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Abstract

This perspective paper develops a system-level characterization of the transportation meta-
verse as a persistent, policy-aware digital environment integrating digital twins, real-time
data, advanced analytics, and human—machine interaction into a unified operational frame-
work. The study presents a cross-modal review of metaverse applications in road, rail,
maritime, and aviation systems, identifying common opportunities, limitations, and re-
search challenges. It further proposes a structured metaverse-based framework for smart
roads as a reference case. The framework demonstrates how persistent virtualization, par-
allel future scenarios, embedded governance constraints, and human-in-the-loop decision
support can improve uncertainty-aware planning, management, and operations. The paper
positions the metaverse not as a deployable technology, but as an emerging paradigm
for transportation governance. The study provides an architectural vision and research
agenda for developing more resilient, transparent, and adaptive transportation systems.
Potential applications include smart road management, multimodal traffic coordination,
real-time operational control, infrastructure resilience planning, and decision support for
policymakers under uncertain conditions.

Keywords: transportation metaverse; digital twins; smart roads and infrastructures;
mobility governance

1. Introduction

As transport systems absorb rapid technological change (connected vehicles, automa-
tion, pervasive sensing, platform-based mobility) while still being judged by stringent
time-based performance targets (e.g., travel time reliability, delays, and level of service),
their future operating conditions will become simultaneously higher-demand and harder
to predict. For example, the ITF Transport Outlook 2023 projects that by 2050, global pas-
senger transport demand will increase by roughly 79% (Current Ambition scenario), and
freight demand will approximately double, explicitly highlighting that policy pathways
and external shocks create diverging trajectories and persistent uncertainty [1]. At the
same time, real-world congestion indicators already show large, highly variable time losses
(e.g., 43 h lost per driver on average in 2024 in the U.S,, totalling about 4 billion hours and
equivalent to $74B in time costs), illustrating how small disruptions and network inter-
actions scale into significant system-wide impacts [2]. This combination, rising demand,
heterogeneous users/vehicles, dynamic control policies, and shock-prone environments,
pushes transportation modeling beyond “stable-equilibrium” assumptions and toward
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probabilistic, data-driven, and hybrid (physics + learning) approaches. Recent transporta-
tion research has increasingly explored the growing spatiotemporal complexity of mobility
systems and the limitations of purely deterministic modeling under dynamic and uncertain
conditions. Several studies have therefore focused on uncertainty-aware traffic prediction,
probabilistic forecasting and data-driven analytical models capable of capturing hetero-
geneous traffic dynamics under varying environmental and operational conditions. In
parallel, advanced simulation and computational approaches have significantly expanded
the analytical capabilities available for transportation-system modeling and optimization.
Rowan et al. [3] systematically reviewed machine-learning-based microscopic traffic-flow
models—covering car-following and lane-changing behaviors—and highlighted that such
models can improve accuracy and flexibility but still need advances in transferability, het-
erogeneity capture and interpretability. Algherbal and Ratrout [4] compared widely used
microscopic, mesoscopic and macroscopic traffic-simulation platforms and showed that
these software packages differ by scale (freeway versus intersection analysis), licensing sta-
tus (open-source versus commercial) and degree of integration of intelligent transportation
systems (ITS) and connected /autonomous vehicles. Kaddoura et al. [5] proposed an inno-
vative hybrid micro-mesoscopic simulation approach for railway operations that bridges
the gap between complex microscopic simulators and simplified planning tools; their
approach provides scalable feasibility checks and conflict detection for train timetables and
infrastructure. At the operational level, optimization and metaheuristic methods have been
increasingly investigated for complex transportation planning and management problems.
Bueno-Ferrer et al. [6] analyzed metaheuristic applications in transportation and found
that such algorithms enhance system efficiency, optimization and adaptive management.
Owais [7] offered a half-century review of transit network design research, identifying
methodological trends and research gaps, while Mahmoudi et al. [8] critically reviewed
analytical approaches for public bus transit planning and underscored the immaturity
of existing methods, especially regarding sustainability and equity concerns. Li et al. [9]
conducted a bibliometric review of the green vehicle routing problem and reported that
research has proliferated since 2000, with emerging hotspots such as fuel consumption,
electric vehicles and cold-chain logistics. Soto-Concha et al. [10] proposed mixed-integer
optimization models for a vehicle-routing problem with release times and mobile-satellite
reloading, showing their models reduce travel distance and fleet size while improving
scalability. Chau and Gkiotsalitis [11] systematically reviewed metaheuristic optimization
for multimodal transportation and discussed computational scalability and efficiency is-
sues. Recent survey articles have also captured the rise in artificial intelligence methods.
Zhang et al. [12] surveyed machine learning applications across air, marine, and land trans-
port and found that these techniques improve predictive maintenance, energy management,
and system optimization but still face challenges related to data quality, model complexity,
and real-time implementation. Reviews of reinforcement learning by Michailidis et al. [13]
and Lai et al. [14] emphasized the potential of RL for adaptive traffic control and transport
decision-making yet noted that simulation-to-reality transfer, tailored control architectures
and explainability remain open issues. Ali et al. [15] provided a comprehensive survey of
deep-learning-based traffic-flow prediction models, comparing architectures such as DHST-
Net, Att-DHSTNet and ASTMGCNet, and concluded that attention-based hybrid models
outperform traditional approaches. Finally, Li et al. [16] conducted a bibliometric analysis
of reinforcement-learning research in transportation, finding that RL has rapidly emerged
as a promising method for smart mobility and categorizing publications by application
domain while discussing future research directions. Taken together, these studies suggest
the emergence of a broad, although heterogeneous, methodological toolbox, which gives
clear motivation for an integrated approach to merge simulation, optimization, data, and
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interaction into a single operational process. To address these constraints, the metaverse has
emerged as a potential new paradigm for transportation systems, offering the possibility
to integrate a physical transport network with a persistent, immersive, and data-oriented
virtual environment. In this regard, the metaverse may enable real-time interaction among
infrastructure, vehicles, users, and traffic control systems, integrating digital twins [17-19],
IoT sensing [20,21], Al-driven analytics [22,23], and extended reality (XR) technologies
within a shared virtual space [24]. Initial research shows that such environments con-
tribute to greater fidelity in simulation, scenario exploration, human-system interaction,
and decision-making under uncertainty, while enabling iterative integration of planning,
operating, and control layers [25]. These characteristics suggest potential advantages over
more fragmented analytical tools, particularly for representing complex system interactions,
multi-actor dynamics, and policy-sensitive operational environments. This paper should
be interpreted not as a conventional systematic review, but as a conceptual and cross-modal
perspective on the emerging role of the metaverse in transportation systems. Rather than
aiming to exhaustively catalog all existing studies, the article synthesizes representative
and recent literature across road, railway, maritime, and aviation domains in order to
identify common architectural principles, technological trends, operational opportunities,
and governance-related challenges. The proposed smart road metaverse framework is
therefore intended as an illustrative conceptual reference that integrates insights derived
from the reviewed literature into a unified policy-aware and human-centered operational
vision. In this regard, the paper combines literature synthesis with conceptual interpretation
to support the development of future research agendas and interdisciplinary discussion
surrounding metaverse-enabled transportation systems. In the subsequent sections, a de-
tailed analysis of its architectures, applications and implications is offered. The remainder
of this paper is organized as follows. Section 2 presents the methodological approach
adopted in this study, including the literature-search strategy, selection criteria, and clas-
sification framework used for the reviewed studies. Section 3 introduces the metaverse
paradigm, its fundamental concepts, and the enabling technologies supporting its devel-
opment. Section 4 discusses current and emerging applications of the metaverse across
different transportation systems, including road, railway, maritime, and aviation domains,
with attention to both operational implementations and conceptual use cases. Section 5
examines the major opportunities, challenges, limitations, and open risks associated with
metaverse-enabled transportation systems. Building on these insights, Section 6 proposes a
conceptual metaverse-based framework for smart roads as an illustrative reference case for
intelligent transportation applications. Section 7 discusses future research directions and
broader implications for transportation planning, management, and operations. Finally,
Section 8 concludes the paper by summarizing the principal findings, contributions, and
wider relevance of this work.

2. Methodological Approach

In this study, a structured conceptual review methodology is used to examine the
emerging topic of the metaverse’s applicability to transportation systems. Instead of per-
forming a fully systematic review aimed at capturing the entire body of available literature,
an effort is made to identify representative interdisciplinary research and contributions
published in recent years. Accordingly, the methodological approach extends beyond
literature aggregation and aims to identify common principles, enabling technologies, oper-
ational implications, and research gaps associated with metaverse-enabled transportation
systems. This methodology is appropriate given the exploratory nature of the topic, as con-
ceptual work continues to outpace empirical studies at present. The bibliographic search
was conducted across the main scientific databases, including Scopus, Web of Science,
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IEEE Xplore, ScienceDirect, and Google Scholar, to identify, in the initial phase, as many
relevant documents as possible for the present study. The review primarily focused on
literature published between 2018 and 2026 to capture recent developments across several
innovative topics, including digital twins, immersive environments, artificial intelligence,
cyber—physical systems, and metaverse-based transportation solutions. Relevant keywords

/A7 v

used in searches included: “transportation metaverse”, “mobility metaverse”, “digital

Zawi i i

twins in transportation”, “smart roads”, “railway digital twins”, “maritime metaverse”,
“aviation metaverse”, “immersive transportation systems”, “XR in mobility systems”, and
“Al-enabled transportation environments”. In terms of inclusion criteria, preference was
given to peer-reviewed journal articles, highly relevant conference papers, recent technical
reports, and conceptual studies related to applications of immersive digital environments,
digital twins, intelligent infrastructure, and human-machine interaction systems to trans-
portation systems.

On the other hand, studies focusing solely on virtual worlds for entertainment or other
metaverse applications were generally not included. Priority was given to publications
providing operational, technological, governance-related, or system-level insights relevant
to transportation metaverse applications. The reviewed papers were evaluated along
several complementary dimensions: transportation modes (road, railway, maritime, and
aviation), technological components, operational applications, governance implications,
and implementation level. Finally, the literature was classified by implementation stage:

conceptual studies
simulation-based studies
prototype developments
pilot implementations

operational applications

This classification framework supported the comparative analysis presented through-
out the manuscript and facilitated the identification of common opportunities, limitations,
and future research directions across transportation domains.

3. Metaverse: Concepts and Enabling Technologies

The historical evolution of the metaverse can be interpreted as a progressive conver-
gence of technological, computational, and virtual-interaction paradigms that gradually
enabled persistent, immersive, and data-integrated digital environments. As illustrated
in Figure 1, the development of the metaverse did not emerge from a single technolog-
ical breakthrough, but rather evolved through multiple interconnected stages involv-
ing networked virtual worlds, simulation technologies, immersive visualization systems,
cloud-based infrastructures, and intelligent cyber—physical integration. Mystakidis [26]
defines the metaverse as a persistent, socially interconnected virtual environment, while
Dionisio et al. [27] identify critical technological characteristics, including real-time interac-
tion, persistence, interoperability, and user-generated content. During the late 1990s and
early 2000s, advances in game-engine technologies and large-scale collaborative virtual
environments significantly improved the realism and scalability of virtual worlds. An-
drade [28] reviewed the evolution of game-engine architectures and their capability to
support complex interactive environments, whereas Trenholme and Smith [29] demon-
strated the role of game engines in constructing first-person virtual environments with
enhanced real-time rendering capabilities. Chia [30] further argued that modern game
engines evolved beyond entertainment platforms and became important infrastructures
for automation and virtual-system development. In parallel, Greenhalgh and Benford [31]
investigated communication mechanisms in large-scale collaborative virtual environments,
while Moghaddam and Moghaddam [32] highlighted the importance of broadband infras-
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tructure for supporting sustainable, data-intensive immersive systems. Wang et al. [33]
additionally proposed a human—computer interaction framework for three-dimensional
virtual worlds, emphasizing the importance of interactive digital interfaces within emerg-
ing metaverse environments. As shown in Figure 1, the following developmental stage was
characterized by major advances in simulation, visualization, and immersive technologies.

Historical Evolution of the Metaverse: A Technical Progression Timeline

Conceptual Origins
(Late 1980s-Early 1990s) |

+ Networked Virtual Worlds
* Multi-user Digital Environments |
+ Term “Metaverse” Coined
+ Shared Virtual Presence

| e i
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Figure 1. Historical evolution of the metaverse from early virtual worlds to intelligent cyber—
physical systems.

Wiederhold [34] reviewed lessons from early virtual reality systems and highlighted
both their technical limitations and their long-term potential for immersive interaction.
Korkut and Surer [35] later conducted a systematic review of visualization techniques in
virtual reality and demonstrated how advances in rendering, interaction fidelity, and spatial
representation improved user immersion and analytical capability. Lee et al. [36] applied
virtual reality metaverse technologies to aircraft maintenance simulation and demonstrated
their usefulness for remote education and training applications in complex operational
environments. During the 2010s, cloud computing, blockchain integration, and large-
scale data infrastructure further transformed the metaverse into a scalable, continuously
connected environment. Mandala et al. [37] discussed the integration of blockchain and
cloud-computing technologies within multidisciplinary metaverse architectures, while
Zhang et al. [38] reviewed the role of big-data technologies in supporting real-time meta-
verse analytics and distributed data processing. Schlichting et al. [39] investigated virtual
and augmented reality presence and emphasized the importance of immersive perception
in metaverse interaction systems. More recently, Hatami et al. [40] analyzed the challenges
associated with real-time metaverse synchronization, latency, and scalability. The most
recent stage of metaverse evolution, also illustrated in Figure 1, involves the integration
of artificial intelligence, edge computing, immersive interfaces, and cyber—physical sys-
tems into intelligent operational environments. Huynh-The et al. [41] comprehensively
surveyed artificial intelligence applications in the metaverse and highlighted the grow-
ing role of machine learning, reinforcement learning, and intelligent agents in adaptive
virtual environments. Baidya and Moh [42] reviewed resource-allocation mechanisms for
edge-computing-enabled metaverse systems and demonstrated the importance of low-
latency distributed computation for real-time interaction. Murala and Panda [43] ana-
lyzed immersive technologies, including augmented reality, virtual reality, and extended
reality, emphasizing their role in enhancing multisensory interaction within metaverse
ecosystems. Lee and Kundu [44] further introduced integrated cyber-physical systems

https:/ /doi.org/10.3390/infrastructures11060181


https://doi.org/10.3390/infrastructures11060181

Infrastructures 2026, 11, 181

6 of 44

and industrial metaverse architectures that link physical infrastructure with intelligent
virtual environments. Consequently, the metaverse can increasingly be interpreted as
a potential operational framework for predictive analysis, intelligent coordination, and
human-centered decision support. Park and Kim [45] develop a taxonomy of metaverse
components that includes persistent virtual spaces, avatars, digital assets and social sys-
tems. Their framework emphasizes that metaverse platforms must maintain world state
over long durations, support synchronous and asynchronous user interactions, and provide
continuity across sessions. Wang et al. [46] extend this perspective in their survey of meta-
verse technologies, applications and challenges, highlighting key enabling technologies
such as IoT, Al, blockchain and advanced networking. Lv, Shang and Guizani [47] examine
how digital twins and metaverse frameworks influence urban development, describing
how high-fidelity virtual replicas of cities support planning and infrastructure manage-
ment. Wang et al. [48] introduce the concept of an “Engineering Brain,” proposing that
the metaverse serves as a collective intelligence platform for engineering design and oper-
ations. Akbar and Ali [49] apply digital twins and fuzzy multi-criteria decision-making
to predictive traffic management in Malaysian smart cities, demonstrating how real-time
virtual representations and analytics improve transport operations. Zheng and Yuan [50]
review progress in quality-of-experience research for the metaverse, identifying factors
such as latency, jitter and visual fidelity that influence user satisfaction. Porcu et al. [51]
provide an initial analysis of QoE dimensions for the metaverse and propose measurement
frameworks tailored to immersive environments. Deveci et al. [52] present a decision-
support system that prioritizes sustainable urban transportation options within a meta-
verse context, showing how fuzzy logic and multi-criteria analysis aid urban planners.
Huynh-The et al. [41] note that AI algorithms enable autonomous control and predictive
analytics, while reinforcement learning allows dynamic adaptation to user behavior and
environmental changes. Zhu et al. [53] survey brain—-computer interfaces (BCIs) for human-
centric metaverse applications, suggesting that future interfaces could translate neural
signals directly into avatar actions. Khanna et al. [54] discuss challenges in implementing
the metaverse in industrial contexts, focusing on human-system interaction and usability.
Both works emphasize the need for intuitive input devices and multimodal feedback to
improve adoption. Allam et al. [55] conceptualize the metaverse as a virtual form of smart
cities and analyze its environmental, economic, and social sustainability implications. They
argue that virtual modeling and simulation can improve urban planning, reduce waste and
engage citizens in co-designing future cityscapes. Yang et al. [56] review interoperability
from a digital-ecosystem perspective and stress that seamless data and asset exchange
across platforms is essential for a functional metaverse. Jung [57] proposes an architecture
for interoperability between heterogeneous metaverse platforms, introducing standard
interfaces and middleware layers. Perey [58] further argues that open interoperability
is a fundamental requirement for a truly open metaverse ecosystem, cautioning against
vendor lock-in. Uzun [59] provides a comprehensive overview of metaverse governance,
covering aspects of data privacy, digital identity, intellectual property rights, and legal
jurisdiction. Goldberg and Schér [60] conduct an empirical analysis of voting within de-
centralized autonomous organizations (DAOs) and suggest that decentralized governance
structures could support fair and transparent decision-making in metaverse projects. These
works stress that ethical oversight, transparency and accountability mechanisms must be
embedded into metaverse architectures.

4. Metaverse in Transportation Systems

Recently, the metaverse has attracted increasing attention as a new digital architecture
capable of extending traditional modeling and decision-support methods within trans-
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portation systems. The metaverse allows virtual environments to be persistent, interactive,
and data-synchronized so physical transport infrastructure, vehicles, users, and control
mechanisms can have tighter integration. This paradigm can supports continuous inter-
action among diverse actors, real-time data streams, and adaptive system behaviors in
a unified virtual space instead of isolated simulation or optimization tools. These are
especially important for the transportation system, where spatiotemporal dynamics, un-
certainty, and multi-actor decision-making are dominant at the planning, operations, and
management levels. In that respect, the metaverse could be considered an evolution of
digital representation and control concepts in the digital era, encompassing digital twins,
artificial intelligence, immersive interfaces, and advanced communication technologies.
This section presents the metaverse paradigm in transport and its applications across
various transport modes.

4.1. Metaverse for Smart Roads

The evolution of intelligent transportation systems (ITS) reflects a progressive redistri-
bution of intelligence across road transport networks. As summarized in Figure 2, early
traffic-management systems in the 1980s and early 1990s relied primarily on fixed-time
signals, inductive loop detectors, centralized traffic-control centers, and rule-based opti-
mization. Yan et al. [61] describe this early ITS phase as an infrastructure-centered approach
focused on congestion mitigation, signal coordination, and incident detection. In the fol-
lowing stage, corresponding to the late 1990s and 2000s in Figure 2, ITS expanded toward
advanced traffic management and traveler information systems. Gamboa-Rosales et al. [62]
show, through a systematic mapping of ITS research themes, that GPS, variable-message
signs, network monitoring, and adaptive signal-control systems became increasingly cen-
tral to road-network coordination. Avci and Koca [63] review the main technologies and
security challenges of ITS, emphasizing the growing role of communication infrastruc-
ture and cybersecure data exchange. Walch et al. [64] specifically focus on cooperative
ITS and show that C-ITS assessment increasingly concerns vehicle-infrastructure coop-
eration, deployment impacts, and system-level evaluation. Abdelkader et al. [65] review
connected-vehicle technologies and identify V2V and V2I communication as key enablers
of localized and vehicle-centric decision-making. More recently, the final stage shown in
Figure 2 reflects the transition toward data-driven and intelligent ITS. Zhang et al. [66]
provide an early survey of data-driven ITS and highlight the role of large-scale sensing,
data mining, and predictive models in traffic analysis. Machin et al. [67] review artifi-
cial intelligence techniques in ITS and discuss their use in adaptive control and traffic
management applications. Guerrieri [68] extends this technological transition to smart
road geometric design and capacity estimation under AV and CAV conditions. Khanmo-
hamadi and Guerrieri [69] review advanced sensor technologies for CAV road-condition
monitoring, demonstrating how vehicle-based sensing can contribute to infrastructure
intelligence. Guerrieri and Khanmohamadi [70] further illustrate this transition through
the COM-Roundabout concept, which proposes dynamic infrastructure configuration as a
smart, self-regulating road system application.

As road transport systems become more interconnected, intelligence confined to indi-
vidual components becomes insufficient for representing cross-scale interactions among in-
frastructure, users, vehicles, control strategies, and governance mechanisms. Dey et al. [71]
conceptualize transportation cyber—physical systems as integrated environments where
infrastructure, digital systems, and users interact within smart-city and regional mobility
contexts. Neirotti et al. [72] show that smart-city initiatives depend not only on technology
but also on institutional coordination, data integration, and service-oriented urban gover-
nance. Docherty et al. [73] argue that smart mobility requires new governance structures

https:/ /doi.org/10.3390/infrastructures11060181


https://doi.org/10.3390/infrastructures11060181

Infrastructures 2026, 11, 181

8 of 44

that connect transport operations with land-use planning, digital platforms, and public
policy. Within this context, smart roads represent a shift from vehicle-centric intelligence
toward infrastructure-centered and system-level decision support. Goumiri et al. [74]
identify smart mobility challenges related to heterogeneous data, multimodal coordination,
cybersecurity, and real-time decision-making. Almatar [75] discusses smart-transportation
planning challenges, emphasizing implementation barriers, planning uncertainty, and
institutional readiness. Chen et al. [76] specifically frame smart roads around roadside
perception, vehicle-road cooperation, and emerging business models, showing that in-
frastructure must become an active participant in sensing, communication, and control
rather than a passive physical carrier of traffic. Figure 2 should therefore be interpreted as
more than a historical timeline. It summarizes the conceptual transition from reactive and
infrastructure-based traffic management toward connected, data-driven, and Al-supported
road intelligence. However, despite these advances, conventional ITS and smart road
systems often remain episodic, component-based, and bounded by predefined modeling
assumptions. They are strong in sensing, prediction, and local optimization, but weaker
in representing long-term system evolution, governance constraints, policy feedback, and
multiple uncertain futures before real-world deployment. Within this gap, the metaverse
may provide an integrative framework for smart road planning and management. Figure 3
presents the smart road metaverse as a unified decision environment linking persistent sim-
ulation, parallel futures, adaptive control, proactive safety assessment, policy testing, and
socio-technical planning. Njoku et al. [77] review metaverse applications in data-driven ITS
and identify real-time data fusion, interoperability, cyber-physical integration, and privacy
as major implementation challenges. Zhang et al. [78] further demonstrate how multimodal
artificial intelligence and semantic graph learning can support intelligent vehicle retrieval
and traffic surveillance within ITS environments. Their MAGAE framework integrates
large language models, graph attention mechanisms, and cross-modal semantic alignment
to bridge visual and textual representations of vehicles, enabling more accurate retrieval of
target vehicles from urban surveillance systems. The study further highlights the growing
role of Al-driven semantic understanding and multimodal data fusion in future intelligent
transportation infrastructures. Zhang et al. [79] introduce “parallel vision” for ITS in the
metaverse, explaining how real-world transportation systems and virtual environments
can operate together to support predictive analysis and parallel control. Guerrieri et al. [80]
proposed an image-processing-based framework for automatically detecting vehicles, esti-
mating speeds, reconstructing trajectories, and evaluating traffic-related pollutant emissions
using video surveillance data. Their methodology demonstrates how computer vision
and traffic analytics can support real-time environmental monitoring and intelligent trans-
portation management within smart road infrastructures. Papadopoulos et al. [81] develop
a geospatial metaverse architecture that integrates spatial computing, digital twins, and
virtual worlds, which is directly relevant to road systems because spatial consistency is
essential for traffic-state interpretation and infrastructure representation. Reddy et al. [82]
address governance and policy issues for a green metaverse, emphasizing sustainability-
oriented rules and institutional safeguards. Yang [83] argues that metaverse governance
should be supported by technical standards, because interoperability, accountability, and
trustworthy system operation cannot be achieved through isolated platforms.

In a smart road context, the metaverse should not be viewed as a replacement for
existing ITS tools, but as an overarching environment that reorganizes them into a persistent
and policy-aware system. Weinberger [84] defines the metaverse through qualitative meta-
synthesis and emphasizes persistence, interoperability, embodiment, and interaction as
core conceptual features. Schobel and Tingelhoff [85] analyze how metaverse platforms
create value and identify implementation challenges related to platform design, adoption,
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and stakeholder engagement. Lv et al. [86] explain how digital twins can be constructed
across scales, states, and relations, which supports the idea that road assets, traffic flows,
users, and policies can be represented simultaneously in a multi-layer virtual environment.
In this way, the components shown in Figure 3 should be understood as interconnected
layers rather than isolated applications.

Early Traffic Management Advanced Traffic Management Connected and Vehicle-Centric  Data-Driven and Intelligent ITS
(1980s—Early 1990s) and Information Systems ITS (late 2010s—present)
(Mid-1990s—-2000s) (2010s)
« Fixed-Time Signals * GPS & Variable Message * Connected Vehicles * BigData & Al
« Inductive Loop Detectors signs V2V & V2I Communication + Edge & Cloud Computing
= Traffic Control Centers - Adaptive Signal Control = Mobile & Cooperative = Predictive Traffic Management
+  Rule-Based Optimization « Traveler Information systems Systems

=]
- N
o0l
Congestion Mitigation & Real-Time Monitoring & Real-Time Data Exchange & Advanced Analytics & Reactive
Incident Detection Network Coordination Localized Decisions ‘Optimization

Figure 2. Historical evolution of intelligent transportation systems (ITS).

Socio-Technical Context
Integrate traffic with urban & environmental planning

Adaptive Conlrol & Predictive Performance
Signal & speed harmonization under uncertainty

Persistent Simulation
Preserve historical context & behaviors

Proactive Safety & Hazard Detection
Identity weaknesses & near-misses before accidents

Parallel Futures Policy & Governance Testing
Evaluate multiple demand & control strategies Evaluate pricing & regulation cffects virtually

Figure 3. Conceptual representation of the metaverse as an integrative environment for smart
road systems.

One major application domain is predictive analysis of traffic and infrastructure per-
formance. Akbar and Ali [49] propose a digital-twin- and metaverse-based approach for
predictive traffic management in Malaysian smart cities using fuzzy multi-criteria decision-
making. Ma et al. [87] develop the concept of metaverses for parallel transportation,
moving from general 3D traffic-environment construction toward virtual-real intelligent
transportation management and control. Kuo and Choi [88] propose an Al-supported
digital-technological framework for transportation and logistics operations, showing how
metaverse technologies can support coordination among logistics, control, and planning
processes. Wang [89] provides the theoretical foundation of parallel control and manage-
ment for ITS, explaining how artificial systems, computational experiments, and parallel
execution can support transportation control. Hu et al. [90] review simulation, digital
twins, and parallel intelligence for autonomous driving, showing that virtual environ-
ments are essential for testing autonomous vehicle behavior before deployment. Together,
these works support the predictive-analysis component shown in Figure 3, where smart
roads are mirrored across multiple plausible futures rather than examined through one-off
simulation runs.
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A second application domain concerns adaptive traffic control and coordinated in-
frastructure management. Michailidis et al. [13] review reinforcement-learning methods
for traffic-signal control and show how adaptive algorithms can improve signal decision-
making under dynamic demand. Souravlias et al. [91] propose a parallel-computing
approach for smart traffic lights, demonstrating the relevance of computational scalability
for real-time signal optimization. Selvaraj et al. [92] introduce human-centered traffic
management for smart cities and metaverse settings, emphasizing that control decisions
must remain interpretable and usable for human operators. Zhao et al. [93] propose a
collaborative metaverse—digital twin system for traffic perception, reasoning, and resource
scheduling, which directly supports the adaptive-control and predictive-performance layer
shown in Figure 3. Alam [94] introduces the Metaverse of Things as a smart-city concept
that links sensing, computation, and actuation in urban environments.

A third application domain is proactive safety assessment and hazard detection.
Castro et al. [25] provide a data-driven systematic review of transportation metaverse re-
search and emphasize the need for computational modeling frameworks that can evaluate
emerging risks. Irfan et al. [95] review transportation digital twin systems for traffic safety
and mobility, highlighting their ability to represent safety indicators, near misses, and
mobility risks. Ahilal et al. [96] propose a traffic metaverse with shared vehicle percep-
tion, showing how cooperative perception can support safer vehicle-road interaction.
Mauro and Guerrieri [97] conducted a comparative life cycle assessment of conventional,
turbo, and flower roundabouts by integrating pavement construction, maintenance opera-
tions, traffic emissions, and environmental costs into a unified evaluation framework. Their
results showed that reclaimed asphalt pavement (RAP) and lime stabilization strategies can
significantly reduce energy consumption, pollutant emissions, and long-term environmen-
tal impacts associated with transportation infrastructure systems. Bai et al. [98] develop an
augmented-reality-based meta vehicle-road cooperation testing system, allowing vehicle—
infrastructure interactions to be tested in controlled virtual environments. These studies
support the proactive safety and hazard-detection component of Figure 3, where safety
weaknesses can be identified before real-world crashes occur. The metaverse can also sup-
port infrastructure lifecycle management and resilience planning. Wang et al. [99] propose
an efficient visual-perception framework for ITS in the metaverse, showing how virtual
visual environments can support instructional perception, infrastructure monitoring, and
decision support. Deveci et al. [52] further demonstrate how metaverse-based decision-
support methods can prioritize sustainable urban-transportation alternatives under multi-
criteria conditions. These approaches allow pavement condition, traffic loading, mainte-
nance priorities, environmental exposure, and budget constraints to be evaluated within a
persistent analytical environment. Finally, the smart road metaverse can support policy
testing, governance, and multi-stakeholder collaboration. Ali and Nabeel [22] analyze how
Al and metaverse-based transportation planning can contribute to sustainable development
goals. Kuo and Choi [88] show that metaverse technologies can support operational and
strategic decision-making in transportation and logistics systems. Sharifi et al. [100] review
the metaverse as a future form of smart cities and discuss both co-benefits and trade-offs
for sustainable development goals. Allam et al. [55] conceptualize the metaverse as a
virtual form of smart cities and emphasize environmental, economic, and social sustain-
ability dimensions. Uzun [59] discusses metaverse governance issues including privacy,
identity, regulation, and institutional responsibility. Reddy et al. [82] frame governance
around sustainability-oriented policy in the green metaverse. Owojori and Erasmus [101]
argue that metaverse-based urban sustainability reporting can improve transparency and
accountability in the built environment. These works support the socio-technical and
policy-governance components shown in Figure 3, where pricing strategies, low-emission
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zones, access regulations, safety rules, and equity implications can be tested virtually
before implementation.

Overall, Figure 2 explains why smart roads emerge from the historical evolution of
ITS, while Figure 3 explains how the metaverse reorganizes smart road technologies into a
persistent, multi-future, and policy-aware decision environment. The smart road metaverse
can be interpreted not as a sudden technological rupture, but rather as it represents a staged
systems-integration process in which sensing, connectivity, prediction, control, safety
assessment, infrastructure monitoring, and governance are integrated into a shared virtual
environment. Its main value lies in enabling uncertainty-aware planning, coordinated
operational control, proactive safety testing, and transparent policy evaluation before
physical implementation.

4.2. Railway Metaverse

Railway transport is one of the most complex and safety-critical mobility domains,
requiring tight integration of track infrastructure, rolling stock, signaling, power supply,
and operational control. Capacity pressures, punctuality requirements and automated train
operations have increased system complexity and operational uncertainty. Conventional
analytical tools and microsimulation models can provide fine-grained information about
individual components, but their episodic scope limits their ability to capture long-term
interactions among asset aging, traffic flows, and human interventions. The metaverse
has recently been proposed as a unifying paradigm that continuously mirrors physical
railway systems and supports the exploration of parallel operational futures. Figure 4
illustrates this concept: digital twins, cyber-physical convergence and artificial-intelligence-
driven intelligence form a persistent virtual ecosystem for railways. The elements depicted
in the figure are examined below from the perspectives of operations, safety, lifecycle
management, energy optimization, and human-system interaction.

Cyber-Physical-Social Convergence . Lifecycle-Oriented Maintenance
Merge BIM, GIS & IOT data for synchronized assets Shift from reactive repairs to tracking degradation trajectories

Digital Twin Integration
Virtual replicas of infrastructure & rolling stuck

Bidirectional Mirroring
Continuous feedback between physical & digital twins Immersive Human-System Interaction
Use extended reality for intuitive operation & training

Railway

Metaverse ZBAN ’
Risk-free stress Testing

Evaluate emergency protocols virtually without disruption

Feature Traditional Tools  Railway Metaverse
Data Nature Episodic & Fragmented Continuous & Integrative
Misitenance Reactive Predictive & Condition-
Based
Simulation Static / Short-Term Dynamic / Parallel Futures

Figure 4. Conceptual overview of the railway metaverse as a unified digital ecosystem.

A central feature of the railway metaverse is the digital twin: a continuously updated
virtual replica of infrastructure, rolling stock, signaling, and traffic flows. Researchers
such as Tang et al. [102] and Besinovi¢ [103] emphasize that railway digital twins integrate
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high-fidelity geometric models with persistent sensor data and operational information,
enabling synchronized representations of structural, operational, and contextual states.
Corriere et al. [104] introduced a fuzzy-logic-based framework for evaluating railway sta-
tion practical capacity under safety-oriented operating conditions. Their model integrates
accident risk factors, operational reliability, train interference probabilities, and infrastruc-
ture constraints to support safer and more adaptive railway traffic management strategies.
Guerrieri and Parla [105] argue that building information modeling (BIM) and geographical
information systems (GIS) supply the structural and spatial context, while the Internet
of Things (IoT) provides real-time condition monitoring. This convergence allows the
shift from reactive maintenance to lifecycle-oriented frameworks that describe degradation
trajectories, load-dependent usage patterns, and stochastic operational constraints. The
digital twin may therefore be viewed as a foundational element within a broader metaverse
ecosystem rather than a stand-alone analytical tool. Research by Tsvetkov et al. [106] and
Li et al. [107] demonstrates that digital twins combined with real-time data and optimiza-
tion algorithms can support timetable planning, conflict resolution, and adaptive capacity
allocation. Integrating collaborative virtual-real environments into parallel traffic systems
may facilitate controllers to optimize operational trade-offs—such as punctuality, safety,
and energy efficiency—while managing disruptions more effectively via bidirectional in-
teraction. Cooperative perception digital twins can leverage automotive edge clouds to
sustain a live digital replica of active traffic environments [108]. Kurwi et al. [109] show
that immersive interfaces, involving extended-reality representations of trains and net-
works, enhance situational awareness and facilitate human-in-the-loop decision-making
during disturbances.

Lifecycle management benefits from persistent, integrated digital twins. Van Dinter et al. [110]
demonstrate that digital twins provide real-time representations of physical assets and
can generate/use data on asset degradation, condition, and performance to support pre-
dictive maintenance and lifecycle monitoring. Kazemi et al. [111] argue that DT-based
systems enhance fault detection and support predictive and condition-based maintenance
through continuous infrastructure monitoring, while Yeung et al. [112] highlight that digi-
tal twin-based scenario analysis enables comparison of alternative operational strategies
and assessment of long-term system performance and resilience before implementation.
Metaverse-oriented platforms may support energy management and sustainability analy-
ses. Guerrieri and Ticali [113] discussed design standards for converting disused railway
corridors into greenways dedicated to sustainable and soft mobility. Their work highlights
how abandoned transportation infrastructures can be transformed into environmentally
integrated mobility corridors supporting non-motorized transportation, landscape regener-
ation, and sustainable urban development. Scheepmaker et al. [114] emphasize that inte-
grated railway simulation environments enable the joint optimization of train timetabling,
traction power management, and regenerative braking strategies to improve overall en-
ergy efficiency and operational sustainability in rail systems. Guerrieri and Ticali [115]
further explored the transformation of abandoned railway infrastructures into sustainable
mobility corridors by emphasizing geometric design standards, accessibility requirements,
and environmental integration strategies for greenway development. Their study high-
lights the role of infrastructure repurposing in promoting low-impact transportation and
sustainable territorial regeneration. Tao et al. [116] emphasize that integrating sustain-
ability assessment and resource-management functions into digital-twin environments
can aid the evaluation of energy consumption, carbon emissions, and resource utilization
under alternative operational scenarios, thereby supporting low-carbon and sustainable
industrial decision-making. Human-system interaction is fundamentally reshaped by
immersive, cognitively aligned interfaces. Extended-reality environments coupled with
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real-time digital twins may allow operators and maintenance personnel to interact with
complex system states intuitively [109]. Virtual reality (VR) shows potential for safety-
relevant training by safely simulating dangerous scenarios, but its effectiveness needs
further evaluation [117]. A VR training framework proposes adapting scenarios using
performance measures plus real-time physiological and kinematic data, and adjusting
feedback type, timing, and simulation variables accordingly [118]. Finally, researchers
explore how artificial intelligence integrates with digital twins to create data-centric intelli-
gence for railway systems. J. Sresakoolchai et al. [119] showed DT-RL integration reduced
maintenance activities by 21% and defects by 68%, illustrating how an RL agent can be
embedded in a DT and updated as new geometry, defect, and maintenance data arrive, and
for a railway bridge DT, vibration data after train crossings are streamed, stored in a cloud
data lake, and used periodically to retrain ML models, enabling continuous learning and
adaptation to changing structural dynamics [120]. Another framework integrates spatial
graph neural networks with temporal encoders on multi-source railway big data to support
anomaly detection and predictive maintenance, explicitly modeling spatial relationships
and temporal patterns for operational optimization [121]. Metaverse environments can
make Al recommendations more interpretable by presenting them through immersive
visualizations. A predictive maintenance framework for a metro operator provides natural
language and visual explainability via dashboards so decision-makers can understand
why failures are predicted and act accordingly [122]. Realistic virtual environments and
digital twins are increasingly used in rail to test algorithms and strategies before field
deployment. For instance, a framework for virtual performance testing of ATO algorithms
uses a microscopic train simulator plus structured scenarios to test punctuality, accuracy,
energy consumption, safety and comfort before real-world trials [123].

In summary, the railway metaverse offers a unified digital landscape where infras-
tructure, operations, energy systems, safety management, human factors and intelligent
analytics are represented coherently and collaboratively explored. By overcoming the frag-
mentation of traditional tools, it provides a persistent, interactive and uncertainty-aware
environment that supports integrative, adaptive and resilience-oriented architectures for
next-generation railway systems.

4.3. Maritime Metaverse

The maritime industry is a critical pillar of global trade and multimodal transportation;
it involves complex vessel movements, safety-critical processes and growing pressures
related to energy efficiency and environmental sustainability. Traditional maritime infor-
mation systems are often fragmented, reactive and limited in their capacity to capture
dynamic interactions among vessels, ports, offshore infrastructure and logistics chains. In
response, the “maritime metaverse” is emerging as an emerging digital architecture. By
expanding beyond classical simulation and monitoring, it creates persistent, immersive and
interconnected virtual environments wherein high-fidelity digital twins are synchronized
with real-time data streams. Figure 5 provides a system-level conceptual overview of the
maritime metaverse: it depicts how digital twins, Al-augmented intelligence and real-
time data synchronization collectively support decision-making across traffic management,
safety, energy, lifecycle management and human-system interaction. The figure serves as a
unifying reference through which the multidimensional role of the metaverse in maritime
transportation is analytically explored.

High-fidelity digital twins of ships, port terminals, offshore platforms and other
marine assets ingest heterogeneous data streams (e.g., [oT sensors, AIS, satellite data, port-
management systems) to create synchronized virtual representations. Ding et al. [124]
developed DT-based decision support at Yangshan automated terminal uses real-time
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monitoring with big-data engines for operational decisions, while Lovas et al. [125] demon-
strated that terrestrial laser scanning can be utilized to capture high-density point clouds of
complete ship hulls. The authors highlighted that converting this data into high-resolution
geometric meshes enables the detection of structural deformations and provides precise
inputs for hydrodynamic simulations, allowing cross-sections to be extracted at any de-
sired location. Ship DTs require mutual data exchange between the physical and virtual
environments; this bidirectional flow is the defining feature that distinguishes true DTs
from static models [126]. Surveys highlight emerging data-driven ML methods and at-sea
monitoring for corrosion-fatigue life prediction on marine structures [127]. Together, these
works position digital twins as foundational elements of a maritime metaverse. Meta-
verse platforms create shared virtual environments where digital twins are synchronized
with real-time AIS, radar, weather and port-traffic data. Ilias et al. [128] proposed the
Vessel Al architecture, which proposes high-fidelity maritime digital twins by fusing ship-
board data (sensors, AIS, and autonomous logs) with external environmental datasets
(weather, satellite, oceanographic, and port databases). This comprehensive data-fusion
framework acts as a foundation for global traffic surveillance, collision prevention, and
weather-resilient voyage optimization. AIS data from 4923 ships on the Yangtze show how
segment-wise speed distributions relate to congestion; the method evaluates and justifies
speed limits, offering a template to virtually tune limits in a DT before implementation [129].
Liu et al. [130] introduced an LSTM-based framework for projecting future vessel paths
using Automatic Identification System (AIS) data. By embedding a specialized “traffic
conflict situation” representation, their model significantly increases forecasting accuracy
and system resilience, thereby enhancing collision prevention and surveillance operations
within maritime Internet of Things (IoT) traffic services. Safety and risk assessment benefit
from the metaverse’s immersive, scenario-based capabilities. Riordan et al. [131] developed
a port-scale digital twin of Hamburg that interfaces a virtual Maritime Autonomous Surface
Ship (MASS) with a high-resolution multibeam sonar simulator. This integrated framework
enables the real-time detection of underwater hazards and immediate updates to nautical
charts, significantly mitigating ship grounding risks in shallow navigable waters, while
an immersive VR simulation for mooring risk assessment enhances learner motivation,
enjoyment, and behavioral intent while lowering cognitive load compared to personal
trainers, according to Makransky and Klingenberg [132]. Recent studies by Bai et al. [133]
and Cao et al. [134] emphasize that current resilience models must integrate real-time
recovery dynamics alongside richer datasets, such as AIS tracking information. The authors
argue that incorporating these granular, dynamic variables is essential for providing robust,
actionable support during operational decision-making in maritime shipping networks.
Persistent digital twins underpin lifecycle management for ports, terminals, shipyards
and offshore structures. Integrated SHM frameworks for large hydro-steel structures and
buildings build safety indices and evaluation databases from historical plus real-time data
to support life-cycle safety assessment and anomaly detection [135]. Some studies note
that ship digital twins are widely proposed to optimize fuel consumption, environmental
emissions, and operational costs throughout the entire vessel lifecycle, including design,
operation, maintenance, and planning [126,136]. However, both studies emphasize that
current practical implementations remain fragmented, frequently failing to achieve the full,
bidirectional data synchronization required for comprehensive asset management, whereas
Kanchiralla et al. [137] propose a digital twin-based framework for hybrid ships that en-
ables real-time life cycle assessment (LCA) to enhance environmental performance. The
approach leverages live data and control mechanisms to optimize operational decisions for
improved sustainability. Diaz et al. [138] emphasized that implementing augmented reality
(AR) frameworks within ship engineering and quality management creates a unified envi-
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ronment for instantaneous data exchange among design and production stakeholders. The
authors established that this multi-party collaboration drastically improves engineering co-
ordination and simplifies engineering change management across the shipyard. According
to Kim [139], real-time life-cycle analysis via digital twins enables tracking and mitigation
of greenhouse gas emissions in battery-hybrid shipping. By coupling fuel inventories
and power plant models with live operational data, the framework can support real-time
load-control optimization to dynamically minimize environmental impacts. Evaluating
carbon footprints in the maritime sector requires systems that can withstand operational
and environmental volatility. To address this, a hybrid-propulsion digital twin has been
proposed that predicts vessel fuel demand and carbon intensity with an error margin
of less than 5%. This approach allows operators to conduct precise, voyage-level emis-
sion audits under variable transit conditions [140]. To overcome the limitations of static
database assumptions, a “Live-Life Cycle Assessment” methodology has been proposed
that couples a MATLAB/Simulink ship performance simulator with dynamic ecological
accounting. Tested on a PV-battery hybrid ferry, this framework directly incorporates simu-
lated power profiles and climate variables into the assessment, enabling the identification
of geographically specific carbon reduction potentials [141].

Applications Enabling Technologies
Q’redictive Traffic Management High-Fidelity Digital Twins
Targeted solutions for predictive traffic High-fidelity digital twins and Al-augmented
management, risk assessment, and intelligence provide the technical foundation
sustainable energy optimization. = - for real-time synchronization.

ive Ri Maritime Metaverse
< Immersive Risk & Safety / \_ Al-Augmented Intelligence

Optimisation

Assessment / \
< Sustalr?able !%nergy > t < Real-Time Synchronisation >

Infrastructure Lifecycle Human—System
Management @tfraction & Training

Focuses on infrastructure lifecycle management and
immersive, XR-based human-system interaction and training.

Support & Lifecycle Layer

Figure 5. System-level overview of the maritime metaverse.

Extended-reality interfaces transform how maritime personnel interact with system
data. Ujkani et al. [142] designed and evaluated a mixed-reality remote pilotage system
that overlays 360-degree video feeds with live data streams, such as AIS telemetry, vessel
waypoints, and bearings, directly into a virtual reality (VR) environment. The authors
demonstrated that this immersive platform provides remote pilots with a highly integrated,
real-time visualization of intricate traffic scenarios and vessel dynamics, thereby facili-
tating safer and more informed navigational decision-making. To enhance situational
awareness during complex mooring operations, immersive VR safety simulations are
structured around the core competencies of hazard anticipation, continuous monitoring,
adaptive reaction, and continuous learning. This approach provides an interactive training
environment where users can witness developing hazards firsthand and test procedural
responses without real-world consequences [132]. Managing critical emergencies at sea
requires seamless teamwork, which can be trained effectively using virtual reality (VR)
systems dedicated to life-saving appliances (LSA). As demonstrated by Qiu et al. [143],
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these immersive platforms enable multi-person collaborative training and synchronized
role coordination, allowing crews to practice high-stakes evacuation and rescue workflows
safely. According to a comprehensive review by Vukelic et al. [144], VR training systems
effectively replicate rare, high-stakes maritime crises—such as shipboard fires, dynamic
evacuations, and abandonment procedures. This digital rehearsal allows crews to repeat-
edly practice emergency protocols in a zero-risk environment. Maritime safety training
within the metaverse can be enhanced by incorporating biometric sensors to capture human
emotional states during simulated crises. As demonstrated by Hamed-Ahmed et al. [145],
leveraging eye-tracking and facial-expression metrics allows for the iterative optimization
of training system interfaces, task trackers, and visual prompts; these data-driven Ul en-
hancements were shown to improve operational efficiency, reducing fire drill task times
by 14-33%. However, Al models integrated with maritime digital twins create a smart
decision-support layer. Spandonidis et al. [146] introduced a machine-learning-driven Key
Performance Indicator (KPI) framework that couples high-frequency shipboard sensor data
with Artificial Neural Network (ANN) models and hybrid data-fusion techniques. Their
system accurately predicts dynamic vessel performance metrics, such as fuel consump-
tion, while enabling early-stage fault detection to inform an interpretable decision-support
platform designed specifically for non-expert operators. According to Raza et al. [147],
a four-layer digital twin framework optimizes autonomous surface vessel development
by embedding machine-learning-powered obstacle detection and path planning in a 3D
virtual space. This setup provides a risk-free environment for training, testing, and validat-
ing navigation control strategies prior to deployment. However, next-generation marine
traffic management relies on multi-layer Al frameworks that integrate edge and distributed
computing to track and control autonomous vessels. By coordinating fleet-wide sensing
and actuation data, this setup yields unified guidance, navigation, and control (GNC)
capabilities inside dense traffic zones [148]. According to Wang et al. [149], Al-powered
predictive maintenance agents process high-frequency shipboard sensor streams to iden-
tify anomalies, diagnose system faults, and avert mechanical failures. This autonomous
approach optimizes maritime safety and significantly mitigates operational downtime. As
validated by Pan et al. [150], utilizing a DRL-driven decision-making framework yields a
30.8% decrease in vessel collision rates and an immediate 20% expansion of safety mar-
gins over prior navigation methods, while maintaining strict regulatory compliance, and
According to Wang et al. [151], utilizing a Deep Q-Network for discrete dynamic berth
allocation effectively manages unpredictable vessel arrivals at container terminals. By
outperforming conventional ant colony heuristics, this reinforcement learning framework
shrinks cumulative vessel waiting times by roughly 58% to maximize terminal throughput.
Live maritime risk mitigation can be optimized by deploying Automated Machine Learning
(AutoML) pipelines to automatically isolate and rank high-impact safety variables. As
established by Munim et al. [152], leveraging feature-importance metrics reveals that a ves-
sel’s gross tonnage, its current phase of operation, and the specific waterway category are
vital parameters for generating accurate, real-time accident risk profiles. Wang et al. [153]
propose a digital twin framework for port operations that utilizes extensive trajectory
and environmental data for proactive failure prediction. Operating within a virtualized
environment, this system acts as a decision-support layer for safety managers to prevent
logistics risks. When assessing competency in marine engineering, simulator-based metrics
have been shown to effectively predict real-world operational performance across varying
tiers of technological fidelity. As demonstrated by Hjellvik and Mallam [154], there is no
significant performance transfer discrepancy between fully immersive HMD environments
and desktop simulations; instead, the success of the skill transfer is heavily moderated by
the baseline motivation of the trainee.
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By unifying these components—digital twins, operations management, safety assess-
ment, lifecycle management, energy optimization, human-system interfaces and Al—the
maritime metaverse offers a coherent digital ecosystem that shifts maritime governance
from fragmented and reactive to integrative, predictive and collaborative. This holistic
approach may enable stakeholders to test policies and technologies virtually, improving
safety, efficiency, and sustainability before implementation.

4.4. Aviation Metaverse

Air transport systems constitute one of the most complex, safety-critical, and globally
interconnected elements of modern mobility, featuring tightly coupled interactions among
aircraft, airports, air traffic management (ATM), human operators, and regulatory institu-
tions. The expansion of the low-altitude economy, alongside Advanced Air Mobility (AAM)
and Urban Air Mobility (UAM) frameworks, relies on scaling thousands of Unmanned
Aerial Vehicles (UAVs) and electric Vertical Takeoff and Landing (eVTOL) aircraft for lo-
gistics, passenger transport, and emergency operations [155,156]. However, the authors
emphasized that this rapid influx of low-altitude aircraft exponentially intensifies airspace
management complexities and introduces critical, real-time security vulnerabilities into the
aviation ecosystem. In response, the aviation metaverse has emerged as a transformative
digital paradigm that extends beyond traditional simulation and visualization approaches
into persistent, immersive, and collaborative virtual environments. Figure 6 presents a
conceptual overview of the aviation metaverse as an integrated digital ecosystem in which
virtual airport operations, immersive air traffic management, aircraft maintenance, cy-
bersecurity, regulatory frameworks, and real-time data synchronization coexist within a
unified environment. Rather than representing a single application, Figure 6 illustrates the
multidimensional structure of metaverse-enabled aviation systems and serves as a unifying
framework for the operational, technical, and institutional dimensions discussed through-
out this section. At the core of the aviation metaverse are high-fidelity digital twins of
aircraft, airports, terminals, runways, and airspace sectors. Kapteyn et al. [157] introduced
a mathematically rigorous probabilistic graphical model that serves as a foundational archi-
tecture for robust and scalable digital twin deployments. The authors demonstrated that
this framework may facilitate flexible, dynamic decision-making across varied operational
fields, validating its efficiency by successfully executing real-time calibration and state
updates for Unmanned Aerial Vehicles (UAVs). Tavares et al. [158] applied digital twin
technology to aircraft structural design and life cycle assessment, enabling simultaneous
evaluation of structural integrity and sustainability performance. Jiang et al. [159] investi-
gated methods for establishing continuous synchronization between physical and virtual
systems, emphasizing the importance of real-time connectivity and bidirectional informa-
tion exchange. Li et al. [160] proposed an interactive real-time monitoring framework for
aircraft assembly fields based on digital twins and information traceability mechanisms.
Sadeghi et al. [161] extended digital twins toward intelligent fleet monitoring and pre-
dictive diagnostics for electrified aviation systems. Together, these studies demonstrate
how cyber—physical integration forms the technological backbone of metaverse-enabled
aviation environments.

The aviation metaverse may also transform air traffic management from conventional
radar-centric supervision toward immersive and collaborative operational environments.
Liu et al. [162] introduced “parallel radar” systems that integrate digital twins with intelli-
gent radar architectures for real-time airspace management. Wei et al. [163] highlighted the
role of metaverse platforms in sustainable smart civil aviation, particularly for collaborative
traffic management and operational visualization. Gerdes et al. [164] demonstrated that
shared digital-human air traffic control environments improve situation awareness and
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support the development of common mental models among controllers. Pepper et al. [165]
proposed a probabilistic digital twin of the UK en-route airspace for training and evaluating
Al-based air traffic control agents. Yiu et al. [166] developed a digital twin platform with
virtual counterparts of flight and air traffic control operations to support intelligent automa-
tion and collaborative operational analysis. Chen et al. [167] further introduced a tangible
digital twin framework with shared visualization capabilities for collaborative air traffic
management operations. These studies collectively illustrate how immersive metaverse
environments can improve conflict detection, predictive traffic analysis, and operational
coordination under highly dynamic conditions. Airport operations and ground handling
constitute another important application area of the aviation metaverse. Attar et al. [168]
developed a simulation-based digital twin framework for optimizing multiple airside air-
port operations, including runway sequencing, gate assignment, and taxiway management.
Liu et al. [169] proposed a digital twin-enabled framework for diagnosing and tracing the
propagation of delays in airport ground services. According to De Bosscher et al. [170],
marrying surrogate models with interpretable machine learning offers a computationally
lightweight framework to analyze agent-based terminal dynamics. This method maintains
emergent behavioral features while detailing how variable staffing and occupancy rates
directly impact security checkpoint waiting times and passenger discretionary expendi-
tures. Wong et al. [171] introduced a closed-loop digital twin system for air cargo load
planning operations, enabling dynamic optimization of cargo distribution and aircraft
loading procedures. Wu et al. [172] further emphasized that transportation digital twins
can support integrated monitoring, predictive analytics, and adaptive optimization across
airport infrastructures and operational systems.
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Figure 6. Conceptual overview of the aviation metaverse as a persistent and integrative digital
environment for flight operations.

Training, human performance, and immersive human-machine interaction repre-
sent additional strengths of metaverse-enabled aviation systems. Immersive metaverse
environments can significantly improve collaborative aviation training and operational
preparedness [163]. Sun et al. [173] proposed a competency assessment model based on
behavioral indicators for initial flight training. While Mark et al. [174] explored neuroad-
aptive pilot training using functional near-infrared spectroscopy (fNIRS) integrated into
flight simulators. Nguyen et al. [175] discussed the ethical, technical, and practical implica-
tions of Al-generated aviation training materials, while Berlenga et al. [176] investigated
aviation professionals’ concerns regarding Al-based operational systems. Zhu et al. [177]
further analyzed trust formation in human-machine interaction environments, emphasiz-
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ing the importance of calibrated trust and transparent Al-supported interfaces. Collectively,
these studies indicate that the aviation metaverse can support scalable, adaptive, and
human-centric training ecosystems while simultaneously raising important ethical and
cognitive considerations.

The aviation metaverse is also highly relevant for UAV operations and Advanced
Air Mobility (AAM). Large language models (LLMs) serve as intelligent agents within
digital ecosystems, enhancing the autonomous decision-making and 3D spatial reasoning
capabilities of Unmanned Aerial Vehicles (UAVs) in dynamic, low-altitude airspace. These
generative Al models enable advanced cognitive problem-solving, accelerating the tran-
sition toward autonomous agentic low-altitude mobility services [155]. Namuduri [156]
proposed a digital twin-based framework for integrated airspace management in advanced
air mobility systems. Causa and Fasano [178] developed a multiobjective planning frame-
work for low-altitude missions in urban air mobility ecosystems. Xiong et al. [179] proposed
a digital twin-based communication and flight-control architecture for AAM operations.
Yiu et al. [166] demonstrated how virtual counterparts of flight and ATM operations can
support intelligent automation in mixed-traffic environments. Kopyt and Dylicki [180]
investigated the simulation and analysis of vertiport capacity for urban air mobility systems.
These contributions collectively demonstrate that persistent virtual airspace environments
provide a safe and scalable platform for testing emerging mobility concepts before deploy-
ment in real-world operations.

Environmental sustainability and lifecycle management constitute another major di-
mension of the aviation metaverse. Tavares et al. [158] combined digital twins with life cycle
assessment methodologies for aircraft structural systems. Yang et al. [181] explored the
integration of extended reality and lean methodologies into end-of-life aircraft disassembly
planning. Papadaki and Maleviti [182] investigated sustainable aircraft decommissioning
and recycling practices within circular aviation economies. Adu-Gyamfi [183] proposes a
holistic aviation digital twin framework that incorporates end-of-life management to im-
prove recycling efficiency and promote circularity across the asset lifecycle. This approach
utilizes digital twins to help secure full component traceability, supporting a sustainable
transition in the aerospace sector. Kabashkin [184] proposed a data-driven digital twin
framework for aircraft lifecycle management. Accurately evaluating aviation acoustic
footprints requires modeling tools that can adapt to volatile environmental conditions.
To address this, a semi-empirical noise prediction framework has been introduced that
utilizes a ray-tracing propagation kernel to calculate the effects of 3D atmospheric hetero-
geneity and wind-driven wave refraction. This approach allows airport operators and
urban planners to achieve highly localized, realistic evaluations of noise propagation [185].
Babu Saheer et al. [186] reviewed air-quality modeling within digital twin frameworks for
sustainable urban systems. Zaccaria et al. [187] proposed a framework for fleet monitoring
and diagnostics of aero-engines using digital twins. Sadeghi et al. [161] review how digital
twins, integrating computational fluid dynamics, finite element analysis, and Al, enhance
aircraft condition and fleet monitoring through automated crack detection and accurate re-
maining useful life (RUL) prediction. This integrated approach improves operational safety
and reduces maintenance costs for electrified aviation systems. These studies collectively
demonstrate that metaverse-enabled aviation environments can support sustainability-
oriented optimization, emissions reduction, lifecycle management, and environmentally
informed policy analysis.

Finally, the aviation metaverse raises important cybersecurity, governance, regulatory,
and ethical challenges. Wang et al. [188] proposed a blockchain-based secure sharing
framework for aviation big data to improve integrity and interoperability among dis-
tributed aviation systems. Abdulla Alshamsi and Sipos [189] analyzed the legal implica-
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tions associated with the aviation industry’s transition toward metaverse environments.
Vecchia et al. [190] proposed a SysML-based framework supporting EASA CS-23 digitaliza-
tion and certification processes. Cartile et al. [191] discussed the digital transformation of
aircraft certification and regulatory documentation. G et al. [192] emphasized that digital
twins and cyber—physical systems represent a new frontier in computer modeling that
requires standardized architectures and interoperability protocols. Nguyen et al. [175]
emphasized concerns associated with Al-generated aviation training materials. Moreover,
Berlenga et al. [176] highlighted ethical concerns related to Al-supported aviation systems,
including operator deskilling, accountability, and trust. Together, these studies demon-
strate that the successful deployment of aviation metaverse systems depends not only
on technological innovation but also on robust governance mechanisms, cybersecurity
protections, regulatory adaptation, and human-centered ethical frameworks. Overall, the
aviation metaverse introduces a persistent, intelligent, and collaborative digital ecosystem
that integrates high-fidelity digital twins, immersive interfaces, artificial intelligence, and
real-time operational data into a unified environment. Across air traffic management, air-
port operations, training, sustainability assessment, advanced air mobility, and regulatory
governance, metaverse-enabled frameworks extend conventional aviation capabilities from
reactive monitoring toward predictive, system-wide optimization and resilience enhance-
ment. Although important challenges remain regarding interoperability, cybersecurity,
certification, ethical governance, and human trust, the aviation metaverse provides a
scalable and risk-aware platform for testing, coordinating, and optimizing increasingly
complex aviation ecosystems.

Although the transportation metaverse is increasingly presented in the literature as a
transformative paradigm capable of reshaping future mobility systems (Table 1), the actual
maturity and implementation readiness of existing applications remain highly heteroge-
neous across transportation domains. While certain technologies, such as digital twins,
intelligent sensing infrastructures, and Al-assisted operational platforms, have already
reached advanced stages of practical deployment in some sectors, many other metaverse-
related concepts still remain largely conceptual or simulation-oriented. Furthermore, the
degree of technological integration, real-time synchronization, human-machine interaction,
governance embedding, and operational scalability differs significantly between road,
railway, maritime, and aviation applications. As a result, the current state of transportation
metaverse development cannot be interpreted as a uniform technological transition, but
rather as a multi-stage and uneven evolutionary process characterized by varying levels of
implementation maturity and system integration. To provide a clearer analytical interpreta-
tion of the current landscape and avoid overgeneralization about the practical readiness of
metaverse-enabled transportation systems, Table 2 classifies the reviewed applications by
implementation maturity and technological readiness levels. The proposed classification
framework distinguishes between conceptual studies, simulation-based investigations, pro-
totype developments, pilot implementations, and operational applications, thereby offering
a comparative perspective on the current developmental status of metaverse technologies
across different transportation environments.

Whereas metaverse-enabled transportation systems share several common technolog-
ical foundations, their operational objectives, implementation constraints, and maturity
levels differ considerably across transportation modes. Road systems emphasize real-time
adaptive control and large-scale interaction management, whereas railway systems priori-
tize safety-critical synchronization and infrastructure coordination. Maritime applications
mainly focus on logistics visibility, port digitalization, and remote operations, while avia-
tion applications emphasize high-fidelity simulation, training, predictive maintenance, and
operational safety. To synthesize these differences, Table 3 comparatively summarizes the
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principal advantages, limitations, and current implementation maturity associated with
metaverse applications across major transportation domains.

Table 1. Main features of metaverse applications in different transport systems.
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Table 2. Technological maturity levels of metaverse applications across transportation modes.

Smart road metaverse
governance frameworks

Al traffic twins, rail
operation simulations

Governance visions,
architecture proposals

Visionary /theoretical
frameworks

Traffic simulations,
scenario evaluation
Limited
functional integration

Virtual experiments and
digital simulations

Early stage technological

demonstrators XR-assisted port operations

Real-world

[ e — Controlled field testing

Airport digital twin pilots

Real-time synchronization
and decision support

Advanced ATM digital

Fully integrated deployment twin systems

As shown in Table 3, transportation metaverse applications remain highly heteroge-
neous in both technological maturity and operational readiness. While certain enabling
technologies such as digital twins, Al-driven analytics, and immersive visualization have
already reached pilot or partially operational stages in railway and aviation systems, fully
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integrated metaverse environments capable of persistent multi-actor coordination and
governance-aware decision-making remain largely conceptual. This observation further
supports the argument that the transportation metaverse should currently be interpreted
as an evolving systems-integration paradigm rather than a fully deployable technology.

Table 3. Comparative advantages, limitations, and implementation maturity of metaverse applica-
tions across transportation modes.

High data heterogeneity;
cybersecurity risks;
interoperability challenges;

Real-time traffic management;
adaptive infrastructure control;

1ntegrat10n.of. CAVs a.nd V2X . scalability under large urban Prototype/Early Pilot
systems; predictive traffic analysis; ) s .
: g g : networks; uncertainty in
multi-scenario policy evaluation .
human behavior

High-fidelity infrastructure Strict safety certification
monitoring; predictive maintenance; requirements; legacy
timetable coordination; operational infrastructure compatibility; Pilot/Partial Operational

safety enhancement; digital synchronization complexity;

twin integration high implementation costs

Limited global standardization;
satellite communication
latency; fragmented Conceptual /Pilot
international governance;
cybersecurity vulnerabilities

Port digitalization; fleet
coordination; cargo visibility;
remote vessel monitoring;
logistics optimization

digital environments; collaborative

Advanced simulation and training; Extremely strict regulatory
predictive maintenance; airspace constraints; certification
management support; complexity; high infrastructure Pilot/Partial Operational
safety-oriented costs; data privacy and
operational modeling operational-security concerns
- o Institutional f ion;
Integrated mobility coordination; istifutiona fragmentation,
. AR interoperability between
system-wide optimization; shared )
heterogeneous systems; Conceptual /Early Prototype

governance ambiguity; high

policy testing computational requirements

5. Opportunities, Limitations, and Open Research Challenges of
Metaverse Adoption in Transportation Systems

The greatest promise of the transportation metaverse lies not in its ability to en-
hance individual modes of transport but in its potential to reshape system-level reasoning,
coordination and learning across heterogeneous domains. A persistent, shared digital
environment anchored in real infrastructure conditions and institutional constraints can
become a common analytical substrate for modeling, exploring, and governing multimodal
transport subsystems coherently [193]. By providing continuously synchronized digital
twins for roads, railways, ports, airports, vehicles, and control centers, the metaverse may
enable decision-makers to move beyond isolated performance improvements towards
comparative analyses of strategies across time horizons, organizational scales, and un-
certainty regimes [194]. Critical to this vision is the ability to explore multiple internally
consistent futures concurrently, where differing demand patterns, control policies, inci-
dent scenarios and regulatory interventions are simulated side by side without reducing
uncertainty to a single forecast [195]. Infrastructure, therefore, becomes the stabilizing
frame through which all virtual futures are constrained, guaranteeing that system-level
knowledge remains rooted in practice rather than speculative abstraction [196]. By fostering
multi-scale coordination between real-time operations, tactical management and long-range
planning, the metaverse has the potential to become an integrative operating architecture
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for resilient, uncertainty-aware governance of increasingly complex and interdependent
transportation systems.

Despite these opportunities, metaverse deployments face substantial technical and in-
frastructural constraints. Persistent virtual environments require continuous, high-fidelity
data streams to capture the evolving states of physical systems. In practice, sensing in-
frastructures remain fragmented and fallible: sensor noise, calibration drift, intermittent
failures and uneven spatial coverage introduce uncertainty that propagates through dig-
ital twins and affects predictive results [197]. These problems become acute when large
networks, distributed assets and multi-resolution models must be synchronized across
physical and virtual systems in real time. Data-driven twins must integrate physics-based
simulation with operational data and feed performance insights back into the virtual rep-
resentation. High-resolution twins also demand substantial computing power, storage
and communications bandwidth, raising latency, energy-consumption and robustness
challenges. Interoperability remains a persistent bottleneck because legacy control systems,
proprietary platforms and mode-specific data standards hinder seamless knowledge ex-
change [198]. These factors illustrate that the transportation metaverse is constrained not
by a single missing technology but by the difficulty of orchestrating sensing, computation,
communication and integration infrastructures at scales and reliabilities that exceed current
deployment-ready systems.

Technological feasibility does not guarantee successful implementation; organizational
and operational factors shape whether metaverse platforms influence real decision-making.
Contemporary transport services rely on established institutional frameworks, control
mechanisms and workflows built around conventional monitoring and decision-support
tools. Introducing immersive, data-rich environments often requires redefining roles, re-
sponsibilities and lines of communication, and may face resistance from practitioners
concerned about operational risk or the loss of familiar practices [199]. Skills deficits in data
interpretation, human—AI communication and immersive-interface design can erode the
business value of metaverse platforms, regardless of technical capability [200]. Metaverse
applications typically involve multiple organizations, increasing coordination complexity
and raising questions about decision authority and accountability. Fragmented governance,
characteristic of ports, airports, and urban road networks, amplifies these issues; organi-
zational readiness and institutional alignment thus become key determinants of whether
metaverse technologies catalyze systemic change or remain confined to isolated pilots.

Immersive digital environments alter operators’ perception, cognitive workload and
trust dynamics. High-dimensional visualizations can improve situational awareness but
may impose additional cognitive load due to greater information density, visual complexity,
and interactive demands, particularly under time pressure or abnormal conditions [201].
Operators must continually evaluate the reliability, timeliness and completeness of dig-
itally mediated system states, especially when virtual cues diverge from physical obser-
vations [202]. Misplaced trust in simulated or predictive inputs can lead to automation
bias, reduced vigilance and delayed intervention, which is particularly hazardous in
safety-critical domains such as air traffic control and railway operations [203]. Usabil-
ity challenges—navigation, interaction precision and ergonomics—may hinder routine
integration into workflows [204]. These observations highlight the need to calibrate human-
machine interfaces so that metaverse environments augment human reasoning rather than
displace it. Advanced interface design, targeted training and governance frameworks that
uphold accountability and situational awareness are essential prerequisites for safe and
effective human-in-the-loop decision support [205].

The deployment of metaverse-based transport systems is also conditioned by gover-
nance and regulatory frameworks that historically have been oriented toward physical
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infrastructure, certified hardware and deterministic procedures. Existing legal regimes
often lack clear provisions for decisions made within persistent virtual environments,
complicating questions of liability and accountability when digital analyses influence
safety-critical operations [206]. Security certification (e.g., NIST SP800-53) is usually done
at design time; for self-adaptive systems whose functional and security conditions change
at runtime, “static security solutions are insufficient” and adaptation may require dy-
namic certification, which is difficult due to complex dependencies [207]. Disagreements
over data ownership, access rights and intellectual property further complicate the cross-
organizational data sharing required for sustainable, shared platforms [208]. Without
common standards for data models, interoperability and validation, integration efforts risk
platform fragmentation and vendor lock-in [209]. The intensity of these challenges varies
across transport domains; highly regulated sectors such as aviation and rail face particu-
larly stringent certification and liability constraints, whereas less regulated road or urban
mobility applications may have greater flexibility. Ultimately, in data-driven intelligent
transportation systems, metaverse concepts (e.g., parallel virtual /real ITS, Metaverse on
Wheels) introduce new data flows and Al-based services whose influence, limitations, and
open issues remain unresolved, including security and privacy [77]. Metaverse-enabled
transport platforms raise far-reaching ethical, privacy and social issues that stem from
their persistent, data-intensive and predictive nature. Continuously operating virtual
environments capture high-resolution sensor and behavioral data, raising concerns over
surveillance, data exploitation and erosion of individual privacy [210].

Algorithmic bias represents another threat: models trained on partial or skewed
data could disproportionately disadvantage certain user groups, exacerbating existing
disparities in safety, accessibility or service provision [211]. Unequal access to metaverse
infrastructure and digital skills risks widening the digital divide, allowing well-resourced
institutions and regions to capitalize on advanced tools while socially disadvantaged
populations are excluded [212]. These risks manifest differently across transport modes;
aviation raises questions about passenger profiling and data sovereignty, while urban road
systems confront issues of equity and accessibility. Addressing these concerns requires
embedding ethical values, privacy-preserving data governance and equity considerations
into the design and deployment of metaverse infrastructures so that technological ad-
vancement aligns with societal objectives [213]. Realizing the vision of a transportation
metaverse requires addressing several open research challenges. A key technical fron-
tier is the design of scalable, real-time digital twins capable of co-simulating massive,
heterogeneous networks while maintaining fidelity, stability and responsiveness amid
deep uncertainty and rapidly evolving conditions [214]. Developing collective-intelligence
frameworks that orchestrate multiple learning and optimization agents within shared
virtual environments remains an open problem; most current approaches rely on isolated or
centralized decision models [215]. Explainable and interpretable Al-based decision-support
systems are critical for operator trust and regulatory acceptance, yet current metaverse
platforms often lack transparent reasoning mechanisms [216]. Systematic exploration of
human-in-the-loop governance models and appropriate divisions of authority between
automated analytics and human decision-makers is necessary to enhance accountability
and situational awareness [217]. Finally, cross-modal research is needed to understand how
challenges and opportunities differ between self-organizing road networks, virtual airspace
management for dense manned—unmanned traffic and smart port systems integrating
logistics, energy and environmental coordination [218]. Interdisciplinary collaboration
among transportation engineering, computer science, human factors and institutional
analysis will be essential to establish the metaverse as a foundational platform for future
transportation governance.
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Overall, the opportunities, limitations, and open research challenges discussed in
this section demonstrate that the transformative potential of the transportation metaverse
extends far beyond isolated technological experimentation and should instead be inter-
preted as a system-level operational paradigm capable of restructuring how transportation
systems are planned, governed, monitored, and optimized under uncertainty. Although in-
dividual metaverse applications already show promising capabilities in predictive analytics,
immersive simulation, collaborative decision-making, and infrastructure synchronization,
their broader implementation remains constrained by interconnected technical, organi-
zational, regulatory, human-centered, and ethical barriers. As summarized in Table 3,
these challenges are not independent phenomena but highly interrelated dimensions of
a broader socio-technical transition. Technical and infrastructural limitations—including
synchronization fidelity, interoperability, and computational scalability—directly influence
operational reliability and decision-support accuracy. Simultaneously, governance and cer-
tification constraints affect institutional adoption, while human-factor challenges influence
trust, usability, and operational safety within immersive environments. Organizational
fragmentation, insufficient digital readiness, and unresolved accountability structures fur-
ther complicate cross-domain implementation, especially in multimodal transportation
ecosystems involving heterogeneous stakeholders and distributed infrastructures. In paral-
lel, ethical concerns associated with privacy, algorithmic bias, surveillance, and unequal
access demonstrate that metaverse deployment cannot be treated solely as a technological
problem, but must instead incorporate broader societal and governance considerations
from the earliest design stages.

Consequently, the transportation metaverse should not be interpreted merely as a
collection of immersive visualization tools or isolated digital twins, but rather as an emerg-
ing integrative architecture capable of linking persistent virtual environments, real-time
operational data, advanced analytics, and human-centered governance into a unified and
continuously adaptive ecosystem. In this context, Table 4 provides a structured synthesis
of the principal dimensions shaping future metaverse adoption in transportation systems,
including technical infrastructure, human factors, governance, organizational structures,
and ethical implications. The table additionally highlights the associated risks, stakeholder
impacts, and inferred policy or research needs required for large-scale implementation.
Collectively, these findings indicate that future progress in transportation metaverse sys-
tems will depend not only on advances in Al, sensing, simulation, and digital twins, but
also on the development of interoperable standards, privacy-preserving governance frame-
works, scalable real-time synchronization architectures, and transparent human-in-the-loop
decision models. Ultimately, the transportation metaverse represents a transition from
fragmented and reactive mobility-management practices toward persistent, uncertainty-
aware, and collaboratively governed transportation ecosystems capable of supporting more
resilient, transparent, and adaptive mobility futures.

Table 4. Challenges, risks, impact, and policy needs in several fields of transportation systems related
to metaverse applications.

Data Fidelity,
Synchronization,
Interoperability, and
Computation

Dependencies on
continuous high-fidelity ~ Sensor noise, calibration
data streams from drift, legacy system

Development of scalable

Degraded predictive real-time digital twins

heterogeneous sensors incompatibility, high performance for and standardized data
and the need for energy consumption, operators and potential protocols to ensure
real-time and latency issues in system instability during deterministic
synchronization safety-critical domains peak loads. performance and
between physical and like aviation and rail. cross-domain exchange.
virtual systems at scale.
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mobility tools. Jivide deployment phases.

6. A Metaverse-Based Framework for Smart Roads

This section introduces a metaverse-centric framework that translates the theoretical
concepts discussed in the previous sections into a structured reference architecture for
smart road systems. The framework is not designed as a single-corridor pilot or a narrowly
defined technological prototype. Instead, it is formulated as a system-level architecture
that can support integrated decision-making across long-term infrastructure planning,
medium-term policy and control design, and short-term operational management. Smart
roads are selected as the representative application domain because they involve dense
interactions among infrastructure, connected and automated vehicles, road users, sensing
systems, traffic operators, public authorities, and regulatory actors. This makes them a
suitable environment for examining how metaverse-enabled coordination can improve
transport governance under uncertainty. The proposed framework conceptualizes the
metaverse not merely as a visualization interface or an advanced digital twin, but as a
persistent, policy-aware, and multi-actor operational layer. It connects physical sensing,
digital representation, predictive intelligence, human decision-making, and governance
feedback within a unified cyber—physical environment. This position is consistent with
Zhao et al. [93], who proposed a collaborative metaverse—digital twin system for traffic
perception, reasoning, and resource scheduling, showing how physical infrastructure,
virtual twin resources, and traffic situation awareness can be integrated into a closed
perception-reasoning—scheduling loop. In the present framework, this logic is extended
from operational traffic management toward a broader smart road governance architecture.

Figure 7 presents the layered architecture of the metaverse-enabled smart road ecosys-
tem. The figure illustrates four interacting layers, moving from physical infrastructure
and data acquisition to the metaverse core, functional intelligence domains, and strategic
governance outcomes. It also shows two continuous feedback channels: policy and strategy
updates on the left side, and continuous operational feedback on the right side. These
feedback loops are essential because the smart road metaverse is not treated as a static mod-
eling environment, but as a continuously evolving decision-support ecosystem. Figure 7,
therefore, provides the structural basis for the seven procedural stages described below. The
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relationship between the layered architecture in Figure 7 and the seven procedural stages
is one of structural dependency rather than a direct one-to-one mapping. Stages 1 and 2,
namely physical grounding and persistent virtualization, are mainly rooted in Layer 1 and
Layer 2, where infrastructure sensing, V2X communication, traffic perception, edge com-
puting, and long-term digital state management are established. Stages 3 and 4, namely
policy-aware logic and parallel mobility universes, are mainly operationalized in Layer
2 and Layer 3, where embedded rules, governance objectives, multi-future simulation, and
uncertainty exploration are implemented. Stage 5, cross-universe learning, operates mainly
within Layer 3 by using predictive performance analysis, adaptive traffic control, proactive
risk management, and infrastructure lifecycle intelligence. Stages 6 and 7, human-in-the-
loop decision support and continuous governance feedback, are strongly connected to
Layer 4, where uncertainty-aware decisions, validated infrastructure actions, collaborative
decision environments, and anticipatory governance are produced.

Metaverse-Enabled Smart Road Ecosystem

A Layered Architecture from Physical Grounding to Anticipatory Governance

Anticipatory Real-Time Collaborative Continuous
Governance Infrastructure Actions — Decision Envirorment Feedback

(Uncertainty-Aware (Validated Deployment) (Mutti-Stakeholder
Decision Making) Coordination)

Layer 4: Strategic Outcomes — Governance Layer

Predictive | Adap'tirvie' Proactive Risk | Infrastructure

Performance Analysis Traffic Control Management Lifecycle & Resilience
(Historical Memory, (Signals, Lane Use, (Conflicts, Near-Misses, (Degradation, Climate,
Continuous Learning) Speed Harmonization) Escalation) Funder/Funding)
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(Pavement, Climate, Safety) (CAVs, Connectivity) (Low-Latency Processing)

-

Layer 1: Physical Infrastructure & Data Acquisition—Grounding Layer

Figure 7. Layered architecture of the metaverse-enabled smart road ecosystem, from physical
grounding to anticipatory governance.

The proposed framework describes the smart road metaverse as a multi-actor, multi-
layer decision environment in which heterogeneous system entities interact through persis-
tent virtual representations. These entities include road segments, intersections, sensors,
pavement assets, roadside units, connected infrastructure, vehicle fleets, CAVs, and road
users. User behavior may be represented through agent-based models, behavioral rules,
or learned policies, depending on the application scope. In parallel, operational actors
such as traffic managers, infrastructure operators, road authorities, public agencies, and
policymakers are included as decision-makers who supervise, validate, modify, or constrain
virtual recommendations. These actors operate across strategic, tactical, and operational
decision layers. Strategic decisions concern infrastructure investment, regulatory scenar-
ios, and lifecycle planning. Tactical decisions concern policy implementation, resilience
planning, lane-use strategies, and traffic control design. Operational decisions concern

https://doi.org/10.3390/infrastructures11060181


https://doi.org/10.3390/infrastructures11060181

Infrastructures 2026, 11, 181

28 of 44

real-time signal control, lane allocation, speed harmonization, incident response, and
emergency coordination.

The first stage proposes the empirical foundation of the smart road metaverse through
physical grounding. In this stage, heterogeneous sensing, communication, and monitoring
systems are integrated into a coherent data layer. These systems may include pavement and
climate sensors, traffic detectors, video analytics, LIDAR, radar, connected infrastructure,
V2X communication, and edge devices. Chen et al. [76] showed that roadside perception,
RSUs, and edge computing are central components of smart roads because they enable
real-time vehicle-road cooperation and improve safety and traffic efficiency. Their study
also emphasized that the large-scale deployment of smart road infrastructure requires not
only technical feasibility but also sustainable business and institutional models. Therefore,
in the present framework, physical grounding is not only a sensing requirement but also a
governance requirement. It may ensure that virtual operations remain traceable, observable,
and anchored to real infrastructure conditions.

The second stage contributes to episodic digital models in a persistent metaverse
environment that evolves continuously with the physical road system. Unlike conventional
simulations, which are usually built for specific scenarios or limited time horizons, the
smart road metaverse maintains historical memory, real-time state updates, and accumu-
lated operational knowledge. Pan et al. [219] demonstrated that digital twins can support
real-time monitoring, decision-making, and control when combined with multi-level com-
puting architectures involving edge, fog, and cloud layers. This is directly relevant to
smart roads because different traffic disturbances may require different computational
responses. Minor disturbances may be handled at the edge, while more complex events
may require cloud-based coordination. However, persistence also creates new methodolog-
ical challenges, especially data drift, model degradation, and uncertainty accumulation.
Gupta et al. [220] addressed this issue through TWIN-ADAPT, a continuous-learning dig-
ital twin framework that updates anomaly classification models under changing data
distributions. Their contribution supports the need for recalibration mechanisms within
the smart road metaverse so that the virtual representation does not become disconnected
from evolving physical conditions.

The third stage embeds policies, regulations, and operational constraints into the inter-
nal logic of the smart road metaverse. Rather than applying policy as an external filter after
simulation, this framework treats rules and governance objectives as native components of
the virtual environment. These may include speed limits, lane-use restrictions, access con-
trol, emission thresholds, safety requirements, maintenance constraints, equity objectives,
and emergency-response protocols. Uzun [59] argued that metaverse governance faces a
regulatory pacing problem because institutional frameworks often evolve more slowly than
immersive digital technologies. This is especially important for transport systems, where
decisions may affect public safety, liability, privacy, and infrastructure access. Yang [83]
further argued that metaverse governance should be supported by technical standards
that ensure compatibility, security, and coordinated stakeholder participation. Accordingly,
the present framework embeds policy-aware logic into the metaverse core, as shown in
Figure 7, to ensure that all virtual experiments remain institutionally interpretable and
operationally legitimate.

The fourth stage formalizes the concept of parallel mobility universes. In this stage,
the smart road metaverse can represent multiple internally consistent futures of the same
physical road system. These parallel universes may share the same infrastructure, initial
traffic state, and regulatory context, but diverge according to demand evolution, incident oc-
currence, weather conditions, behavioral assumptions, control strategies, CAV-penetration
rates, and infrastructure degradation patterns. Zhou et al. [221] reviewed resilience in
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transportation systems and emphasized the importance of metrics, mathematical mod-
els, and strategies for enhancing system performance under disruptions. Their work
supports the use of multiple future trajectories rather than single deterministic scenarios.
Engholm and Kristoffersson [222] further showed that Many-Objective Robust Decision
Making can help transport policy analysis under deep uncertainty by exploring trade-offs,
sensitivities, and vulnerabilities across many possible futures. In this framework, paral-
lel mobility universes serve the same purpose: they allow decision-makers to compare
alternative futures and identify strategies that remain acceptable under uncertainty.

The fifth stage uses the coexistence of parallel mobility universes to enable cross-
universe learning and predictive analytics. By comparing multiple constrained futures, the
smart road metaverse can identify recurring patterns, fragile decisions, resilient strategies,
and trade-offs among performance, safety, equity, emissions, and infrastructure lifecycle
objectives. Tang et al. [223] showed that uncertainty-aware decision-making can improve
autonomous vehicle safety by incorporating prediction uncertainty into the decision process.
Their work is particularly relevant because smart roads will increasingly interact with
CAVs whose behavior depends on perception, prediction, and control uncertainty. In the
proposed framework, predictive models do not aim to identify one “most likely” future.
Instead, they estimate robustness, confidence, and variability across alternative futures.
This supports safer and more transparent decision-making, especially when the system
faces non-stationary demand, rare incidents, or behavioral regime shifts.

The sixth stage translates metaverse-generated insights into practical decision support
and controlled intervention while preserving human accountability. The framework does
not assume full automation. Instead, it adopts a human-in-the-loop decision model in
which operators, traffic managers, public authorities, and technical experts interact with
recommendations generated by the metaverse. Soltanshahi and Maier [224] proposed a
human-AlI blockchain metaverse architecture in which human intelligence and Al agents
interact through adaptive decision layers. Their work supports the idea that metaverse
intelligence should not exclude human judgment, especially when decisions involve un-
certainty, institutional legitimacy, or public accountability. Kumar et al. [218] also showed
that human-in-the-loop learning improves trust, safety, and interpretability compared with
fully automated systems. Similarly, Nunes et al. [225] emphasized that human involvement
in cyber—physical systems improves adaptability but also requires attention to privacy,
reliability, and user acceptance. In the smart road metaverse, human-in-the-loop decision
support allows operators to evaluate trade-offs, validate recommendations, override unsafe
suggestions, and authorize real-world interventions.

The seventh stage closes the cyber—physical loop through continuous feedback, gover-
nance oversight, and adaptive learning. Once operational decisions are implemented, their
outcomes are recorded and returned to the metaverse environment. This allows model
recalibration, policy revision, performance monitoring, and accountability assessment. The
continuous feedback channel in Figure 7 represents this process. It may ensure that real-
time infrastructure actions, traffic responses, safety outcomes, and user behavior are not
only observed but also used to improve future decisions. At the governance level, this stage
ensures that the system does not evolve only according to algorithmic efficiency, but re-
mains constrained by institutional responsibility, ethical limits, transparency requirements,
and public-interest objectives.

Overall, the proposed framework is scientifically grounded because each stage builds
on established research in smart roads, digital twins, transportation resilience, robust
decision-making, uncertainty-aware control, human-in-the-loop systems, and metaverse
governance. Its novelty lies not in claiming that all individual technologies are new, but
in integrating persistence, parallelism, policy embedding, cross-universe learning, and
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human-supervised governance into a single smart road metaverse architecture. The frame-
work is also feasible because it can be implemented incrementally. Physical sensing and
V2X systems can support the first layer; digital twins and edge-cloud computing can
support the metaverse core; predictive models and robust decision tools can support func-
tional intelligence; and human-in-the-loop governance can support validated deployment.
Although the framework is instantiated for smart roads, its principles are transferable to
other transport domains such as railways, airports, ports, and multimodal urban mobil-
ity systems. Therefore, it should be interpreted not as a mode-specific solution, but as a
generalizable reference architecture for integrating metaverse-enabled environments into
transport planning, management, and governance.

7. Future Research Directions and Implications for Transport Planning,
Management, and Operations

Using the metaverse-oriented framework established in Section 5, this section moves
beyond architectural design and develops a future-oriented research agenda for metaverse-
enabled smart road systems. The proposed framework demonstrates how physical in-
frastructure sensing, persistent digital representation, predictive intelligence, adaptive
control, and governance-oriented decision-making can be systematically connected within
a metaverse environment. However, it should not be interpreted as a mature or fully
deployable solution. Rather, it represents a baseline configuration that exposes unresolved
scientific, computational, institutional, and ethical challenges. The objective of this section
is therefore not to restate the general challenges of metaverse technologies, but to identify
the research directions required to move metaverse-enabled transportation systems from
conceptual prototypes toward scalable, reliable, explainable, legally compliant, and socially
legitimate operational paradigms.

A primary research direction concerns the development of scalable and uncertainty-
aware digital twin architectures for transportation networks. Rasheed et al. [193] concep-
tualize digital twins as adaptive digital models of physical systems and emphasize their
potential value for monitoring, prediction, optimization, and decision support in complex
engineering systems. However, Arin et al. show that digital twin implementation still
faces major barriers related to data integration, standardization, privacy, cybersecurity,
and technical expertise [226]. These limitations are particularly important in smart road
systems, where the physical environment is dynamic, heterogeneous, and influenced by
human behavior, vehicle automation, weather, incidents, and infrastructure degradation.
Future research should therefore examine how digital twin architectures can be extended
from localized assets and short-term simulations toward network-level, persistent, and
multi-resolution models. Such models must maintain stable synchronization between real
and virtual systems while supporting long simulation horizons and multiple levels of
spatial and temporal detail.

This scalability challenge is closely connected to the use of artificial intelligence and
metaverse-based simulation in transportation planning. Ali and Nabeel [194] showed
that the integration of Al and metaverse technologies can improve transport planning by
supporting more adaptive, resilient, and data-driven decision-making. Zhang et al. [79]
further propose the concept of parallel vision for intelligent transportation systems in
the metaverse, where virtual traffic spaces, computational experiments, and real-world
feedback are combined to improve perception, reasoning, and control. These studies
suggest that future smart road metaverses should not merely visualize current traffic
conditions, but should generate multiple possible futures, evaluate competing policies,
and feed robust decisions back into the physical system. In this direction, future research
should focus on the design of multi-future simulation engines capable of representing
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demand variability, incident propagation, control failures, user response, and infrastructure
constraints across different scenarios.

Another important research direction is the explicit modeling of uncertainty. Irfan et al. [95]
emphasize that transportation digital twins require hierarchical architectures that can support
traffic safety, mobility, and environmental applications at different operational scales. How-
ever, most existing digital twin applications still tend to produce deterministic outputs
rather than confidence-aware recommendations. Battula et al. [195] highlight the impor-
tance of uncertainty quantification in digital twins, particularly for addressing sensor noise,
data variability, model mismatch, and unpredictable disturbances. Future research should
therefore develop uncertainty-aware transportation metaverses that report not only pre-
dicted states, but also confidence intervals, sensitivity measures, robustness indicators, and
failure probabilities. This is essential for using metaverse outputs in safety-critical planning
and operational contexts.

The proposed framework also raises significant questions about collective intelli-
gence and multi-agent coordination. In a metaverse-enabled smart road system, vehicles,
infrastructure components, traffic controllers, digital twins, public authorities, service
providers, and users may all act as autonomous or semi-autonomous agents. To enhance
situational awareness across intelligent transportation networks, cooperative perception
digital twins can be deployed in edge-cloud environments to preserve a live digital replica
of the transit ecosystem. As illustrated by Tihanyi et al. [227], this architecture integrates
heterogeneous sensor streams from vehicles and local infrastructure nodes into a unified,
high-fidelity spatial model that optimizes object tracking and traffic monitoring accuracy.
From a broader control perspective, Chen and Ren [228] show that multi-agent systems
require formal mechanisms for consensus, cooperation, formation control, and distributed
coordination. Future research should therefore explore how multi-agent reinforcement
learning, game-theoretic negotiation, distributed optimization, and rule-based governance
can be combined to support coordinated decision-making in smart road metaverses. A key
challenge is to prevent locally optimal agent behavior from producing globally inefficient,
unsafe, or institutionally unacceptable outcomes.

Explainability and human—machine governance represent another major research
frontier. Human-centered XAI explicitly prioritizes user and situational context, reflec-
tion, and actionability over purely algorithmic concerns [229]. This is highly relevant for
metaverse-enabled transportation systems, where decision-makers may need to interpret
complex outputs generated by Al models, digital twins, and multi-agent simulations.
Gorgoni further stresses that algorithmic decision-making raises fundamental concerns
about human responsibility, agency, opacity, discrimination, and accountability in an in-
creasingly algorithmic society [230]. Future research must therefore clarify how complex
metaverse outputs can be made intelligible to engineers, planners, operators, regulators,
and the public. This requires more than improved visualization interfaces. It requires
transparent assumptions, traceable data flows, explainable causal relationships, auditable
decision histories, and clearly defined boundaries between algorithmic recommendation
and human authority.

Legal and institutional governance must evolve in parallel with technical development.
Frosio and Obafemi [209] examine regulated data access in the metaverse and show that
immersive environments generate complex forms of data, including spatial, biometric,
behavioral, and eye-tracking information, which require new accountability mechanisms.
Jorgensen and Ma analyze digital twins under European law and show that digital twin
systems are affected by overlapping regulatory domains, including privacy, cybersecurity,
transparency, interoperability, data governance, and Al accountability [231]. Wang et al.
also identify security, privacy, scalability, interoperability, and identity protection as fun-
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damental challenges for metaverse systems [232]. These findings indicate that future
smart road metaverses must be designed with compliance-by-design, privacy-by-design,
and security-by-design principles from the beginning. Future research should therefore
investigate how certification, validation, liability allocation, data access rules, and audit
procedures can be operationalized for adaptive transportation metaverses.

Ethical considerations should also be embedded as internal design constraints rather
than treated as external compliance requirements. Mureddu et al. show that local digital
twins raise ethical and legal concerns related to personal information protection, algorithmic
transparency, data governance, and responsible adoption [233]. Tabassum et al. further
demonstrate that the integration of generative Al and metaverse environments creates
new risks related to misinformation, bias, privacy, and the responsible generation of
digital content [234]. These issues are particularly important in transportation because
decisions may affect accessibility, safety, surveillance, environmental exposure, and the
distribution of mobility benefits. Future research should therefore examine how equity,
fairness, privacy protection, inclusiveness, and public trust can be encoded into the design
of metaverse-enabled smart road systems. This includes evaluating whether such systems
disproportionately benefit highly connected users, automated vehicles, or technologically
advanced regions while excluding vulnerable users or less digitized communities.

Institutional adaptation is another unresolved issue. Metaverse governance requires
institutional arrangements capable of addressing privacy, ethics, regulatory coordination,
and platform accountability [83]. Also, blockchain-based decentralized governance may
suffer from concentrated voting power, dependency risks, and governance capture [60].
However, interoperability can serve as a critical structural pillar that requires comprehen-
sive policy initiatives and unified technical standards [194]. This foundational framework
is vital to allow diverse platforms and sub-environments to interface seamlessly across
data, technological, human, and institutional dimensions. These studies indicate that future
transportation metaverses cannot rely only on technical innovation or decentralized mech-
anisms. They require institutional models that define the roles of public agencies, private
operators, technology providers, regulators, and citizens. Future research should therefore
explore governance structures for public—private collaboration, standardization, platform
interoperability, and democratic oversight in transportation metaverse ecosystems.

Finally, future research should extend metaverse-enabled smart road frameworks
toward cross-modal and system-level mobility integration. Although the framework
proposed in Section 5 focuses on smart road infrastructure, real-world mobility is inter-
connected across road, rail, air, maritime, micromobility, walking, and public transport
systems. Smart mobility in smart cities involves multiple interdependent challenges, in-
cluding parking, routing, emissions, road safety, traffic management, and multimodal
service coordination [74]. Future research should therefore examine how persistent virtual
environments can synchronize heterogeneous digital twins across transport modes. This
includes aligning demand models, pricing policies, emissions management, infrastructure
constraints, disruption response, and accessibility objectives within a unified analytical
environment. Such integration would allow planners to evaluate long-term investment
strategies across multiple possible futures, while operators could anticipate cascading
disruptions across modes before they materialize in the physical system.

Collectively, these research directions show that the successful implementation of
metaverse-enabled transportation systems requires more than technology deployment.
Scalable and uncertainty-aware digital twins are needed to represent complex road net-
works over time. Multi-agent intelligence is required to coordinate heterogeneous actors
and decision layers. Explainable human-machine governance is essential to maintain ac-
countability and trust. Legal, ethical, and institutional frameworks must evolve to regulate
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data-intensive, adaptive, and immersive decision environments. Cross-modal integration is
also necessary to avoid isolated digital deployments and realize the system-level benefits of
transportation metaverses. Therefore, the transportation metaverse should be understood
not as a digital end-product, but as a socio-technical paradigm for rethinking planning,
management, operation, and governance in future mobility systems.

8. Conclusions

Transportation systems increasingly experience deep uncertainty, tightly coupled
interactions among heterogeneous actors, and reliance on data-driven, automated decision-
making across planning, management, and operational horizons. Although advances in
sensing, simulation, and artificial intelligence significantly extend analytic capacity, these
tools are typically implemented in fragmented, piecemeal, and mode-specific setups, which
may not be able to identify, in the near future, the wider global interactions among players
in their ecosystem, as well as long-term dynamics. Despite recent progress, transportation
governance is stymied by a lack of flexibility in analyzing alternative futures, coordinating
across institutional divisions, and adjusting actions to changing circumstances. This paper
aims to fill this structural gap by reframing the metaverse not as an emerging visualization
technology, but rather as a persistent, policy-aware digital environment that supports
coherent, uncertainty-aware reasoning for complex transportation systems. The article con-
tributes several interdependent approaches to describe the emerging metaverse-mediated
transportation (metaverse-enabled) systems. First, it introduces a systems-level understand-
ing of the transportation metaverse, moving beyond mode-specific implementation and
tool-focused concepts, situating it as a consistent, policy-attuned operating environment
for transportation governance. Second, it offers a critical cross-modal overview of the
opportunities, constraints, and open research questions related to metaverse deployment,
covering key technical, organizational, human, regulatory, and ethical issues. Third, the
research proposes an explicit metaverse-driven model, instantiated in smart road systems,
to demonstrate how persistent virtualisation, parallel futures, embedded constraints, and
human-in-the-loop decision support can be integrated within a single architectural logic.
Finally, the paper offers a forward-looking research agenda that defines the methodologi-
cal and institutional pathways for evolving metaverse-enhanced transportation systems
from conceptual prototypes to sustainable, socially legitimate modes of operation. At the
same time, smart road systems are used less as a case in point and more as a case for
investigating the practical and institutional dimensions of metaverse adoption in transport.
Roads are among the most complex, frequently used transportation infrastructures and
are characterized by high asset interaction density, heterogeneous vehicle fleets, human
users, and multiple levels of public governance. Meanwhile, smart roads are becoming
more sophisticated and have already been deployed with sensing, communication, and
control technologies to enable continuous virtualisation and real-time data inclusion. Such
conditions place road networks at the crossroads of technological innovation, behavior and
regulation so that the framework can be tested under rigorous operational and governance
challenges. As a result, the smart road framework is relevant as an illustrative reference
architecture, serving as the concept that underpins other modes of transportation, rather
than a mode-specific or narrowly scoped approach. While this framework will serve the
scope of smart road structures, its principles and theoretical logic are not specific to one
mode of transportation but are applied to integrated modes of mobility. At the system level,
persistent virtualisation, uncertainty-sensitive reasoning, and policy-embedded decision
support together create a shared platform for tackling challenges across road, rail, air, and
maritime transport, despite variations in operating conditions and legal frameworks. In rail
services, these principles apply to safety-critical coordination and capacity management

https:/ /doi.org/10.3390/infrastructures11060181


https://doi.org/10.3390/infrastructures11060181

Infrastructures 2026, 11, 181

34 of 44

during disasters and disruptions, and, in aviation, provide possible approaches toward ex-
plainable, certified virtual decision environments for more automated airspace operations.
Lifecycle-based digital twins that integrate logistics, energy consumption and environmen-
tal performance in a shared virtual environment may prove useful for a range of maritime
and port systems. The metaverse-based approach outlined in this paper suggests a way
forward for more integrated, resilient, and adaptive mode-to-mode transportation planning
and operations, emphasizing common governance frameworks and cross-modal coher-
ence over stand-alone technology deployment. The study’s findings should be analyzed
critically, taking into account its scope and purpose. However, such a theory-driven ap-
proach, based on pre-existing frameworks and practical technological resources, is merely
a conceptual and architectural contribution that should be treated as theoretical, not as a
well-utilized or empirically validated system. The paper does not attempt to offer a series
of concrete performance appraisals and evidence for broad, integrated deployments, even
though such assessments are context-bound and influenced by institutional, regulatory,
and data availability limitations. Furthermore, the feasibility and impact of metaverse-
enabled transportation systems will be determined by structural designs, organizational
preparedness, governance competence, and societal acceptance, which vary greatly across
regions, modes, and ways of transportation. Such restrictions are not a challenge to the
overall validity of the framework; they delimit certain areas and indicate where empirical
research/pilot experiments are crucial to supplement the conceptual progress in this study.
The analyses and models presented in this paper encourage a wider re-analysis of the role
of the metaverse in transportation systems, replacing it with more complex digital tools for
a single, whole-world operating paradigm toward uncertainty-aware mobility governance.
Instead of serving as a secondary layer for visualization or simulation, the metaverse is
conceived as a persistent, policy-embedded environment within which infrastructure states,
analytical models, and human decision-making co-evolve over time. Under this paradigm,
experimentation, learning, and coordination are ongoing rather than random, allowing
transportation systems to anticipate and adapt to conditions rather than respond. This
view posits that the potential for transformation in the transportation metaverse does not
stem from technological advancements. Still, the revolution can change how planning,
management, and operational decisions are made, managed, and validated. By framing
the metaverse as an operational model rather than a single technology, this paper lays a
foundation for future research and practice, and guides the sustainable and ethical design
of resilient, transparent, and socially accountable transportation systems.
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Abbreviations

The following abbreviations are used in this manuscript:

Al Artificial Intelligence

AAM Advanced Air Mobility

ADS-B  Automatic Dependent Surveillance-Broadcast
AIS Automatic Identification System
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ATM Air Traffic Management
BIM Building Information Modeling

CAVs Connected and Autonomous Vehicles
GIS Geographic Information Systems

IoT Internet of Things

ITS Intelligent Transportation Systems
LCA Life Cycle Assessment

ML Machine Learning

DL Deep Learning

GNNs  Graph Neural Networks

V2X Vehicle-to-Everything Communication
V2v Vehicle-to-Vehicle Communication
V2I Vehicle-to-Infrastructure Communication
XR Extended Reality

UAVs Unmanned Aerial Vehicles
eVTOL  Electric Vertical Take-Off and Landing
SAF Sustainable Aviation Fuel
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