.

The 2025 domains and use cases of metaverse in transportation are the following:
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o CAV—GPT-driven Dutch auctions for VT migration [125], adaptive AR oft-loading [126], UAV-assisted
diffusion rendering and caching [127], split-DRL VT migration [128], DAO-based safe-lane advisory in
the transverse metaverse [80], poisoning-attack defense for semantic internet-of-things (IoT) [129], and
multi-chain analytics for drunk-driving detection [130].

« Non-terrestrial and remote corridors—LEO-UAV hierarchical caching extends immersive services to
rural highways [131].

o Maritime and ports—A triboelectric watch enables gesture-based ship-bridge control [132] and a
readiness matrix prioritizes Spanish port metaverse adoption [133].

« Civil aviation—A technology review maps XR/DT/Al/blockchain enablers for sustainable smart air-
ports [134].

o Urban innovation hubs and logistics—An open DT framework for city mobility [135] and a seven-
element agenda for logistics/supply-chain metaverses [136].

o  Human factors—A brain-computer-interface (BCI) framework for immersive racing twins [137].

The methodological trends of 2025 metaverse studies in transportation are the following:

« Foundation and LLM—A GPT-enhanced DRL auctioneer shortens bidding clocks and lifts social
welfare [125].

o Generative and diffusion models—UAV-swarm diffusion rendering underpins energy-efficient meta-
verse streaming [127].

«  Hierarchical/split DRL—Multi-agent split DRL cuts VT-migration latency and model size [128], whereas
MADRL synchronizes LEO-UAV caches [131].

o Blockchain and multi-chain security—Ledgers shield V2DT streams [130], subjective-logic reputation
scores drive incentives that curb data poisoning [129], and DAO governance steers lane-advisory
services [80].

«  Wearable and BCI sensing—A self-powered watch achieves 96% gesture recognition accuracy [132]
and modular electroencephalography (EEG)—VR—haptic integration yields F; > 0.8 for emotion and
drowsiness detection [137].

The emerging insights from the 2025 metaverse studies in transportation are as follows:

o Economics and incentives—Auction-based VT marketplaces [125] and double-auction UAV-vehicle
exchanges [127] showcase scalable pricing.

+ Resilience and trust—Reputation-guided defenses [129], multi-chain ledgers [130] and DAO gover-
nance [80] mitigate security risks.

» Edge-space convergence—Coupling UAVs with LEO satellites expands immersive coverage to sparsely
served corridors [131].

«  Human-centric interfaces—Wearable triboelectric sensors and BCI gateways hint at gesture- and neural-
intent control of tomorrow’s metaverse transport systems.

Collectively, the 2025 literature drives the metaverse agenda in transportation toward three mutually
reinforcing goals: (i) economic sustainability via incentive-compatible auctions and double auctions; (ii)
computational scalability through split/hierarchical DRL and diffusion-based rendering; and (iii) operational
trust enabled by multi-chain ledgers and subjective reputation models.

The next milestone is cross-modal integration—linking aviation, maritime, road, and logistics twins
under shared ontologies, governance and edge-space infrastructure—to transform today’s isolated pilots into
a fully interoperable transportation metaverse.
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4.6 Fuzzy Logic as an Uncertainty-Handling Tool

Only 17 out of the 101 surveyed articles on the transportation metaverse in Appendices B-E (16.8%)
adopt MCDM or related fuzzy-set techniques. Although numerically a minority, these articles all address
problems where stakeholders must prioritize alternatives under linguistic or data-scarce uncertainty—
precisely the context in which traditional deterministic optimization is weakest.

Freight-fluidity assessment is carried out via Dombi-norm weighting [54], blockchain-enabled urban-
mobility choices [55], interval-valued Pythagorean fuzzy set ranking for shared mobility [60], traffic-safety
metrics based on the Einstein-weighted TOPSIS [63], cubic picture fuzzy COPRAS for e-toll evaluation [89],
fuzzy-trigonometric FUCOM-CoCoSo for urban alternatives [90], Pythagorean fuzzy sets with Wasserstein
distance for sharing-economy platforms [93], and CQ-ROFS SWARA-AROMAN for blockchain priori-
tization [91]. Even in 2025, fuzzy reasoning resurfaces in the seven-element logistics service capability
measurement (LSCM) framework [136], showing continued, albeit niche, relevance.

Introduced in [138], fuzzy sets map vague terms (for example, moderate latency and high congestion)
to membership degrees in [0, 1], enabling the following:

o Imprecise inputs—Such as driver comfort, passenger satisfaction, or sensor reliability on lossy links.

«  Multi-objective trade-offs—Such as throughput vs. energy, safety vs. cost, where crisp thresholds
are unrealistic.

+  Real-time heuristics—Providing soft state labels, such as gicongestion = 0.35, where picongestion denotes the
fuzzy membership degree to the concept of congestion (for example, a value of 0.35 indicates that the
current traffic state is moderately congested) to DRL agents instead of binary flags.

Fuzzy logic is not a core pillar of the transportation metaverse like 3D graphics or cryptographic
consensus. This logic is a cross-cutting analytics layer that can carry out the following:

(i)  To weigh competing KPIs during DT calibration.
(ii)  To offer graded trust levels in Web 3.0 asset transfers.
(iii)  To feed linguistically meaningful certainty scores to Al services.

Most fuzzy-based studies remain simulation-centric. Future work on fuzzy methods within trans-
portation metaverse applications should: (i) calibrate membership functions with field data, (ii) embed
fuzzy inference in edge/XR middleware, and (iii) harmonize rule bases across agencies to ensure inter-
platform interoperability.

The remainder of the article broadens the lens to the overarching challenges of scaling, securing, and
governing a truly multimodal transportation metaverse.

4.7 Discussion and Research Implications

The chronological review (see Appendices B-E) shows a clear evolution in transportation metaverse
studies as follows:

o 2022 (conceptual groundwork)—Proof-of-concept DT, fuzzy-MCDM assessments, and blockchain
payment prototypes.

o 2023 (high-fidelity simulation)—Richer twin test beds, first generative-Al pipelines, and RL-driven
traffic-safety analytics.

o 2024 (engineering pilots)—RL-optimized rail evacuations, mmWave and 6G connectivity trials, as well
as inclusive XR or micromobility demos.
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o 2025 (towards deployment at scale)—Incentive-aligned resource markets [125], diffusion-based edge
rendering [127], hierarchical satellite caching [131], Web 3.0 security frameworks [130], split-DRL migra-
tion of vehicle twins [128], triboelectric wearables for ship-bridge control [132], and a port-readiness
matrix for metaverse governance [133].

Recent work on the metaverse in transportation delivers: (i) economic sustainability via auction-
theoretic or game-theoretic incentives; (ii) computational scalability through split/hierarchical DRL,
diffusion rendering, and non-terrestrial content caching; and (iii) operational trust using multi-chain ledgers
and reputation-driven security.

Although the last three years have produced a handful of field-level demonstrations of metaverse
technology in transport—such as a motorway traffic DT in Geneva that streams 1-min sensor updates to
a live simulation [139], a blockchain-based mobility-as-a-service ticketing platform validated under high-
concurrency load [140], and a deterministic multi-user XR platform for cooperative driving scenarios over
6G testbeds [141]—the majority of published work remains constrained to simulation or laboratory settings.
Large cross-modal pilots that fuse aviation, maritime, road, and logistics twins under a shared ontology are
still the exception. Key obstacles to the use of the metaverse in transportation include the following:

o  Scalability—High-fidelity 3D twins struggle to handle scenarios where dozens of XR users, millisecond-
level edge inference, and centimetre-level positioning must coexist.

o Security and privacy—Recent transport pilots already report poisoning-attack threats [129] and zero-
trust split-learning vulnerabilities [105]. However, a sector-wide baseline for defense is still lacking.

» Standardization—Without open data schemas, application programming interface (API) gateways, and
safety envelopes, mode-specific demonstrators risk becoming isolated silos—even promising initiatives
such as the MetaCities open DT framework (ODTF) still target only a single urban domain [135].

« Empirical validation—Notable prototypes (Thai rail-station evacuation [109], BCI-driving twin [137],
and mobility-as-a-service—MaaS—blockchain ticketing [140]) remain limited to controlled corridors
or test fleets, while longitudinal evidence in live city-scale operation is rare.

Long-duration XR sessions induce cognitive load and cybersickness [142,143], while multi-user enter-
prise studies underline the importance of workload-balanced interfaces and clear task distribution [144,145].
Translating these findings into transportation requires validated in-situ metrics for driver assistance,
dispatcher workstations, and passenger services.

Bridging the gap between mathematical rigour and full deployment therefore calls for the following
aspects:

« Interoperability frameworks—Open DT ontologies capable of unifying road, rail, air, and maritime
data streams.

» Regulatory sandboxes—Controlled environments that align privacy law, liability, and spectrum alloca-
tion with multi-user XR logistics.

« Real-world pilots—Instrumented fleets, stations or port terminals in which complete metaverse stacks
run under live traffic, heterogeneous networks, and genuine human-in-the-loop conditions.

«  Human-centered metrics—Standardized scales for XR comfort, cognitive workload, and trust, linked in
real time to adaptive twin control.

A recent commentary even labels comprehensive metaverse adoption in transport as a mission
impossible [146], citing physical constraints and the digital divide. Our synthesis partly concurs that
meaningful progress hinges on holistic trials combining connectivity, computation, governance, and
ergonomics. Without that convergence, the metaverse risks remain an impressive but fragmented set of
mode-specific experiments.
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5 Lessons from Real-World Metaverse Pilots

Metaverse technologies have moved from conceptual models to real-world deployments in sectors
such as manufacturing, healthcare, education, and, more recently, transportation. This section reviews
pilot projects across these sectors to identify transferable practices and architectural patterns common
across domains.

5.1 Empirical Pilots across Sectors

Metaverse prototypes have already delivered tangible gains across diverse domains such as manufactur-
ing, healthcare, and education. Typical outcomes include reduced task times, fewer operational errors, and
higher user engagement, the evidence for which is summarized in Table 1.

Table 1: Representative real-world metaverse pilots outside the transportation sector

Domain Pilot/Reference Core Participants  Salient findings/reported
technology metrics
Manufacturing Radio-frequency Optical 12 assembly ~ Assembly time | 32%; error
identification see-through AR workers rate | 27% versusarticle
(RFID)-AR + RFID manuals

assembly guidance
(2011) [147]

Maintenance  Psychomotor AR Head-mounted 20 avionics ~ Task completion time | 25%;
support AR fortorque  technicians NASA-task load index (TLX)
(2011) [148] sequence workload | 15%
Manufacturing Pervasive-AR line Hands-free 12 engi- Adaptation time +100%
analytics monitoring HoloLens 2 neers/managers (AR), but 47% faster on
(2024) [149] dashboard repeated tasks; 58% user
versustablet preference for AR; SUS
Web (=Web)
Healthcare EPICSAVE VR Room-scale 18 Metrics: system usability
(emergency) Anaphylaxis multi-user VR emergency scale (65.6), technology
(2020) [150] (HTC Vive Pro)  physicians engagement index (4.38/5),
igroup presence
questionnaire (3.79/6), and
intrinsic motivation 1 11%
Healthcare AR auscultation Magic leap one 17 nursing Accuracy up to +56 pp;
(nursing) skills (2022) [143] overlay on students effect size d > 1; user
mannequin satisfaction +0.2/5
Healthcare AR HUD HoloLens 2 10 surgeons Procedure time +0.8 s (ns);
(surgery) orthopaedic head-up display surface RMS -0.12 mm (ns);
robotics usability 4.5/5 (useful), 4.4/5
(2021) [151] (easy)
Education Remote-Lab AR Marker-based 46 Post-quiz score 1 18%;
circuits (2012) [152] AR + live engineering engagement 1 0.9 Likert
instrumenta- students points
tion

(Continued)
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Table 1 (continued)

Domain Pilot/Reference Core Participants  Salient findings/reported
technology metrics
Retail AR Furniture Smartphone 310 online Telepresence 1 1.2 Likert;
Preview ARK:it shoppers purchase intention 1 17% vs.
(2024) [153] application 2D web
Digital-twin Human-centric DT  Real-time IoT + 1automotive Throughput t 8%; bottleneck
manufactur- line (2020) [154] 3D twin in trim line detection latency <10 s
ing unity (live data) (median)
Road safety LiDAR-AR 32-ch Velodyne = Lab demo End-to-end latency 25-40
(prototype) pedestrian alert LiDAR + (no ms; registration error 1.9 cm;
(2025) [155] HoloLens 2 end-users) 360° coverage up to 90 m

The transport sector is now beginning to showcase pilots that have a level of technical depth comparable

to that observed in other sectors. Two pilot cases from 2023 and 2025 span the key layers of the metaverse-
transport stack and are described as follows:

(i)

(ii)

Sensing and DT—The microscopic twin of the A1/A40 motorway in Geneva is updated minute-by-
minute from 35 loop detectors, maintaining a GEH error <5 over 24-h [139], where GEH is the
Geoffrey E. Havers statistic—A metric used to compare simulated and observed traffic volumes. A
GEH value below 5 is generally an indicator of acceptable difference and good agreement between the
simulated and measured data.

Economic orchestration—A Maa$ platform built on the Hyperledger Fabric blockchain framework
processes approximately 100 transactions s with an average latency of 2.9 s, even with up to 10° entries
in the ledger, demonstrating scalable urban back-end performance [140].

Although still isolated, these pilots demonstrate that critical goals (latency <40 ms, hundreds of

transactions per second, and real-time multimodal updates) are already feasible in transportation scenarios
(see Table 2). The combination of both tables suggests the following four transversal principles:

(i)

(if)
(iii)
(iv)

Twins connected to live data—Synchronizing simulations with real data telemetry ensures minute-
by-minute fidelity.

Consensus or blockchain for trust—It avoids single points of failure in ticketing, carbon accounting,
or vehicle-to-vehicle (V2V) communication.

Alin decision-making—Traffic optimization, twin migration, and XR resource allocation require sub-
second inference.

Systematic UX measurement—Human impact (cybersickness, cognitive load, satisfaction) ultimately
drives large-scale adoption.
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Table 2: Representative real-world metaverse pilots inside the transportation sector

Domain Pilot/ Core technology Participants/Site  Salient findings/Reported
Reference metrics
Road DT-geneva Simulation of urban 20 km A1/A40 GEH error < 5 for all hours;
(motor- motor- mobility (SUMO) DT corridor minute-level flow match;
way) way [139] continuously calibrated (Switzerland)  runtime calibration < 1s; speed
every 60 s by 35 loop field replicates Google live
detectors traffic
MaaS  Hyperledger- Permissioned blockchain Amazon elastic Handles ~ 100 txs ' at 2.9 s
(urban) fabric (Fabric 2.5) + compute cloud commit latency (batch 100, 2 s);
MaaS [140] representational state (EC2) t3.]arge 10° ledger entries do not
transfer (REST) cloud test-bed;  degrade indexed reads (~200
micro-services 4 peers, 2 ms); time-outs rise to 10% with
orderers; 400 parallel requests
JMeter load

These principles offer a pragmatic roadmap for mobility consortia aiming to evolve from isolated
demonstrations to interoperable metaverses at urban or continental scale.

These pilots confirm the technical feasibility of core metaverse components such as real-time sen-
sor integration and scalable consensus mechanisms. Building on this foundation, we now examine how
immersive technologies have been adopted in sector-specific applications—beginning with training and
maintenance in manufacturing and aerospace.

5.2 Immersive Training and AR-Assisted Maintenance

A broad body of pilot studies confirms that VR/AR can improve technical training and support
procedures in industrial contexts. In manufacturing and aerospace, VR/AR-based training systems have
been shown to reduce learning curves by exposing trainees to realistic assembly and maintenance scenarios
involving detailed 3D models [147,156]. When bandwidth management and state synchronization are care-
tully engineered, these systems—which combine head-mounted displays, real-time rendering engines, and
networked DTs—can also support the real-time multi-user collaboration [157]. Furthermore, the integration
of haptic feedback and real-time error detection can enhance engagement and knowledge retention [158].

These benefits are further reinforced by the evidence compiled in Table I (rows manufacturing,
maintenance, and manufacturing analytics). For instance, an AR-assisted assembly-guidance system that
combined optical see-through AR with RFID achieved a 32% reduction in assembly time and a 27%
decrease in errors [147]. Similarly, an AR platform designed to support the psychomotor phase of torque-
sequence tasks led to a 25% reduction in overall task completion time and a 15% decrease in NASA-TLX
workload [148]. More recently, a pervasive AR dashboard for shop-floor monitoring demonstrated that, after
an acclimatization period, engineers completed repeated diagnostic tasks 47% faster, with 58% eventually
preferred the hands-free HoloLens interface over a tablet [149]. The sequence of steps involved in these three
AR industrial applications is summarized in Fig. 11, which highlights the key stages and observed benefits of
AR use in operational contexts.
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VR/AR training modules

Key benefits
— Shorter learning curves
— Multi-user collaboration
— Fewer human errors

Realistic assembly tasks —

Haptic and error feedback

Figure 11: XR-assisted industrial training and maintenance: lessons readily transferable to transport-fleet servicing

Although these three applications originated outside the transport sector, early pilots within trans-
portation reveal a similar trajectory. Procedures such as MR maintenance for Boeing 737 systems [159] and
XR-based rail asset inspection twins [58] have demonstrated comparable improvements in hands-free oper-
ation and fault-detection accuracy. Adapting these procedures to bus-fleet maintenance or station upkeep
would involve overlaying live sensor data and procedural guidance directly onto vehicles or infrastructure.

5.3 Digital Twins in Manufacturing and Design

Beyond operational support, DTs have become central to large-scale industrial simulation and systems
engineering. In manufacturing and product-design contexts, real-time DT architectures have reached
maturity levels that transport applications are only now beginning to explore.

Pioneering studies show that it is now feasible to stream live IoT telemetry into multi-physics simulators
that drive photo-realistic 3D replicas of physical assets [160], to co-create persistent virtual workspaces,
enabling engineers, operators, and suppliers to simultaneously edit the same model through interoperable
data layers [161], and to embed Al services for predictive maintenance and anomaly detection directly within
the twin, boosting responsiveness and decision quality [162].

Evidence from the pilots (Table 1) reinforces these gains. For example, integrating real-time IoT data
with simulation analytics increased production line throughput by 8% and enabled bottleneck identification
in under ten seconds [154]. A human-centric twin for educational campuses similarly improved energy
efficiency and occupant comfort through user-adaptive visual layers [163].

Transport-sector analogues are beginning to emerge. Deutsche Bahn and Siemens have deployed
Omniverse/Xcelerator twins to model 5700 stations and 33,000 km of railway track in real-time. A Geneva
motorway pilot continuously updates a micro-simulation every minute using live traffic sensors [139], while
several studies on CAV's use deterministic twins for sub-second congestion forecasting [164]. Although these
initiatives remain isolated, they confirm that the factory-style pipeline of sensor data — twin simulation —
Al analysis — operator guidance scales effectively to mobility corridors when supported by edge computing
and high-bandwidth backhaul.

Fig. 12 generalizes this architecture. Substituting the physical system with a rail corridor, depot, or
highway segment merely changes the data source: telemetry is fed into a simulator, short-horizon forecasts
are generated, and actionable insights are delivered to dispatchers or maintenance crews via AR overlays.
DT architectures form the structural backbone of real-time industrial environments. Beyond design and
maintenance, immersive technologies have also gained traction in fields where human interaction and
training are paramount, notably healthcare and education.
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Physical system

!

Sensor and IoT data

l Key benefits
Digital-twin model | e el e
— Predictive maintenance
l — Collaborative design
Al-based analytics

Figure 12: Canonical DT pipeline. An identical loop can support rail corridors or motorway segments by replacing the
physical data source

5.4 Healthcare and Education Pilots

Outside industry, pilot studies in healthcare and education confirm that immersive media deliver
measurable real-world benefits (rows Healthcare and Education in Table 1). For example, in robotic-
assisted orthopaedics, an AR head-up display maintained surgeons’ attention on the operative field without
compromising cut quality or increasing procedure time [151]. Self-guided VR exposure therapy reduced
social anxiety symptoms without requiring continuous therapist supervision [165].

Educational studies mirror this pattern: AR-enhanced mannequins increased auscultation accuracy by
up to 56 percentage points (d > 1) [143], while AR-based remote labs improved post-quiz scores by 18%,
boosting engagement by nearly one Likert point [152].

These findings suggest that immersive systems can: (i) scale expert knowledge beyond individual
mentors, (ii) sustain high user engagement, and (iii) deliver repeatable, self-paced training. Transport
operators can leverage these principles: XR modules for drivers, dispatchers, or technicians can reduce
supervision demands while preserving training fidelity.

A generic training workflow applicable to healthcare and education is outlined in Fig. 13. This workflow
also translates directly to driver-assistance drills, passenger safety briefings, and depot-maintenance tutorials.

‘ Immersive tech (AR/VR) ‘

l Key benefits
‘ Complex procedures — Lower training overhead

— Repeatable sessions

— Remote collaboration
tHigher accuracy and engagementJ

Figure 13: Typical AR/VR training loop already validated in healthcare and education—directly transferable to
transport operations

These results highlight how immersive technologies can enhance skill acquisition and knowledge
retention in highly structured learning contexts. Yet their potential extends further—beyond training rooms
and operating theatres—to reshape the day-to-day experiences of passengers and end users.
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5.5 Retail and User Experience

Immersive technologies extend beyond back-office analytics or professional training, transforming
customer-facing interactions. A large-scale retail study conducted in the furniture sector compared a
smartphone-based AR app to the traditional 2D web interface. The AR application not only enhanced
perceived telepresence by an average of 1.2 points on a Likert scale but also increased purchase intention by
17% [153] (see Table 1). Additionally, the same study revealed a notable decrease of about 38% in perceived
intrusiveness when using the AR application, calculated from reported mean values (Web interface: 4.08,
AR app: 2.52). This reduction suggests that well-designed AR overlays effectively inform users without
overwhelming them.

Integrating AR and VR into mobility platforms—such as allowing passengers to preview seat layouts,
luggage compartments, or station amenities—can enhance user confidence during the decision-making
process, potentially increasing revenue conversion rates. The reduced intrusiveness observed in retail AR
applications is particularly relevant for scenarios involving crowded terminals or in-vehicle interfaces, where
excessive information could otherwise lead to user discomfort.

Fig. 14 summarizes the corresponding interaction loop, highlighting its applicability to immersive
route visualizations, interactive ticketing processes, and onboard amenity previews within the future
MaasS solutions.

‘ AR customer preview ‘

Key benefits
{ Higher telepresence — Interactive 3D previews

— Greater user immersion
— Shorter decision time

{ Increased conversion J

Figure 14: Retail-style XR funnel: the same interaction loop can support seat-map previews, AR wayfinding, or in-
vehicle amenity selection

5.6 Implications for Transportation

The evidence reviewed in the previous sections—drawn from both cross-domain pilots (manufacturing,
healthcare, retail) and the first field demonstrations inside transport (such as motorway DT [139], blockchain
MaaS pilots [140], deterministic XR co-driving over 6G citeYu2023)—highlights four capability blocks that
are ready for transfer to mobility-centric metaverse deployments:

« Real-time sensor integration: live IoT streams can feed DTs with sub-second latency, as shown in factory
analytics [154] and the Geneva motorway pilot [139].

o Scalable multi-user collaboration: persistent XR workspaces already support synchronous design in
BIM [145] and cooperative driving scenarios on 6G testbeds [141], suggesting that dispatchers, controllers
and depot crews can share a common transport twin.

o XR-based training and system modeling: high-fidelity simulators improve procedural accuracy in
orthopaedics [151], industrial assembly [166], and aircraft maintenance [159]; the same workflow is
applicable to traffic-control or fleet-maintenance tasks.
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o Enhanced UX and engagement: contextual AR previews raise telepresence and purchase intention in e-
commerce [153]. An analogous 3D preview of seat layouts, first/last-mile links or real-time crowd density
could boost passenger satisfaction and willingness to pay.

These studies demonstrate that carefully engineered immersive systems can enhance efficiency, safety
and user satisfaction—core objectives for public-transport stakeholders. To achieve these gains at city scale,
operators and regulators must still agree on open data schemas, edge/cloud-based reference architectures
and validated human-factor metrics; otherwise, the sector continues to accumulate isolated proofs of concept
rather than interoperable, production networks.

6 Toward Empirical Metaverse Studies in Transportation

Despite growing interest in metaverse technologies [13], our review shows a persistent reliance on
simulation-based or purely conceptual work in the transportation literature [146]. In order to bridge the gap
between theoretical discussion and real-world deployments, in this section, we propose key considerations
for designing and conducting empirical studies [3,9].

6.1 Pilot Architectures and Implementation Protocols

An effective pilot project for a metaverse-enabled transportation system should integrate the following
architectural layers:

o  Hybrid cloud and edge infrastructure—Leverage a combination of edge servers (for example, roadside
units, on-board computers) and cloud data centers to ensure low-latency processing near users [167,168]
while oftloading high-capacity tasks (such as complex 3D rendering) to powerful cloud servers [16,169].
Edge deployments reduce round-trip time, as demonstrated in VR streaming studies that highlight
the latency benefits of placing processing closer to users [170], and enable distributed computing
resources [11].

o Distributed consensus and synchronization—If blockchain or distributed ledgers are used for asset
ownership (such as digital tickets, freight documentation), implement a consensus protocol (such as
Proof of Stake or Raft) that can handle real-time transactions without bottlenecks [3,171]. Robust
blockchain layers secure user interactions in a metaverse-based transport scenario [172], while mod-
ular architectures ensure adaptivity [117]. Moreover, maintaining consistency among multiple servers
requires logical clocks or vector timestamps. For smaller-scale deployments, a Lamport clock update
mechanism can suffice to order events consistently in a distributed environment, as illustrated in
Algorithm 1 of Section 3. If block inclusion proofs are necessary, a Merkle-tree-based verification
(Algorithm 3) can efficiently confirm transactions or ownership records without downloading entire
block data.

o Cross-platform XR support—It ensures compatibility with multiple augmented and VR devices (head-
sets, AR glasses, mobile AR) [173,174] to capture diverse user demographics. Evaluate trade-offs in
rendering fidelity vs. hardware constraints [175,176]. These XR training modules could enhance operator
performance, improve safety awareness, and reduce onboarding time for new personnel. This may
include XR-based training modules for drivers or operators, aimed at improving safety awareness and
shortening onboarding times [177].

A reference architecture could consist of the following:

o Local edge nodes (for example, roadside 5G/6G units) to process sensor data from vehicles or
infrastructure [169].
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o A cloud-based real-time simulation engine (for example, using a platform like Unity, Unreal Engine, or
Omniverse) for 3D scene management [6,178].

e A permissioned or public blockchain for recording user interactions, digital asset ownership, or
micropayments (fares, tolls) [11,171].

6.2 Performance Metrics and Data Collection

Baseline figures for latency, usability, and transaction throughput is now available from both cross-
domain pilots (Table 1) and the first transport-sector demonstrations (such as the Geneva motorway
twin [139] and a 6G multi-user XR testbed [141]). Building on those benchmarks, the transport prototypes
should be instrumented with the following quantitative indicators:

« Latency—Measure the end-to-end delay between a user action and its visual or haptic response under
realistic network conditions [139,167,175].

 Throughput (transactions s~')—In blockchain fare-collection or asset-tracking layers, determine the
saturation point before commit operations degrade [11,171].

o QoE—Collect presence, usability, and simulator-sickness scores to link technical performance with
perceived immersion [176].

« Bandwidth consumption—Monitor edge-to-cloud traffic during peak commuter periods to expose
bottlenecks and define cost envelopes, as emphasized by edge-based VR delivery scenarios showing
bandwidth constraints and optimization strategies [167,170].

« Scalability tests—Execute stress runs that progressively increase the number of concurrent avatars
or connected vehicles; recent XR pilots sustain approximately 120 Hz at city-block scale over 6G
links [66,141].

6.3 Importance of Computational Modeling and Algorithmic Frameworks

As outlined in Section 3, the metaverse relies on a set of geometric, distributed-systems, cryptographic,
and Al-driven techniques. However, translating these techniques into working pilots demands robust
computational modeling capable of handling dynamic, uncertain, or incomplete data—similar in structure
to those found in financial and censored-response contexts [179,180]—beyond basic scenario testing. Key
dimensions include the following:

«  Algorithmic complexity and scalability—As user counts rise, naive O(n?*) collision checks or syn-
chronous updates can cause exponential slowdowns. Efficient data structures (such as, bounding volume
hierarchies) and distributed control algorithms (such as map-reduce style or edge computing) are
essential to prevent bottlenecks. For instance, advanced geometry libraries can handle tens of thousands
of avatars or vehicles with near real-time responsiveness.

+ Real-time scheduling and load balancing—Meeting low-latency requirements in 5G/6G-enabled net-
works involves dynamic resource allocation among rendering, AI tasks, and ledger operations.
Frameworks such as distributed real-time computing or GPU-based parallelization help to ensure stable
frame rates and consistent UXs. Tools like the unity data-oriented technology stack (DOTS) or Nvidia
omniverse provide scheduling APIs to coordinate large-scale simulations efficiently [16,178].

« Discrete-event or multi-agent simulations—Traffic management, station crowd flow, and shared mobil-
ity microtransactions each benefit from specialized modeling frameworks (for example, SUMO,
MATSim, or custom multi-agent platforms). Integrating these with a metaverse rendering engine
requires bridging domain-specific models (for route-finding, capacity constraints, etc.) with interactive
3D layers that feed back user inputs. Agent-based models can be enhanced via Q-learning (Algorithm
4) to let autonomous vehicles, crowds, or traffic lights adapt to complex scenarios in real time.
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o Integrative frameworks for hybrid approaches—Combining network flow algorithms with AI modules
or coupling an RL traffic signal agent with on-the-fly rendering can be facilitated by well-structured
frameworks (such as, co-simulating traffic in SUMO while omniverse handles the 3D environment).
Such hybridization ensures that any ephemeral changes in the 3D scene (such as, a crash scenario)
immediately updates the underlying traffic or dispatch logic, closing the loop between synthetic visuals
and validated operational models.

By designing metaverse pilots on top of robust computational frameworks, researchers can address
issues of performance, scalability, and correctness that go beyond one-off toy simulations. Moreover,
the careful choice of algorithms (for example, lock-free data structures for concurrency, approximate
nearest neighbor queries, or sparse updates) can drastically reduce overhead in large-scale and multi-
user contexts [144], and thorough documentation of these modeling techniques—along with performance
logs and stress tests—better illustrate how the metaverse scales to actual transport demands. Similarly,
systems requiring cryptographic proofs of asset ownership can benefit from Merkle verification algorithms
(Algorithm 3) to confirm transaction inclusion securely and efficiently in near real time.

6.4 Experimental Protocols and Validation

When deploying pilots in controlled real-world settings—such as a single bus corridor or a limited fleet
of autonomous shuttles—the following steps help to ensure scientific rigour and allow direct comparison
with the benchmarks listed in Table 1.

o Baseline measurement—It establishes baseline performance without metaverse integration (such as
standard non-immersive DT) to quantify the marginal gains introduced by XR/blockchain fea-
tures [92,181].

« Randomized user groups—When feasible, divide users into control (non-metaverse) and experimen-
tal (metaverse-enhanced) groups to evaluate variations in behavior, safety perception, and system
engagement [182,183].

« Longitudinal tracking—1It collects data over multiple weeks or months to capture user habituation effects,
potential declines in novelty, and changes in traffic patterns or system adoption rates [117,184].

o Iterative improvement It employs agile or DevOps methodologies [185] releasing new software builds
periodically. Observe how incremental feature updates affect latency, throughput, and user satisfac-
tion [186].

Additionally, a posture-monitoring system (Algorithm 5) can help to track ergonomic risk factors and
user fatigue during extended VR sessions. This ensures participants maintain safe angles for neck and back
posture (especially dispatchers or trainers using headsets) and provides breaks when thresholds are exceeded,
thus reducing the risk of cybersickness.

6.5 Bridging the Gap between Conceptual Models and Large-Scale Realities

A clear progression from simulation-based MCDM frameworks to real-world pilot tests can be achieved
as follows:

« Translating fuzzy MCDM criteria into measurable KPIs—Rather than remaining at a conceptual level,
design explicit metrics (for example, average wait times, energy use, service reliability) that correspond
to each MCDM criterion [54,187,188].

«  Engaging stakeholders—Active collaboration with transport authorities, operators, and users is essential
to align pilots with pressing urban mobility challenges such as congestion, equity, and resilience [118].
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» Ensuring legal/regulatory compliance—It addresses early on the concerns about data privacy, cyberse-
curity, and tokenized assets. Pilot study protocols should align with local and international regulations,
particularly given the regulatory challenges and sustainability concerns associated with virtual environ-
ments [14,189].

By adopting robust architectures [16], defining rigorous metrics [175], and following sound experimental
protocols [117], researchers can transform current metaverse concepts into validated, scalable solutions for
future transportation systems [178]. These pilots also help to refine theoretical models, generating empirical
evidence on costs, benefits, and feasibility [6]. Ultimately, bridging conceptual designs with large-scale
deployments involves applying proven algorithms—such as the Lamport clock approach (Algorithm 1) for
distributed state synchronization, Merkle proofs (Algorithm 3) for secure asset verification, and broad-phase
sweep-and-prune for interactive 3D collisions—within real operational infrastructures.

6.6 Conceptual Prototype: A Collaborative Metaverse for Urban Bus Fleets

Building on the research gaps highlighted in our transportation review and on the cross-domain pilots
of Section 5, we present an implementation-oriented metaverse prototype for an urban bus-fleet operator.
The architecture fuses live operational data, multi-user XR collaboration, AI-driven traffic optimization, and
a permissioned blockchain inspired by a voting-based stakeholder blockchain consensus (VBSBC) into a
single persistent DT. A high-level scheme of the proposed architecture is shown in Fig. 15, illustrating how
the core subsystems—XR control, RL, blockchain validation, and ergonomics—interact through a latency-
bounded DT and staged deployment.

XR dispatch and control
Multi-user AR/VR
Live bus positions,
occupancy and 3D twin
Co-editing of schedules

VBSBC ledger RL signal optimizer
Tickets and carbon tokens Live DT Edge-cloud MARL
Zone-gateway consensus Authoritative 3D scene Eva}uafes reroutes

< 40ms block time Real-time telemetry Optimizes cycles
Flood-guard lists State replication Pushes green waves

| Safety and ergonomics

U Cognitive load,

PhaYse 2 cybersickness KPI,
Lab trials adaptive Ul
Phase 1 . Dispatch team
MVP Pttt Passenger cohort | “«_ Phase 3
Single corridor -~ ’ Load and DoS tests e City pilot

On-prem server
Basic VBSBC

5G edge nodes

Full fleet
Policy sandbox

Figure 15: System-level schematic of the collaborative metaverse prototype for urban bus fleets with four inter-
connected subsystems feed a latency-bounded DT, while zone-gateways implement VBSBC-style consensus before
updating the global ledger
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Table 3 synthesizes the layered architecture of the conceptual prototype, which is further illustrated
through the following data-flow synopsis:

(i)  Telemetry enters the zone gateway, which authenticates, applies flood-guard and emits a signed block
to the ledger; the DT engine subscribes and updates the scene graph.

(ii)  Dispatchers in AR collaboratively edit routes; edits propagate to all clients within ~100 ms.

(iii) The background RL scheduler ghost-simulates 5 min ahead and overlays suggested green-waves;
dispatchers approve/reject.

(iv)  Passengers buy fare tokens or redeem carbon credits; the VBSBC ledger commits the transaction (<40
ms) and occupancy layers update instantly.

Table 3: Architectural layers of the bus-fleet metaverse prototype, including key functionalities and implementation
challenges identified during the staged deployment

Layer Core functionality Key implementation challenges
Data Hierarchical zone gateways. Each gateway aggregates <50 ms end-to-end; roaming
ingestion  global positioning system (GPS), automatic passenger across zones without
and counting, closed-circuit television, and driver re-authentication; data quality
messaging biometrics; validates digital signatures; applies under patchy 5G.

flood-guard mechanisms; and forwards signed blocks
gRPC (gRPC remote procedure call), a
high-performance open-source framework for remote
communication between services.
DT engine  Time-synchronized 3D replica (Unreal Engine, Robot =~ Deterministic state replication to
Operating System 2 (ROS 2), and Universal scene approximately 400 buses; hybrid

description (USD) scene graphs). edge/cloud rendering; resilience to
twin-state tampering.
Service layer (i) VBSBC-style consensus on a permissioned ledger: Ledger throughput vs. peak

1-5 MB blocks, dynamic validator set, block time of ~ boardings; mitigation of 51% attack
20-40 ms; (ii) a MARL optimizer recomputes signal ~ (with >7 validators per zone and
plans every 20 s. rotating cryptographic keys);
formal safety proofs for RL policies.
XR AR headsets for dispatchers; passenger mobile AR and Cybersickness mitigation, adaptive
front-ends Web-XR portals; speech/chatbot accessibility. UL, inclusive design for low-vision
or neuro-diverse users.

The roll-out phases are the following:

Phase 1 Minimal-viable prototype—Three routes; on-prem server; VBSBC with 3 validators; basic
XR dashboard.

Phase 2  Controlled trials—Closed-loop lab; reproduce VBSBC load test: <30 ms auth-latency, >250 txs 7,
DoS resilience under 400 parallel requests; SUS > 70.

Phase 3  City-scale pilot—Full fleet; 5G MEC, 10-15 validators; regulatory sandbox for tokenized tickets,
integration with Maa$S APIs.

Some key risks and mitigations are the following:

+  Cost of infrastructure—Phased scaling; single board computer-based gateways; cost-benefit KPIs.
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e 51% attack and DoS—>7 validators/zone, rotating keys, flood-guard counters.

«  Human factors—Evaluate cognitive load, cybersickness; adaptive user interfaces (UI).

« Privacy and security—General data protection regulation-compliant hashing; zero-knowledge fare
proofs; twin-state intrusion detection systems.

« Interoperability—Open universal scene description (OpenUSD) for 3D assets; general transit feed
specification realtime (GTFS-realtime) feeds; World Wide Web consortium verifiable credentials (W3C
VC) for identity.

The research contributions are stated as follows. The prototype operationalizes blockchain ownership,
multi-user XR, DT, and Al optimization into a single socio-technical stack. By specifying quantitative
KPIs, decision-analytic trade-offs and phased validation, it provides a concrete blueprint for empirical
transport pilots.

With the empirical foundation now in place, we conclude this section by explicitly revisiting and
synthesizing the findings to answer each of the five research questions defined at the outset.

6.7 Synthesis: Answers to the Five Research Questions
The review was guided by five RQs stated in Section 1, which are addressed as follows:
RQ1 Which mathematical principles must underlie a persistent, real-time transportation metaverse?
Section 3 establishes the following four cornerstones (models):

(i)  Linear-algebraic scene graphs—Homogeneous 4 x 4 matrices and unit quaternions enable the closed-
form composition of rotation, translation, and scaling, allowing for deterministic positioning on GPU
pipelines (Fig. 3).

(ii)  Physically based light transport—The integral form of the rendering equation stated in (1), approxi-
mated by hybrid rasterisation plus ray tracing, reproduces photometric cues essential for depth and
material perception (Fig. 4).

(iii) ~ Sub-millisecond collision culling—Constant-time intersection tests on AABBs and bounding spheres
provide the broad phase needed for large, multi-user worlds (Fig. 5); narrow phases refine the contact
set via GJK or bounding volume hierarchy traversal.

(iv) Mesh parameterization and level of detail—Seamless UV mapping and view-adaptive subdivision
balance GPU throughput against visual fidelity [32].

These models form a mathematically sound substrate that supports later layers (DT synchronization,
AT, blockchain, XR) in ensuring real-time behavior.

RQ2 What empirical evidence demonstrates that such mathematics scales beyond simulation? Two real-
world pilots illustrate the feasibility of the full metaverse stack and are detailed as follows:

(i)  Geneva A1/A40 motorway DT (Table 2)—Minute-level calibration from 35 loop detectors maintains
GEH <5 for 24 h, showing that microscopic simulation remains numerically stable under live
inflow perturbations.

(ii) Hyperledger MaaS back-end (Table 2)—Approximately 100 transactions per second with 2.9 s commit
latency confirms that on-chain asset management is compatible with urban-scale ticketing throughput.

In both pilots, the graphics-physics loop closes in under 40 ms, matching the latency budget derived
analytically in [96,99]; hence, the mathematical assumptions from Section 3 hold under noisy field telemetry.
RQ3 How does fuzzy MCDM complement AI/DRL pipelines?

Only 17 of the 101 articles (16.8%) adopt fuzzy MCDM (Section 4.6). These articles target the ill-specified
layers that physics-based or data-driven methods struggle to address, including the following:
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o Early-stage option appraisal under linguistic uncertainty (for example, high user acceptance and
moderate capital expenditures, that is, the upfront investment required for infrastructure or technology
acquisition).

«  Soft constraints (such as social equity and perceived safety) that are difficult to encode as scalar rewards.

o  Real-time trust scores for Web 3.0 transactions [103,104].

Fuzzy logic appears less frequently because it intervenes at discrete decision checkpoints, not at every
render or control frame. When coupled with DRL techniques [41], it contributes graded membership values
that accelerate convergence under sparse or noisy rewards.

RQ4 What scalability, security, and interoperability gaps remain? The comparative timeline shown
in Fig. 9 and the gap analysis stated in Section 4.7 reveal four critical deficits as follows:

(i)  Ultra-dense synchronization—Current DT pilots support up to approximately 10* moving agents;
city-wide CAV fleets require over >10°.

(ii)  Cross-modal ontologies—Aviation, maritime, and road twins still publish incompatible schemas,
hindering seamless edge-to-edge routing.

(iii)  Zero-trust security—Multichain ledgers mitigate FDIA but remain vulnerable to poisoning and split-
learning leaks [105,129].

(iv) Human-factor standards—No consensus yet exists on XR cybersickness or cognitive-load thresholds
within moving vehicles.

RQ5 Which roadmap can convert isolated prototypes into an integrated transportation metaverse?
The cross-domain lessons drawn in Section 5 converge on an implementation strategy with the following
four phases:

Phase 1 Open data and model layer—Publish resource description framework/JavaScript object notation
for linked data ontologies that bind cooperative intelligent transport systems, rail European train control
system, and maritime sea traffic management vocabularies under a unified namespace.

Phase 2 Edge/6G sandboxes—Deploy deterministic, minute-loop twins in regulated corridors; target
XR latency under 30 ms and peak cell throughput above 5 Gbps.

Phase 3 Trust fabric—Harden multichain ledgers using reputation-weighted PBFT; integrate subjective
logic scores into consensus mechanisms to deter Sybil and FDIA attacks.

Phase 4 Human-centered validation—Adopt ISO 9241-210 and ITU-T P.360 standards for XR comfort;
mandate longitudinal trials (at least 90 days) before city-wide deployment.

Iterating through these phases in living-lab environments can elevate today’s mode-specific pilots into
a fully interoperable and human-validated transportation metaverse.

7 Conclusions and Outlook

Our longitudinal review (2021-2025) shows that metaverse research in transportation progressed from
conceptual fuzzy multi-criteria decision-making (MCDM) appraisals (2021-2022), through simulation-
centered digital-twin (DT) frameworks (2023), to engineering prototypes addressing rail evacuation,
millimetre-wave/6G connectivity, and blockchain-based ticketing (2024). Preliminary, economically
grounded trust architectures begin to appear in 2025.

Even with this thematic expansion, fewer than 10% of the 101 peer-reviewed articles analyzed
(Appendices B-E) report field trials involving real passengers, vehicles or infrastructure. The literature
therefore remains fragmented, emphasizing application-level decision support over the mathematical and
technical foundations required for a persistent, multi-user, real-time transportation metaverse.
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Limitations of our process include reliance on peer-reviewed studies indexed in Scopus and Web of
Science between 2021 and 2025, possibly omitting relevant grey-literature contributions, and restriction to
English-language publications, which may introduce linguistic bias. Although reviewers reached substantial
agreement (x = 0.83), eligibility decisions based on consensus inevitably retain some subjectivity.

Consequently, the main research gaps and implications identified are as follows:

+ Empirical validation—Large-scale pilots measuring latency (<50 ms), scalability (>10° concurrent
users), safety, and inclusiveness remain uncommon.

« Interdisciplinary depth—Effective deployments require the integration of real-time graphics, distributed
consensus, 6G/edge computing, human-factor engineering, and formal verification, whose competences
were rarely combined in the existing studies.

« Standards and governance—Interoperability for 3D assets (for example, OpenUSD), identity manage-
ment, and Al safety remains immature. Regulations such as the EU AI Act 2024/1689 introduce stricter
compliance for high-risk mobility applications.

o  Security and trust—Although recent studies explore multichain ledgers, reputation-based defense, and
GPT-assisted auctions, a unified threat model for cyber-physical transport metaverses is still lacking.

The contributions of the present study are summarized as follows:

o We mapped the mathematical stack required to support high-fidelity, secure, and multi-user transport
metaverses, including Lamport clocks, Merkle proofs, broad-phase collision detection, Q-learning, and
ergonomic metrics.

«  We provided the first longitudinal review (2021-2025) encompassing all transport modes, identifying
methodological shifts and persistent blind spots.

o We proposed a layered assessment framework linking each study to foundational system components,
thereby revealing where conceptual approaches diverge from deployable architectures.

«  We outlined a conceptual prototype for an urban bus fleet that integrates blockchain fare tokens, XR
dispatch, RL-based signal control, and ergonomic monitoring within a live DT supported by a phased
rollout plan.

The following action agenda is proposed for the research and development community:

« Transition from laboratory to real-world pilots—Establish city-scale sandboxes (edge-enabled, 5G/6G-
ready) for collaborative experimentation by operators, academia, and vendors under realistic conditions.

« Adoptopen, modular standards—Extend standards such as OpenUSD, ISO/IEC XR profiles, and GTFS-
realtime to enable seamless interoperability between simulators, ledgers, and XR interfaces.

«  Formalize safety and verification—Develop threat models and test suites that assess consensus liveness,
twin—physical divergence, and human-factor boundaries before deployment in operational fleets.

« Embed inclusive human factors—Require cognitive-load, cybersickness, and accessibility metrics as core
evaluation criteria in all pilots, ensuring equitable and user-centered system adoption.

In summary, metaverse technologies offer high potential to deliver concrete benefits for transportation
systems, including greater efficiency, resilience, and user-centered design. However, such benefits will only
be realized if transport practitioners, cryptographers, XR engineers, and policymakers jointly co-design,
test, and standardize systems that integrate real-time mathematical foundations with robust socio-technical
governance. Advancing from conceptual scenarios to evidence-based interoperable deployments remains
the most pressing challenge for the future of the metaverse in transportation.
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Appendix A Acronyms Used in the Article

Table Al defines the acronyms utilized in the present document.

Table Al: Definition of acronyms employed in the article

Acronym Definition Acronym Definition Acronym Definition
AABB Axis-aligned ABCDE Architecture blockchain Al Artificial intelligence
bounding box cloud/edge DT extended
reality
API Application AIM Optimal control with AOQII Age of incorrect
programming virtual-currency trading information
interface for intersection
management
AR Augmented reality ARO  Additive ratio assessment ~ CAV Connected
MAN and optimal weights autonomous vehicle
method
BCI Brain-computer BRDF  Bidirectional reflectance BV Bounding volume
interface distribution function
CEP Complex event COPRAS Complex proportional CPS  Cyber physical social
processing assessment
CPU Central processing ~ CRITIC Criteria importance Ccv Computer vision
unit through intercriteria
correlation
DAO Decentralized DOI Digital object identifier =~ DOTS Data-oriented
autonomous technology stack
organization
DRL  Deep reinforcement DT Digital twin DVIT Diffusion vision
learning transformer

(Continued)
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Table Al (continued)
Acronym Definition Acronym Definition Acronym Definition
EDAS  Evaluationbasedon = EEG  Electroence phalography ~FDIA  False data injection
distance from average attack
solution
FUCOM Full consistency GEH Geoftrey E. Havers GJK Gilbert Johnson
method Keerthi algorithm
GPS Global positioning GPT Generative pre-trained GPU  Graphics processing
system transformer unit
HAPPO Heterogeneous-agent ~ HMI Human-machine HUD Head-up display
proximal policy interface
optimization
ICUEN International IL Imitation learning IoT Internet-of-things
conference on
ubiquitous and future
networks
IRS Intelligent reflecting ITS  Intelligent transportation =~ LEO Low earth orbit
surface systems
LLM  Large language model LMAW Logarithmic mean LSCM Logistics service
aggregation weighting capability
measurement
MADRL  Multi-agent deep ~ MARIA Metasurface MARL Multi-agent
reinforcement reconfigurable intelligent reinforcement
learning antennas learning
MCDM Multi-criteria MIMO Multiple-input MITVF Metaverse-integrated
decision-making multiple-output traffic vision
framework
ML Machine learning MR Mixed reality NLP Natural language
processing
NR Not reported OCRA Ordinal consistency ratio ODTF Open digital twin
analysis framework
OPA Ordered weighted PBFT  Practical byzantine fault ~ PCG Procedural content
priority aggregation tolerance generation
PPO Proximal policy =~ PRISMA Preferred reporting items ~ PYF Picture Yager fuzzy
optimization for systematic reviews
and meta-analyses
REST  Representational state ~ RFID Radio-frequency RL Reinforcement
transfer identification learning
RQ Research question RSU Roadside unit SAT Separating axis
theorem
SUMO  Simulation of urban SWARA Step-wise weight TLX  NASA task load index

mobility

assessment ratio analysis

(Continued)
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Table Al (continued)
Acronym Definition Acronym Definition Acronym Definition
TOPSIS Technique for order of TUAS Turku university of UAV Unmanned aerial
preference by applied sciences vehicle
similarity to ideal
solution
UEV Unmanned electric Ul User interface USD Universal Scene
vehicle Description
UX User experience VBSBC Voting-based stakeholder =~ VR Virtual reality
blockchain consensus
XR Extended reality

Appendix B Summary of 2021-2022 Metaverse Studies in Transportation

Table A2: Peer-reviewed articles in 2021-2022 that satisfy the inclusion criteria

Year Ref. Transport Metaverse focus Key points/contributions
mode
2021 [59] Aviation Neuro-symbolic speech —Boeing-737 DT; speech interface
maintenance executor in (transformer + symbolic reasoning)
aircraft-maintenance —94.7% automatic speech recognition
metaverse accuracy; scalable training with
synthetic data
2021 [159] Aviation MR metaverse with —Smart-glasses MR training;
maintenance speech control convolutional neural network for
bilingual commands (English/Korean)
—95%-+ F1; it enhances hands-free
maintenance education
2022 [56] Road/IoV 6G resource allocation —DRL scheduler minimizes
for mobile metaverse scene-download latency in moving
vehicles
—It demonstrates metaverse over 6G
cell hand-overs
2022 [54] Freight Digital space for —Fuzzy Dombi-LMAW + EDAS
freight-fluidity ranking; metaverse alternative best
measurement
2022 [55] Urban Blockchain-metaverse —Three blockchain scenarios; fuzzy
mobility for MCDM,; privacy and regulation
tolls/fares/micromobility
2022 [52] Multiple Sustainable-transport ~ —Rough Aczel-Alsina OPA compares
assessment autonomous, transit, and sharing
2022 (58] Railway XR + DT maintenance —AlI inspection; lab validation
(asset mgt.)

(Continued)
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Table A2 (continued)
Year Ref. Transport Metaverse focus Key points/contributions
mode
2022 [57] Railway Intelligent —Conceptual design; VR/AR
station passenger-station passenger services
architecture
2022 [48] Maritime Social-VR platform + —TUAS prototype; ship-engine IoT
digital twins streaming
2022 [49] Automotive OEM —Pilot surveys; 5G/6G requirements;
opportunities/challenges privacy barriers
2022 [50] Road (CAV) Lane-free AIM in —Optimal control; virtual-currency
cyber-physical system trading; increased throughput
metaverse
2022 [51] Road/ITS Parallel-vision ITS —Virtual transport space; model
framework learning and feedback
2022 (53] Autonomous MR social-presence study =~ —HoloLens 2 avatars; co-presence

driving

increase; takeover design insights

Appendix C Summary of 2023 Metaverse Studies in Transportation

Table A3: Peer-reviewed articles in 2023 that satisfy the inclusion criteria

Ref. Transport Metaverse focus Key points/contributions
mode
[60] Sharing Interval-valued Pythagorean Four-stage framework ranks
economy fuzzy MCDM for micromobility, ride-sharing, etcetera; it
shared-mobility choices handles uncertainty via interval-valued
sets
[62] Public q-ROF fuzzy weighted Dual normalization and hybrid
transport interaction standard weighting; recommends sustainable e-bus
prioritization model for alternatives
demand management
[61] Sharing Schweizer-Sklar OPA 12 criteria across 4 aspects; optimized
economy integration operations alternative ranked first
[66] ITS (review) Survey of metaverse for Maps fault detection, 12V, anti-theft;
data-driven ITS identifies open research issues
[67] Autonomous Generative-AI MR DT oft-loading to RSUs; auction
driving simulation incentives; unlimited synthetic traffic data
[65] UEVs IoUEV DT of E-differential Fuzzy speed control of Brushless direct
current motors; it improves stability and
efficiency
[63] Traffic safety ~ Einstein TOPSIS + E-LMAW  Prioritizes metaverse traffic-safety apps;

public transport ranks best

(Continued)
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Table A3 (continued)

Metaverse focus

Key points/contributions

Ref. Transport
mode
[81] Road/AV
[190] CAV
[80] Multimodal
ITS
(78] Automotive
HMI
[72] Maritime
education
[86] CAV
[74] UAV/RSU
[191] Vehicular
VR
[73] Maritime
network
[71] Vehicular
metaverse
[192] CAV
[82] IoV/edge
[69] Connected
vehicles

Q-ROF OPA-ranked
alternative fuzzy simple
additive
weighting-integrated for
avatar-based mobility
Self-powered sensors for
real-time traffic DT
DAO-based federated
management (TransVerse)
Emotion-aware intelligent
cockpit

XR-metaverse maritime
education and training
alternatives
Edge-intelligent mobile
crowdsensing

RL and convex optimization
for data collection
Deep deterministic policy
gradient resource allocation
for VR streaming
Green edge-intelligent
architecture
Hierarchical game-based
coded computing

DT + Al panoramic XR
streaming

DRL adversarial-patch

detection

Blockchain/game-theoretic
twin migration

12 criteria rank three AV-in-metaverse
scenarios; considers tech and legal aspects

Fuzzy FUCOM + Aczel-Alsina ALWAS;
real-time traffic management ranks first
Blockchain-secured consensus; case study
on cooperative signal control
CPS system 3-layer framework; 30-driver
study on anger regulation via empathetic
audio
Fuzzy-AHP shows XR-metaverse highest
priority for post-COVID training

Traffic-coverage model; improves data
off-loading efficiency in vehicular
metaverse
Hybrid framework shortens mission time
for metaverse scene uploads
Environment-aware scheme maximizes

QoE under high-speed mobility

Model-splitting and distributed routing
lower AI energy footprint
Reputation-driven miner coalition +
Stackelberg incentives; resilient to
malicious workers
DRL allocates virtualized resources;
reduces transmission latency in AV
networks
HAPPO algorithm jointly optimizes
IoV-mobile macro base station pairing
and resolution; it increases the mean
average precision and reduces latency
Reputation-based RSU coalition +
Stackelberg incentives; ensures
large-scale, reliable vehicle-twin
migration

(Continued)
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Table A3 (continued)

Metaverse focus

Key points/contributions

Ref. Transport
mode
[70] Vehicular
networks
[193] Road/ITS
[75] UAV
logistics
[194] Vehicular
networks
[64] Road
maintenance
[87] UAV/6G
[83] Vehicular
metaverse
[79]
[68] Autonomous
vehicles
[195] UAV
logistics
[76] UAV + VR
[196] 6G/CAV

Security of semantic
communications

Shared-perception traffic
metaverse

Blockchain-based UAV
delivery

Intelligent reflecting surface
(IRS)-aided utility-oriented
6G communications
Metaverse-enabled CPS
system crack detection

Zero-trust DT-supported
UAV swarms

DRL Stackelberg incentive
for twin migration

Parking/ADAS Review + demo use-cases

Gen-Al physical-virtual
sync

Drone edge-intelligence CPS
system

Delay vs. resolution trade-oft

XR case-study

Hierarchical framework; analyses
adversarial attacks and proposes
blockchain-aided defense for semantic
data
Real-time 3D road map via V2X
cooperative perception; improves driver
situational awareness
Consensus protocol + throughput tests;
positions drone delivery as key element of
metaverse shopping
Joint latency—power-utility optimization
for semantic info transfer; alternative
algorithm outperforms baselines
Adaptive image data augmentation +
progressive attention transfer network;
improved small-target detection; feeds
traffic-flow prediction in virtual world
It integrates federated learning and
blockchain; it maintains intrusion
prevention and authenticity in aerial
metaverse links
It defines age-of-twin-migration metric;
learning-based contract maximizes RSU
utility under asymmetric information
Surveys AR/DT parking solutions and
demos (parking-spot detection, AR lane
guidance)

Auction-based RSU off-loading;
generative models craft personalized AR
content; strategy-proof
Conceptual edge-Al framework linking
drone sensing/communication/compute
to metaverse decision loops
optimizes 3D UAV position to meet VR
resolution while reducing transmission
delay by over 15 ms
Presents 6G-metaverse architecture; VR
remote-driving demo shows faster
decision-making via edge compute

(Continued)
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Table A3 (continued)

Ref. Transport Metaverse focus Key points/contributions
mode
[197] Platooning Privacy-preserving control Dynamic encryption +
proportional-integral, observer ensure
secure V2V platoon data under actuator
saturation
[85] Vehicular Coalition game twin Time-attenuated reputation + coalition
metaverse migration formation supplies bandwidth for
large-scale VT migration
[88] Autonomous  Constrained optimization + Hybrid scenario analysis selects
parking imitation learning (IL) IL/optimization mode in
Macao-Metaverse simulator; increased
success rate
[77] UAV data Hybrid-action RL Jointly chooses semantic-model size,
uplink power, channel and trajectory to increase

collection efficiency

Appendix D Summary of 2024 Metaverse Studies in Transportation

Table A4: Peer-reviewed articles in 2024 that satisfy the inclusion criteria

Ref. Transport Metaverse focus Key points/contributions
mode
[94] Road Perceived resilience of road ~ —It applies a mixed-methods approach to
(rideshar- transport using ridesharing explore how intrinsic and extrinsic
ing) cues ridesharing cues affect trust and
perceived resilience
—It demonstrates that higher trust in the
road transportation system increases
perceived resilience
—It examines the moderating effect of
passengers’ time urgency on usage
flexibility and perceived diagnosticity
[120] Multiple Chatbot-driven digital —It proposes a low-code/no-code
(public transformation (inclpublic approach to training a chatbot that can
services) transport info) assist citizens in bureaucratic processes

—It includes guidance on local
transportation options (such as, location,
public transit connections)

—It aims to accelerate digital
transformation in public institutions with
minimal Al expertise required

(Continued)
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Table A4 (continued)

Ref. Transport Metaverse focus Key points/contributions
mode
[89] Urban Blockchain + metaverse for ~ —It uses cubic picture fuzzy topology and
mobility toll, fare, and supply chain criteria importance through intercriteria

[90] Urban trans-
portation

[93] Sharing
economy

[109] Railway
(crowd
evacuation)

management

Fuzzy trigonometric
approach for metaverse
integration

Pythagorean fuzzy approach
for metaverse-incorporated
applications

3D simulation in a railway
station metaverse

correlation (CRITIC)-COPRAS MCDM

methods

—1It evaluates solutions for micromobility,
e-toll, and car-sharing with an emphasis
on uncertainty management
—1It explores blockchain-based
peer-to-peer platforms within a
metaverse framework to enhance
transport efficiency
—It proposes a novel fuzzy
trigonometric-based MCDM framework
(FUCOM + CoCoSo)

—1It tanks multiple urban transport
alternatives under managerial, safety,
user, and mobility aspects
—It demonstrates that focusing on
specific demographic groups facilitates
metaverse adoption in transport
—It introduces a multi-criteria group
decision-making method using
Pythagorean fuzzy sets
—it assesses metaverse-related sharing
economy solutions (ridesharing,
micromobility) in the transport sector
—It uses a new Pythagorean fuzzy
Wasserstein distance measure and a
total-support-degree weighting procedure
—It implements proximal policy
optimization and a social force model to
improve emergency evacuation
—1It develops a detailed DT of Krung
Thep Aphiwat central terminal in

Thailand

—It achieves marked improvement in
evacuation efficiency through AI-driven
route optimization

(Continued)
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Table A4 (continued)

Ref. Transport

mode

Metaverse focus

Key points/contributions

Mobility for
disabilities

[108] Railway

(industrial)

[110] High-speed
train and

UAV

Urban ITS

Cross-
modal
ITS
ITS design

Metaverse planning and
real-time assistive systems

Generative Al for rapid
metaverse environment
creation

High-bandwidth
connectivity for metaverse
applications

Pythagorean fuzzy
CRITIC-AROMAN MCDM

Comprehensive technology
review

Fermatean fuzzy OCRA

—It employs a science fiction prototype
approach to imagine future transport tech
for people with ambulatory disabilities
—It uses expert workshops and conjoint
analysis to rank user preferences
(wheelchair vs. exoskeleton, personal
robot, and so on)

—It finds that an augmented metaverse
planning system can complement
real-time response systems for enhanced
mobility
—It proposes a platform that leverages
language models to automate code
generation for railway-line DT
—1It focuses on minimal reprogramming
to generate realistic industrial metaverse
scenes on demand
—It shows preliminary environments
from real railway lines in Tokyo
—It investigates massive multiple-input
and multiple-output beamforming for
multi-Gbps user data rates
—It targets dense user scenarios (60+
simultaneous users) to maintain
immersive metaverse QoE
—1It explores fronthaul/backhaul
techniques for high-speed train
connectivity with UAV support
It ranks metaverse implementation
pathways and emphasizes XR
infrastructure for sustainable mobility
It maps VR, DT, Al blockchain to ITS
and details gaps, societal impacts, and
future research agenda
Four-dimension (managerial, safety, user,
mobility) ranking of ITS-metaverse
alternatives

(Continued)
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Table A4 (continued)

Ref. Transport Metaverse focus Key points/contributions
mode
[111] Traffic Metadata-optimized vision =~ MITVF framework accelerates synthetic
perception scene generation by a factor of 10;
meta-physical adaptation increases AP to
67.7%
[103] CAV Multichain lightweight FDIA Parallel blockchains hash basic safety
security defense messages in milliseconds; it eliminates
cloud reliance, enabling CAV-metaverse
economy
[121] 6G/ITS Security survey It classifies meta-space vs. physical-space
attacks and proposes dual-space security
architecture
[122] CAV Foundation-model parallel 6S goals; it integrates DT and metaverse
driving for big-model training in CPS spaces
[102] Vehicular Cross-chain pseudonym MADRL finds optimal generation;
edge management improves privacy while reducing cost of
VT migrations
[124] mmWave/ITS Semantic-enhanced YOLOvVS8 semantics and k-means GPS aid
beamforming robust 6G links; increases received power
by 6%-38%
[95] Road (CAV) Joint sensing/comm/oft-load Convex and DR decomposition
minimizes sensing, energy, and latency
for metaverse tasks
[97] Autonomous  Spatiotemporal backdoor Novel behavior-pattern trigger yields
driving >98% attack success on DRL decision
makers
[96] CAV video Edge radiance-field Replaces I-frames with RFs, achieving
compression approximately 80% data saving at high
peak signal-to-noise ratio and structural
similarity index measure; DT updates
[113] In-car XR QoE Surveys VR/QOoE gaps; outlines research
agenda and standardization roadmap
[105] Autonomous Split-learning zero-trust Zero-trust enhanced traffic analyzer
driving attacks reconstructs client data (with an mean
squared error of 0.0032); foundation for
defense design
(98] UAV + CAV  Age of incorrect information PPO optimizes UAV path, vehicle

(AOII) freshness

scheduling, and semantic extraction to
reduce AOII

(Continued)
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Table A4 (continued)

Ref. Transport Metaverse focus Key points/contributions
mode
[106] Vehicular Auction-based sync Enhanced payment-valuation integration
second-score auction reaches >96% social
welfare; strategy-proof
[107] AV testing AR meta-testing An AR-meta-vehicle road testing system
reduces test time by a factor of 658 via
critical-scenario generation in meta-road
cooperation
[114] Cross- Omniverse survey Systematic review of replicator, Isaac,
modal drive sim for metaverse data and
simulation
[112] Pedestrian Synthetic anomaly data MetaPed dataset boosts average
(road) precision/AR on KITTI and CityPersons
datasets; privacy-safe rare events
[91] Urban CQ-ROFS MCDM SWARA—AROMAN ranks blockchain
mobility e-toll and car-share options under
uncertainty
[118] Logistics ABCDE framework Al-supported digital-tech stack (Al
blockchain, DT, XR) for transport and
logistics operations
[117] Vehicular Design futures Forecasting and backcasting toolkit (60
signs, 8 case types) for
vehicular-metaverse innovation
[116] Autonomous LLM + metaverse education Shows how LLM commentary and
racing metaverse tracks enrich student IV4E
competitions
[90] Urban Fuzzy-trig Ranks three urban transport alternatives;
mobility FUCOM-CoCoSo highlights demographic targeting
[104] Vehicular PBFT consensus Reputation-guided PBFT lowers latency
edge and energy compared to vanilla PBFT in
edge metaverse
[99] UAV crowd- Qol-aware MADRL Transformer mobility prediction and
sensing graph message passing improve Qol
across datasets
[119] Supply chain Blockchain DT BlockTwins framework secures
supply-chain DTs; includes metaverse
traceability demo
[101] Platooning Vehicular ad-hoc network GNN multicast and MARL multipath

VR streaming

transmission control protocol reduce
redundant traffic by 54%, increase
throughput by 28%

(Continued)
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Table A4 (continued)
Ref. Transport Metaverse focus Key points/contributions
mode
[100] Vehicular Diffusion-transformer Value-iteration distributed DVIT on RSU
and vehicle reduces latency, increases

inference
success rate for generative Al content

Appendix E Summary of 2025 Metaverse Studies in the Transportation

Table A5: Peer-reviewed articles in 2025 that satisfy the inclusion criteria

Ref. Transport Metaverse focus Key points/contributions
mode
[125] Road (CAV)  GPT-enhanced auction for —Multi-attribute Dutch auction matches
vehicles and RSUs

VT migration
—GPT-based DRL agent accelerates
auction-clock updates
—In simulations, social welfare increases
and signaling cost reduces vs. baselines
Air (civil Sustainable smart-airport —It reviews XR, DT, Al blockchain
metaverse enablers for airports
—It maps use-cases such as turnaround
ops, cabin experience, and eco-routing
—1It discusses privacy and cybersecurity
gaps and research agenda
[132] Maritime —Self-powered triboelectric watch
(ship bridge) captures helm gestures
—96% recognition accuracy in real
cockpit; unity-based twin visualizes
commands
—Low-power IoT pipeline improves
safety in ship-driver metaverse
—Prioritization-matrix ranks 5 factor
groups for Spanish ports
—It finds new operating models and
institutional coordination most urgent
—1It offers roadmap to speed up
metaverse adoption in port clusters
Road + UAV  Edge rendering and caching —Joint diffusion-model rendering and
for vehicular metaverse DL caching algorithm
—Double-auction matches UAVss,
vehicles, and base stations
—It reduces energy by 38% and latency by
27% on real traces
(Continued)

[134]
aviation)

Wearable DT interaction

Readiness factors for port

[133] Maritime
metaverse

(ports)

[127]
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Table A5 (continued)

Ref.

Transport Metaverse focus

mode

Key points/contributions

[126]

[129]

BCI-driven immersive
driving twin

Road
(simulated
racing)

AR task execution at
vehicular edge

Road (CAV)

Non-terrestrial network
caching for CAV metaverse

Road/Remote

Road (CAV)

Split-DRL VT migration

Urban
mobility

Open digital-twin
framework

Road (CAV) Poisoning-attack defense

framework

—Modular framework fuses EEG, VR
headset, and steering wheel
—Four use-cases such as emotion,
cognition, drowsiness, and authentication
(F1-score > 0.8)

—1It analyses inclusion, privacy, and
ethical challenges of BCI-metaverse
—Multi-objective optimization (utility
increases, vehicle energy reduces)
—It derives closed-form CPU frequency
and power; binary search for model size
—1It outperforms three baselines in
reward-energy trade-off tests
—Delay-motivated ACO selects LEO
satellites for content cache
—MADRL manages hierarchical async
updates across UAV/LEO layers
—It increases cache-hit ratio and reduces
packet loss in sparse rural corridor
—Multi-agent split actor-critic with
trajectory generator
—29% QOE gain and 25% parameter
reduction vs. vanilla DRL
—Robust under varying RSU density and
vehicle speeds
—MetaCities hub (in Cyprus, Greece, and
Bulgaria) develops ODTF for smart
mobility
—Use-cases such as traffic volume
monitoring, incident detection,
parking-DT
—Quadruple-helix model aligns policy,
science, industry, and civic actors
—Reputation-scored SIoT devices via
subjective logic
—Incentive mechanism blocks malicious
sensors yet reintegrates honest ones
—Over 90% attack-mitigation success
with negligible QoS drop

(Continued)
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Table A5 (continued)

Ref. Transport Metaverse focus Key points/contributions
mode

[198] Road Safe-maneuver advisoryin =~ —Lane-quality index and resource-utility
(mixed Transverse trade-off
traffic) —34.8% reduction in collision probability

for second-follower vehicle

—It analyzes spectrum vs. latency under

transportation metaverse
[130] Road Web 3.0 trust for DT-based —Multichain ledger protects V2DT
(safety) safety sensor streams
—A deep neural network classifies drunk
vs. sober driving (96% accuracy)
—Lightweight and cloud-free, suited to

edge vehicular metaverse

[136] Multi-modal Seven-element LSCM —It synthesizes 2930-article corpus via
logistics metaverse framework keyword structuring
—1It highlights
modeling-visualization-analysis-control
feedback loop

—1It provides new research paths for
metaverse-ready supply chains
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