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Abstract: With the rapid development of blockchain technology, its application in
distributed systems has attracted widespread attention. Blockchain technology is a
decentralized database based on the concept of a distributed ledger that records the origin
of digital assets. The revolutionary nature of this technology lies in its unique properties of
making digital assets immutable and transparent, which are achieved through
cryptographic hashing techniques and decentralized mechanisms. Blockchain is considered
a revolutionary technology that reduces risk and minimizes fraud by increasing the
transparency and scalability of transactions. Includes data consistency, smart contract
implementation and related design challenges. Through case studies in finance, supply
chain management, and healthcare, the article demonstrates the potential of blockchain
technology to improve system transparency, security, and efficiency. The development
trend of blockchain technology and its impact on future distributed systems are presented
with directions and suggestions for further research. The study shows that blockchain
technology not only provides new ideas for the design of distributed systems, but also
demonstrates its application value in a number of fields, but also faces technical, regulatory
and implementation challenges.

1. Introduction

In recent years, the rapid development of blockchain technology and its wide application in
various fields have attracted extensive attention from both academia and industry[1]. As a
decentralized distributed ledger technology, blockchain has not only made remarkable
achievements in the field of cryptocurrency, but also demonstrated great potential in optimizing the
design and application of distributed systems[2]. Blockchain technology solves many of the key
problems in traditional distributed systems, such as data consistency, system security, and
operational transparency, through its core features - decentralization, immutability, and
transparency.

The purpose of this paper is to discuss in depth how blockchain technology can be applied to the
design and optimization of distributed systems, and to analyze its application effects and challenges
through actual cases. First, we will review the basic concepts of blockchain technology and its main
features to lay the foundation for the subsequent discussion[3]. Then, the article will explore the

24



specific applications of blockchain technology in distributed system design, covering smart
contracts, data consistency and system performance optimization[4]. Subsequently, we will
demonstrate the application value and challenges of blockchain technology in real-world scenarios
through detailed analysis of application cases in finance, supply chain management and
healthcare[5]. Finally, the article will look forward to the development trend of blockchain
technology and put forward suggestions for future research. By systematically analyzing and
discussing the application of blockchain technology in distributed systems, this article aims to
provide valuable references and insights for researchers and practitioners in related fields in order to
promote the further development and application of blockchain technology[6].

2. Overview of blockchain technology

Blockchain technology, as a decentralized distributed ledger technology, initially became widely
known for its application in the cryptocurrency space[7]. At its core, it is a decentralized consensus
mechanism by storing data in a chain structure in the form of blocks[8]. The blockchain and its
associated tracking capabilities can provide a complete trajectory of transaction data review for
each touch point in the supply chain and add a verifiable, transparent and immutable record in the
form of digital certificates to the product's database[9]. As such, it will help improve the traceability
of supply chain networks[10]. Blockchain technology enables data consistency and integrity in the
absence of a centralized administrator through a consensus mechanism of distributed network nodes.
Consensus Algorithm in Blockchain: Proof of Work (PoW):
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The decentralized nature of blockchain is one of its most significant benefits. In traditional
centralized systems, all data is stored on a central server, which makes the system vulnerable to
single point of failure and malicious attacks. Blockchain, on the other hand, decentralizes the
storage of data in multiple nodes through a distributed network structure, a structure that reduces the
risk of a single point of failure and improves the robustness and resistance to attack of the system.
Each node maintains a complete copy of the ledger, ensuring high data availability and consistency.

The immutability of blockchain technology provides for the security of data. Once data is written
to the blockchain and confirmed by network nodes, it cannot be altered or deleted. This feature is
particularly important for application scenarios that require highly trusted data records, such as
financial transactions, medical records and supply chain management. Blockchain ensures data
integrity and authenticity through cryptography and consensus algorithms, making data tampering
and forgery extremely difficult, showed in Figure 1:
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Blockchain Transaction Validation Times Across Nodes
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Figure 1: Blockchain Transaction Validation Times across Nodes

Smart contracts, as an important application of blockchain technology, further expand the
functions of blockchain. Smart contracts are self-executing, immutable contract terms that define
contract rules and conditions through program code, and once the conditions are met, the contract
will be executed automatically. This automated feature reduces the involvement of intermediaries
and improves the efficiency and transparency of transactions. The application of smart contracts in
finance, supply chain, and digital identity verification demonstrates their great potential in
automating and de-trusting transactions.

3. Distributed system design

In the design of distributed systems, the application of blockchain technology brings many
innovative solutions. With the social development and changes in the market economic
environment, enterprises gradually apply supply chain technology to all management activities of
enterprises, and use the nodes and chains and other characteristics of supply chain technology to
realize the upgrading of enterprise management. The application of blockchain technology in
distributed systems explores how blockchain can optimize the design of the traditional distributed
system by improving data consistency and realizing the function of smart contracts. This part
focuses on how blockchain solves data synchronization and consistency problems and brings new
design ideas. Finally, Design Challenges and Solutions looks at the challenges in performance,
scalability, and security that may be encountered in practical applications, and proposes
corresponding solutions and optimization strategies. Together, these sub-titles build a
comprehensive understanding of the application of blockchain technology in distributed system
design, covering the whole process from basic concepts to practical applications to solving
real-world problems.

3.1. Basic concepts of distributed systems

A distributed system is a system in which computational tasks are distributed across multiple
computational nodes to achieve collaborative work. These nodes are connected through a network
and collaborate to accomplish common goals. Compared with traditional monolithic systems,
distributed systems not only improve the fault tolerance and reliability of the system, but also
enhance the scalability of the system by spreading the processing and storage tasks over multiple
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computing nodes. Each node has independent computing and storage capabilities when performing
tasks, and each node in the system communicates through the network to achieve data sharing and
task coordination, showed in Figure 2 :
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Figure 2: System Load vs Response Time across Different Architectures

One of the core characteristics of distributed systems is transparency. In an ideal distributed
system, users and applications do not need to know the exact internal structure of the system and the
distribution of data. The system is designed to hide the effects of network latency and node failures
so that users experience similar simplicity and consistency of operation as they would with a single
computer system. Transparency contributes to the usability of the system and the ease of use for
users, while reducing the need for complex network and node management.

Consistency and synchronization are key challenges in the design of distributed systems.
Ensuring consistency of data and synchronization of system state across all nodes becomes complex
as data and computation tasks are distributed across multiple nodes. To achieve consistency,
distributed systems use various protocols and algorithms such as two-phase commit protocols and
consensus algorithms. These protocols ensure that the system maintains data consistency and
reliability in the face of node failures or network segmentation.

Fault tolerance and reliability is another important aspect of distributed system design. In a
distributed system, the failure of a single node does not lead to the collapse of the entire system.
The system is designed to be more fault tolerant through redundancy, data backup and fault
detection mechanisms. For example, data can be replicated across multiple nodes so that if one node
fails, other nodes can continue to provide services. The fault-tolerant design of the system not only
enhances the reliability of the system, but also ensures that the system can maintain stable and
efficient operation in the face of various potential problems.

3.2. Common Distributed System Architectures

The architectural design of a distributed system directly affects the performance, scalability and
reliability of the system. Client-server architecture is one of the most basic and widely used
distributed system architectures. In this architecture, clients send requests to servers, and servers
process these requests and return responses. Supply chain finance is a financing business innovation
model that integrates and develops logistics, information flow and capital flow to solve the problem
of capital demand in the supply chain, provide convenience for both sides of the enterprise industry
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transaction, and form a close chain structure suitable for enterprise development. Therefore, in
large-scale applications, additional load balancing mechanisms and server clusters are usually
required to improve performance and scalability.

Peer-to-Peer (P2P) architecture is another common distributed system architecture in which all
nodes have the same rights and capabilities to directly share resources and exchange information. In
a P2P network, each node can act as either a client or a server, and the advantage of this architecture
is that there is no single point of failure, and the system is more scalable and robust.P2P
architectures are widely used in file sharing, blockchain, and decentralized applications, but they
also face challenges such as node management and network consistency.

Three-Tier Architecture (TTA) is an architectural design that improves system maintainability
and scalability by dividing system functionality into a representation layer, a business logic layer,
and a data layer. The representation layer is responsible for user interface and user interaction, the
business logic layer handles core application logic and computation, and the data layer is
responsible for data storage and management. The three-layer architecture reduces the complexity
and coupling of the system by separating different functional modules, and improves the flexibility
and maintainability of the system.

Microservices Architecture (MSA) is a distributed system architecture that splits system
functions into multiple independent services, each of which is responsible for a specific business
function and communicates through APIs. The advantages of this architecture lie in the
independence and modularity of services, making the development, deployment and maintenance of
the system more flexible. The microservice architecture supports the diversity of the technology
stack and continuous integration. With the support of containerization and automation tools,
microservice architecture can effectively deal with the complexity of large-scale applications.

3.3. Blockchain in Distributed Ledger and Smart Contracts

One of the core innovations of blockchain technology is the distributed ledger, which enables
decentralized data management by chaining data records in the form of blocks stored on multiple
nodes. In traditional database systems, data is managed by centralized servers, which can lead to
data tampering, loss, or consistency issues. Blockchain, on the other hand, ensures data
transparency and consistency by synchronizing the updated copy of the ledger across all
participating nodes. Each block contains the hash value and transaction records of the previous
block, which ensures the tamperability and integrity of the data and improves the security and trust
of the system. This characteristic of distributed ledger makes it has a wide application potential in
the fields of financial transaction, supply chain management and data sharing.

Smart contracts are another important application of blockchain technology that simplifies the
process of executing transactions and contracts by writing business rules and protocols into
automatically executable code. Smart contracts automate the execution of contract terms in a
decentralized manner on the blockchain network, ensuring that the terms of the contract are strictly
adhered to. This automated nature not only increases the efficiency and transparency of transactions,
but also reduces the need for intermediaries and human intervention. Smart contracts are widely
used in financial services, insurance claims, real estate transactions, etc. By automatically enforcing
contract terms, it reduces disputes and errors during contract execution.

The combination of distributed ledgers and smart contracts provides new solutions for various
applications. In supply chain management, distributed ledgers can track goods from production to
delivery, while smart contracts can automate the execution of supply chain contracts, ensuring that
all parties to a transaction fulfill their responsibilities according to predetermined terms. In finance,
smart contracts can automate the execution of financial contracts, loans, insurance and securities
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transactions, reducing operational costs and risks. In healthcare, storing and sharing medical records,
smart contracts can ensure data privacy and compliance. Scalability issues with blockchain
technology limit efficiency and speed when processing large numbers of transactions, and code
security issues with smart contracts can lead to potential vulnerabilities and attacks. In addition,
imperfections in technology and laws and regulations may affect the popularization and
implementation of blockchain applications. Therefore, continuous exploration and research in
technology optimization and regulation improvement are needed in the future to overcome these
challenges and promote the widespread application of blockchain technology.

4. Blockchain-powered distributed systems use cases

In the financial sector, the application of blockchain technology has significantly changed the
way the traditional financial system operates. Blockchain technology eliminates the reliance on
intermediaries by providing a decentralized trading platform, thereby reducing transaction costs and
processing time. For example, cryptocurrencies such as Bitcoin and Ether use blockchain
technology to enable decentralized payment and transaction systems, increasing the security and
transparency of transactions. In addition, blockchain technology supports decentralized finance
(DeFi) applications that provide various financial services such as lending, trading and asset
management through smart contracts, further driving financial innovation and efficiency.

Supply chain management is another area that has significantly benefited from blockchain
technology. The distributed ledger nature of blockchain allows every link in the supply chain to
update and share data in real time, thereby increasing transparency and traceability in the supply
chain. For example, certain companies use blockchain technology to track the entire process from
raw material sourcing to final product delivery, ensuring that data at every step of the process is
accurate and tamper-proof. This transparency not only helps to improve the efficiency of the supply
chain, but also effectively combats counterfeiting and enhances consumer trust in the origin and
quality of products.

In the field of healthcare, blockchain technology has likewise demonstrated its unique
application value. Through distributed ledger technology, medical data can be stored and shared
securely, and patients' medical records can flow seamlessly between different medical institutions
while ensuring data privacy and security. Smart contracts can reorganize and convert the basic
information of the business of both parties in the supply chain transaction, accurately capture the
most appropriate transaction method, reduce a large amount of labor and time costs, and ensure that
the blockchain management achieves high efficiency. It can be used to manage electronic medical
records, drug supply chain and clinical trial data, thus enhancing data transparency and traceability.
In addition, the application of smart contracts in health insurance claims can automate the
processing of claims requests, reducing the risk of manual intervention and fraud, and improving
the efficiency of claims processing.

The public service sector has also gradually begun to explore the application of blockchain
technology. Blockchain helps supply chain finance realize the wholeness of its own system, ensures
the efficient improvement of supply chain financial service performance, and promotes the
realization of effective communication and service upgrading of each enterprise in the supply chain
finance chain. Blockchain can be used to manage public records and digital identity verification,
such as voter registration, land registration and social welfare distribution. Certain countries and
regions have attempted to utilize blockchain technology to achieve voter identification and ballot
counting, thereby improving the fairness and transparency of elections. In land registration,
blockchain technology can provide tamper-proof records of land ownership, reduce land disputes
and streamline transaction processes. These applications demonstrate the potential of blockchain to
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enhance the transparency and efficiency of public services.
5. Conclusion

Blockchain technology, as a revolutionary distributed system solution, significantly improves the
security, reliability, and efficiency of system design by virtue of its decentralized, tamper-proof, and
transparent characteristics. In this paper, we explore in detail how blockchain technology can be
applied to the design of distributed ledgers and smart contracts, demonstrating its wide range of
applications and significant effects in finance, supply chain management, healthcare, and public
services.

By analyzing the application of blockchain in distributed ledgers, we recognize that blockchain
technology can effectively improve data consistency, transparency, and the system's resistance to
tampering. In addition, the introduction of smart contracts not only automates the contract execution
process and reduces the need for intermediaries, but also improves the efficiency and accuracy of
transactions. Blockchain technology is a front-loaded information technology for enterprises, which
is fully integrated into the development of enterprises to realize the integrated development of the
industry and ensure the efficient progress of enterprises.

With the continuous development and maturity of blockchain technology, we can foresee that its
application in distributed system design will be more extensive and in-depth. Technology
optimization and regulation improvement will be the key to promoting the popularity of blockchain
applications. Further research and practice will help to solve the current challenges and promote the
application of blockchain technology in various fields to achieve higher value and effect, and its
application in distributed systems provides an important support and innovation impetus for future
technological progress and social development.

References

[1] Wu G, Lai X, He D.et al. Improving byzantine fault tolerance based on stake evaluation and consistent
hashing[J].Peer-to-Peer Networking and Applications, 2024, 17(4):1963-1975.D01:10.1007/s12083-024-01700-3.

[2] Hongmei Z .A Cross-Border E-Commerce Approach Based on Blockchain Technology[J].Mobile Information
Systems, 2021, 2021(4):1-10.DOI:10.1155/2021/2006082.

[3] Chang S E, Chen Y C, Wu T C .Exploring blockchain technology in international trade: Business process
re-engineering for letter of credit[J].Industrial management & data systems, 2019, 119(8):1712-1733. DOI: 10.
1108/IMDS-12-2018-0568.

[4] Li S .Structure Optimization of e-Commerce Platform Based on Artificial Intelligence and Blockchain Technology
[J]. Wireless Communications and Mobile Computing, 2020, 2020(12):1-8.D0I:10.1155/2020/8825825.

[5] Zhonghua C, Goyal S B, Rajawat A S .Smart contracts attribute-based access control model for security & privacy
of loT system using blockchain and edge computing[J].Journal of supercomputing, 2024, 80(2):1396-1425.

[6] Lahbib A, Toumi K, Laouiti A,et al. Blockchain based distributed trust management in 10T and 1loT: a survey[J].
The Journal of Supercomputing, 2024, 80(15):21867-21919.D01:10.1007/s11227-024-06286-4.

[7] Wang R, Liu H, Wang H,et al. Distributed Security Architecture Based on Blockchain for Connected Health:
Architecture, Challenges, and Approaches[J].IEEE Wireless Communications, 2019, 26(6):30-36.DOI: 10.1109/
MWC.001. 1900108.

[8] Hussien H M, Yasin S M, Udzir S N l,et al. A Systematic Review for Enabling of Develop a Blockchain Technology
in Healthcare Application: Taxonomy, Substantially Analysis, Motivations, Challenges, Recommendations and Future
Direction[J].Journal of Medical Systems, 2019, 43(10):1-35.D0I:10.1007/s10916-019-1445-8.

[9] Zzhang Y, Liang Y, Zhang W X .A blockchain-enabled learning model based on distributed deep learning
architecture [J]. International journal of intelligent systems, 2022, 37(9):6577-6604.

[10] Bozorgasl Z, Foroozan H, Khooban G M H .New Trends on Digital Twin-Based Blockchain Technology in
Zero-Emission Ship Applications[J].Naval engineers journal, 2021, 133(3):115-135.

30





