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In recent years, the term Metaverse emerged as one of the most compelling concepts, captivating the interest
of international companies such as Tencent, ByteDance, Microsoft, and Facebook. These company recognized
the Metaverse as a pivotal element for future success and have since made significant investments in this
area. The Metaverse is still in its developmental stages, requiring the integration and advancement of various
technologies to bring its vision to life. One of the key technologies associated with the Metaverse is blockchain,
known for its decentralization, security, trustworthiness, and ability to manage time-series data. These
characteristics align perfectly with the ecosystem of the Metaverse, making blockchain foundational for
its security and infrastructure. This paper introduces both blockchain and the Metaverse ecosystem while
exploring the application of the blockchain within the Metaverse, including decentralization, consensus
mechanisms, hash algorithms, timestamping, smart contracts, distributed storage, distributed ledgers, and
non-fungible tokens (NFTs) to provide insights for researchers investigating these topics.
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1 INTRODUNCTION

Since the initial proposal of the Metaverse, it has been envisioned as a desirable realm. However,
the year 2021 marked a pivotal moment as numerous enterprises began to engage with technologies
such as virtual reality (VR), extended reality (XR), 5G, artificial intelligence (AI), blockchain, and
cloud computing. This surge in interest has triggered a wave of enthusiasm surrounding the
Metaverse, establishing 2021 as a landmark year for its development. Numerous Internet companies
have invested heavily in the Metaverse, demonstrating a strong commitment to establishing a robust
Metaverse ecosystem and showcasing its immense potential. However, a major hurdle remains:
the foundational technologies necessary for the Metaverse are still underdeveloped. Despite rapid
advancements in science and technology, current capabilities are insufficient to support a fully
functional Metaverse, necessitating continued progress and breakthroughs.

Globally, various industries are engaging in discussions about the Metaverse. They have identified
six supporting technologies essential to its development: Interactivity, Games, Artificial Intelligence
(AI), Blockchain, Networking and Computing, and the Internet of Things (IoT). Among these,
blockchain stands out as a fundamental technology for the Metaverse ecosystem, often described as
the bridge linking the real and virtual worlds. It provides the necessary framework for equivalence
mapping and conversion between these realms.

Since the inception of Bitcoin in 2008, blockchain has evolved significantly, incorporating various
advancements and leading to practical applications across multiple sectors. Ongoing research
delves deeper and expands into broader areas, keeping blockchain at the forefront of technological
innovation. Blockchain possesses characteristics such as decentralization, openness, indepen-
dence, and security, making it well-suited to meet the needs of various stakeholders within the
Metaverse ecosystem. Its applications span multiple aspects of this ecosystem. Key elements of
blockchain—including decentralization, consensus mechanisms, hash algorithms, timestamps, dis-
tributed storage, distributed ledgers, and non-fungible tokens—serve as a robust infrastructure for
the Metaverse. Furthermore, these components represent the fundamental technologies necessary
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for the effective functioning of the Metaverse ecosystem and play a significant role in contemporary
research on the subject.

Among the various technologies being researched, the application of blockchain in the Metaverse
is advancing rapidly. Current research focuses primarily on decentralization, consensus mechanisms,
hash algorithms, timestamp, smart contracts, distributed storage, distributed ledgers, and non-
fungible tokens (NFTs). Companies such as Facebook, while primarily investigating VR equipment
and social platforms, also recognize the importance of blockchain applications. Similarly, Robiox
conducts research within blockchain alongside its work in game engines, while organizations like
IBM and Ava Labs are exploring blockchain applications within the Metaverse ecosystem. These
enterprises are engaged in foundational research about the decentralization layer of the Metaverse
and are establishing the ecological infrastructure necessary for its development.

In summary, the contributions of this paper are as follows:

e We provide a comprehensive overview of blockchain applications in the Metaverse by exam-
ining foundational components, including decentralization, consensus, hash, timestamps,
smart contracts, distributed storage, distributed ledgers, and non-fungible tokens (NFTs).

e We analyze each technology individually, assess its role and implementation within the
Metaverse ecosystem, and evaluate the current state of these applications.

o We further explore how blockchain technologies are specifically aligned with the needs of
the Metaverse, investigate their interconnections, and outline future research directions.

The organization of the paper is structured in Fig. 1. Section 2 provides a foundational overview
of the Metaverse and blockchain, setting the stage for a deeper exploration of their interplay in
subsequent sections. Section 3 highlights decentralization as a cornerstone for addressing Metaverse
challenges, while Section 4 details consensus mechanisms that establish trust in decentralized
networks. Section 5 introduces hash algorithms and timestamping, which ensure blockchain data
security—prerequisites for reliable on-chain operations. Sections 6, 7, 8 and 9 explore critical
blockchain applications in the Metaverse ecosystem: smart contracts (decentralized governance
and automation), distributed storage (decentralized data management), distributed ledgers (decen-
tralized finance and asset tracking), and NFTs (virtual-physical asset conversion). Finally, Section
10 synthesizes the findings, emphasizing blockchain’s role in advancing the Metaverse through
decentralization, security, and interoperability.

2 BACKGROUND
2.1 Metaverse

The concept of the Metaverse was first articulated in Neal Stephenson’s seminal work, Snow Crash,
wherein it is envisioned as a virtual reality environment [33]. At the time of its conception, this
notion was undoubtedly intriguing; however, the technological limitations of that era rendered the
realization of such a Metaverse unattainable. In recent years, however, significant advancements
in various technologies—most notably in 5G, Extended Reality (XR), Blockchain, and Artificial
Intelligence—have catalyzed a renewed interest in the feasibility of Metaverses [51].

This shift has amplified public interest in the allure of the Metaverse and expanded its market,
subsequently attracting substantial investment from private capital and corporations. Such dynamics
have collectively propelled the evolution of the Metaverse into a prominent area of focus within
technological discourse [42]. The integration of various technologies, along with their interplay with
the real world, has given rise to a digital habitat characterized by innovative social systems—this is
the contemporary understanding of the Metaverse.
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2.2 Blockchain

Establishing a viable Metaverse is heavily contingent upon applying advanced technologies, with
blockchain as a pivotal element [38]. Blockchain, which originated with the advent of Bitcoin,
is defined as a decentralized data structure that organizes information into blocks for verifi-
cation and storage. Blockchain facilitates the generation and updating of the data within its
framework by employing distributed node consensus algorithms [34]. The distinguishing fea-
tures of blockchain—namely decentralization, transparency, independence, and security—provide
a compelling foundation for numerous applications; Bitcoin remains the preeminent example of
blockchain’s successful implementation.

In light of Bitcoin’s increasing prominence, blockchain has garnered considerable academic
and industrial interest, leading to swift advancements and extensive research endeavors [39] [53].
Organizations from diverse sectors actively seek to leverage blockchain to enhance their competitive
positioning, fostering deeper insights into its applications. The maturation of blockchain is thus
imparting robust technical support to the Metaverse, effectively serving as a key that unlocks the
potential of this digital frontier.

3 DECENTRALIZATION

Decentralization is a key feature of blockchain and represents an alternative approach to centralized
systems. In the blockchain Web 3.0 community, the term Metaverse has emerged to describe a
decentralized virtual world [41]. The efforts towards establishing this decentralized existence
had gained momentum as various companies explored the Metaverse, particularly in 2021 when
significant interest from companies intensified. Many companies, driven by profit motives, aim to
create centralized Metaverses that control user information and data. However, such centralized
approaches may conflict with the community’s desires for a truly decentralized experience [9].
The ideal scenario for the Metaverse involves a decentralized, interconnected virtual environment
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supported by a decentralized governance model and decentralized finance, ensuring a user-centric
experience. The relationship between decentralization, blockchain, and the Metaverse ecosystem is
shown in Fig. 2.
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Fig. 2. Decentralization to Blockchain and Metaverse Ecology.

3.1 Decentralized Governance Model

Decentralization implies the absence of a central organization with ultimate decision-making
authority within the Metaverse. A decentralized governance model is necessary to safeguard users’
rights and interests while preventing monopoly influence to promote long-term stability in the
Metaverse. This model represents a fundamental requirement from users regarding the Metaverse’s
ecology, with blockchain providing the optimal solution for achieving such governance. Blockchain
facilitates the decentralization of the Metaverse, with the governance power residing with users.
Deploying smart contracts and distributed storage will enable effective decentralized governance.

3.2 Decentralized Finance

Decentralization extends beyond governance to include financial systems within the Metaverse
[22]. As the Metaverse strives to integrate more closely with the real world, it aims to mitigate
the boundaries between these realms, facilitating interactions between traditional and virtual
financial systems [54]. Trust in the safety of assets within this environment is essential for users.
In conventional centralized economic systems, trust is often derived from national authority and
regulatory frameworks. However, this may not be the case universally, affecting user confidence
in state and corporate entities. Blockchain enables the formation of decentralized finance, which
operates independently of traditional centralized structures. This new financial system fosters trust
through user participation and coded protocols, promoting confidence in asset security within the
Metaverse and supporting the dissolution of barriers between real and virtual economies.

The financial system is intrinsically linked to assets and asset flows. In a decentralized financial
system, the management of these assets and flows must also be decentralized. Achieving this
requires technical support from NFT, distributed ledgers, and smart contracts, all elements of
blockchain. NFTs facilitate asset confirmation within the Metaverse ecosystem, while distributed
ledgers provide real-time records accessible to all users. When combined with smart contracts,
these technologies enable decentralized transactions and facilitate the flow of assets, forming the
basis of a decentralized financial system in the Metaverse.

In contrast, the traditional centralized financial system relies on the trust associated with a central
institution. Economic losses may occur if a central institution withdraws capital or experiences a data



Blockchain Application in Metaverse: A Review 5

breach. Centralized institutions hold significant power but may lack a robust trust mechanism. The
decentralized financial system, however, does not depend on a central authority but distributes rights
among users. Asset identification, circulation data, and rights management are all decentralized.
Users reach consensus through a consensus mechanism, while a hash algorithm and time-stamping
safeguard data. This structure aims to establish a reliable trust mechanism within the decentralized
finance ecosystem of the Metaverse [30].

The Metaverse, as a virtual world reflecting real-world economic activities, necessitates user
trust, which can be achieved through decentralization in governance and finance. Confidence in
the decentralized finance systems within the Metaverse and expectations for economic activities in
this virtual space are increasing.

3.3 Summary

The Metaverse, closely tied to the real world, encompasses various user activities and must establish
user trust by decentralizing its governance and financial models. Blockchain provides a framework
for this decentralized approach, addressing questions related to its structure, governance, and
financial systems. This foundation is essential for gaining user trust and establishing a gover-
nance model and economic system for the Metaverse. The application of decentralization through
blockchain—utilizing smart contracts, distributed storage, distributed ledgers, and NFTs—aims to
protect user rights and assets, reduce barriers between the real and virtual worlds, and advance the
integration of the Metaverse into everyday life [47].

4 CONSENSUS MECHANISMS

Decentralization enables users to establish trust within the Metaverse ecosystem. In this decen-
tralized environment, users must trust one another and reach consensus. Unlike a centralized
network, where all nodes follow commands from a central node, the Metaverse operates without
a central authority. Therefore, nodes must still function collaboratively and establish agreement
to prevent disagreements. Within the Metaverse ecosystem, all nodes must maintain equal status
without the emergence of centralized nodes while ensuring effective operation and consensus
among all participants. The consensus mechanism provided by blockchain is positioned to fulfill
the requirements for adaptation in the Metaverse ecosystem [20].

4.1 Concepts

In blockchain, the consensus mechanism facilitates the verification and confirmation of transactions
through a voting process among nodes, thus allowing nodes to trust one another and reach agree-
ments. The consensus mechanism enables self-trust among blockchain nodes, eliminating the need
for centralized institutions to ensure data consistency and validity. In the context of the Metaverse
ecosystem, mutual trust among user nodes is a foundational requirement for decentralization.
Furthermore, users within the ecosystem must establish self-trust, which can be achieved through
agreements that function as the consensus mechanism.

4.2 Application and Significance

The consensus mechanism serves as the foundational technology of blockchain, creating a network
of trust among machines and codes and facilitating node trust within the ecosystem. Its application in
the Metaverse promotes mutual trust among users and supports self-trust within the ecosystem [13].
Additionally, it provides essential technical support for various applications, including decentralized
governance, decentralized finance, smart contracts, NFTs, distributed ledgers, and distributed
storage—core technologies of blockchain that depend on inter-node trust. The consensus mechanism
is critical for enabling this mutual trust among nodes.
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Fig. 3. Enabling the Metaverse through Blockchain Underpinned by the Consensus Mechanism.

The consensus mechanism enables self-trust within the Metaverse ecosystem while ensuring
data consistency and validity. It allows users to reach agreements that align their interests and foster
collaboration while ensuring that data among nodes remains consistent and valid. In blockchain,
the consensus mechanism is fundamental to decentralization and is the foundation for node
cohesion. Similarly, within the Metaverse ecosystem, it underpins mutual trust among user nodes,
supports decentralization, and effectively maintains data consistency and validity in a decentralized
environment. The application of the consensus mechanism is shown in Fig. 3.

4.3 Mainstream Consensus Mechanisms

Various consensus mechanisms have been developed to address the requirements of different
application scenarios in the Metaverse ecosystem. The mainstream consensus mechanisms include
proof-of-work (PoW), proof-of-stake (PoS), delegated proof-of-stake (DPoS), and practical Byzantine
fault-tolerant algorithm (PBFT) [4].

e PoW: The proof-of-work mechanism relies on the computing power of distributed nodes
that compete to solve a specific puzzle, SHA256. The first node to solve the puzzle earns
the right to add a new block to the blockchain. PoW achieves decentralization through the
computational efforts of nodes, though it is characterized by high resource consumption.

o PoS: The proof-of-stake mechanism utilizes cryptocurrencies that can be converted into coin
age, which reflects network performance. This method of achieving consensus relies on the
internal incentives from the coin age rather than computational power, resulting in reduced
resource use and shorter processing times, albeit at the expense of some decentralization.

e DPoS: Delegated proof-of-stake involves nodes with voting rights electing a limited number
of nodes for block generation. This approach reduces the number of nodes engaged in
consensus verification, enhancing efficiency and reducing the degree of decentralization.

e PBFT: The Practical Byzantine Fault Tolerant algorithm allows a node to initiate a vote as
long as fewer than (N-1)/3 of the nodes oppose it, where N represents the total number of
nodes. PBFT is mathematically designed to handle up to (N-1)/3 faulty nodes. However, for
the algorithm to function effectively, more than (N-1)/2 nodes must be operational.

4.4 Summary

Decentralization is a fundamental characteristic of the Metaverse ecosystem, serving as a basis for
mutual trust among users. In a decentralized Metaverse, the absence of a central authority neces-
sitates that users and nodes establish trust among themselves, which is facilitated by consensus
mechanisms. These mechanisms enable users and nodes to reach agreements, promoting collab-
oration and aligning the interests of each participant while minimizing disputes. Consequently,
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consensus mechanisms are essential for achieving decentralization in the Metaverse and facilitating
self-trust within the ecosystem [52]. Additionally, there is a need for security algorithms to protect
the Metaverse ecosystem further, thereby supporting the trust and self-trust of its users [36].

5 HASH ALGORITHM AND TIMESTAMPING

In blockchain, hash algorithms and timestamps generate blocks and confirm transaction integrity.
Each block contains a target hash value, and mining involves miners calculating random solutions
until they achieve this target hash. Upon successfully generating a block, a timestamp is assigned.
All transaction data is converted into a hash value and stored within the blockchain. The unique
characteristics of hash algorithms ensure that the data cannot be tampered with, thus maintaining
transaction integrity and validity. In the Metaverse ecosystem, hash algorithms and timestamp are
applied to ensure data integrity and confidentiality, while timestamps provide traceability for data.

5.1 Hash Algorithm

A hash algorithm is a method that converts messages of arbitrary length into a fixed-length output,
and it falls under the category of cryptography. These algorithms are characterized by their one-way
function, which means that deducing the input value from the hash value is not feasible. They are
also designed to exhibit weak and strong collision resistance: it should not be possible to find two
different inputs that result in the same hash value, and discovering any pair of distinct inputs that
produce the same hash value is infeasible. While the input can be arbitrary, the output hash value
is consistently fixed in length [48].

The primary hash algorithm utilized in blockchain is HASH-256, which produces a 256-bit hash
value typically represented in a 64-character hexadecimal format. The implementation process
includes initializing constants, appending length values to the original message, and iterating
through loops to derive the final hash value.

5.2 Timestamping

Timestamping is a technical method used to assign a mark to a data segment, facilitating the
verification of its integrity and establishing the time of existence [6]. The working principle
of timestamp is shown in Fig. 4. A timestamp comprises three components: the file digest, the
timestamp server’s receipt time of the file, and the server’s signature. The formation of a timestamp
follows a defined process: the user applies a hash algorithm to the file, submits the processed file to
a timestamp server for the timestamp application, and upon receipt, the server performs signature
processing on both the hash value and the time record. The completed timestamp is then returned
to the user, finalizing the timestamping process.
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Fig. 4. The Working Principle of Timestamping.
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5.3 Application

The proposal and development of Metaverse ecology have led to the widespread application of
blockchain in the Metaverse. Hash algorithms and timestamp play a significant role in ensuring
the security of Metaverse ecology through blockchain [55]. These technologies are essential for
blockchain functions such as block confirmation, the ordering of blocks, safeguarding data security,
and verifying transaction integrity.

Fig. 5 shows the hash algorithm and timestamp application in the blockchain. In the context of
the Metaverse ecology, substantial amounts of data must be stored on the blockchain. The data is
converted into hash values using hash algorithms, and a Merkle root is created based on a Merkle
structure, which is then included in the block header alongside a timestamp before being added to
the main chain. This process completes the uplinking operation of crucial data [7]. By utilizing hash
algorithms and timestamp, the security and integrity of the blockchain data can be maintained,
ensuring that the uploaded data in the Metaverse remains secure and intact.
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‘P{ Hash 1234 H Merkle Root
Transaction 1 [—Hash®|  Hash3 ] :
|
: Timestamp
Transaction 1 —Hash#| Hash 4 — :
|
)

Fig. 5. Hashing Algorithms and Timestamps in Blockchain.

In Block Header

The application of hash algorithms and timestamp protects data security within the Metaverse
ecosystem. However, the extensive data involved in the ecosystem can lead to inefficiencies and
increased costs. Consequently, future considerations may involve limiting the data uploaded to
the blockchain to only core information while employing alternative data storage and encryption
methods. Hash algorithms and timestamp applications have expanded to areas such as digital
signatures and intellectual property protection. Future developments may further enhance the
applications of these technologies within the Metaverse ecosystem.

5.4 Summary

Hash algorithms and timestamp are critical components of blockchain, providing security for data
integrity. As blockchain continues to be integrated into the Metaverse ecosystem, these technologies
will play a pivotal role in ensuring data security and integrity. Ongoing advancements in hash
algorithms and timestamp suggest that they will perform additional functions and see increased
applications within the Metaverse in the future.

6 SMART CONTRACTS

The future of the Metaverse is anticipated to be decentralized, allowing users to participate in
its management. Blockchain’s central consensus mechanism enables self-trust among user nodes,
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while hash algorithms and timestamping technologies ensure data security. Smart contracts are the
foundation for decentralized governance, facilitating user involvement in managing the Metaverse.

6.1 Concepts

The concept of smart contracts was introduced in 1995, but it gained significance only after
the advent of Bitcoin. With the rise of blockchain, smart contracts have become integral to its
functionality. A smart contract stores the rules and logic of a pre-agreed arrangement on the
blockchain, executing its terms when specific conditions are met. Automation, programmability,
tamper-proof features, and decentralization characterize this process [44]. A common real-world
example of a smart contract is the operation of vending machines.

Fig. 6 shows the smart contract creation process. Smart contracts operate by encoding the
commitments of participating users into code. This code encompasses the required executions,
states, scenarios, and actions that trigger the contract, accompanied by a description of the rules
[25] [29]. The source code is compiled into a system-required format [21] [3] (bytecode for the
blockchain) before being integrated into transaction data. This transaction data is transmitted
through a P2P network and stored on the blockchain. Each contract is assigned a unique contract
address, which records and tracks its details. The smart contract verifies the state of its internal
conditions and scenarios and then sends the eligible contract for validation [24]. This contract
propagates to verification nodes, which sign off upon successful verification. The execution of the
contract begins once a consensus is reached.

Iterative Verification

Y

|
. Formal | Formalized Contract -
Smart Contract | Design Contract | IBuild|  Contract
Contract Formal
Content Standard o e Source Code
Specification | Standard Verification :

A

Constraints

Constraints

Law

Fig. 6. Smart Contract Creation Process.

6.2 Application

Decentralization is a primary requirement within the Metaverse, encompassing governance and
financial systems that rely on blockchain, specifically smart contracts. These contracts can be utilized
in various aspects of the Metaverse, including social interactions, organizational management, and
even decentralized governance. Additionally, smart contracts play a significant role in decentralized
finance, GameFi, the digital economy of the Metaverse, and trading platforms [50].

The role of smart contracts in the Metaverse ecosystem is shown in Fig. 7. In a decentralized
Metaverse ecosystem, no central authority allows smart contracts to manage the environment
effectively. This framework aligns with user demands for decentralization, enabling all users to col-
laborate on contract content and execute agreements independently. Each user is assigned a unique
identification, and multiple users can create a smart contract through mutual agreement. Signing
the smart contract validates user participation and ensures the agreed terms are implemented. Once
deployed on the blockchain, smart contracts are accessible for viewing and verification by all users,
fostering trust in the contract’s validity and facilitating decentralized governance and financial
interactions without reliance on third-party intermediaries.
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Fig. 7. The Underlying Blockchain for Smart Contracts in Metaverse.

Smart contracts possess specific characteristics that contribute to user trust. Firstly, the content
and rules of a smart contract are established through mutual agreement among users, ensuring
recognition and acceptance by all parties involved. Once a smart contract is activated and entered
into the blockchain, it is stored in a distributed manner, which prevents arbitrary tampering. The
automatic execution of the contract’s terms upon triggering predefined conditions minimizes
human intervention and potential errors [17] . This inherent fairness and impartiality in execution
lend credibility to smart contracts.

Additionally, applied research continues to advance smart contracts, focusing on enhancing
their efficiency and intelligence. Smart contracts are primarily utilized in simple booking scenarios,
often structured around IF-THEN logic. Future developments aim to adapt smart contracts to
diverse scenarios and improve their formulation and execution processes [16]. Although they
already demonstrate enhanced efficiency compared to traditional contracts, further improvements
in storage efficiency and other areas are still possible.

However, smart contracts also face security risks. The visibility of distributed storage allows
for the potential exposure of vulnerabilities that malicious actors could exploit. Addressing these
vulnerabilities requires significant time and resources, highlighting the importance of developing
multifaceted solutions, particularly within Metaverse applications, to mitigate potential losses
caused by such security issues [26] [2].

6.3 Summary

Smart contracts hold significant implications for the Metaverse, providing the foundational technical
architecture for decentralized governance models and financial systems. They enable programmable
and automated execution mechanisms, facilitating decentralization within the Metaverse ecosystem.
Continued development and refinement of smart contracts are essential for their integration within
the Metaverse. Initially adapted for blockchain, smart contracts have evolved into a foundational
element that underpins the architecture of the Metaverse. They are central to enabling decentral-
ization, serving as a core component of decentralized governance and finance. The implementation
of smart contracts facilitates user participation in Metaverse management, contributing to the
realization of decentralization.
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7 DISTRIBUTED STORAGE

In the era of big data, data sensitivity and security have become increasingly prominent concerns,
particularly within the context of the Metaverse ecosystem. For users to trust that their actions
within this digital environment are genuine and effective, they must have control over their data.
Distributed storage provides a framework for users to maintain ownership of their information. In
a blockchain system, every node retains complete block data, and mechanisms such as consensus
protocols, data transmission standards, and verification processes ensure the authenticity and
security of this data. Thus, distributed storage not only facilitates decentralization within the
Metaverse ecosystem but also lays the foundation for automation, helping to foster user trust.

7.1 Distributed Storage in Blockchain

Distributed storage is a technique for managing data by distributing datasets across multiple
locations [1]. This approach is fundamental to blockchain, where each node stores the entirety of
the blockchain’s data. Key characteristics of distributed storage necessitate that data requirements
remain consistent across different nodes to ensure data integrity. If any node fails to sustain, the
system remains operational, and data continuity is maintained through network protocols.

Blockchain safeguards against tampering and ensures data verifiability, thus maintaining data
consistency across nodes through hash and timestamps. The system’s resilience allows it to continue
functioning generally despite node failures, and recovery mechanisms enable the restoration of
block data. Additionally, network disruptions do not impede the functioning of operational nodes,
and disconnected nodes can reintegrate seamlessly once network connectivity is restored.

7.2 Application

The Metaverse ecosystem is a digital representation closely connected to the physical world,
resulting in substantial data requirements. Effective storage solutions are critical for developing the
Metaverse to manage this extensive data landscape. Two primary types of storage are prevalent
today: centralized storage and decentralized distributed storage [15]. While centralized storage
offers a variety of devices with strong enhancements and mature market compatibility, its centralized
nature can conflict with the Metaverse’s demand for decentralization. This centralization can create
dependencies that may become bottlenecks in data processing capacity.

Conversely, decentralized distributed storage aligns more closely with the objectives of the Meta-
verse, featuring simple architecture, scalability, and suitability for automation. In this model, data is
distributed across nodes, creating redundancy and improving security and efficiency. By promoting
decentralization and automation, distributed storage is an essential factor in the sustainable and
secure operation of the Metaverse ecosystem, assisting in the management of data flow within this
digital environment.

Distributed storage aims to optimize the efficiency of storing and utilizing large volumes of
data within the Metaverse ecosystem while maintaining data security. The requirements of the
Metaverse include a robust distributed storage solution with guaranteed data security. Blockchain
provides a suitable framework for distributed storage due to its characteristics of high redundancy,
decentralization, and strong security. It ensures all block data is completely stored across each
node, contributing to its permanence [14]. In this architecture, the authority of a central node is
distributed among all nodes, enhancing efficiency through a peer-to-peer transmission protocol.
This efficiency holds substantial commercial potential for the Metaverse ecosystem.
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7.3 Exploration of Distributed Storage

BitTorrent (BT) is an early solution for centralized storage, employing a peer-to-peer file transfer
model that eliminates the need for central authority in data transmission. Users who receive files
can then share them with others; however, the absence of an incentive mechanism can lead to
the loss of files during transmission if not retained. The blockchain-based public chain Tiangui
MEMO, developed by Chinese scientists, is pivotal in facilitating distributed storage within the
Metaverse ecosystem. It establishes a significant technical architecture for both distributed storage
and national strategic technological infrastructure [19].

The Interplanetary File System (IPFS) protocol represents a prominent application of distributed
storage. It integrates established concepts such as Distributed Hash Tables (DHT), Self-Authenticating
File Systems (SFS), Merkle Directed Acyclic Graphs, Version Management Systems (Git), BT pro-
tocols, and blockchain to enhance file storage and content distribution. DHT serves as a routing
function to assist user nodes in locating data, while SFS addresses file naming for efficient trans-
mission. The Merkle Directed Acyclic Graph enables content addressing, avoids data duplication,
and protects against tampering. The Version Management System assists with file updates and
historical version retrieval.

In comparison to HTTP, the IPFS protocol utilizes content addressing, accommodates greater
decentralization, provides faster download speeds, and offers more economical storage solutions.
Its capabilities include permanent file storage that resists tampering, secure encryption algorithms
[10], and an architecture composed of eight layers: the application layer, naming layer, file layer,
object layer, switching layer, routing layer, network layer, and identity layer [46]. As shown in
Table 1. The IPFS protocol enhances the coordination of file content across multiple users, supports
permanent storage, and aims to improve efficiency while minimizing resource waste.

Table 1. Eight-Layer Protocol Stack of IPFS.

Layer Description

Identity Layer Peer identity information generation.

Network Layer Arbitrary transport layer protocols: ICE and NAT traversal.

Routing Layer Elifsgﬁzz;[;ejfloppy Hash Table (DSHT) locates peers and stores required object
Exchange Layer Manages block distribution.

Object Layer Merkle-DAG: Content-addressable, tamper-proof, deduplicated object links.
File Layer Git-like versioned file system.
Naming Layer Assigns and modifies names for objects.
Application Layer Applications running on IPFS utilize nearest-node service provision to improve

efficiency and reduce costs.

7.4 Summary

In the context of advancing toward the Metaverse, distributed storage serves as a fundamental tech-
nology within the Metaverse ecosystem. Numerous technology enterprises are actively exploring
distributed storage, although the practical applications currently in use are limited and face certain
technical challenges. For instance, the scale of nodes remains relatively constrained, and service
quality lacks established standards and guarantees. Additionally, there is a need to improve the
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incentive layer, specifically regarding data valuation and the balance of incentive mechanisms. The
protocol layer requires optimization of code to enhance data reading and writing capabilities and
to improve overall efficiency [8].

As a foundational technology in the Metaverse ecosystem, distributed storage has significant
potential for enhancement, ensuring it can effectively support the extensive data requirements of
the Metaverse and provide a solid foundation for its development. Distributed storage supports
decentralization in the Metaverse ecosystem, enabling true decentralization in data storage. It is
also integral to blockchain, as distributed storage facilitates smart contracts, distributed ledgers,
and NFTs, making it essential within the Metaverse framework.

8 DISTRIBUTED LEDGER

Bitcoin often exemplifies Distributed ledger, which operates on blockchain principles. Bitcoin
represents a digital currency that relies on a distributed ledger. In this system, a miner node engages
in mining operations to obtain the bookkeeping rights for a block, which the system rewards
[43]. Once the node secures these rights, it stores Bitcoin transactions for a specified duration
in a new block, links the block to the blockchain, and broadcasts the information to other nodes.
Upon receiving the broadcast, these nodes verify and store the data, resulting in the cumulative
recording of Bitcoin transactions within a distributed ledger. This established application illustrates
the characteristics and advantages of distributed ledgers.

8.1 Concepts

The basic architecture of the distributed ledger is shown in Fig. 8. A distributed ledger functions
as a shared, replicated, and synchronized database among network participants. Its distributed
nature is closely related to distributed storage. In contrast, distributed storage focuses primarily on
content storage, and distributed ledgers are concerned with recording transactions among member
nodes and maintaining an auditable historical record of all transactions within the network.

As an innovative database form, a distributed ledger ensures that all member nodes possess
a copy of the ledger, with any changes reflected across all copies. This process occurs rapidly
in a peer-to-peer network, promoting swift communication and data transfer. Decentralization,
tamper-proof attributes, and ease of traceability characterize the distributed ledger [27].

8.2 Application

In a completely decentralized financial system within the Metaverse ecosystem, the assets generated
and contributed by users play a critical role in facilitating the flow of financial activity. A ledger
that ensures the legitimacy, traceability, and validity of transactions is essential to this ecosystem.
Given the Metaverse’s decentralized nature, the ledger must also be decentralized, accessible to all
users, and efficient in operation [12].

The requirements for this ledger within the Metaverse ecosystem suggest that a distributed
ledger offers a suitable solution. Distributed ledgers feature storage across multiple nodes, ensuring
decentralization and tamper-resistance, as each node retains all transaction records. All transaction
data must be validated before being uploaded and broadcasted, ensuring that the information
recorded on the blockchain is legal and valid [31].

Additionally, due to the inherent qualities of blockchain, data stored on the distributed ledger
has a permanent existence, facilitating the secure retention of all transactional records for future
reference [23] [28]. Peer-to-peer transmission of bookkeeping data allows efficient traversal across
all nodes, thus enhancing bookkeeping efficiency and improving reconciliation processes. This
design also addresses transaction trust issues, increasing transactional efficiency and minimizing
resource wastage resulting from trust-related challenges [40].
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Fig. 8. Distributed Ledger Infrastructure.

The application of distributed ledgers is particularly prominent in finance, aligning well with
the financial systems of the Metaverse. As a core technology, distributed ledgers will provide
foundational ledger services for the financial system within this ecosystem. In addition to hardware
support, the efficacy of distributed ledgers depends on various underlying blockchain technologies,
including consensus mechanisms, smart contracts, node ledger data, and node communication
protocols, collectively enhancing security. The governance mechanism oversees nodes’ organiza-
tional structures and interactions with the distributed ledger, while regulatory support establishes
protocols and technologies to optimize ledger design and functionality [32]. Regular maintenance
and updates of the distributed ledger contribute to its overall security.

Distributed ledgers demonstrate advantages such as decentralization, peer-to-peer transmission,
data integrity, and traceability through a combination of hardware architecture and underlying
software. These qualities contribute to establishing a reliable, efficient ledger system for financial
operations within the Metaverse, forming the foundation for transaction platforms and trust
mechanisms in this ecological environment.

8.3 Summary

The distributed ledger, which serves as the foundational blockchain, supports the requirements
of a decentralized Metaverse ecosystem. It enables a decentralized financial system within the
Metaverse, enhances transaction efficiency, reduces costs, and emerges as a central technology for
this environment. Distributed ledger has found numerous applications and continues to evolve,
significantly focusing on integrating with the Metaverse ecology. This integration is essential
because the Metaverse serves as a key application for distributed ledgers. It enables users to convert
real assets into Metaverse assets. As distributed ledger evolves within this ecosystem, it also expands
its applications and functionalities in the Metaverse [35].
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9 NON-FUNGIBLE TOKENS

The Metaverse gives users confidence in its ecosystem through decentralization, a feature further
supported by a decentralized financial infrastructure. This arrangement assures users of the financial
system’s safety, encouraging them to invest assets within the Metaverse, which subsequently
necessitates a means to verify asset rights within the environment.

9.1 Concepts

Non-fungible tokens (NFTs) are a type of blockchain-based asset distinguished from fungible tokens
such as Bitcoin. Fungible tokens represent uniform currencies where each unit is interchangeable,
while non-fungible tokens maintain uniqueness and irreplaceability. This distinction signifies that
the properties of NFTs—uniqueness, traceability, and indivisibility—provide significant advantages
for asset verification [49].

The functionality of NFTs is realized through a process that begins by assigning a unique
identifier to the item intended for tokenization. This identifier must represent the item and ensure
its uniqueness. The identifier is then tokenized and placed on a public blockchain chain. The
general process includes selecting a suitable blockchain public chain, developing smart contracts
on that chain while adhering to established standards, and then deploying these contracts to create
a decentralized application (DApp). The identification data and contract rules are stored on the
blockchain, thus creating the NFT and facilitating the storage of ownership information that can
be displayed and modified by the smart contract. The working principle of NFT is shown in Fig. 9.
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Fig. 9. The Working Logic for NFTs.

9.2 Application

The Metaverse facilitates decentralized finance, enabling users to engage with the financial systems
within the Metaverse with a level of trust. By integrating their assets into this ecosystem, users can
earn and circulate assets, contributing to the active nature of the financial system. In contrast to
the traditional financial landscape, where asset ownership is validated through currency issued
by centralized institutions, the Metaverse operates without such central authorities. It raises the
question of how individuals can prove their ownership of assets in a decentralized environment.

In the Metaverse, all assets are digital, and there is a significant demand for decentralized methods
to validate ownership. Non-fungible tokens (NFTs) play a crucial role in establishing ownership of
assets within the Metaverse ecosystem. Decentralized finance ensures that real-world assets are
incorporated into the Metaverse. At the same time, NFTs validate ownership rights, confirming
that the asset is uniquely attributed to the user who injected it and recognized throughout the
Metaverse ecology. NFTs confirm the uniqueness of asset ownership and establish recognition
within the entire ecosystem [45].

Once ownership is confirmed, economic circulation can occur within the Metaverse. As assets
change hands, NFTs can update ownership information, and all transaction details can be recorded
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on a public blockchain. This process enhances asset safety during circulation and allows for
traceability to the asset’s origin. The operational capabilities of NFTs regarding asset authentication
and traceability address trust issues that can arise during transactions in the Metaverse. Information
stored on the public chain gains consensus recognition among Metaverse users, establishing a
transparent framework where asset ownership is visible and verifiable by all parties.

The presence of NFTs can alleviate trust problems between transaction parties, thereby improving
transaction efficiency and reducing resource waste associated with trust issues. Additionally, NFTs
authenticate asset ownership and safeguard copyrights within the Metaverse [18]. Users can create
digital objects and utilize NFTs to assert and protect the rights to their creations.

Beyond asset authentication and copyright protection, the functionalities of NFTs can extend
to identity verification within the Metaverse. Users’ various identities can be minted into NFTs
and recorded on the public chain, providing a basis for verifying the authenticity of user identities.
This application of NFTs facilitates the operation of identity validation in a decentralized manner,
simplifying processes within the Metaverse ecosystem overall [5].

9.3 Future Directions

NFTs are characterized by their uniqueness, indivisibility, non-replicability, and traceability. They
are widely used for the authentication of virtual assets and the digital certification of physical
assets. On some occasions, NFTs are primarily traded as a form of cryptocurrency. These places
have adopted more liberal policies regarding public blockchains and secondary markets, resulting
in a greater availability of NFTs. It has led to a supply that often exceeds demand, with many
high-priced NFTs frequently being traded and speculation occurring in the market [37].

On other occasions, NFTs are primarily viewed as digital collectibles. Regulatory approaches to
the public blockchain are more stringent, prompting the use of alliance chains—networks formed
by specific groups—with lower degrees of decentralization. This results in reduced circulation
of NFTs and heightened regulation of the secondary market to mitigate speculative risks and
financial concerns. Consequently, pricing tends to be cheaper and more uniform. Regardless of
future developments, the trajectory indicates a direction toward integration within the Metaverse
ecosystem, where NFTs serve a core role.

9.4 Summary

NFTs function as blockchain tokens with distinct features such as uniqueness, indivisibility, trace-
ability, and non-replicability, serving as critical infrastructure within the Metaverse ecosystem [11].
Within this context, NFTs facilitate asset verification and copyright protection, primarily focusing
on asset authentication. This capability underpins decentralized finance in the Metaverse, contribut-
ing to integrating real and virtual economies, enhancing the efficiency of financial transactions,
and fostering a more streamlined financial system.

10  CONCLUSION

This study highlights the central role of blockchain in building the Metaverse’s infrastructure,
focusing on key components such as decentralization, consensus mechanisms, hash algorithms,
smart contracts, distributed storage, ledgers, and NFTs. Together, these technologies create a secure,
transparent, and decentralized foundation. Decentralization, a core tenet of blockchain, addresses
governance and financial requirements within the Metaverse. Consensus mechanisms foster trust
among participants in a decentralized environment, while smart contracts enable automated gover-
nance and expanded functionality. Hash algorithms and timestamping enhance security, whereas
distributed storage and ledgers optimize data integrity and transactional transparency. NFTs enrich
the Metaverse economy by enabling verifiable asset ownership without centralized intermediaries.
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Though marked by rapid growth, the Metaverse is still in its early stages. Blockchain’s flexibility
and alignment with its core requirements position it as a vital enabler. As both technologies evolve,
blockchain will drive future innovations and bridge virtual and physical worlds.
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