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ABSTRACT The movie — The Matrix (1999) — boosted our imagination about how further we can be
immersed within the cyber world, i.e., how further the cyber world can be indistinguishable from the real
world. Nobody, including the creators, had expected that the aspirational fictional virtual worlds such as
“ActiveWorlds (1995)” and “Second Life (2003)”” would impact the way of experiencing our real urban
environments with many urban experiences embedded into a rich featured 3D environment. Are we going to
stay as ourselves while existing in a mirror world? Are the fabricated, created imaginary worlds becoming a
part of real worlds or vice versa? The recent once-in-a-lifetime pandemic has confirmed the importance of
location and time-independent Digital Twins (DTs) (i.e., virtual scale models) of cities and their automated
services which can provide everybody with equity and accessibility. This study analyses how the metaverse
(3D elevation of linear Internet), that aims to build high-fidelity virtual worlds with which to interact with,
can be engaged within the Smart City (SC) ecosystem with high immersive Quality of Experiences (QoE)
leading to increased Quality of Life (QoL). An urban metaverse ecosystem framework — MetaOmniCity —
is designed to demonstrate a variety of insights and orchestrational directions for policymakers, city planners
and all other stakeholders about how to transform data-driven SCs with DTs into virtually inhabitable cities
with a network of shared urban experiences from a metaverse point of view. MetaOmniCity, allowing the
metaversification of cities with granular virtual societies, i.e., MetaSocieties, and eliminating the boundaries
between the real world and their virtual counterparts can be shaped to the particular requirements and features
of cities. Urban metaverse shared worlds, an extension of residents and urban society, where the virtual and
the physically real blend and are more organically integrated, would impact urban ways of living significantly
with many practical implementations. This would open doors for potential businesses with tremendous global
economic value by democratising skills/assets within an urban environment, paving the way for immersive
globalisation with the bigger and richer metaverse of Country (MoC) and metaverse of World (MoW) being
an immersive DT of the broader universe with tangibly connected cities. MetaOmniCity is expected to
accelerate the building, deployment, and adoption of immersive urban metaverse networks for citizens to
interface with as an extension of real social and individual experiences.

INDEX TERMS Metaverse, smart city (SC), digital twins (DTs), avatars, blockchain, augmented reality
(AR), virtual reality (VR), web 3.0, web3.

I. INTRODUCTION
The movie — The Matrix (1999) — boosted our imagination
about how further we can be immersed within the cyber
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world, i.e., how further the cyber world can be indistinguish-
able from real worlds. Nobody had expected that the aspi-
rational creations such as “ActiveWorlds (1995)!”, “Second
Life (2003)2” as online fictional virtual worlds with many

1 https://www.activeworlds.com
2https://secondlife.com
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urban experiences embedded into rich, 3D environments
would impact the way of experiencing our real urban environ-
ments. The vast landscape of “Second Life” consists entirely
of user-generated content, built by someone else — an avatar
controlled by a live human user; these avatars build and buy
homes, form friendships, get married, and make money; An
avatar named Wendy, whose creator always makes her go to
sleep before she logs out; *““So the actual world is Wendy’s
dream until she wakes up again in Second Life’” [1]. Will it be
good for us to live in a remote world designed by us to feel as
powerful as God? Are we going to watch ourselves (e.g., our
3D avatars) in other mirror worlds doing many other things?
Will our avatars — digital human twins — present in remote
urban real-world locations in real-time for solving particular
real-world problems? Are the fabricated, created imaginary
worlds becoming a part of real worlds or vice versa?

Digital Twins (DTs) was first verbalised by Michael
Grieves in 2002 during a conference at Michigan University.
The industrial concept of DTs attributed to NASA (2012) was
constructed to integrate ultra-high fidelity simulation with
the vehicle’s on-board integrated vehicle health management
system, maintenance history and all available historical and
fleet data to mirror the life of its flying twin and enable
unprecedented levels of safety and reliability [2]. DTs, with
the main components i) a physical entity, ii) a virtual rep-
resentation entity of that entity, and iii) bidirectional near-
real-time data streaming between these two entities, have
changed the way of procedures in each discipline. The once-
in-a-lifetime pandemic has forced many to rely on digital
technology as the only way to communicate, collaborate,
learn and sustain our lives [3]. In the same manner, with
decreasing contact with the real physical world and people,
the recent pandemic has confirmed the importance of location
and time-independent DTs (i.e., digital replicas) of cities and
their enabled remote services that can provide everybody
with equity and accessibility, in particular, senior citizens
and disabled residents by democratising all types of services
leading to increased Quality of Life (QoL) with societal
flourishing. Data-centric Smart City (SC) DTs are analysed in
Section I11-B4 in detail leading to the establishment of urban
metaverse worlds, i.e., urban crypto worlds. The pressure is
growing on city governments to leverage every opportunity
to improve QoL for inhabitants [4] due to the ever-growing
demands of citizens, economic concerns, and imminent envi-
ronmental risks. In this manner, to alleviate the problems
of rapid urbanisation and improve the liveability of citizens,
there are many concerns to be taken into account in urban
development and efficient urban management with effective
public services. In a broader inclusive definition, SC can be
defined as an opportunistic concept that enhances harmony
between the lives and the environment around those lives
perpetually in a city by harnessing smart technology enabling
a comfortable and convenient living ecosystem paving the
way towards smarter countries and a smarter planet [5]. SCs
are being implemented to combine governors, organisations,
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institutions, citizens, environment, and emerging technolo-
gies in a highly synergistic synchronised ecosystem to
increase QoL and enable a more sustainable future for urban
life with increasing natural resource constraints [5].

“Avatar”” comes from the Sanskrit word avatara meaning
“descent’’; Within Hinduism, it means a manifestation of a
deity in bodily form on earth, such as a divine teacher; It
technically means ‘‘an incarnation, embodiment, or manifes-
tation of a person or idea’’ [6]. In this paper “3D Avatars” —
pseudo-physical presence (i.e., digital image) of users — are
the residents of the worlds — so-called “Metaverse™ first
used by Neal Stephenson in 1992 in his novel “Snow Crash™.
In “Snow Crash”, players can teleoperate among multiple
parallel lives in an immersive virtual world enriched with
Virtual Reality (VR) to challenge each other for social status
using their avatars. Recent advances in metaverse technolo-
gies are providing many opportunities and urging city govern-
ments to change the way of managing cities more intelligently
in location and time-independent high-fidelity virtual worlds.
A metaverse can be defined as the expansion of DTs in the
fields of people and society [7] and as the digital extension of
our physical world equipped with Mixed Reality (MR). It pro-
vides us with an immersive environment to perform our daily
routines in the physical world. The metaverse helps reduce
the perceived differences between the real and virtual worlds.
How the metaverse can contribute to the smartness of urban
life is analysed within this paper. SCs, with DTs, are expected
to significantly benefit from the promising potentials of the
metaverse in the most optimum way. The combination of
metaverse and SC will increase further in the forthcoming
periods, and this will affect urban life by spreading to all
SC applications [8]. The South Korean capital, Seoul, has
already invested billions into the urban metaverse project to
be the first metaverse SC and to make the city more functional
and lively by overcoming temporal and spatial restrictions.
The metaverse, by combining the real environments with DTs
enriched with AR and by providing users with a highly real-
istic experience, help incorporate next-generation innovative
technologies into the SC concept to create a location- and
time-independent, smarter, lively, sensing, and embracing
city ecosystem that can behave like the physical city and
can be nurtured continuously with user partnerships (e.g., the
creation of interoperable 3D avatars, digital services and
virtual real-world equivalent experiences). It, with more real-
istic DTs, is expected to improve SC services further and
unite cities to the residents and universe on a more realistic
immersive nature that can be grasped by the human brain
and easier to engage with. SCs using the metaverse are being
implemented to combine governors, organisations, institu-
tions, citizens, the environment, and emerging technologies
in a highly synergistic, immersive, synchronised ecosystem
to embody.

It is worth noting that the metaverse indicates a broad
description of the development of many types of real-
world-like parallel virtual worlds using the 3D elevation
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of linear internet —so-called — “‘second-generation of the
internet”. In this paper, the metaverse is examined with
a particular emphasis on the SC concept with a new ter-
minology, MetaOmniCity representing the location- and
time-independent real-world-like omnipresent in a multitude
of urban virtual evolving worlds augmented with reality
(i.e., hybrid urban spaces) with a high-level of user-centric
immersive exploration. MetaOmniCity aims to enable citi-
zens to interact with the city ecosystem using real city data
in a more immersive way. To the best of the observed knowl-
edge, this is the first comprehensive study that highlights a
research gap in establishing urban metaverse worlds using
SCs with DTs. While aiming to fill this gap, particular con-
tributions in this paper are outlined as follows.

1) How to make urban metaverse worlds a reality is anal-
ysed with key aspirations — real-world urban meta-
verse initiatives with successful use cases, future urban
metaverse development plans, potentials of recent and
future technological developments and the expectations
and requirements of city residents.

2) A roadmap with a framework — MetaOmniCity — is
designed to facilitate the building of community- and
citizen-tailored high-fidelity virtual urban metaverse
cyberspaces (Urban metaverse as a Service (UMaaS))
for future sustainable smart urbanism in which the city
productivity and wealth, and QoL can be increased
substantially benefiting every citizen with location- and
time-independent omnipresent and enabling innovation
and economic development within a city.

3) MetaOmniCity aims to show concrete technical-
oriented directions infused by social dynamics about
how cities can engage with the metaverse to make the
residents feel the city in a collaborative and immersive
3D metaverse cyberspaces where the two worlds —
physical and virtual — can be more tangibly connected
with highly immersive Quality of Experience (QoE).

The remainder of this paper is organised as follows. The

related works are presented in Section II. The proposed
methodology — MetaOmniCity — is introduced in Sec-
tion III. Section IV discloses the essential challenges in
developing urban metaverse worlds. The lessons learned are
unfolded in Section V. Discussion along with open issues in
developing urban metaverse worlds is provided in Section VI.
Finally, Section VII concludes the key findings and outlines
potential future directions.

Il. LITERATURE REVIEW

In a broader perspective, the metaverse taxonomy, defini-
tions, architecture, applications, challenges, issues, solutions,
and future trends are reviewed in [9], [10], and [11]. Artificial
Intelligence (AI) specific to the metaverse is surveyed in [12]
and the fusion of blockchain and Al with the metaverse is sur-
veyed in [13]. Blockchain-empowered service management
for the decentralized metaverse of Things (MoTs) is analysed
in [14] at aiming to resolve the problem of synchronized data
transmission and service provision through multiple devices
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to ensure immersive engagement of end users through all
available means of sensing and visualization. A basic meta-
verse framework is analysed from the aspects of graphics,
user interactions and visual construction of metaverse worlds
as well as the construction of visual DTs in [15]. Building
metaverse cyberspaces using DTs at all scales, states, and
relations is analysed in [16]. Some of the key issues required
in order to realise metaverse services based on DTs are dis-
cussed in a short paper in [17].

From an SC perspective, the metaverse fundamental tech-
nologies for SC are surveyed in a highly restrictive concept
as a short paper in [18]. The vision of using Non-Fungible
Tokens (NFTs) — blockchain-based tokens — in SCs is
analysed in [19]. More specifically, the main components of
NFTs and how smart city applications, such as smart gover-
nance, smart services, smart economy, smart industry, smart
environment, and smart mobility and transportation, can ben-
efit from them are described in the study. In a narrower SC
domain concept: a survey on current metaverse applications
in healthcare regarding the SC health and welfare domain is
performed in [20], [21], and [22]; A theoretical framework
by reviewing literature and synthesising best practices in
designing metaverse learning environments regarding the SC
education domain is proposed in [23]; Extensible metaverse
Implication for an SC regarding the SC tourism is disclosed
in [24]. The metaverse applications built for specific SC
domains are elaborated in Section III-A3.

There is a research gap in establishing urban metaverse
worlds using SCs with DTs. This study aims to fill this
gap. This paper, within a holistic framework different from
the studies in literature, aims to help the metaverse con-
cept mature in urban environments in terms of the design
and development of virtual and augmented urban spaces.
The framework, the so-called MetaOmniCity, is designed to
demonstrate a variety of insights and orchestrational direc-
tions for policymakers, city planners and all other stakehold-
ers about how to transform data-driven SCs with DTs into
virtually inhabitable cities from a metaverse point of view.
MetaOmniCity, allowing the meta-versification of cities with
MetaSocieties and eliminating the boundaries (e.g., time,
space and language) between real worlds and their virtual
counterparts, can be shaped to the particular requirements and
features of cities and urban social dynamics.

Ill. METHODOLOGY: MetaOmniCity

Social media without metaverse focuses on content cre-
ation rather than creating experiences. ‘“Experiences” are
the main focus of the metaverse. In this treatise, MetaOm-
niCity, as conceptualised in Fig. 1, is designed to guide the
local governments in developing immersive urban metaverse
worlds and to provide residents with highly realistic immer-
sive experiences with rich urban activities using numerous
metaverse tools and utilities. Background of this research
involving urban use-cases of the metaverse and future urban
plans with the metaverse is analysed in Section III-A before
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exploring MetaOmniCity in Section III-B in detail in order to
conceptualise the MetaOmniCity framework in a better way.

A. BACKGROUND

1) SMART CITIES (SC)

The concepts of Internet of Everything (IoE) and Automa-
tion of Everything (AoE) [25] bring the people, organi-
sations, lives, processes, data, and things into a concrete
coherent structure — Cyber-Physical Systems (CPSs) to
develop a synergistic smarter connected globe [5]. SC is
defined as a city connecting physical infrastructures, Infor-
mation Communication Technology (ICT) infrastructures,
social infrastructures, and business infrastructures to leverage
the collective intelligence of the city [26]. The main objec-
tives of establishing SCs can be summarised as i) enabling
the integration of the distributed services and resources
in a combined synergistic fashion, ii) improving existing
public services and providing new effective citizen-centric,
user-driven, and demand-oriented services, iii) monitoring a
city with easy-to-use visualisation tools, iv) enabling near-
real-time services for end-users and/or further smart actu-
ation, v) increasing the sustainability with optimised ser-
vices, vi) improving the lives and livelihoods of citizen, and
vii) drive economic development, innovation and global city
investment competitiveness [5].

Readers are referred to [5] for the technological
infrastructure of SCs involving communication networks
and further information about real-world SC use cases.
To summarise, its main layers enabling proper sensing and
appropriate autonomous actuation are i) strictly engagement
with all the stakeholders, ii) edge IoT devices and citizens to
collect data and interact with the environment intelligently by
harnessing large amounts of near-real-time data using sophis-
ticated communication technologies, iii) edge/fog platforms,
iv) the cloud platform involving cloudlets, and v) integration
of smart domains not only within itself but also with the
national and global smart domains. The main smart elements
of SC are shown in Fig. 1 A.2. The other smart domains into
which SC (Fig. 1 A.1) is incorporated to create a synergistic
implementation enabling a gate to the development of a group
of SCs and consequently smart states and smart countries
are explicated in [5] as well. The development of DTs is an
indispensable part of establishing SCs and data-centric SC
DTs are examined in Section I1I-B4.

2) METAVERSE

A metaverse can be defined as ‘‘democratised, decentralised,
user-driven virtual and augmented immersive 3D spaces
where two worlds — virtual and physical existence — can
be more tangibly connected and people who are not in the
same physical space can come together with their avatars to
feel many different types of experiences”. The metaverse —a
blended harmonised virtual and physical existence — aiming
at developing high-fidelity virtual worlds as rich as the real
world, is still in its infancy, requiring a great deal of evolution.
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First and foremost, open-source metaverse development plat-
forms are in high demand and they are expected to expedite
the development of many undiscovered metaverse experi-
ences. Truly persistent and immersive computing, at scale and
accessible by billions of humans in real time, will require a
1000 times increase in computational efficiency from today’s
state of the art [3] where a standard kind of Moore’s law
curve is only going to get us to about 10 times growth over
the next five years based on hardware improvement and
high computation requirement can be alleviated by energy-
efficient computing, better algorithms, better architectures as
stated by Intel to balance 1000 times improvement [27]; an
example of which is Ethereum’s ‘“‘transition to a mechanism
known as proof of stake” to reduce their energy use around
99% with energy-efficient computing and processing. Lim-
ited by resources, computing power with edge intelligence,
and sensory devices, the metaverse is still far from realis-
ing its vision of thorough immersion, materialisation, and
interoperability [28].

Blockchain, a type of Distributed Ledger Technology
(DLT), is implemented as a decentralised Peer-to-Peer net-
work and stores a digital ledger in a distributed and secure
manner; Smart contracts extend the capabilities of the
blockchain technology; they are executable codes that can
softwarise all the terms and conditions of an agreement
between various entities and are deployed on the blockchain;
Some of the advantages provided by smart contracts are
automation, access control, trust-building, and elimination of
third-party execution [29]. Blockchain can be actively utilised
in urban metaverse worlds as digital proof of asset ownership.
The key components of the metaverse (Fig. 1 C) in devel-
oping urban worlds are investigated in Section III-B while
exploring the proposed framework — MetaOmniCity — in
this research.

3) URBAN USE CASES OF METAVERSE AND FUTURE TRENDS
We are employing technology to solve our urban problems
and enhance the life quality of citizens. How can the meta-
verse be deployed to serve this purpose? How the metaverse
is currently contributing to the urban ecosystem and will
add value in the future regarding the future urban meta-
verse plans is investigated in this section. Smart virtualisation
of urban living and working has already started in various
cities in numerous forms. Seoul, the first metaverse SC, has
pioneered numerous urban metaverse projects. Santa Mon-
ica becomes the first U.S. city to join the metaverse [34].
The engagement of the metaverse with SC applications is
increasing exponentially as a part of smart urbanisation.
The real-world urban metaverse use cases that are still in
their early development stages are presented in Table 1 to
reveal how cities are engaging with the metaverse. Moreover,
the targeted future urban metaverse objectives, trends and
demands in the public and private sectors are demonstrated in
Table 2 to reflect how cities may engage with the metaverse
in the years and decades to come. Many local governments
in cities, particularly, in China, have recently announced
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TABLE 1. Public sector, local businesses and community engagement in the urban ecosystem using the metaverse.

Metaverse Subject Particular implementation City
Platform
Metaverse Smart governance, smart | Urban metaverse platform combines DTs, virtual reality (VR) and collaboration to improve | Seoul
Seoul tourism city services as well as planning, administration and support for virtual tourism. Users can
create avatars and explore a virtual representation of the mayor’s office [30], Seoul FinTech
Lab, Invest Seoul and Seoul Campus Town [31].
Metaverse Smart governance, smart en- | The S-Map service provides a DT for urban planning, real-time fire monitoring and wind | Seoul
Seoul vironmental monitoring path analysis [30].
Metaverse Smart safety and security A safety service called the Ansimi App connects users with Seoul police services, who can | Seoul
Seoul tap into local location data and camera feeds to speed investigations [30].
Metaverse Smart community and social | A business services portal is providing startups for new business ideas and services [30]. Seoul
Seoul networks, smart industry
Metaverse Smart community and social | More than 16,000 people joined a year-end bell-ringing festival hosted by the Seoul city | Seoul
Seoul networks government in the metaverse [32].
Metaverse Smart community and social | An educational portal brings together 34 campus towns to provide coaching, collaboration | Seoul
Seoul networks, smart education and networking opportunities [30].
Virtual Lon- | Smart community and social | The ViLO platform integrates the real-time weather information, that affects the visual | London
don (ViLO) networks aspect of the digital model [33].
Virtual Lon- | Smart transportation A specific emphasis was put on the visualisation of mobility data sets. VILO has the | London
don (ViLO) capability to retrieve and visualise the location and data of bike-sharing docks, bus networks
and tube lines, including the location of bus stops and tube stations and the real-time
position of buses and trains [33].
Play-to-Earn | Smart industry The city is using the metaverse to gamify its shopping district via user interaction by | Santa
Metaverse earning tokens to put in digital wallets and purchase physical items in the city shops [34]. | Monica
This platform uses Pokemon Go like gamification of the city streets enriched with more
socially immersive ideas similar to the TikTok applications.
Real-Based Smart tourism AR service in Incheon is more than other simple AR services such as the delivery of | Incheon
Metaverse: information through digital display, description, and guide content which most SCs and
‘AR Incheon’ museums provide. It provides AR navigation service and AR map, but it is differentiated
by providing historic maps and experiences from the past. It engages the users in the en-
vironment(real world), providing Extended Reality (XR) experience, such as environment-
related historic figures guiding the tourists, a panoramic virtual mirror world through AR
where tourists can share experiences on the social network, seamlessly connecting real-
world based and virtual world based metaverse [35].
Virtual- Smart tourism Incheon developed metaverse entertainment content which provides ‘Incheon experience’ | Incheon
Based through using Minecraft. Integrating Minecraft, a sandbox game in which players explore a
Metaverse: virtual world freely as avatars. This enabled users to create and experience Incheon without
‘Incheon- limits in the metaverse world, allowing Incheon to deliver the smart metaverse experience
craft’ to tourists without their physical visit [35].
Metaverse Smart tourism Virtual tourism services will allow locals and international visitors to explore current | Seoul
Seoul attractions and historical recreations [30].
Virtual Lon- | Smart tourism, smart gover- | The ViLO model is composed of above-ground and underground infrastructure and it is an | London
don (ViLO) nance interactive and collaborative digital platform used to visualise and analyse spatio-temporal
urban datasets [33].
Liberland Smart tourism, smart indus- | It is a digital replica (i.e., cyber-urban) of the physical micronation of the Republic of | Liberland
Metaverse try Liberland in the metaverse where people can buy plots of land with cryptocurrency and
city enter digital buildings as an avatar [36].

their metaverse plans to transform their SC applications into
metaverse environments. There is no representative initiative
for a comprehensive urban metaverse space development and
MetaOmniCity designed and proposed in this study aims
to help city managers first envision and then generate this
environment through identifiable agreed-upon guidelines.

B. INFRASTRUCTURE OF MetaOmniCity

Urban metaverse cyberspaces can mainly contribute to bet-
ter democratisation of city services with increased User
Experience (UX) and Quality of Services (QoS) leading
to increased QoL. MetaOmniCity allows residents to expe-
rience urban elements simultaneously through urban DTs
and user-friendly metaverse utilities and tools. The general
infrastructure of the MetaOmniCity framework with the key
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enabling technologies is depicted in Fig. 1. The framework
consists of five main building blocks, namely, A. SC, B.
Users, C. Metaverse components, D. SC DTs and metaverse
pools, and finally E. UMaaS. These components and their
intertwined interactions with each other are elaborated in the
following subsections.

1) URBAN METAVERSE COMMUNICATION
INFRASTRUCTURE ON A DECENTRALISED

NETWORK (Fig. 1 C.1)

The engines of the metaverse communication infrastructure
on which metaverse applications can run seamlessly are
placed in Fig. 1 C.1. The foundational pillars of this infras-
tructure are 5G/6G networks, Web 3.0 / Web3, Blockchain
operating systems and Tactile Internet (TT).
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TABLE 2. Future urban plans with the metaverse.

Metaverse Subject Particular Objective City
Platform
Metaverse Smart governance An Al-based public servant will work in the metaverse office in close collaboration with | Seoul
Seoul others for public services [30].
Metaverse Smart Governance The project aims to create a metaverse ecosystem for all areas of its municipal administration, | Seoul
Seoul such as economic, cultural, tourism, educational and civic service [31].
Metaverse Smart Governance The government will open “Metaverse 120 Center”, a virtual public service centre. The | Seoul
Seoul avatar public officials in the metaverse will provide convenient consultations and civil
service, which was available only through the civil service centre at Seoul City Hall [31].
Makassar Smart Governance The concept of Makaverse Metaverse is a continuation of Sombere and SC, that uses | Makassar
Metaverse technologies to support interaction and information solubility by the City Government in
improving public services [37].
Jakarta Smart Governance The Provincial Government of Jakarta has established a strategic partnership to develop a | Jakarta
Metaverse metaverse platform with PT WIR Asia Tbk (WIR Group) — a leading AR-based technology
company in Southeast Asia — to realise the vision of Jakarta as a developed city with excellent
public services [38].
Five-year Smart governance, smart | First mention of the metaverse in China, it encourages the application of the metaverse in ar- | Shanghai
plan industry eas such as public services, business offices, social entertainment, industrial manufacturing,
production safety and electronic games [39].
Two-year Smart governance, smart | Beijing’s innovation plan is aimed at promoting the development of metaverse-related indus- | Beijing
Metaverse industry, smart education, | tries and helping the capital of China build a benchmark city for its digital economy, which
innovation smart tourism would require every district to adhere to the new Web3 innovation plan; It promotes digital
education scenarios, supports in-depth cooperation between metaverse-related technology
companies and educational institutions, expands intelligent and interactive online education
models, and develop industry-wide digital teaching platforms. [40].
Metaverse Smart governance, smart | The long-term vision is to add support for business development services, education and | Seoul
Seoul industry, smart education | support for city services for filing complaints, inquiring about real estate and filing taxes [30].
The platform will be expanded to all areas of its municipal administration in order to increase
the working efficiency of government officials [31].
10 Smart governance, smart | Guangzhou’s Huangpu district released a document with 10 measures for promoting innova- | Guangzhou
measures industry tion and development in the metaverse — the first official policy support for the metaverse
in the Guangdong-Hong Kong-Macao Greater Bay Area [41].
Metaverse Smart industry The project will provide virtual coworking spaces to allow citizens to work remotely as if | Seoul
Seoul working in a real office [30].
2022 work | Smart industry The local government has announced plans to embrace the metaverse to boost its pandemic- | Wuhan
plan devastated economy by integrating the metaverse, blockchain, big data, cloud computing,
geospatial information and quantum technology into its economy [42].
Metaverse Smart industry The initiative outlined several major objectives in 2023, including establishing a full supply | Zhejiang
Hub chain and industry ecosystem, enhancing innovation, and fostering the use of metaverse
applications in sectors such as e-commerce and entertainment with competence in AR, VR,
MR, blockchain, and Al industries [43].
Technology | Smart industry The local government has declared to invest in the metaverse to boost its industry in the years | Hefei
Plan to come [44].
Dubai Smart industry The Dubai Metaverse Strategy aims to turn Dubai into one of the world’s top 10 metaverse | Dubai
Metaverse economies as well as a global hub for the metaverse community. The strategy aims to build
on Dubai’s achievement of attracting more than 1,000 companies in the fields of blockchain
and metaverse using Web3 technology. It also promotes Dubai’s ambitions to support more
than 40,000 virtual jobs by 2030 [45].
Metaverse Smart industry, smart gov- | Barbados is preparing to legally declare digital real estate sovereign land with the establish- | Barbados
Barbados ernance, smart tourism ment of a metaverse embassy. The various projects will be assisting with identifying and
embassy purchasing land, architecting the virtual embassies and consulates, developing facilities to
provide services such as “e-visas” and constructing a “teleporter” that will allow users to
transport their avatars between the various worlds [46].
Metaverse Smart tourism Seoul’s major tourist attractions, such as Gwanghwamun Plaza, Deoksugung Palace and | Seoul
Seoul Namdaemun Market, will be introduced through the “Virtual Tourist Zone”, and lost
historical resources, such as Donuimun Gate, will be recreated in the virtual space [31].
Metaverse Smart safety and security | The government will develop services for the socially vulnerable including safety and | Seoul
Seoul convenience content for people with disabilities using extended reality (XR) [31].

The communication infrastructure in cities to establish
SC applications has already been analysed in my previ-
ous research [5], [47], [48]. Therefore, this subject is not
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elaborated in this paper and the readers are referred
to these studies about the communication technologies
employed in SCs. To summarise, city communication
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infrastructure provides large-scale machine-type commu-
nications with a multiplicity of communication modal-
ities using an orchestration of backhaul and fronthaul
(i.e., crosshaul) mechanisms. Delays in data processing and
user feedback deteriorate users’ immersive experience lead-
ing to serious cybersickness. Moreover, the disorientation of
various feedback (e.g., audiovisual information and haptic
data) is prime important not to cause cybersickness. With
1 ms Point-to-Point (P2P) data transfer capability in 4G,
the End-to-End (E2E) round-trip latency is 20-25 ms for an
ideal environment, which clearly indicates that 4G is not
able to meet the stringent requirements of tactile response
and immersive requirements [49], [50]. On the other hand,
with 0.1 ms P2P data transfer capability, 5G communica-
tion technology within a decentralised architecture enabling
Ultra-Reliable and Low-Latency Communication (URLLC)
with i) enhanced mobile broadband (eMBB) focusing on
high-resolution multimedia services, ii) massive Machine-
Type Communications (mMTC) focusing on IoT services
enabling communication for a million devices/km? [51], and
iii) distributed computing abilities focusing on the accom-
modation of the ubiquitous implementation of applications
within location-independent heterogeneous environments
using Software-Defined Networking (SDN) and Virtual Net-
work Function (VNF) (e.g., Network Function Virtualisa-
tion (NFV)) where they are complementary to one another
and it takes its indispensable place in IoE mobile applica-
tions. The integration of generic services such as eMBB,
mMTC, critical Machine-Type Communication (cMTC), and
URLLC can improve the performance of 5G-based appli-
cations; this service heterogeneity can be achieved by net-
work slicing for an optimised resource allocation and an
emerging technology, TI, to achieve low latency, high band-
width, service availability, and E2E security [52]. This
communication infrastructure helps a bidirectional stream
of near-real-time information, knowledge and wisdom [53]
between the physical and virtual environments of SC blended
DTs that is investigated in III-B4 with related metaverse
content.

Instant feedback through the metaverse technologies
(e.g., high-definition (HD) rendering, smart wearable
devices, haptics (tactile and kinesthetic) (sense of touch),
audiovisual modalities, olfactory (sense of smell), gustatory
(sense of taste)) is going to play a pivotal role in establishing
a strong immersive metaverse implementation that enables
a tight interface between the physical and virtual worlds
by coupling with artificial sensors and actuators. Haptics,
as an extension of visual and auditory modalities, refer to
both kinaesthetic and tactile information and include position,
velocity, force, torque, vibration, etc [54]. With the advent
of commercially available haptic/tactile sensory and display
devices, conventional triple-play (i.e., audio, video, and data)
communications now extend to encompass the real-time
exchange of haptic information (i.e., touch and actuation) for
the remote control of physical and/or virtual objects through
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the Internet [55]. Furthermore, a lot of more novel, intelligent,
user-friendly haptic devices are emerging with the advent
of new functional materials, smart actuators and sensors,
embedded computers, and the latest advances in real-time
intelligence, Machine Learning (ML), cognitive science, and
AR/VR/MR [56] leading to a better bilateral exchange of
energy between two remote nodes. These advancements are
highly supported by the standardisations of haptics on an
application basis, e.g., IEEE P1918.1 [57].

User-centric and decentralised Web 3.0, with rich media
content, semantic immersive UX and Al capabilities, has
changed our communication and interaction behaviours sig-
nificantly compared to one-way text-based Web 1.0 and
ubiquitous vision-based user-driven Web 2.0. Furthermore,
the incorporation of blockchain technologies into Web 3.0 has
created a more evolved decentralised web — Web3. Web3,
using multiple operating systems, provides data sovereignty
(e.g., creative asset sovereignty) for individuals allowing
a more advanced user-centric decentralised network with
further individual data management capabilities. While 5G
technologies are taking their indispensable places in real-
world implementations, it is worth mentioning that future
6G, at the expense of increased complexity, considers not
only delivering another 1000x increase in data rates, but also
diving into self-sustaining networks and dynamic resource
utilisation; 6G will also put an end to smartphone-centric
networks, introducing new system paradigms (e.g., human-
centric services) [58]. 6G, not only promises to connect
things with URLLC (1-microsecond latency) leading to no
delay in real time, but also promises to connect things
intelligently with ultra-high density connections (i.e., over
100 devices per cubic metre). In this sense, the use of
location awareness immersive technologies, AR/VR/XR/MR
as well as holographic communication, will be eased with
6G since intelligence, as the key component of immersive
technologies, is connected. The combination of blockchain
and 6G allows the streamlining of a peak rate of 1 Tbit/s [29]
using a Terahertz-sized frequency band to achieve a network
delay with a transmission rate of less than 1 ms and the
probability of communication interruption less than one in
a million using spatial multiplexing technology [28] and
many SC initiatives are very much familiar with Web3 by
using blockchain technologies for their various applications.
Blockchain technologies, enabling individual data owner-
ship, are already being used by cities to store, share and
process the information that is under the control of the users.
Readers are referred to [59] for the SC blockchain application
examples. The widespread use of current blockchain tech-
nologies as well as newly developing blockchain technologies
specific to the urban ecosystem in establishing SC DTs
(i.e., digital shadows of avatars of the urban ecosystem)
will boost and ease the integration of these technologies
into establishing UMaaS worlds. An example of applying
blockchain technologies into metaverse virtual spaces for
ensuring timely multi-scale spatial data processing using
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a data layer between physical worlds and their DTs is
presented in [7].

2) METAVERSE INFRASTRUCTURE DEVELOPMENT TOOLS
AND PLATFORMS (Fig. 1 C.2)

The elements of the metaverse infrastructure building tools
and platforms are placed in Fig. 1C.2. Some of these tools and
platforms are AR/VR, real-world physics simulation, avatar
physics emulation, open source 3D standards (e.g., Universal
Scene Description), 3D/4D graphics/design and rendering
(e.g., Unreal Engine), 3D geospatial mapping and visualiza-
tion, state change visualisation, virtual simulation, motion
control theory, and optimisation. The targeted outcome of
these tools can be shaped with Al, immersive analytics,
and most importantly interoperability analytics tools to yield
platform-independent products using high computing power.
These tools and platforms are still being developed. They
need to be advanced further and need to be readily accessible
to the engineers in the metaverse development community
at affordable prices. These tools and platforms can only be
developed by a group of engineers from different disciplines
and they are required to enable trained engineers to deploy
“Metaverse world development and content enrichment util-
ities” which are demonstrated in Fig. 1 C.3 and elaborated in
Section III-B3. No single company has sufficient resources
to create these tools alone on a wide scale since the rich
diversity of these technologies requires multiple technology
companies to mould their expertise in an advanced meta-
verse infrastructure development platform. Companies from
various disciplines with varying skills and a rich variety of
enabling technologies need to collaborate to build advanced
metaverse development platforms using a broad amalga-
mation of advanced technologies leading to an increase in
impressiveness. Nowadays, 3D/4D design (e.g., CAD) plat-
forms are the essential employed tools before the produc-
tion of goods in almost every industry. The companies that
are developing applications that can be used to design 3D
virtual products are expected to be a part of developing the
metaverse 3D/4D design tools. The companies that are pro-
ducing multi-user competitive games are expected to develop
advanced AR/VR enrichment tools that can be equipped with
Al implementations. The communication network compa-
nies will be developing the ideal city communication net-
work environments that satisfy the requirement of Web 3.0,
Web3, and TI. Currently, it seems that the aforementioned
widespread used technologies can help build advanced meta-
verse development tools when moulded in a synergistic sys-
tem by which creativity will drive the metaverse. Technology
companies and policymakers should combine their resources
with advanced planning to foster international and interdis-
ciplinary dialogue for establishing advanced SC immersive
Metaverse parallel worlds.

3) METAVERSE WORLD DEVELOPMENT AND CONTENT
ENRICHMENT UTILITIES (Fig. 1 C.3)

The elements of the metaverse world development and con-
tent enrichment utilities are placed in Fig. 1 C.3. Some
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of these utilities are avatar creation, UMaaS creation, asset
creation, content creation, scenario creation, scene creation,
smart contract creation, and 3D scanning and animation.
The members of UMaaS worlds are authorised to use DTs
and metaverse contents that are already created and shared
as depicted in Fig. 1 D and elaborated in Section III-B4.
Trained engineers, people and residents can create and enrich
metaverse urban worlds with high-fidelity rich content and
experiences representing real-world services using these
easy-to-use utilities with functional interfaces requiring no
high-level expertise. For instance, current Al technologies
such as Ready Player Me/OZ, Unreal Engine, Nvidia, and
Microsoft Mesh’s Holoporation enable to generate hyper-
realistic avatars. Rules, elements and properties of MetaHu-
mans — avatars are elaborated in Section III-B7.

4) SC DIGITAL TWINS (DTs) AND METAVERSE CONTENT

The success of urban metaverse applications depends on the
quality of data-driven SC data, the seamless exchange of
this data and the processing of the data effectively and effi-
ciently. To this end, the construction of DTs, i.e., blueprints
of SCs, that facilitate the means to monitor, understand and
optimise the functions and Situational Awareness (SA) of
all physical entities by i) pairing of the virtual and physical
worlds [60], ii) enabling data to be seamlessly transmitted
between the physical and virtual worlds with two-way com-
munication [61] and iii) enabling the virtual entity to exist
simultaneously with the physical entity [62] is an integral
part of building healthy SCs and UMaaSs augmentation with
real-time streaming data. SCs, filled with ubiquitous sensors
(Fig. 1 A.3), ease the detection of real urban environments and
they stream this information simultaneously to build urban
DTs for accurate topography, visualisation, simulation, antic-
ipation, precise interpretation and predictions, and solving
urban problems with innovative eco-friendly ways of urban
planning benefiting the well-being of citizens. DTs are tied
to their physical counterparts in real time using MR to auto-
mate tasks and extract insights that can increase the quality
of citizens’ lives. DTs integrate Al, software analytics, and
ML data to create virtual models that update and change as
their physical equivalents change [63] with fast and accurate
data processing using advanced hardware and communica-
tion networks. Through DTs, the real world can be accurately
replicated in the virtual plane digitally across multiple lev-
els of granularity and can interact dynamically and evolute
synchronously with the virtual twin in the virtual plane [64].
Although the metaverse concept existed 10 years before the
emergence of DTs, it is still in the concept stage, and DTs
have been widely utilised in industries and other fields [7]
given the broad scope of DTs. SCs have been building their
DTs (i.e., virtual replicas) of the physical city implementa-
tion infrastructure using their technological infrastructure and
real-world SC domains using CPSs. Singapore is developing
a digital copy of the entire city to monitor and improve utili-
ties [65] using a dynamic model with real-time sensory data.
Powered by Unreal Engine, covering almost 4,000 square
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actuated in the physical counterpart [51].

kilometres and built using information from satellites, drones
and sensors in the real Shanghai, the digital replica could
soon have the power to simulate events in the city’s future
with astonishing accuracy [66]. The readers are referred
to [5] for many real-world SC implementations all around the
world. DTs created within the DUET (Digital Urban Euro-
pean Twins) supported by the EU provide virtual city replicas
which make it easy to understand the complex interrelation
between traffic, air quality, noise and other urban factors [67].
DUET involves partners from across Europe with a variety of
backgrounds from cities to academia, researchers, technolo-
gists, and small and Medium-Sized Enterprises (SMEs) and
produced numerous SC DTs in multiple cities such as Ghent,
Athens, and Pilsen. It is noteworthy to mention that establish-
ment of a city-scale DT with multiple sub-SC domain twins
requires the streaming and processing of real-time data from
the physical city environment by mimicking the real environ-
ment in the same space-time where the two worlds coexist
simultaneously. DTs of physical worlds would be the base
for developing ultra-realistic metaverse worlds. The more
advanced immersive technologies such as TI with quality
haptic feedback, the better immersive urban metaverse worlds
using urban DTs leading to better SC services. The concept
of the metaverse with its advancing immersive tools would
not only enable the development of the realistic modelling of
urban processes as they behave in their physical worlds, but
also, it would encourage and accelerate further community
engagement by addressing user requirements better leading
to more advanced models.

It is also worth emphasising that the metaverse is not the
equivalent of DTs, it is a concept with a more comprehensive
structure, allowing the removal of boundaries between these
two worlds as elaborated throughout this paper. A metaverse,
which is parallel to the physical world, needs mature and
secure DTs technology in addition to parallel intelligence to
enable it to evolve autonomously [7]. DT network (DTN)
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realises co-evolution between physical and virtual spaces
through DT modelling, communication, computing, and data
processing technologies [68] and DTs technology can map
the composition, characteristics, functions, and performance
of physical entities into the metaverse in real-time [68].
The realisation of the metaverse is highly correlated with
the advancements in DTs [17], [68] that reflect the lively
atmosphere of a real-time physical entity in which urban
physical objects (e.g., roads, buildings) along with real-world
real-time data (e.g., traffic flow) are digitised in a moulded
environment.

Most of the cities have their multiple 3D models involving
underground infrastructure used for planning and construc-
tion and these models are categorised as ‘‘(high-fidelity vir-
tual) SC physical worlds (twins)” and this should not be con-
fused with “SC DTs” . Highly realistic “SC DTs” (i.e., mod-
els) are composed of synchronised ““(high-fidelity virtual)
SC physical worlds (twins)** and related delay-sensitive “SC
digital data twins” (Fig. 5) allowing residents and other
users to interact with the virtual SC ecosystem that is cre-
ated similarly to the real SC ecosystem. In other words, 3D
models of SC objects or SC environments (buildings, streets,
roads, walkways, etc.) that represent the body of a system
(i.e., virtual clone) are combined with their related streamed
data that represent the instant dynamics/activities in the body
not only to build more realistic systems, but also to make
user interactions more realistic. Real SC data is continuously
streamed into the data-driven SC DTs simultaneously as in
the real SC environment, which makes the interaction feels
the same as interacting with the real SC environment.

DTs help map the real-time dynamic features of physical
entities to the virtual world in multidimensional space as
exemplified in Figs. 2, 3, and 4. One example of the SC
DTs is investigated in my previous study in [51] for the
urban use of Autonomous Vehicles (AVs). In that research,
Human-on-the-loop (HOTL) real-time haptic delay-sensitive

43853



IEEE Access

K. Kuru: MetaOmniCity: Toward Immersive Urban Metaverse Cyberspaces Using Smart City Digital Twins

Fylde Road

FIGURE 3. DT of the traffic flow in Preston with the streaming of traffic data [47]. 3D urban road modelling
and virtual vehicle objects reflecting the streamlining of the real-data traffic flow are blended.

teleoperation with AVs is analysed in the aspects of
human-vehicle teamwork by establishing two similar remote
parallel worlds — real-world vehicle time-varying envi-
ronment and cyber-world emulation of this environment,
i.e., DTs (Fig 2) — in which a Human TeleSupervisor (HTS),
as a biological agent, immersed with the absence of cyber-
sickness enables omnipresence through a timely bidirectional
flow of energy and information. Again, in my another previ-
ous study in [47], the roads of Preston city where our campus
is located were designed in 3D forms and a DT was created by
streaming the traffic flow data into this high-fidelity virtual
DT. Drivers in the city can observe the live traffic at any
point by interacting with these points in more realistic 3D
environments (Fig. 3) and can choose their most convenient
route to their destination based on the visual traffic volumes
and congestion patterns. During an SC project, in which I
took part, it was possible to stream the traffic data into the
city roads using the smartphone locations and their speeds
acquired from a live smartphone-location pool established by
the communication companies without using any particular
onboard sensors. Another project — Virtual London (ViLO)
platform — (Fig. 4) [33] integrates the real-time weather
information, that affects the visual aspect of the digital model.
Regarding ““Smart transportation”, a specific emphasis was
put on the visualisation of mobility data sets. ViLO can
retrieve and visualise the location and data of bike-sharing
docks, bus networks and tube lines, including the location of
bus stops and tube stations and the real-time position of buses
and trains. Regarding ‘““Smart tourism, smart governance’,
it is composed of above-ground and underground infrastruc-
ture and it is an interactive and collaborative digital platform
used to visualise and analyse spatio-temporal urban datasets.
ViILO has been used to explore the uses of innovative digi-
tal technologies, such as VR/AR devices and Game Engine
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technologies, to enrich the toolbox of architects and urban
planners to better communicate current and future urban
environments. Residents can visit the SC DTs to observe
how the broader picture they are interested in is developing
for better decision-making. These similar DTs — digitised
copies/mirrors of SC domains — in highly synchronised envi-
ronments are not only utilised to manage SC assets efficiently
and effectively, but also, help SC services to be integrated into
the metaverse platforms easier to facilitate a more immersive
experience leading to significantly increased quality of urban
living.

SC DTs are the building blocks of urban metaverse worlds.
The recent advances in the cyber—physical domains, cloud
and edge platforms along with advanced communication
technologies play a crucial role in connecting the globe
more than ever, which is creating large volumes of data at
astonishing rates and a tsunami of computation within hyper-
connectivity [53]. Large volumes of BD being generated
exponentially in different formats are in the geo-distributed
cloud platforms and likely input for all other smart sys-
tems and enterprises as insights, which will contribute to
the smooth working of these systems and enterprises sub-
stantially [53]. New approaches (Ex: Deep Insight-as-a-
Service (DINSaaS) [53]) using Federated Learning (FL)
need to be developed to process BD in a timely manner
by reducing BD transfer and they would be the key pil-
lar in developing intelligent and functional twins. In FL,
training data-driven ML models is an act of collaboration
between multiple clients without requiring the data to be
brought to a central point, hence alleviating communica-
tion and storage costs and providing a great degree of user-
level privacy [69]. The integration of 6G-enabled Al with
FL as next-generation wireless E2E intelligence commu-
nication would integrate us with more realistic real-time
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FIGURE 4. Simulation of reality through DTs: ViLO model showing live sensor data on infrastructure
equipped with VR and AR [33]. 3D urban modelling and virtual urban static and mobile objects reflecting
the streamlining of the real data of CPSs are blended and this scene is augmented with
information/knowledge/wisdom from real world activities for effective decision-making.

intelligence by unlocking the potential of BD with high
QoE.

Many of the potential urban metaverse worlds are yet
to be discovered and developed and the ready-to-use off-
the-shelf SC twins and newly built twins are expected to
expedite the development of more resilient metaverse imple-
mentations in the SC ecosystem. The number of compa-
nies that are experienced in the development of particular
SC sub-DTs with future smart urbanisation concepts from
transportation to green infrastructure is rapidly increasing,
which will accelerate this evolution further with explosive
growth. In the meantime, AR within SC services can be used
as a complementary technology to understand the behaviours
of urban environments and their physical objects in a much
better-visualised way considering the real-physics rules and
real data. For instance, the display of instant streamed infor-
mation (e.g., velocity) over vehicles in urban traffics is com-
plementary information/knowledge/wisdom created by AR
as an extension or continuity of life. People, off-site all
around the world, can meet with on-site residents in urban
environments using their immersive holographic telepresence
and communication through immersive interaction. In other
words, physical worlds are augmented digitally. On the other
hand, VR is the creation of real objects in their DTs or
unreal objects that help observe the environment and develop
situations better aiming to increase the immersiveness. For
instance, the vehicles in Fig. 3 created using VR are the
representatives of their counterparts in the real environment
or a gigantic police created by VR, not a part of the real
environment, can appear suddenly for some time if a vehicle
exceeds the speed limit to warn the driver/AV. Residents can
create further spaces — user-generated content— parallel to
the real world using VR tools. The metaverse tools would turn
the DT concept in SCs into another dimension with increasing
benefits — immersive coupling with the urban ecosystem.
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MetaOmniCity is a parallel world of a real city in which the
boundaries between the physical entities and their DTs are
reduced using the metaverse immersive technologies (Fig. 6).
The cities that have already established their DTs within the
SC ecosystem would adopt the metaverse technologies more
efficiently and effectively than the other cities.
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FIGURE 5. Pivotal components of UMaas. Blurring borders between
virtual and physical worlds.

5) RULES, ELEMENTS AND PROPERTIES OF MetaOmniCity

The rules, elements and properties of MetaOmniCity are
presented in Table 3. MetaOmniCity is a parallel plane of
urban virtual existence, i.e., 3D-rendered virtually shared
urban experiences augmented with simultaneous streaming
reality using DTs. It is designed to provide residents and
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FIGURE 6. Structural MetaOmniCity: Various structural design models of
UMaass within MetaOmniCity: Jointed (dependent) and
unconnected (independent) spaces (Fig. 1E).

TABLE 3. Rules, elements, and properties of MetaOmniCity.

# | MetaOmniCity

1 MetaOmniCity has its user instructions and guidance as well as
rules and regulatory procedures.

2 | MetaOmniCity is formed by many dependent and independent
individuals.

3 MetaOmniCity has its particular data and communication infras-
tructure (e.g., blockchain operating systems).

4 MetaOmniCity is composed of dependent and independent vir-
tual spaces — UMaasSs.

5 MetaOmniCity has smart contracts to guarantee transactions
based on the rules and regulatory procedures.

6 MetaOmniCity targets crime- and criminals-free environments.
7 | MetaOmniCity has its own digital assets — physical, content,
economic, UMaaSs — created by its users.

8 There are activities (i.e., UMaaSs) designed for resident avatars
— e.g., municipal services.

9 | There are activities (i.e., UMaaSs) designed for guest avatars —
e.g., tourism, shopping, and activities (e.g., concerts).

10 | There are collaborative activities (i.e., UMaaSs) (e.g., concerts)
designed for any avatars (resident or guest).

11 | NPCs, e.g., pedestrians, behave under a set of rules defined for
them.

12 | MetaOmniCity may have limitless number of avatars.

13 | MetaOmniCity may have limitless number of NPCs.

14 | MetaOmniCity has its own digital currency — e.g., OmniCur —
which can be combined with real money.

15 | Residents, with metaverse-enabled AR glasses, can communi-
cate through SC services, SC infrastructure, and SC real-world
spaces by augmenting 3D objects in the real world.

16 | Virtual shops can be opened using authentication tokens given
by the government to avoid scams.

17 | Interactions and boundaries between avatars, assets, and other
objects e.g., the distance between them, are regulated continu-
ously by CMC specific to UMaaSs.

18 | Interoperable MetaOmniCities created for different cities based
on the metaverse development standards can be seamlessly con-
nected.

other users with immersive and realistic collaboration envi-
ronments — the so-called Urban metaverse as a Service
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(UMaaS) (Fig.5) — to realise urban activities with an
increased sense of presence leading to high urban awareness,
just as in the real world. The concept of UMaasS is explained
in III-B6 in detail. DTs of urban static and mobile objects with
their realistic characteristics and behaviours are integrated
into MetaOmniCity to realise the visual realism of urban
environments.

In addition to SC domains, SC DTs, metaverse develop-
ment tools and utilities, MetaOmniCity is composed of a
collection of metaverse urban rooms/worlds — UMaaSs as
exemplified in Fig. 1E. The structural design of MetaOm-
niCity regarding UMaaSs is presented in Fig. 6. Virtual
worlds augmented physically and physical worlds aug-
mented digitally are blurred with decreasing borders in MR.
To mitigate the resource and computing constraints regard-
ing the resource-hungry 3D metaverse worlds (elaborated
in III-A2), MetaOmniCity consists of multiple, granular, con-
figured, and dedicated UMaaS models that aim to provide
users with customised, reduced, and resource-hungry solu-
tions with high QoE while experiencing city-wide events.
These virtual spaces, where residents can socialise, inter-
act, work, shop, attend events, etc., can be designed by
individuals or authorities or together. An UMaaS, with
user-centred multi-player interaction, customises particular
urban metaverse services with a more flexible and scalable
design structure permanently (e.g., Intelligent Transportation
Systems (ITS)) or on a temporary basis (e.g., concerts).
UMaaSs can be tailored and orchestrated in various struc-
tural design forms with unconnected virtual spaces (i.e., iso-
lated and jointed/integrated/composite) as exemplified in
Fig. 6 to manage services intelligently on an on-demand
basis. Isolated UMaaSs correspond to independent operations
whereas jointed/integrated/composite UMaaSs indicate inter-
related/dependent services. The integration between UMaaSs
as jointed UMaaSs is conducted to combine interrelated
worlds in an efficient management travel structure. Within a
group of jointed UMaaSs, every virtual space has assets, rule
sets, members, and relationships to other virtual spaces —
1-to-1, 1-to-many, sharing similar spaces, and a part of a
larger space (inclusive), independent spaces within a larger
space.

6) URBAN METAVERSE AS A SERVICE (UMaaS)

UMaaSs are the fragment worlds of MetaOmniCity. The
rules, elements and properties of UMaaSs are presented in
Table 4. The driving components of UMaa$ are depicted in
Fig. 5. UMaaSs are parallel urban rooms within MetaOmniC-
ity, allowing the efficient customisation of particular urban
metaverse services. The main building blocks in establish-
ing UMaaSs — moulding the physical world and virtual
world within an intertwined environment— are cybernetics,
avatars, assets, non-player characters (NPCs) and SC DTs.
The aspects of SC DTs are explored in Section I1I-B4. Granu-
lar UMaaSs provide residents with specific immersive shared
observations, interactions, collaboration and social experi-
ences via well-designed user interfaces leading to high QoE.
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TABLE 4. Rules, elements and properties of Urban Metaverse as a Service
(UMaas).

# Urban metaverse as a Service (UMaaS)

1 UMaaSs can be created permanently (e.g., Intelligent transporta-
tion Systems (ITS)) or on a temporary basis (e.g., concerts).

2 | UMaaSs are established and enriched by many dependent and
independent individuals who are the members of these granular
worlds.

3 | Each UMaasS (virtual space) has its specific user instructions and
guidance as well as rules and regulatory procedures.

4 | Each UMaaS has its specific static and dynamic 3D objects and
scenes.

5 | Behaviours of dynamic 3D objects are defined, e.g., the maxi-
mum speed of a vehicle.

6 | All UMaaSs have the same data and communication infras-
tructure (e.g., same blockchain operating systems) as the main
MetaOmniCity has.

7 Each UMaaS has its own assets — physical, content, and eco-
nomic.

8 | Each UMaaS may have a limitless number of avatars.

Each UMaaS may have a limitless number of NPCs.

10 | NPCs, e.g., pedestrians, behave under a set of rules defined for
them specific to their UMaaSs.

11 | Each UMaaS requires authentication tokens to access.

12 | Each UMaaS has smart contracts to guarantee the transactions
based on the rules and regulatory procedures specific to its
metaverse world.

13 | Each UMaasS has its own digital assets created by its users.

14 | UMaaSs can be visited by guest interoperable avatars belonging
to other cities as residents if verified by the city they belong,
enabling metaverse travels between MetaOmniCities.

them with no cybersickness. Physically accurate immersive
worlds can be connected or combined to generate larger
virtual metaverse spaces — a group of dependent UMaaSs —
or each can individually serve as a UMaaS (Fig. 6) to help
meet the particular requirements of the city, city managers,
residents and non-residents who are interrelated with the city.

TABLE 5. Rules and properties of avatars — twinning humans.

#  Avatars

1 Avatars are the extension of users’ unique hyper-realistic pres-
ence in VR with a sense of uniqueness. They identify users
regarding their appearance, gender, age, ethnicity, manners,
emotions etc. Users may prefer to stay anonymous with their
authenticated avatars if desired against other Avatars.

2 Avatars can create their clothes and feelings or they can purchase
already created assets such as virtual clothes and virtual feelings.
3 | Avatars can create their assets and interact with other assets
already created.

4 Avatars with digital properties can have virtual or real assets
using NFTs.

5 Auvatars interact within UMaaS virtual worlds and their assets.

6 | Avatars behave independently, free of pre-written scripts or
scenarios, performing human-based activities.

7 Avatars interact with each other independently from time, space,
and language.

8 Avatars can interact with NPCs.

9 | Avatars have their digital wallets and use the digital currency —
e.g., OmniCur — of MetaOmniCity to trade.

10 | Avatars have responsibilities and liabilities for their actions.

11 | Avatars have legal rights and are protected by laws.

15 | Each UMaaS accommodates real-time real-world informa-
tion/knowledge/wisdom generated using AR.

12 | Every resident may have an avatar — resident avatar.
13 | Every guest may have an avatar — guest avatar.

16 | Each UMaaS is enriched using VR with real/unreal ob-
jects/materials that help observe the environment and the devel-
oping situations better.

14 | Avatars, with freedom of movement, can teleport between virtual
spaces (UMaaSs) and MetaOmniCities belonging to different
cities considering interoperability.

17 | Members of each UMaaS are informed with Situation Awareness
(SA) mechanisms when its state is changed to provide users with
high QoE with a high level of timely immersion using near-world
rich visualisation and interaction mechanisms (e.g., haptics).

18 | Interoperable UMaaSs in one MetaOmniCity can be transported
into another MetaOnmiCity with their assets and/or avatars.
Moreover, interoperable businesses already established in the
metaverse, such as Nike’s metaverse shop, can be incorporated
into MetaOmniCity.

The generation of granular UMaaSs would reduce required
computing resources at a time significantly. UMaaSs, with
rich activities, are the multiple urban metaverse worlds,
i.e., co-existence and co-dependence between the physical
world and the virtual world. UMaaSs, tailored and enriched
with individuals’ experiences using AR and VR tools, aim
to eliminate the boundaries such as time, space and language
between real worlds and their immersive counterparts. They
represent isolated and jointed/integrated/composite immer-
sive worlds (Fig. 6) designed for particular and restrictive
objectives and can provide an effective and flexible member-
ship solution for avatars. Teleoperation between UMaaSs is
possible to complete various specific tasks since a resident
has only a single avatar within MetaOmniCity. The value of
an UMaasS can be measured based on how successful SC DTs
are established and how easily the users are engaging with
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15 | Avatars may have clones to remove time-space restrictions fur-
ther for completing different tasks in different virtual spaces at
the same time.

16 | Avatars can act in multiple urban metaverse worlds, UMaaSs, at
once using their authenticated clones.

17 | Avatars are rewarded with electronic cash — cryptocoins/tokens
— for their desired actions, e.g., taking part in a physical exercise
event or being educated in the field of healthcare and they are
incentivised by the immersive worlds to be good citizens in this
way at first for themselves and the healthier societies.

18 | Avatars, with data sovereignty, can monetise their own data as
well as their assets for many different types of reasons.

19 | Children (<18 years old), who are a huge potential for the en-
hancement of urban metaverse worlds, can generate their avatars
to take part in allowable UMaaS worlds after their parents® or
guardians® consent.

20 | Avatars, multilingual metahumans, can communicate using nu-
merous languages even if their human counterparts do not know
these languages. The language used by the human counterparts
can be translated into other languages chosen as a communi-
cation channel by other users, simultaneously, eliminating the
language boundary with a highly interactive experience.

21 | Avatars can use natural language processing such as text-to-
speech and speech-to-text.

22 | Avatars can interact with holographic communications.

7) RULES, ELEMENTS, AND PROPERTIES OF AVATARS
(MetaHumans)

The main actor in the metaverse, Avatar, was first used in
a game — Avatar running on PLATO — in the 1970s [70].
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Avatars, DTs of residents, are the assets of MetaOmniCity
and they present physically in UMaaSs rooms/worlds to inter-
act with the urban environments and other avatars represent-
ing other residents allowing the feeling of being in the same
room. The appearance of our avatars in expressing our reac-
tion against events, and interaction with people and all other
objects is essential in UMaaSs. In other words, our digital
self and physical self are coupled to increase the immer-
siveness within MetaOmniCity in a bidirectional physical
and emotional flow of feeling (e.g., facial expression, smell,
touch). For instance, the Cambria VR headset developed by
Meta enables users readily reflect their facial expressions to
their avatars via immersive eye contact, aiming to achieve
visual fidelity. In the other direction, what avatars interact in
UMaaS worlds are reflected back to the physical self within
a bidirectional flow of interactions (e.g., smell, touch). The
rules, elements and properties of avatars — digital humans —
are presented in Table 5. The applications that allow 3D scan-
ning using smartphones help create more realistic avatars.
Residents can scan themselves with varying emotions and
expressions from different angles and their realistic avatars
can be created in several minutes. The current advancing
technologies e.g., Unreal Engine and DeepFake allow the
creation of hyper-realistic MetaHumans that look like the
characters of their counterparts3 concerning the appearance,
gender, age, ethnicity, manners, mimics, emotions etc. More
advanced engines will enable us to create MetaHumans
that look exactly like us in the years to come. Augmented
avatars are controlled by their human counterparts and they,
enabling co-presence, interact with other avatars, all other
urban metaverse elements, (e.g., objects, assets, and NPCs)
within UMaaSs to convey their messages and feel the mes-
sages and interactions coming from the environment. Avatars
can use their clones to eliminate time-space restrictions fur-
ther for completing different tasks in different virtual spaces
at the same time. For instance, an avatar can attend a con-
cert within a UMaaS using his/her clone while interacting
with government staff within another UMaasS space. Physics-
based character skills of individuals can be gained through
reinforcement learning, which can improve the realism of
individuals in reflection into avatars [71]. How effective an
avatar can control its environment as desired considering
the physical rules and individual physics-based character
skills and can feel the quality of immersiveness will be a
research-intensive topic as the metaverse ecosystem evolves.

It is worth mentioning that NPCs, such as other people
or animals, in UMaaSs are neither avatars nor controlled by
people. They are utilised to make the worlds look exactly like
the real world for modelling and visualising a realistic virtual
environment. For instance, all pedestrians are presented as
NPCs to show real-time human mobility in the urban envi-
ronment while an avatar is driving a vehicle on urban roads.
NPCs, enabling visual realism, behave under a set of rules
defined for them representing their real-world characteristics

3Ex: https://www.youtube.com/watch?v=6mAF5dWZXcI
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by fulfilling the scene anticipation of UMaaSs. Avatars can
interact with NPCs concerning the rules defined for NPCs.
Furthermore, Al-powered digital humans will be taking their
places in metaverse worlds soon to serve many different
purposes. “Digital Einstein” powered by the digital human
company, UNEEQ, embodying Albert Einstein’s personality
traits and mannerisms as a good example of experiential Al,
is the next evolution of human-to-machine interaction, lever-
aging digital humans to drive personality-led engagements
that move customers, patients, students, and end users beyond
transactions and into meaningful, emotional interactions [72].
Regarding the development of realistic avatars, the interop-
erable avatars that can teleport into any cyberspace and the
transfer of realistic body language to avatars will be the key
concept in the years to come.

TABLE 6. Rules and properties of the assets.

# | Assets

1 MetaOmniCity has its own assets — physical, content, eco-
nomic, and UMaasSs.

2 Each UMaasS has its own assets.

4 | Assets belonging to UMaaSs can be carried by avatars them-
selves when they travel between jointed virtual spaces (e.g.,
UMaaS) with no cost (Fig. 6).

5 Assets can be created by users.

6 The assets (virtual offices, houses, entertainment, clothes) al-
ready created can be traded using NFTs with an exchange value,
MetaOmniCity cryptocurrency, and smart contracts.

7 | Assets (e.g., buildings, public transportation vehicles) belonging
to UMaaSs cannot be carried by avatars when they travel be-
tween disjointed virtual spaces (e.g., UMaaS) (Fig. 6).

8 Assets (e.g., vehicles) belonging to avatars can be carried by
users themselves when they travel between jointed and dis-
jointed virtual spaces (e.g., UMaaS) with no cost (Fig. 6).

9 | Assets (e.g., crypto coins) belonging to MetaOmniCity can be
carried by avatars when they travel between jointed and dis-
jointed virtual spaces (e.g., UMaaS) with no cost (Fig. 6).

10 | Interoperable assets are not incompatible from one UMaaS to
another; no need to convert them regarding compatibility and no
cost for moving digital assets between different UMaaSs.

11 | Avatars can travel with their virtual assets — individual data
belongs to the avatars.

8) RULES, ELEMENTS, AND PROPERTIES OF ASSETS
MetaOmniCity, in particular, UMaaSs have their own assets.
The assets can be created while UMaaSs are being gener-
ated and they can be created by users during the lifetime
of UMaaSs. The rules, elements and properties of assets are
presented in Table 6.

9) GOVERNANCE OF MetaOmniCity

Effective governance of metaverse worlds requires a high
level of philosophical thinking. The City Metaverse Commit-
tee (CMC) consisting of numerous disciplines is the ultimate
authority in developing and managing urban metaverse par-
allel worlds.

10) CITIZEN ENGAGEMENT WITH MetaOmniCity AND ITS
ELEMENTS: UMaaSs AND METAVERSE CONTENT

No two urban environments are the same, as they come
with various demographic, social, cultural, and geographical
contexts, resulting in a great diversity in SC challenges [73].
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Citizen engagement is generally not seen as a critical part
of the improvement process and SC initiatives make little
or no attempt to gain insight or collect subjective informa-
tion from humans [74]. Effective and efficient human-based
data collection, intervention and decision-making should be
the main driving force of metaverse worlds, essentially to
quickly identify the requirements of residents and cities,
to meet urgent input requirements of a low-latency real-time
application via crowdsourcing and consequently to support
proper urban development in various aspects benefiting cit-
izens and the sustainability of cities. While citizens tend to
be the implied beneficiaries of SC projects, they are rarely
consulted about what they want, and their ability to contribute
to making a city work better is often ignored; Citizens must,
however, be at the centre of the decision-making process in
any SC project if they are to benefit from the intended out-
comes [74]. Citizens should not be treated as just some kind
of manageable element and active citizen engagement in SC
development and enhancement is the major success criterion.
To make cities truly smart for the future we need to make
sure that the technology is used to deliver things that people
want and need, and that add real value to how life is lived
in these cities [75] by engaging with citizens and focusing
on the social aspect of urban life within people-friendly envi-
ronments. In this context, there is no strict ““best formula” to
follow in building and enhancing SCs depending on the size
(e.g., megacity) and diverse requirements [5]. Residents are
the main stakeholders in a city; Universities, other schools,
industry, local businesses, non-governmental organisations
(NGOs), and all other institutions and organisations are the
other very important stakeholders of a city to be taken into
consideration; They have demands to be met to perform their
tasks effectively and efficiently and they can be the voice of
many residents who may not have the chance to point out
their needs and thoughts; SC development is not only trans-
forming the cities but also all other elements including those
stakeholders are transformed within an orchestrated smart
environment [5]. Most importantly, those stakeholders with
their immense and immersive backgrounds would be a great
help in identifying proper requirements and specifications;
Their ideas and directions accommodating their workforce
with massive experience would be prime important and must
be incorporated into every phase of SC development [5].
Considering the presented information in the above-
paragraph, most of the UMaaSs are required to be generated
under the authority of CMC for users to both interact with
using their avatars and generate their content. Citizens and
other users can also develop new urban parallel worlds from
scratch and they can enrich the parallel worlds (UMaaSs)
already established using the tools defined in Fig. 1 C.3 as
“Metaverse world development & enrichment components’
such as “membership creation”, ‘“‘avatar creation’, ‘“‘asset
creation”’, ‘“‘scenario creation’’, ‘‘scene creation’’, and ‘‘smart
contract creation”. They can demand specific UMaaSs and
further content from CMC using the tools, “New UMaaS
request”’, and “‘new content request”’. More explicitly, users
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can engage in UMaaSs already generated as exemplified in
Fig. 1 E by creating their digital citizenship, avatars, assets,
user-specific content and most importantly interacting with
lively parallel worlds involving other avatars, assets, environ-
ment and the procedures and rules. Contents of UMaaSs are
created by formal (recruited) and many informal (ordinary
citizens) labours. Al such as generative adversarial network
(GAN) can help generate high-quality dynamic scenarios
and context images [51] and users can run their scenarios
to generate and enrich UMaaSs based on their needs using
the tools, assets and DTs already configured in Fig. 1D as
“D. SC DTs & Metaverse Pool”. Quickly created UMaaSs
can be later configured by the owners to realise their ideal
parallel worlds. The assets created within UMaaSs can be
placed in “D. SC DTs & Metaverse Pool” for expediting
the generation of UMaaSs when similar assets are needed.
As elaborated in Section I1I-B4, dynamic changes of objects
in real-world environments are reflected in the immersive
world via physical twins based on real-world physics. Envi-
ronmental changes such as rain, snow, wind, storm, light-
ing, daylight and so on, are animated using simulation tools
by mimicking their physical characteristics. How metaverse
worlds can be exploited in urban environments and how
cities are engaging with the metaverse can be visualised
with the real-world urban metaverse use cases presented in
Tables 1 and 2. The examples below in the following para-
graphs are presented to envision how MetaOmniCity can
be exploited via user engagement with concrete metaverse
experiences concerning the SC objectives, main smart data
domains and their subdomains (Fig. 1A.1, A.2, A.3).

Regarding “‘smart industry and smart shopping”
(Fig. 1 A.1), residents can visit many shops in a short time and
test products (e.g., clothes, shoes, perfumes) on them. Similar
to shopping in a real-world mall, virtual assets (e.g., virtual
offices) and real goods can be traded within urban meta-
verse worlds. Real estate agencies within MetaOmniCity can
generate their UMaaSs in which they and buyers can meet
and walk through real estate with near-realistic metaverse
property tours as they do in their real-time worlds, which
helps save time for both agencies and buyers with reduced
costs through efficient house-viewing meetings.

“Smart health and welfare” (Fig. 1 A.2) domain can
benefit substantially within MetaOmniCity. Hospitals, health
surgeries, and even physicians can generate their medi-
cal UMaaSs equipped with tactile feedback technologies in
which physicians can examine patients similar to real-life
examinations and physicians from different disciplines in
different locations can collaborate to examine patients with
complex diseases empowering clinical decision-making.
The monitoring of patients with chronic diseases such as
Alzheimer’s, Parkinson’s, and Asthma will be eased using
these UMaaSs. Moreover, these platforms can be utilised
for consultations and healthcare education platforms for res-
idents targeting healthier societies who can take care of
their health with practical directions. Holographic construc-
tion and emulation of patient’s organs through holographic

43859



IEEE Access

K. Kuru: MetaOmniCity: Toward Immersive Urban Metaverse Cyberspaces Using Smart City Digital Twins

anatomy modelling by combining the data from different
modalities (CT/MR) enriched with AR and VR can help
diagnosis, consultation, medical decision-making and remote
assistive surgery leading to collaborative medical and clinical
research [76] with highly immersive healthcare metaverse
worlds. Holography-guided heart surgery for more precise,
speedier incisions using the 4D MR and CT rendering was
already performed at National University Hospital.* Visual
data using AR are directly projected to the operator’s retina
and overlaid onto the surgical field as a GPS navigator in
front of your eyes, thereby removing the requirement to shift
attention to a remote display and screws can be placed with
an accuracy of 96.7% during spinal operation at the Johns
Hopkins University School of Medicine [77]. Besides, psy-
chotherapy support and virtual support group meetings can
be carried out within healthcare metaverse worlds effectively.

Proposing that a city,s citizens contribute through crowd-
sourcing activities is a way to benefit from their knowl-
edge of the field [4]. Crowdsourcing is revolutionising SCs,
particularly the real-time smartness of SCs by interacting
with entities, citizens or objects. It is an effective technique
that incorporates human intelligence and smart machines to
collect disparate sensing data in pervasive environments [78]
to support sophisticated applications. SCs should have the
tools to enable citizens to know what is happening, when
it is happening and how it affects citizens, tourists, com-
panies and city administrators [75] about social activities,
parking spaces, crime, traffic congestion, traffic accidents,
better driving directions, pollution levels, emergency con-
cerns (e.g., flood, earthquake, strong wind), directions for the
closest gathering spots under any emergencies based on the
individual smartphone locations, areas to be avoided and so
on. Regarding ““Smart safety and security, Smart environmen-
tal monitoring and control” (Fig. 1 A.2), what happens if a
natural disaster (e.g., earthquake, floods, tsunamis, fires’”) or
an abnormal event (e.g., terrorism) emerges is simulated by
VR and AR tools in UMaaS titled ““Disaster responsiveness
services” to forecast/anticipate event-related pending condi-
tions of the physical counterpart and how to behave in case
of abnormal situations is visualised with a real-time aug-
mented 3D representation of effected urban areas enabling
efficient management of these events. To exemplify, residents
are alerted about imminent floods due to any heavy rains;
How their houses, their current locations and urban areas are
affected based on the speed of rainfall and the course of rivers
and their avatars are directed to the less affected urban spaces
for evacuation based on their current locations.

SCs should have the tools to enable users to always
interact with the events taking place in their environments
within brainstorming chambers. Citizens can be encour-
aged to participate in the decision-making process with
the crowdsourcing approaches effectively using the wisdom
of the crowd. Regarding ‘“‘Smart environmental monitoring
and control”, “Smart community and social network™ and

4https://Www.youtube.corn/watch?v:thfsQleRW

43860

“SC tourism™ (Fig. 1 A.2), users, exploiting the wearable
tools (Fig. 1 D), in particular, virtual reality headset, optical
head-mounted displays, and smart glasses, can communi-
cate to urban infrastructure and enrich this environment with
most recent up-to-date developments, e.g., ‘““what roads need
repair?”’, and can be incorporated into the decision-making
processes.

TABLE 7. Computation of SSQ scores [83].

SSQ Symptoms Weight
Nausea (N) Oculomotor (O) Disorientation (D)

1 General discomfort v’ & coeff=1 v & coeff=1
2 Fatigue v & coeff=1
3 Headache v & coeff=1
4 Eye strain v & coeff=1
) Difficulty focusing v & coeff=1 v & coeff=1
6 Increased salivation v’ & coeff=1
7 Sweating v & coeff=1
8 Nausea v’ & coeff=1 v & coeff=1
9 Difficulty concentrating v & coeff=1 v & coeff=1
10 | Fullness of head v & coeff=1
11 Blurred vision v & coeff=1 v & coeff=1
12 | Dizzy (eyes open) v & coeff=1
13 Dizzy (eyes closed) v & coeff=1
14 | Vertigo v & coeff=1
15 Stomach awareness v & coeff=1
16 | Burping v & coeff=1

TOTAL SCORE (TS) il ] 3]
N=[1]*9.54
O=[2]x7.58
D=[3]x 13.92
TS = (11 + (2] + [3]) x 3.74

Regarding ““SC tourism” (Fig. 1 A.2), virtual exhibition
knowledge about human density and mobility patterns is
the key element toward efficient urban development [79].
In this sense, a new concept — cyber-physical social systems
(CPSSs) [80], [81], [82] has been proposed along with CPSs
in which citizens are being maintained in the loop of smart
system development and enhancement as sensors and/or actu-
ators, particularly to develop human-centric systems serving
real-time autonomous decision-forming purposes and antic-
ipating future trends in real time by engagement with other
users as well. Such systems consist of not only cyberspace
and physical space but also human knowledge, mental capa-
bilities, and sociocultural elements [80]. Regarding *““Smart
traffic mobility” (Fig. 1 A.2), statistical data shows that
one of the biggest inefficiencies in our urban transportation
system is related to parking. “Smart traffic mobility”’ aims to
integrate user-centric efficient mobility services and products
for making urban areas more livable places. Materialising
urban parking areas considering empty and full parking spots
within the metaverse environments can lead the vehicles
to most available spots efficiently and this contributes to
alleviating the urban mobility inconveniences significantly.
A UMaaS space designed for this purpose within the larger
UMaaS designed for ITS would integrate a vehicle mobility
and its avatar with a broader urban mobility flowing around
the vehicle involving all other traffic elements.

11) QUALITY OF URBAN METAVERSE WORLD EXPERIENCES
The fuse of Quantum computing with an exponentially
increasing computation power and 6G technologies is
expected to provide the residents with highly powerful
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computing and comminations environments, which would
boost the QoE significantly with urban metaverse worlds,
in particular, with worlds requiring high-quality edge com-
puting and edge intelligence such as holographic construc-
tion, emulation and communication.

Immersive metaverse environments, enabling the feeling
of the environment rather than seeing, are expected to reduce
screen fatigue. Nevertheless, cybersickness will still be an
issue in those environments. It is aimed to be measured
where the unpleasant symptoms are raised because of the
discrepancies between the digital twins — real-environment
and cyber environment — i.e., differences between the expec-
tations and contents perceived that may be caused by the
communication delay in transmitting the sensory information
between the two environments [51] (i.e., sensory conflicts
or sensory discordance or perceptual conflict). The measure-
ment of cybersickness should be carried out to i) develop an
understanding of the magnitude of the cybersickness prob-
lem and its implications to task performance, ii) determine
the various drivers of cybersickness and create a predictive
model, iii) establish means of determining user susceptibility
to cybersickness and aftereffects, iv) establish countermea-
sures to aftereffects, v) develop an automated solution to
track cybersickness symptom magnitude during exposure,
and vi) establish product acceptance criteria and standardi-
sation to ensure that cybersickness and aftereffects will be
minimized [84]. UMaaSs can be evaluated using psychome-
trically tested questionnaires specific to metaverse parallel
worlds for cybersickness assessment. Currently, there are no
such evaluation tests specific to metaverse parallel worlds and
these tests need to be developed by involving expertise from
numerous disciplines. To assess the severity of the simulator
sickness symptoms, the most widely applied measure, the
so-called, simulation sickness questionnaire (SSQ) developed
by Kennedy et al. [83] has been employed for many types of
applications so far. SSQ containing 16 symptoms’ as shown
in Table 7 is investigated for measuring undesirable symp-
toms mainly due to the autonomic nervous system activation
along with physiological discomfort. The severity of each
symptom in the SSQ is rated on a four-point scale (0-3),
i.e., “none”, “slight”, “moderate” or ““severe’ and on three
subscales: nausea (N), oculomotor disturbances (O) and dis-
orientation (D) disturbances as well as the total SSQ score
(T). These subclasses are grouped with 7 symptoms as dis-
played in Table 7. It is worth noting that some of these items
are used to assess the multiple subclasses as can be noticed in
the table. For instance, “Difficulty focusing™ is used to assess
both “oculomotor” and “disorientation”. The rated scores
multiplied by their coefficients (i.e., 1) in these subclasses
are added within their groups and the obtained sums are
multiplied by their particular weights — 9.54 for nausea
ranging from 0 to 200.34; 13.92 for disorientation ranging
from 0 to 292.32; 7.58 for oculomotor disturbance ranging
from 0 to 159.18. All the scores rated for each symptom are
added and their sum is multiplied by 3.74 to result in the total
severity which can range from 0 to 179.52.
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12) CyberSecurity OF MetaOmniCity

Cybersecurity threats against the metaverse are analysed
in [85], [86], [87], and [88]. The techniques and approaches
for cybersecurity to address security and privacy concerns
are being developed as cyberattacks are taking place every
day for citizens in the cyber-physical world. Different from
the cybersecurity risks faced by standard internet users, the
metaverse has created new security challenges due to its
different structure; for example, virtual identities, digital cur-
rencies, and NFTs (i.e., unique identities representing all
types of assets) are interesting economic targets for hack-
ers [86]. NFTs can be used to represent digital assets in a
smart city that are required to be immutable, secure, and
traceable and they are not a standalone technology, as they
require a well-configured blockchain and an efficient off-
chain data storage solution in order for them to function
properly [19]. There is a risk of blockchain-related fraud in
financial institutions [86]. The design of a secure mutual
authentication scheme for metaverse environments using a
blockchain scheme is proposed in [89]. The concept of smart
contracts aims to ensure that transactions are completed
safely.

Wearable hardware, which is one of the most important
components of the metaverse, can also create new threats.
With the increase in the use of virtual reality glasses and head-
sets which may serve as suitable access points for hackers
or augmented reality devices in which the biometric data of
users are stored, they may become ideal targets for attacks.
Implementing advanced multiverse realms with smart wear-
ables is analysed in [90]. Due to the expected massive number
of connected devices and network tenants, the 6G ecosys-
tem would tend to be highly prone to Distributed Denial of
Service (DDoS) attacks [29]. Denial-of-service attacks and
theft of avatars, in particular, for wearable metaverse devices,
are two main cybersecurity concerns in metaverse environ-
ments. Prevention of privacy intrusions without reducing
overall QoE along with real socialising needs to be ensured.
Blockchain technology has been recently introduced to mit-
igate these concerns in urban use cases. A framework that
uses blockchain technologies was proposed in [91] for DTs to
ensure the security of transactions during the data streaming
between virtual entities and physical entities. Similar security
frameworks are expected to be developed in parallel with
the increasing number of metaverse use cases in the years to
come.

UMaaSs facilitate the exchange of information in a trusted
way through the metaverse ecosystem built on decentralised
blockchain technologies. 6G networks are expected to emerge
as Distributed Trust-Based Secure Networks (TBSN) where
security, privacy and trust are the key pillars to meet these
requirements [29]. Regarding the metaverse environment,
quantum information technology is capable of enhancing the
system’s security and privacy, improving the computational
scales, optimizing the output, improving the communica-
tion, securing the network channels, providing absolute ran-
domness for metaverse-based applications, and supporting
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ML implementations in the metaverse by integrating quan-
tum ML [92]. On one hand, promising quantum comput-
ing enables advanced immersive environments, on the other
hand, the encryption codes of blockchains, which can not
be hacked for 10s/100s of years using the current comput-
ing power, can be decrypted in hours/days/weeks using the
high power of quantum computing. Therefore, cybersecurity
in blockchain technologies should be improved in parallel
with quantum computing. Blockchain technologies may be
replaced by other newly promising technologies to mitigate
these concerns.

IV. CHALLENGES
The essential challenges are summarised as follows:

1) Regulatory framework: Metaverse worlds require the
implementation of different laws and the current laws and
regulations need to make implementation adjustments in the
metaverse worlds [93]. There is no agreed-upon regulatory
framework for the urban metaverse ecosystem. The lack
of regulatory framework is the main concern of the users,
e.g., what might be the consequences if an avatar is attacked
by other avatars or harassed sexually as witnessed recently in
Horizon Worlds [94]?

2) Lack of agreed standards: Industry standards are yet
to be established in building metaverse worlds even though
the giant leading technology companies (Meta, Microsoft,
Google, NVIDIA, Intel, Apple, Roblox) are massively
investing in metaverse technologies. Interoperability among
different metaverse applications is accepted as the crucial
building block. Therefore, tightly connected multiple meta-
verse worlds are highly difficult to share spaces due to the
lack of interoperability caused by harsh competition.

3) High-power computers and high bandwidth: The cre-
ation and engagement with high-fidelity virtual urban worlds
require high-powered computers. Most of the residents do not
have these types of devices, which is currently the biggest
problem in encouraging more people to participate in these
environments. [ envision that this problem will be handled
with more powerful computing devices taking their place
in residential houses in 5-10 years while the technology is
renovating itself in 18 months (Moore’s Law) [95]. Resi-
dents will be able to have high-powered computing devices
at the same price as the technology renovates itself. Cur-
rently, the inequalities in access to high-powered devices with
high bandwidth capabilities can be mitigated by dispersed
meta-city connection hubs that may be placed all around the
city.

4) Inefficiency of blockchain technologies: With the
increasing number of users, blockchain technologies can
be inefficient to complete transactions rapidly. Quantum
computing is a good candidate to mitigate this con-
cern within urban metaverse worlds as elaborated in
Section III-B12.

5) No centralised authority: The owner of the data will be
the users who have the data with data sovereignty, and no
central authority is required for transactions. The users should
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be cautious against spoofing in the blockchain environment
and should not share their private keys with anyone. They will
lose access to their wallet forever if they forget their private
key. Moreover, the data of a user will be lost forever if a user
dies or a service provider fails.

6) Digital skills: The lack of digital skills of residents
poses a significant challenge in engaging with high-fidelity
virtual worlds thoroughly, particularly, for elderly residents.
Therefore, first and foremost, UMaaSs for training the resi-
dents need to be developed to immerse every citizen in urban
metaverse parallel worlds to provide equity — a target of
urban metaverse worlds — in the society.

7) Digital SC domain twins: Many cities are far from estab-
lishing their SCs and SCs have yet to build their DTs of SC
domains (Fig. 1 A.2). These SC DTs need to be established
to build high-fidelity virtual urban worlds that can rise upon
DTs as elaborated in Section III-B4.

8) Antisocial behaviours and misuse of the platform: Urban
metaverse ecosystem, with immersive abilities, would be
an ideal space for antisocial behaviours such as cyberbul-
lying, sexual assault, and fraud. In a virtual reality game,
VRChat, a violating incident occurs about once every seven
minutes [96]. Criminal actions are expected to increase as
the metaverse expands with multiple application areas. These
crimes will impact the victim’s emotional and mental health,
much like the way these crimes affect victims in the physical
world [85]. These crimes, impacting emotional and mental
health, can be committed by avatars with fake identities and
may not be traceable regarding data sovereignty. Avatars can
be registered to UMaaSs to mitigate these concerns, enabling
the tracing of bad behaviour within the metaverse ecosystem,
and leading to holding users accountable for their inappro-
priate actions. Furthermore, physical rules of Avatars can be
enforced using the metaverse software. For instance, Meta
recently launched ““Personal Boundary” for Horizon Worlds
that will give people more control over their VR experience;
the roughly 4-foot distance between an avatar and others will
remain on by default for non-friends, and now an avatar will
be able to adjust his/her personal boundary from the settings
menu in Horizon Worlds [97].

9) Potential damages to children: The interaction of chil-
dren with strangers in metaverse worlds needs to be analysed
before allowing children to immerse within these virtual
worlds concerning the misuse of these networks.

9) Long time: Being a long time in immersive metaverse
worlds may create significant tiredness, headache, and most
importantly a break-away from real life leading to adapta-
tion problems with the disturbance of perception of reality,
e.g., how would it be for driving a real car after spending
driving in a virtual immersive world, e.g., up to 6 hours. There
are still many unanswered questions to be analysed further by
numerous experts.

10) Identity falsification (i.e., identity forgery, dual iden-
tity) and falsification of digital assets: Replicas of other
famous people’s avatars with identity theft can be created to
deceive residents. Moreover, businesses and users will create
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digital replicas of their real physical assets (e.g., real-world
stores) in urban metaverse worlds. These digital assets can
be copied by criminals to scam businesses. For instance,
criminals can create a fake store that looks identical to the real
one to sell counterfeit products and the users may believe that
they are buying real goods. Registration of avatars and busi-
nesses to MetaOmniCity and UMaaSs using authentication
tokens given by the government (Table 3) can mitigate these
concerns.

11) Phubbing and societal concerns: There is a high
probability with the urban metaverse ecosystem that the
level of phubbing increases within our real social environ-
ments. From a cyber-dystopia point of view, the reduction
of urban real physical social interactions — intimate, real
close relationships — replaced by virtual interactions using
avatars within urban metaverse worlds may cause unforeseen
negative effects and new types of psychological problems
(e.g., feeling of loneliness, social segregation, social exclu-
sion) for humans since metaverse worlds can not be sufficient
to meet the real closeness despite their immersive services,
which should be analysed by related disciplines and the ways
for addressing these societal concerns need to be revealed.
Moreover, it is well known that physical inactivity increases
the risk of serious health conditions coronary heart disease,
stroke, hypertension, and osteoporosis [98]. The massive
use of metaverse environments may cause physical inac-
tivity and physical activities should be incentivised within
urban metaverse worlds to avoid aforementioned health
problems.

12) Non-accessible experiences and non-ergonomic VR
headsets: VR headsets as well as some virtual experiences
can not be affordable by a majority of society and many
people who can afford them do not show much interest to
acquire them. Furthermore, VR headsets are not ergonomic
to wear due to their large size and not being sophisticated to
be immersive with the environment seamlessly, i.e., lack of
sense of both presence and living via effective engagement
with urban elements.

13) High energy usage: As of August 2022, the published
estimates of the total global electricity usage for crypto-assets
are between 120 and 240 billion kilowatt-hours per year,
arange that exceeds the total annual electricity usage of many
individual countries, such as Argentina or Australia [99] even
though current crypto-assets, running on blockchain tech-
nologies, are based on text-based processing. Regarding the
3D visual immersive metaverse environments, according to
the evaluation of Intel, metaverse, with hundreds of millions
of real-time immersive interactions, requires a 1000 times
increase in today’s energy consumption [27]. It is highly
critical to use renewable energy sources in developing urban
metaverse worlds where energy consumption would increase
significantly with the use of these virtual parallel worlds.
Meta and Microsoft, as good examples and main candidate
developers of metaverse worlds, have committed to achieving
net zero greenhouse gas emissions by 2030 using renewable
energy sources [100], [101].
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V. LESSONS LEARNED
The lessons learned in this research are summarised below.

1) Urban metaverse virtual worlds can overcome the con-
straints of space, time, and language with location-, time-
and language-independent UMaaSs that contribute to digital
inequalities significantly.

2) Many of the potential urban metaverse experiences are
yet to be discovered and developed. The metaverse will open
up new frontiers and opportunities for a multitude of urban
businesses and services in our immersive urban environ-
ments. It is time for SCs to take the necessary measures to
realign their ecosystems with the potential avenues of the
metaverse and meet the changing demands and requirements
thoroughly based on the changing technological ecosystem.

3) Incentives to participate in UMaaSs such as “play-
to-earn” would contribute to the exploration and develop-
ment of urban metaverse worlds significantly with increased
immersive collaborative experiences.

4) Urban metaverse worlds would impact how citi-
zens communicate with one another. They would result in
behavioural changes in residents in cities. SCs enriched with
metaverse implementations not only will increase the inter-
action of citizens with the services of the city they live in,
but also encourage people all around the world to engage
with the city using their own avatars, which makes the cities
worldwide cities leading to new economies in cities.

5) Privacy protection in urban metaverse worlds will be
an active research field (Ex: [102]) even though the data is
owned individually.

6) 6G, expected by 2030 [29], as a key pillar in devel-
oping metaverse technologies, would significantly enhance
QoE for immersive implementations [64] along with quantum
computing.

7) A new profession, metaverse legal expertise (e.g., law-
yers), will emerge soon along with their particular legal
courts.

8) The universities should shape their training regarding
the future metaverse requirements by accommodating related
educational needs to support certain jobs and the skills such as
content creators and metaverse platform and tool developers.

9) SC metaverse worlds are currently being created using
virtual SC DTs established from their real-world counter-
parts. With the developing metaverse concept, this trend is
expected to be reversed where cities need to be extended with
new structures, infrastructure and further services. In other
words, firstly, virtual SC DTs will be designed creatively
without any restrictions and then their real-world counterparts
will be built. For some types of UMaaSs, the design of virtual
spaces and building their physical counterparts need to go
hand in hand in a hybrid way equipped with AR to establish an
immersive interaction with each other leading to embodying
highly improved parallel metaverse worlds by experiencing
precision science. The creation of SCs in the metaverse with
the help of all residents will be the dominant concept in
the years to come where many unexplored ideas, skills and
talents can be put into practice in the playground metaverse
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environment, which paves the way for eco-friendly physical
environments with many practical functionalities and further
democratisation of resources, skills, and societies.

VI. DISCUSSION

The leading gigantic companies such as Meta, Microsoft,
NVIDIA, Intel, Apple and Samsung as well as many others
are investing heavily in developing advanced metaverse tech-
nologies. Other major companies such as Nike and Coca-Cola
are also transporting their business into the metaverse envi-
ronment to create immersive experiences for their customers
to interact with their products with high QoE. This immense
involvement with the metaverse will carry this 3D elevation
of linear Internet (i.e., second-generation of Internet) to the
next level in which more people would be immersed in virtual
worlds augmented with reality. The merge of the business
and metaverse would create new business models and many
conventional businesses would benefit from this increasing
immersive engagement significantly. Digital ownership of
high-fidelity virtual assets on Web 3.0 is increasing expo-
nentially, which is an indication that the economic value of
the digital virtual worlds using blockchain technologies will
increase significantly in the years to come, promising much
further economic growth. The near future will embrace more
metaverse applications fuelled by more advanced metaverse
technologies leading to a change in the way of doing busi-
ness in the urban ecosystem. A more recent 3D Ethereum-
based virtual world platform owned by its users, Decentraland
(2020) and Horizon Worlds (2021) are good examples of con-
necting people in the world and allowing users to feel a shared
digital experience using their virtual currency to trade virtual
assets (e.g., lands). Readers are referred to the OpenSea web
site’ for many different kinds of decentralised virtual worlds
with different immersive experiences using the free-flowing
futuristic style architectural design and limitations in different
categories created all around the world to explore. These
worlds, not representing any physical reality, are not the
clones of real worlds, with no data streaming between the
physical city ecosystem and these worlds. In other words,
these virtual worlds are not augmented physically. The evolu-
tion of similar conceptual virtual lives augmented physically
can be realised using SC DTs and real citizens doing real
things with real experiences by avoiding cartoonish designs
(e.g., cartoonish avatars) within quality rendered UMaaS
worlds (Fig. 1E) using the advanced Metaverse tools, plat-
forms, and utilities (Fig. 1 C).

The registered metaverse trademarks are hyper exponen-
tially increasing. The metaverse, aiming to accommodate
hundreds of millions of real-time immersive interactions,
opens a new era of urban development, urban living and urban
business (Ex: Gucci,® concert of Ariana Grande,” Manch-
ester city stadium [103]), enabling a more sustainable future

5 https://opensea.io/explore-collections ?tab=virtual-worlds
6https://blog.roblox.com/202 1/05/gucci-garden-experience/
7 https://www.youtube.com/watch?v=gGYEIBtjytU
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for urban life. The SC ecosystem, in which many SC DTs
have been already developed along with many development
initiatives, would accommodate a better environment for the
incorporation of the metaverse technologies. SC DTs can
transform into UMaaSs with the concept of community as
a major player in mind. The multi-awarded movie, “Ready
Player One (2018)” based on Ernest Cline’s novel of the
same name, has already impacted our thinking with meta-
verse environments by envisioning that a user may have the
ability to physically feel things inside the metaverse using
full-body actuator suits as s/he feel in the real world. More
realistic environments can be created with further advances
in cybernetics (e.g., haptics) technologies (smart wearable
metaverse devices (e.g., haptics gloves developed by Meta
for feeling the sensation such as handshake and holding an
object)) that would provide users with better impressiveness
with tactile feedback. SC traffic flow can be mapped into
the metaverse environment and we can visualise ourselves
in this environment while driving a car simultaneously using
real-time physics simulation. This environment can shape
our decisions in traffic such as changing lanes or taking
another path with less traffic or with no accidents, and so
on. Moreover, we can teleoperate an AV using the metaverse
environment more realistically in real time.

DTs — precise, virtual copies of machines or systems —
are revolutionizing industry [65]. This research analyses
the blend of SC DTs and the metaverse. To this end, the
framework — MetaOmniCity — virtualises and digitises
SC with intertwined immersive physical and virtual worlds.
The realisation of the urban metaverse worlds as proposed
in this research will greatly reduce the need for physical
travel while many activities (e.g., social events, exercise,
meetings, work) would take place in virtual worlds as they
are happening in real worlds based on logics and rules in
the real life leading to an immersive urban evolution. This
will reduce the carbon emission significantly with less air
pollution in urban living in addition to reducing the need for
extensive transport infrastructure and other physical infras-
tructure, e.g., workplace facilities. In this way, the high usage
of energy in the urban metaverse worlds can be balanced
and cities can meet more green spaces. In the meantime,
blockchain technologies should be improved concerning the
high energy use to meet the requirement of the objectives of
the sustainable urban ecosystem. For instance, Ethereum’s
recent cut in its energy use by around 99% promises that
new structural changes (e.g., transition to a new consen-
sus mechanism known as proof of stake) in blockchain
technologies may curb the climate footprint significantly in
the web3 network [104]. Municipalities are building their
future with the concept of the metaverse. New economies
will be created with MetaOmniCity by moving local indus-
tries with their real assets into the metaverse and playing
with the real world remotely, having virtual assets and trad-
ing them. The city resources will be reallocated with the
urban metaverse virtual worlds. Do-from-home models with
urban metaverse worlds will encourage residents to live in
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rural areas away from urban locations, which help reduce
the urbanisation problems such as pollution, traffic, and the
high cost of urban living. Critical skills and services will
be democratised through citizen-shared experiences within
UMaaSs. MetaOmniCity encourages city residents to partic-
ipate in contributing to building high-fidelity virtual worlds
to be used as UMaaSs. Future metaverse worlds are expected
to be evolved to be more immersive with advanced real-time
data-driven virtual/augmented platforms and hyper-realistic
MetaHumans. Younger individuals in the new generation,
very much familiar with multiplayer competitive games by
which the borders between the virtual and real are diminish-
ing, are expected to readily adopt socially immersive urban
metaverse environments.

The concept of MetaOmniCity based on the metaverse
industry standards to be established would pave the way
for immersive globalisation with the larger and richer meta-
verse of Country (MoC) and metaverse of World (MoW) as
an immersive DT of the broader universe by removing the
physical borders. Nvidia has been building Earth-2 — a DT
of weather, climate, and energy across the real earth — to
understand climate change and its impacts at local scales, and
to explore the consequences of human actions and climate
change mitigation strategies in real time [105]. Interoperable
MetaOmniCities created for different cities can be seamlessly
connected to realise this objective using real local immer-
sive high-fidelity DTs, i.e., urban metaverse worlds, UMaaSs
designed for weather, climate, and energy.

“Is virtual experience a real experience” is discussed by
Narula in his book [106] titled ““virtual society”. According
to Narula, a virtual experience is not necessarily supposed to
be a real experience, rather, it is an experience that makes you
a part of social life that touches you and others through back-
and-forth interactions. Even, some of the virtual experiences
may not be materialised in real life, but can be generated
as a part of virtual experience, e.g., entertainment Meta-
verse events (e.g., flying avatars doing strange things for full
of entertainment). I believe that metaverse worlds will be
shared by more people as they embrace more realistic visu-
alisation scenes and objects (avatars, buildings, NPCs, etc.)
equipped with aesthetics and logical visual orientation, phys-
ical rules, and near-real-time bidirectional data streaming
between virtual and its counterpart real environment. Beyond
their real-world resemblance, the potential benefits of these
environments, which makes our hectic city life easier and
more productive, will be attractive to an increasing number of
residents. Agreed-upon ideal futuristic SCs can be designed
using SC DTs and the metaverse tools and utilities. To this
end, the framework of MetaOmniCity aims at designing an
ecosystem to ease the implementation of UMaaSs in SC
environments. It incorporates residents into this ecosystem
with more degrees of freedom, which can create ample oppor-
tunities and a brighter future for cities and citizens in a more
democratised society through metaverse globalisation with
no borders and synergistic collaboration. It seems that urban
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metaverse worlds will interface with our daily environments
in many aspects by using numerous interoperable metaverse
windows.

There will be numerous ways to interface with virtual
worlds in the years to come. From a neuroscience standpoint,
motor neuron prosthetics, Deep Brain Stimulation (DBS),
Brain Implant Technologies (BIT), and Brain Computer
Interface (BCI) with two-way communication are expected
to help immerse with metaverse worlds as assistive devices
in controlling digital smart environments using the brain‘s
electrical activity, making science fiction science fact via
mind reading with brain decoding, in particular, for those who
are handicapped (e.g., Parkinson’s). These technologies may
help regain independence leading to equality between people
despite many controversial ethical issues and scepticism.

“Consider what is required to put two individuals in a
social setting in an entirely virtual environment: convincing
and detailed avatars with realistic clothing, hair and skin
tones — all rendered in real time and based on sensor data
capturing real-world 3D objects, gestures, audio and much
more; data transfer at super high bandwidths and extremely
low latencies; and a persistent model of the environment,
which may contain both real and simulated elements; Now,
imagine solving this problem at scale — for hundreds of
millions of users simultaneously — and you will quickly
realise that our computing, storage and networking infras-
tructure today is simply not enough to enable this vision”
as stated by Intel [3]. This high resource-hungry requirement
can be alleviated by energy-efficient computing, better algo-
rithms, and better architectures as stated again by Intel [27].
To this end, MetaOmniCity is designed with multiple and
dedicated benefit-driven UMaaS models with model-related
users/avatars and objects (Fig. 6) to mitigate this resource-
hungry requirement.

VII. CONCLUSION AND FUTURE RESEARCH IDEAS

Urban metaverse, not an alternative to urban reality, but
an immersive parallel of it, in which physical and their
equivalent virtual clones co-exist with massive immersive
human-machine interactions, will be providing cities with
new ways for the digital transition. It will respond to urbani-
sation with more intelligent services through the exploration
and exploitation of the metaverse concept by mirroring the
high-fidelity life of urban societies. Many practical meta-
verse implementations in the urban environment are on the
way where architecture, technology and social dynamics
are intertwined within extended reality, which boasts busi-
ness, social and resident growth with increased QoL through
increasing social adoption. The demands for city services
equipped with better infrastructure and smart technologies
are increasing at an alarming rate as the urban population
continues to rise with many challenges to cope with. In this
paper, potential urban application areas of the metaverse,
as well as the future urban metaverse research opportunities
to ease the burden of these challenges on urban societies
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with QoSs are investigated (Tables 1 and 2) and SC and
metaverse concepts are moulded to create high-fidelity urban
metaverse digital worlds by which we have a direct impact
in the cities we live in. The proposed innovative frame-
work — MetaOmniCity (Fig. 1) — derives a conceptual
framework for the development of urban metaverse parallel
worlds upon SC DTs by encouraging citizen cooperation
with experiences. MetaOmniCity, as the logical extension
of SC DTs, is proposed in this research to demonstrate the
ways of practical implementations of metaverse technologies
in the urban ecosystem and to make the residents feel the
city nerves in collaborative and immersive 3D spaces where
two worlds can be more tangibly connected and interact in
real-time. MetaOmniCity aims to provide useful insights into
transforming the general human-centric metaverse concept
into a resident-centric urban metaverse creation concept to
readily direct urban stakeholders about how to create realistic
urban metaverse worlds. It will enable cities to provide their
municipal services on a global scale via SC DTs integrated
with the metaverse. MetaOmniCity, with its more charming
immersive environments, is expected to attract more people
to join the city ecosystem. The key points can be summarised
as follows: 1) SC services with a multitude of UMaaS appli-
cations would be more accessible through the boundary-free
immersive environments by mitigating the limitations and
constrains such as time, space and language with the meta-
verse space travel, ii) Urban metaverse, enabling to perform
businesses in a decentralised way, promotes a new immersive
metaverse commerce in which numerous entrepreneurs and
businesses in cities can thrive rapidly on a global scale and
the wealth and the value of cities can increase significantly,
benefiting every resident, iii) There is a lack of metaverse
vision in cities when we analysed the future urban metaverse
plans (Table 2) even though many cities are targeting to
develop metaverse-oriented cities, iv) Enriching the urban
metaverse worlds would touch and enrich residents’ way of
living by extending our urban lives to the next level with arich
set of useful experiences leading to creating a value beneficial
to every citizen in the urban environments.

Citizen- and society-centric ultra-immersive metaverse
worlds will be game changers within cities. What benefits
avatars can bring to our twin worlds would be countless.
Will our avatars present in remote real-world locations in
real time for solving particular real-world problems? Will
our avatars actually enable us to physically sense with feel,
touch, smell, and taste experiences using tactile, olfactory,
and gustatory feedback? Urban metaverse discipline as well
as urban metaverse ethics will be the other developing fields
in parallel with the development of metaverse worlds. Protec-
tion of users in the metaverse parallel world will be another
fruitful research direction towards this discipline. MetaOm-
niCity, as it materialises, is expected to accelerate the build-
ing, deployment, and adoption of many immersive urban
metaverse worlds with high-quality immersive experiences
allowing the feel of existence in a parallel plane.

43866

REFERENCES

[11 L. Jamison. (2017). The Digital Ruins of a Forgotten Future. [Online].
Available: https://www.theatlantic.com/magazine/archive/2017/12/secon
d-life-leslie-jamison/544149/

[2] E.Glaessgen and D. Stargel, ““The digital twin paradigm for future NASA
and U.S. air force vehicles,” in Proc. 53rd AIAA/ASME/ASCE/AHS/ASC
Struct., Struct. Dyn. Mater. Conf., 2012, p. 1818, doi: 10.2514/6.2012-
1818.

[3] R. Koduri. (2021). Powering the Metaverse. [Online]. Available:
https://www.intel.com/content/www/us/en/newsroom/opinion/powering-
metaverse.html#gs.nkd8ql

[4] K. Benouaret, R. Valliyur-Ramalingam, and F. Charoy, “CrowdSC:
Building smart cities with large-scale citizen participation,” IEEE Inter-
net Comput., vol. 17, no. 6, pp. 57-63, Nov. 2013.

[5S] K. Kuru and D. Ansell, “TCitySmartF: A comprehensive systematic

framework for transforming cities into smart cities,” IEEE Access, vol. 8,

pp. 18615-18644, 2020.

(2020). What is an Avatar Really? [Online]. Available: https://www.

xprize.org/prizes/avatar/articles/what-is-an-avatar-really

[71 Z. Ly, L. Qiao, Y. Li, Y. Yuan, and F-Y. Wang, “BlockNet: Beyond
reliable spatial digital twins to parallel metaverse,” Patterns, vol. 3, no. 5,
May 2022, Art. no. 100468.

[8] M. Arslan, “Metaverse’in akilli kent hizmetlerine etkisi,” Akademik Ara-
stirmalar Calismalar Dergisi, vol. 14, no. 27, pp. 292-303, Nov. 2022.

[9] S.-M. Park and Y.-G. Kim, “A metaverse: Taxonomy, components, appli-
cations, and open challenges,” IEEE Access, vol. 10, pp. 4209-4251,
2022.

[10] A. M. Al-Ghaili, H. Kasim, N. M. Al-Hada, Z. B. Hassan, M. Oth-
man, J. H. Tharik, R. M. Kasmani, and I. Shayea, “A review of meta-
verse’s definitions, architecture, applications, challenges, issues, solu-
tions, and future trends,” IEEE Access, vol. 10, pp. 125835-125866,
2022.

[11] G. D. Ritterbusch and M. R. Teichmann, “Defining the metaverse:
A systematic literature review,” IEEE Access, vol. 11, pp. 12368-12377,
2023.

[12] T. Huynh-The, Q.-V. Pham, X.-Q. Pham, T. T. Nguyen, Z. Han, and
D.-S. Kim, “Artificial intelligence for the metaverse: A survey,” Eng.
Appl. Artif. Intell., vol. 117, Jan. 2023, Art. no. 105581.

[13] Q. Yang, Y. Zhao, H. Huang, Z. Xiong, J. Kang, and Z. Zheng, “Fusing
blockchain and AI with metaverse: A survey,” IEEE Open J. Comput.
Soc., vol. 3, pp. 122-136, 2022.

[14] T. Maksymyuk, J. Gazda, G. Bugar, V. Gazda, M. Liyanage, and
M. Dohler, “Blockchain-empowered service management for the decen-
tralized metaverse of things,” IEEE Access, vol. 10, pp. 99025-99037,
2022.

[15] Y. Zhao, J. Jiang, Y. Chen, R. Liu, Y. Yang, X. Xue, and S. Chen,
“Metaverse: Perspectives from graphics, interactions and visualization,”
Vis. Informat., vol. 6, no. 1, pp. 56-67, Mar. 2022.

[16] Z. Lv, S. Xie, Y. Li, M. S. Hossain, and A. E. Saddik, “Building the
metaverse by digital twins at all scales, state, relation,” Virtual Reality
Intell. Hardw., vol. 4, no. 6, pp. 459—470, Dec. 2022.

[17] M. Aloqaily, O. Bouachir, F. Karray, I. A. Ridhawi, and A. E. Saddik,
“Integrating digital twin and advanced intelligent technologies to
realize the metaverse,” IEEE Consum. Electron. Mag., early access,
Oct. 10, 2022, doi: 10.1109/MCE.2022.3212570.

[18] A. T. Kusuma and S. H. Supangkat, “Metaverse fundamental technolo-
gies for smart city: A literature review,” in Proc. Int. Conf. ICT Smart
Soc. (ICISS), Aug. 2022, pp. 1-7.

[191 A. Musamih, A. Dirir, I. Yaqoob, K. Salah, R. Jayaraman, and
D. Puthal, “NFTs in smart cities: Vision, applications, and challenges,”
IEEE Consum. Electron. Mag., early access, Oct. 27, 2022, doi:
10.1109/MCE.2022.3217660.

[20] G. Bansal, K. Rajgopal, V. Chamola, Z. Xiong, and D. Niyato, ‘““Health-
care in metaverse: A survey on current metaverse applications in health-
care,” IEEE Access, vol. 10, pp. 119914-119946, 2022.

[21] A. Almarzouqi, A. Aburayya, and S. A. Salloum, “Prediction of user’s
intention to use metaverse system in medical education: A hybrid
SEM-ML learning approach,” IEEE Access, vol. 10, pp. 43421-43434,
2022.

[22] R. Chengoden, N. Victor, T. Huynh-The, G. Yenduri, R. H. Jhaveri,
M. Alazab, S. Bhattacharya, P. Hegde, P. K. R. Maddikunta, and
T. R. Gadekallu, “Metaverse for healthcare: A survey on potential
applications, challenges and future directions,” IEEE Access, vol. 11,
pp. 12765-12795, 2023.

[6

—

VOLUME 11, 2023


http://dx.doi.org/10.2514/6.2012-1818
http://dx.doi.org/10.2514/6.2012-1818
http://dx.doi.org/10.1109/MCE.2022.3212570
http://dx.doi.org/10.1109/MCE.2022.3217660

K. Kuru: MetaOmniCity: Toward Immersive Urban Metaverse Cyberspaces Using Smart City Digital Twins

IEEE Access

[23]

[24]

[25]

[26]

[27]

[28]

[29]

[30]

[31]

[32]

[33]

[34]

[35]

[36]

[37]

[38]

[39]

[40]

[41]

[42]

[44

M. Wang, H. Yu, Z. Bell, and X. Chu, “Constructing an Edu-metaverse
ecosystem: A new and innovative framework,” IEEE Trans. Learn. Tech-
nol., vol. 15, no. 6, pp. 685-696, Dec. 2022.

P. Suanpang, C. Niamsorn, P. Pothipassa, T. Chunhapataragul,
T. Netwong, and K. Jermsittiparsert, ‘‘Extensible metaverse implication
for a smart tourism city,” Sustainability, vol. 14, no. 21, p. 14027,
Oct. 2022.

K. Kuru and H. Yetgin, “Transformation to advanced mechatronics sys-
tems within new industrial revolution: A novel framework in automation
of everything (AoE),” IEEE Access, vol. 7, pp. 41395-41415, 2019.

C. Harrison, B. Eckman, R. Hamilton, P. Hartswick, J. Kalagnanam,
J. Paraszczak, and P. Williams, “Foundations for smarter cities,” /BM
J. Res. Develop., vol. 54, no. 4, pp. 1-16, 2010.

S. Nover. (2021). Intel Wants to Take You Inside the Metaverse.
[Online]. Available: https://qz.com/2101581/intel-is-ready-to-talk-about-
the-metaverse

L. Chang, Z. Zhang, P. Li, S. Xi, W. Guo, Y. Shen, Z. Xiong, J. Kang,
D. Niyato, X. Qiao, and Y. Wu, “6G-enabled edge AI for metaverse:
Challenges, methods, and future research directions,” J. Commun. Inf.
Netw., vol. 7, no. 2, pp. 107-121, Jun. 2022.

A. Kalla, C. De Alwis, G. Gur, S. P. Gochhayat, M. Liyanage,
and P. Porambage, “Emerging directions for blockchainized 6G,”
IEEE Consum. Electron. Mag., early access, Apr. 4, 2022, doi:
10.1109/MCE.2022.3164530.

G. Lawton. (2022). How Seoul is Creating a Metaverse for a Smarter City.
[Online]. Available: https://venturebeat.com/ai/how-seoul-is-creating-a-
metaverse-for-a-smarter-city/

SeoulGovernment. (2021). Seoul, First Local Gov'’t to Start New-
Concept Public Service Withmetaverse Platformb. [Online]. Available:
https://english.seoul.go.kr/seoul-first-local-govt-to-start-new-concept-
public-service-with-metaverse-platform/

(2022). More Than 16, 000 Joined Year-End Bell-Ringing Festival
in  Metaverse.  [Online].  Available:  https://www.koreaherald.
com/view.php?ud=20220106000747

A. Hudson-Smith and V. Signorelli. (2022). Digital Innovation for Data
Visualisations in Participatory Urban Planning. [Online]. Available:
https://connected-environments.org/portfolio/vilo-platform/

D. Donato. (2021). Santa Monica is Using the Metaverse to Gamify
Its Shopping District. [Online]. Available: https://dot.la/santa-monica-
metaverse-2656021933.html

T. Um, H. Kim, H. Kim, J. Lee, C. Koo, and N. Chung, “Travel Incheon as
a metaverse: Smart tourism cities development case in Korea,” in Infor-
mation and Communication Technologies in Tourism, J. L. Stienmetz,
B. Ferrer-Rosell, and D. Massimo, Eds. Cham, Switzerland: Springerg,
2022, pp. 226-231.

A. Finney. (2022). Zaha Hadid Architects Designs Virtual Liber-
land Metaverse City. [Online]. Available: https://www.dezeen.com/
2022/03/1 1/liberland-metaverse-city-zaha-hadid-architects/

B. Pamungkas, “The future of cities in metaverse era: Are Indonesian
cities ready?” in Perspective and Impact of Metaverse on Sustainable
Development Goals. Indonesia: Univ. of Terbuka, 2022.

WIRGroup. (2022). Jakarta Provincial Government & WIR Group to
Develop Jakarta Metaverse. [Online]. Available: https://en.prnasia.com/
releases/apac/jakarta-provincial-government-wir-group-to-develop-
jakarta-metaverse-359646.shtml

I. Muhammad. (2022). Metaverse Makes Its Way Into Shanghai Five-
Year Development Plan. [Online]. Available: https://www.beyondgames.
biz/18333/metaverse-makes-its-way-into-shanghais-five-year-
development-plan/

I. Muhammad. (2022). Beijing Rolls Out Two-Year Metaverse Innovation
and Development Plan. [Online]. Available: https://www.beyondgames.
biz/26203/beijing-rolls-out-two-year-metaverse-innovation-and-
development-plan/

B. van Wyk. (2022). A Brief Guide to Promising Metaverse Startups
in China. [Online]. Available: https://thechinaproject.com/2022/04/27/a-
brief-guide-to-promising-metaverse-startups-in-china/

T. Shen. (2022). Wuhan Pledges to Develop Metaverse to Boost
COVID-Ravaged Economy. [Online]. Available: https://forkast.news/
headlines/wuhan-metaverse-plans-covid-economy/

A. Aparna. (2022). China’s Zhejiang Province to Develop $28.7 b Meta-
verse Industry by 2025. [Online]. Available: https://thenewscrypto.com/
chinas-zhejiang-province-to-develop-28-7b-metaverse-industry-by-
2025/

Z. Yang. (2022). China’s Cities Are Going to the Metaverse Before They
Even Know What it is. [Online]. Available: https://www.protocol.com/
china/metaverse-chinese-local-government

VOLUME 11, 2023

[45]

[46]

[47]

[48]

[49]

[50]

[51]

[52]

[53]

[54]

[55]

[56]

[57]

[58]

[59]

[60]
[61]

[62]

[63]

[64]

[65]
[66]
[67]

[68]

DubaiGovernment. (2022). Hamdan Bin Mohammed Launches Dubai
Metaverse Strategy. [Online]. Available: https://www.mediaoffice.ae/
en/news/2022/July/18-07/Hamdan-bin-Mohammed-launches-Dubai-
Metaverse-Strategy

A. Thurman. (2021). Barbados to Become First Sovereign Nation With
an Embassy in the Metaverse. [Online]. Available: https://www.coindesk.
com/business/2021/11/15/barbados-to-become-first-sovereign-nation-
with-an-embassy-in-the-metaverse/

K. Kuru and W. Khan, “A framework for the synergistic integration of
fully autonomous ground vehicles with smart city,” IEEE Access, vol. 9,
pp. 923-948, 2021.

K. Kuru, “Planning the future of smart cities with swarms of fully
autonomous unmanned aerial vehicles using a novel framework,” IEEE
Access, vol. 9, pp. 6571-6595, 2021.

A. El Saddik, “Multimedia and the tactile internet,” IEEE Multimedia-
Mag., vol. 27, no. 1, pp. 5-7, Jan. 2020.

S. Sukhmani, M. Sadeghi, M. Erol-Kantarci, and A. E. Saddik,
“Edge caching and computing in 5G for mobile AR/VR and tac-
tile internet,” IEEE Multimedia Mag., vol. 26, no. 1, pp.21-30,
Jan./Mar. 2019.

K. Kuru, “Conceptualisation of human-on-the-loop haptic teleoperation
with fully autonomous self-driving vehicles in the urban environment,”
IEEE Open J. Intell. Transp. Syst., vol. 2, pp. 448-469, 2021.

1. Budhiraja, S. Tyagi, S. Tanwar, N. Kumar, and J. J. P. C. Rodrigues,
“Tactile internet for smart communities in 5G: An insight for
NOMA-based solutions,” IEEE Trans. Ind. Informat., vol. 15, no. 5,
pp. 3104-3112, May 2019.

K. Kuru, “Management of geo-distributed intelligence: Deep insight as a
service (DINSaaS) on forged cloud platforms (FCP),” J. Parallel Distrib.
Comput., vol. 149, pp. 103—118, Mar. 2021.

X. Xu, B. Cizmeci, C. Schuwerk, and E. Steinbach, ‘“Model-mediated
teleoperation: Toward stable and transparent teleoperation systems,”
IEEE Access, vol. 4, pp. 425-449, 2016.

A. Ebrahimzadeh and M. Maier, “Delay-constrained teleoperation task
scheduling and assignment for human+machine hybrid activities over
FiWi enhanced networks,” IEEE Trans. Netw. Service Manage., vol. 16,
no. 4, pp. 1840-1854, Dec. 2019.

D. Wang, K. Ohnishi, and W. Xu, “Novel emerging sensing, actu-
ation, and control techniques for haptic interaction and teleoper-
ation,” [EEE Trans. Ind. Electron., vol. 67, no. 1, pp.624-626,
Jan. 2020.

IEEE. (2018). P1918.1—Tactile Internet: Application Scenarios, Defini-
tions and Terminology, Architecture, Functions, and Technical Assump-
tions. [Online]. Available: https://standards.ieee.org/project/1918_1.html
G. O. Perez, A. Ebrahimzadeh, M. Maier, J. A. Hernandez, D. L. Lopez,
and M. F. Veiga, “Decentralized coordination of converged tactile inter-
net and MEC services in H-CRAN fiber wireless networks,” J. Lightw.
Technol., vol. 38, no. 18, pp. 4935-4947, Sep. 15, 2020.

J. Xie, H. Tang, T. Huang, F. R. Yu, R. Xie, J. Liu, and Y. Liu, “A survey
of blockchain technology applied to smart cities: Research issues and
challenges,” IEEE Commun. Surveys Tuts., vol. 21, no. 3, pp. 2794-2830,
3rd Quart., 2019.

G. White, A. Zink, L. Codecd, and S. Clarke, “A digital twin smart city
for citizen feedback,” Cities, vol. 110, Mar. 2021, Art. no. 103064.

A. E. Saddik, “Digital twins: The convergence of multimedia technolo-
gies,” IEEE Multimed., vol. 25, no. 2, pp. 87-92, Apr./Jun. 2018.

F. Laamarti, H. F. Badawi, Y. Ding, F. Arafsha, B. Hafidh, and A. E. Sad-
dik, “An ISO/IEEE 11073 standardized digital twin framework for health
and well-being in smart cities,” IEEE Access, vol. 8, pp. 105950-105961,
2020.

M. J. Kaur, V. P. Mishra, and P. Maheshwari, “The convergence of
digital twin, IoT, and machine learning: Transforming data into action,”
in Digital Twin Technologies and Smart Cities (Internet of Things). Cham,
Switzerland: Springer, Jul. 2019, pp. 3-17.

F. Tang, X. Chen, M. Zhao, and N. Kato, “The roadmap of communica-
tion and networking in 6G for the metaverse,” IEEE Wireless Commun.,
early access, Jun. 24, 2022, doi: 10.1109/MWC.019.2100721.

F. Tao and Q. Qi, “Make more digital twins,” Nature, vol. 573,
pp. 490-491, Sep. 2019.

A. Savage. (2020). How China Cloned Shanghai. [Online]. Available:
https://www.theb1m.com/video/how-china-cloned-shanghai

DUET. (2021). Digital Urban European Twins. [Online]. Available:
https://www.digitalurbantwins.com

Y. Wu, K. Zhang, and Y. Zhang, “Digital twin networks: A sur-
vey,” IEEE Internet Things J., vol. 8, no. 18, pp. 13789-13804,
Sep. 2021.

43867


http://dx.doi.org/10.1109/MCE.2022.3164530
http://dx.doi.org/10.1109/MWC.019.2100721

IEEE Access

K. Kuru: MetaOmniCity: Toward Immersive Urban Metaverse Cyberspaces Using Smart City Digital Twins

[69]

[70]

[71]

[72]

[73]

[74]

[75]

[76]

[77]

[78]

[79]

[80]

[81]

[82]

[83]

[84]

[85]
[86]

[87]

[88]

[89]

[90]

[91]

[92]

43868

L. U. Khan, W. Saad, Z. Han, E. Hossain, and C. S. Hong, “Federated
learning for Internet of Things: Recent advances, taxonomy, and open
challenges,” IEEE Commun. Surveys Tuts., vol. 23, no. 3, pp. 1759-1799,
3rd Quart., 2021.

A. Patalay, “US and Chinese perspectives on consumer trust & data
privacy in the age of ‘metaverse’ and its next-gen technology enablers,”
Ph.D. dissertation, Dept. Int. Relations, Fac. San Francisco State Univ.,
San Francisco, CA, USA, 2022.

X. B. Peng, P. Abbeel, S. Levine, and M. van de Panne, “DeepMimic:
Example-guided deep reinforcement learning of physics-based character
skills,” ACM Trans. Graph., vol. 37, no. 4, pp. 1-14, Jul. 2018.

M. Maurel. (2021). Uneeq Uses Experiential Al to Bring Albert
Einstein Back to Life as Latest Digital Companion. [Online]. Available:
https://www.prnewswire.com/news-releases/uneeq-uses-experiential-
ai-to-bring-albert-einstein-back-to-life-as-latest-digital-companion-
301268401.html

V. Gutiérrez, D. Amaxilatis, G. Mylonas, and L. Mufioz, “Empower-
ing citizens toward the co-creation of sustainable cities,” IEEE Internet
Things J., vol. 5, no. 2, pp. 668-676, Apr. 2018.

D. O’Neill and C. Peoples, “A web-based portal for assessing citizen
well-being,” IT Prof., vol. 19, no. 2, pp. 24-30, Mar. 2017.

D. Puiu, P. Barnaghi, R. Tonjes, D. Kiimper, M. 1. Ali, A. Mileo,
J. X. Parreira, M. Fischer, S. Kolozali, N. Farajidavar, F. Gao, T. Iggena,
T.-L. Pham, C.-S. Nechifor, D. Puschmann, and J. Fernandes, ““CityPulse:
Large scale data analytics framework for smart cities,” IEEE Access,
vol. 4, pp. 1086-1108, 2016.

D. Yang, “Expert consensus on the metaverse in medicine,”
eHealth, vol. 5, pp. 1-9, Jan. 2022.

M. L. J. C. Basilan and M. Padilla, “Assessment of teaching English lan-
guage skills: Input to digitized activities for campus journalism advisers,”
Int. Multidisciplinary Res. J., vol. 4, no. 4, pp. 1-10, Jan. 2023.

X. Kong, X. Liu, B. Jedari, M. Li, L. Wan, and F. Xia, “Mobile crowd-
sourcing in smart cities: Technologies, applications, and future chal-
lenges,” IEEE Internet Things J., vol. 6, no. 5, pp. 8095-8113, Oct. 2019.
K. Li, C. Yuen, S. S. Kanhere, K. Hu, W. Zhang, F. Jiang, and X. Liu,
“An experimental study for tracking crowd in smart cities,” IEEE Syst.
J., vol. 13, no. 3, pp. 29662977, Sep. 2019.

Z.Liu, D.-S. Yang, D. Wen, W.-M. Zhang, and W. Mao, *‘Cyber-physical-
social systems for command and control,” IEEE Intell. Syst., vol. 26,
no. 4, pp. 92-96, Jul. 2011.

D. N. Crowley, E. Curry, and J. G. Breslin, “Closing the loop—From
citizen sensing to citizen actuation,” in Proc. 7th IEEE Int. Conf. Digit.
Ecosyst. Technol. (DEST), Jul. 2013, pp. 108-113.

F.-Y. Wang, “The emergence of intelligent enterprises: From CPS to
CPSS,” IEEE Intell. Syst., vol. 25, no. 4, pp. 85-88, Aug. 2010.

R. S. Kennedy, N. E. Lane, K. S. Berbaum, and M. G. Lilienthal,
“Simulator sickness questionnaire: An enhanced method for quantifying
simulator sickness,” Int. J. Aviation Psychol., vol. 3, no. 3, pp. 203-220,
1993.

K. Stanney, B. D. Lawson, B. Rokers, M. Dennison, C. Fidopiastis,
T. Stoftregen, S. Weech, and J. M. Fulvio, “Identifying causes of and
solutions for cybersickness in immersive technology: Reformulation of
a research and development agenda,” Int. J. Hum.—Comput. Interact.,
vol. 36, no. 19, pp. 1783-1803, Nov. 2020.

N. Huq, R. Reyes, P. Lin, and M. Swimmer, “Cybersecurity threats
against the Internet of Experiences,” Trend Micro Res., TX, USA, 2022.
M. Pooyandeh, K.-J. Han, and I. Sohn, “Cybersecurity in the Al-based
metaverse: A survey,” Appl. Sci., vol. 12, no. 24, p. 12993, Dec. 2022.
Y. Huang, Y.J. Li, and Z. Cai, “‘Security and privacy in metaverse: A com-
prehensive survey,” Big Data Mining Anal., vol. 6, no. 2, pp. 234-247,
Jun. 2023.

Y. Wang, Z. Su, N. Zhang, R. Xing, D. Liu, T. H. Luan, and X. Shen,
“A survey on metaverse: Fundamentals, security, and privacy,” IEEE
Commun. Surveys Tuts., vol. 25, no. 1, pp. 319-352, 4th Quart., 2023.

J. Ryu, S. Son, J. Lee, Y. Park, and Y. Park, “Design of secure mutual
authentication scheme for metaverse environments using blockchain,”
IEEE Access, vol. 10, pp. 98944-98958, 2022.

S. Rostami and M. Maier, “The metaverse and beyond: Implementing
advanced multiverse realms with smart wearables,” IEEE Access, vol. 10,
pp. 110796-110806, 2022.

E. E.-D. Hemdan and A. S. A. Mahmoud, BlockTwins: A Blockchain-
Based Digital Twins Framework. Cham, Switzerland: Springer, 2021,
pp. 177-186.

C. S. Punla and R. C. Farro, “Are we there yet? An analysis of the
competencies of BEED graduates of BPSU-DC,” Int. Multidisciplinary
Res. J., vol. 4, no. 3, pp. 50-59, Sep. 2022.

Clin.

[93]

[94]

[95]

[96]

[97]

[98]

[99]

[100]

[101]

[102]

[103]

[104]

[105]

[106]

o

S. Johan, “Metaverse and its implication in law and business,” J. Hukum
Progresif, vol. 10, no. 2, pp. 153-166, Oct. 2022.

J. Barmann. (2022). Meta Already Has a Sexual Harassment Problem
in the Metaverse. [Online]. Available: https://sfist.com/2022/02/04/meta-
already-has-a-sexual-harassment-problem-in-the-metaverse/

N. Koshizuka, S. Haller, and K. Sakamura, “CPaaS.Io: An EU-Japan
collaboration on open smart-city platforms,” Computer, vol. 51, no. 12,
pp. 50-58, Dec. 2018.

S. Frenkel and K. Browning. (2021). The Metaverseb Dark Side: Here
Come Harassment and Assaults. [Online]. Available: https://www.
nytimes.com/2021/12/30/technology/metaverse-harassment-
assaults.html

V. Sharma. (2022). Introducing a Personal Boundary for Horizon
Worlds and Venues. [Online]. Available: https://www.oculus.com/blog/
introducing-a-personal-boundary-for-horizon-worlds-and-venues/

B. K. Wiederhold, “Metaverse games: Game changer for healthcare?”
Cyberpsychology, Behav., Social Netw., vol. 25, no. 5, pp.267-269,
May 2022, doi: 10.1089/cyber.2022.29246.editorial.

WhiteHouse. (2022). Fact Sheet: Climate and Energy Implications
of Crypto-Assets in the United States. [Online]. Available: https://
www.whitehouse.gov/ostp/news-updates/2022/09/08/fact-sheet-
climate-and-energy-implications-of-crypto-assets-in-the-united-
states/#:~:text=As%200f%20August%202022%2C%?20published,
such%?20as%20Argentina%?200r%20Australia

(2021). 2020 Sustainability Report. [Online]. Available: https://sustainab
ility.fb.com/wp-content/uploads/2021/06/2020_FB_Sustainability-
Report.pdf

(2020). Microsoft Will be Carbon Negative by 2030. [Online].
Available: https://blogs.microsoft.com/blog/2020/01/16/microsoft-will-
be-carbon-negative-by-2030/

B. Falchuk, S. Loeb, and R. Neff, “The social metaverse: Battle for
privacy,” IEEE Technol. Soc. Mag., vol. 37, no. 2, pp. 52-61, Jun. 2018.
J. Peters. (2023). Sony and Manchester City Are Building a Metaverse,
But They Need to Prove Why we Should Visit. [Online]. Available:
https://www.theverge.com/23541557/sony-manchester-city-metaverse-
playstation

Z. Hale. (2022). Ethereum’s 99% Cut in Energy Use Will Curb Crypto’s
Climate Footprint. [Online]. Available: https://www.spglobal.com/
marketintelligence/en/news-insights/latest-news-headlines/ethereum-s-
99-cut-in-energy-use-will-curb-crypto-s-climate-footprint-72145342

A. Subramaniam and K. Kashinath. (2022). Developing Digital Twins for
Weather, Climate, and Energy. [Online]. Available: https://www.
nvidia.com/en-us/on-demand/session/gtcspring22-
s41823/?playlistld=playList-c1c5¢322-57be-46af-8841-e418a2f70c2c
H. Narula, Virtual Society: The Metaverse and the New Frontiers of
Human Experience, 1st ed. London, U.K.: Penguin, 2022.

KAYA KURU received the B.Sc. degree from
National Defense University (Turkish Military
Academy), the A.D.P. degree in computer engi-
neering from Middle East Technical University
(METU), the M.B.A. degree from Selcuk Univer-
sity, and the M.Sc. and Ph.D. degrees in computer
science from METU. He completed his postdoc-
toral studies with the School of Electronics and
Computer Science, University of Southampton,
U.K. He was with the IT Department of Gulhane

4

Training and Research Hospital and the University of Health Sciences as a
DBA, a SW Developer, the SW Development Manager, and the IT Manager
for 15 years. He was the Chief Person directing a comprehensive countrywide
distributed IT automation project titled “‘Health Care Automation System”
successfully with a budget of over $50 million. He is currently a soft-
ware engineer and an associate professor in computer-information systems
engineering. He has recently engaged in the implementation of numerous
Al-based real-world projects within various funded projects. His research
interests include the development of geo-distributed autonomous intelligent
systems using FL, ML, DL, DRL on the edge, fog, and cloud platforms.

VOLUME 11, 2023


http://dx.doi.org/10.1089/cyber.2022.29246.editorial

