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to gain competitive advantages and support long-term company growth
in the contemporary digital economy.
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1. INTRODUCTION

Since its launch in 2008, blockchain technology has drawn a lot of attention as a game-
changing invention that has the power to improve transaction traceability, automate
payments, and transform interactions. Because it is decentralized, there is no need for
centralized authorities, and all participating nodes use cryptographic verification to ensure
that records are secure, synced, and unchangeable.

Artificial intelligence (Al) has emerged as a key technology at the same time and is expected
to drive a $13 trillion market by 2030. AI makes it possible for robots to gather information
from large datasets produced by social media, IoT devices, and other sources, learn from it,
and adapt. Traditional centralized Al models, on the other hand, run the danger of data
manipulation and provenance issues, which could result in incorrect decision outputs.
Decentralized Al processes and analyzes safely shared data stored on the blockchain to
provide a solution by fusing blockchain and Al technology. Through the independent
governance of transactions and decision-making processes enabled by blockchain's smart
contracts, this decentralized method guarantees trust and authenticity without the need for
middlemen. By allowing autonomous systems to grow, adapt, and make decisions that can be
verified, these smart contracts improve accountability and transparency among decentralized
networks of autonomous agents.
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Figure 1: A framework for the supply chain ecosystem, which is supported by blockchain
technology and artificial intelligence

The application of blockchain technology with artificial intelligence (AI) in the fields of
banking, supply chain management, and cryptocurrency promises to reduce costs, increase
efficiency, and stimulate creativity. Businesses may achieve sustainable growth in a digitally
transformed ecosystem by optimizing processes, improving decision-making accuracy, and
using safe data exchange and decentralized learning.

2. LITERATURE REVIEW

Choi, and Huang (2021) investigates the ways in which blockchain technology,
cryptocurrencies, and artificial intelligence (AI) connect within the context of the financial
industry. Their research, which is described in full in the article "Fintech with Artificial
Intelligence, Big Data, and Blockchain," which was published by Springer Singapore,
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investigates the ways in which these developments are transforming financial institutions.
The distributed ledger that blockchain uses improves the transparency and security of
transactions, while artificial intelligence helps to optimize decision-making through the use of
predictive analytics and automation. Together, they make it possible to conduct financial
operations in a more timely and effective manner, hence opening up new doors for innovation
and disruption in the conventional financial sector.
Kumar et.al (2023) provide a contribution to the understanding of the integration of artificial
intelligence and blockchain technology in business by means of a bibliometric-content study
that was published in "Information Systems Frontiers." Specifically, they shed information on
developing tendencies and the ever-changing environment in which various technologies
intersect. The purpose of this study is to identify the primary topics, research paths, and
practical applications that are pushing the integration of artificial intelligence with blockchain
technology across a variety of businesses. The findings of this research are extremely
important for companies that want to take use of these technologies in order to gain a
competitive edge and improve their operational efficiency.
Vijayakumar (2021) focuses on the empirical investigation of the impact that the use of
artificial intelligence and blockchain technology has on the annual revenue growth of small
and medium-sized businesses (SMEs) in the United States. This study, which was published
in the "International Journal of Business Intelligence and Big Data Analytics," offers
empirical evidence that supports the hypothesis that there is a positive link between the use of
Al-blockchain technology and the rise of revenue opportunities. Vijayakumar highlights the
transformative potential of these technologies for small and medium-sized enterprises
(SMESs) by analyzing data from the real world. He emphasizes the role that these technologies
play in boosting productivity, innovation, and market competitiveness.
Hosen et al. (2022) provide a detailed overview of artificial intelligence (AI), blockchain
technology, and cryptocurrencies, detailing the current landscape as well as future directions.
The work that they have done, which was published in the proceedings of the "International
Conference on Emerging Technologies and Intelligent Systems," investigates the ways in
which these technologies are influencing the financial services industry. In this article, the
writers explore recent developments, obstacles, and possible applications. They also provide
insights into regulatory issues and strategic consequences for players in the banking industry.
Kartskhiya et.al (2020) focuses on the role that digital technologies play in the growth of the
digital economy as well as its use in supply chain management. The findings of their
research, which were published in the "International Journal of Supply Chain Management,"
investigate the ways in which digital advances, such as artificial intelligence and blockchain,
might improve supply chain operations. These technologies make it possible for businesses to
improve their overall supply chain performance in the digital era by streamlining their
processes, lowering their expenses, and increasing their level of transparency when it comes
to traceability and efficiency.
3. BLOCKCHAIN AND AIl: TRANSFORMATIVE TECHNOLOGIES FOR
BUSINESS GROWTH
i. Blockchain
Blockchain is a distributed, unchangeable digital ledger intended for documenting
decentralized transactions between peers in a network. It is made up of a series of blocks,
each of which has exchanges for assets like Bitcoin and Ether and transaction information.
Blockchain nodes can execute smart contracts, which improve transaction security and
enforce predetermined terms.
* Solutions for Decentralized Storage
Decentralized storage technologies like IPFS provide tamper-proof, content-addressable file
storage, making it easy to manage vast amounts of data. IPFS provides high throughput and
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accessibility even in the event that individual devices disconnect because it functions peer-to-
peer across nodes.

Table 1:The most recent developments in artificial intelligence applications and the
advantages of utilizing blockchain

edge management in order 1o reduce manual
work and faster application development

Trends Ohjective(s) Applications Blockehain Benefits
Explainable AL[9], [30] | Designing trustworthy and interpretable trans- - Healthcare - Trust

parent Al algorithms to know why the algorithm - Military - Tracing Executions

is reaching a specific decision - Autonomous Vehicles - Reliability
Digital Twins [31] Translating data and intelligence from complex - Wind Turbines - Trust

physical systems into applications and simula- - Adrcrafi Engines - Provenance

tions in digital world - Dffshore Vessels - Reliability
Auntomated  Machine | Automating the whole process of machine - Big Data Analytics - Permanence
Learning [32] learning from raw data acquisition to knowl- - Industry 4.0 Systems - Immutability

- Massive Production of
Intelligent Devices

Hybrid Learning Mod- | Combining diflerent machine learming models - Real-time - Trust
els [33] to reach better informed decisions - Decision-agnostic - Provenance
- Data source-agnostic - Performance
Lean and Augmented | Enabling transfer learning among different Al - Low data availability - Trust
Data Learning [34] applications 1o ensure high availability of rele-  applications - Provenance
vant and accurate data - Reliability

ii. Artificial Intelligence (AI)
Artificial Intelligence (Al) is the study of intelligent agents that can perceive their
surroundings and make decisions to accomplish particular objectives. Explainable Al, digital
twins, automated machine learning, hybrid learning models, and lean and augmented data
learning are some of the newest developments in Al.

e Integration of Blockchain and Al
The creation of decentralized Al applications is made possible by the integration of
blockchain with Al Through this interface, users may access reliable and secure data
platforms, making it easier to keep transparent and auditable records of the actions of Al
algorithms. It improves decision-making processes' accountability and dependability in a
variety of sectors.
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Figure 2: In regard to blockchain and Internet of Things-enabled ecosystems, an overview of
artificial intelligence systems and features
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4. HOW BLOCKCHAIN CAN TRANSFORM AI
Blockchain technology makes data storage safe and dependable, which improves Al. The
data utilized by AI algorithms is cryptographically guarded and impenetrable due to the
decentralized and immutable nature of blockchain technology. This capability is especially
important in fields where data integrity and confidentiality are critical, like healthcare,
banking, and the legal industry. Al systems may work on reliable datasets by utilizing
blockchain, reducing the hazards of data manipulation and illegal access. By strengthening
the overall dependability of Al-driven choices and improving data security, this integration
increases stakeholder trust.
Transparency and verifiability are improved when Al decision-making processes are
documented on blockchain. Blockchain's open ledger makes it possible for stakeholders to
independently verify decision-making processes, boosting trust in Al-powered systems. In
situations such as robotic swarm ecosystems, where decentralized consensus techniques
guarantee that decision outcomes are auditable and endorsed by the entire network, this
openness is essential. Blockchain's immutability promotes confidence in Al decision-making
processes by guaranteeing that decision records are traceable and impervious to tampering.
In robotic swarm ecosystems, collective decision-making is facilitated by decentralized
decision-making algorithms provided by blockchain. Automated coordination and decision-
making are possible through transparent voting procedures documented on blockchain
technology. By doing so, the requirement for centralized control is removed, enabling robots
to independently come to agreements. Because all voting transactions are transparent and
verifiable thanks to blockchain's public ledger, robotic swarms can operate more efficiently
and cooperatively.

Table 2:Integrating blockchain technology with artificial intelligence has a number of key

features and benefits.

Blockehain Al Integration Benefits

- Decentralized - Centralized - Enhanced Data Security

- Deterministic - Changing - Improved Trust on Robotic Decisions
- Immutable - Probabilistic - Collective Decision Making

- Data Integrity - Volatile - Decentralized Intelligence

= Attacks Resilient - Data-, Knowledge-, and Decision-centric | - High Efficiency

Decentralized Autonomous Agents (DAOs), which expedite data validation and transaction
execution among various stakeholders, can be created by integrating Al with blockchain
technology. AIl- and blockchain-powered DAQOs automate decision-making while
guaranteeing openness and adherence to predetermined guidelines. Through this connection,
inefficiencies related to multiparty permission procedures are reduced, increasing transaction
speed and operational efficiency in intricate corporate settings. Businesses may reduce risks,
expedite procedures, and promote innovation in a variety of industries by utilizing Al's
sophisticated analytics in conjunction with blockchain technology's safe and transparent data
handling capabilities. This integration creates the conditions for sustainable and scalable
growth in a world that is becoming more digitally connected.

5. TAXONOMY OF BLOCKCHAIN TECHNOLOGIES FOR AI APPLICATIONS

I. Decentralized AI Applications

Al applications use a variety of techniques, including learning, planning, optimization,
management, and knowledge discovery, to achieve their goal of operating autonomously. It is
difficult but necessary to achieve decentralization in Al operations in order to improve
system resilience and efficiency. For example, autonomous computing allows computers to
sense their surroundings on their own and behave according to internal states. Blockchain is
essential because it decentralizes processes and logs user, device, and system interactions.
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This makes it easier to create completely decentralized autonomous systems, guaranteeing the
reliability and openness of decision-making procedures.

In Al optimization is the process of identifying the best options given a variety of conditions
and limitations. The centralized methods used now could be inefficient. Blockchain-based
decentralized optimization techniques can enhance system performance by emphasizing
pertinent data sources and effective resource management in distributed computing settings.
This strategy improves efficiency and adaptability across systems and applications by
enabling the simultaneous execution of various optimization targets.

Al systems with planning techniques have increased resilience and operational efficiency by
providing direction for decision-making in complicated contexts. Decentralized planning
based on blockchain technology provides transparent and unchangeable plan tracking, which
is essential for mission-critical systems and vital applications. It enhances system integrity
and decision-making reliability by safely documenting and validating planning procedures.

In contemporary Al systems that process massive amounts of data, knowledge discovery and
management are essential. Decentralized solutions promise personalized knowledge patterns
that are tailored to certain user groups and system requirements, whereas centralized systems
enable wide intelligence delivery. The function of blockchain in providing traceable and safe
knowledge transfer improves stakeholder collaboration and data integrity, guaranteeing
strong Al applications in a variety of fields.

Perception techniques are used by intelligent agents in Al systems to continuously gather and
evaluate input from their surroundings. The centralized methods used now lead to
homogenous data gathering. Blockchain-enabled decentralized perception techniques provide
safe data transmission and unchangeable perception trajectory storage. This decentralized
method reduces the amount of redundant data collecting by storing only validated perceptual
outcomes and taking advantage of blockchain's durability.
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Figure 3:An artificial intelligence taxonomy for blockchain technology.
The foundation of Al applications is made up of learning algorithms, which facilitate
automation and knowledge discovery. Current learning models are dominated by centralized
infrastructure, whereas blockchain-enabled decentralized learning provides distributed and
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autonomous learning environments. Blockchain maintains data provenance and historical
correctness by ensuring safe versioning of learning models. In a variety of applications, this
method improves the dependability and confidence in Al-driven decision-making processes.
Al applications operating in broad and complicated search areas require effective search
strategies. Conventional methods depend on a centralized infrastructure to provide the best
search results. Blockchain-based decentralized implementations can safely record traversal
pathways and successful search traces, providing ideal solutions for further operations. This
method preserves the security and transparency of blockchain while improving the scalability
and efficiency of Al-driven search operations.
Creating logical principles for inductive or deductive reasoning is the process of reasoning in
artificial intelligence. Personalized techniques across application components are limited by
centralized logic. Personalized reasoning catered to certain settings such as perception,
learning, and deployment is made possible by decentralized reasoning algorithms on
blockchain. Decentralized reasoning based on smart contracts promotes creativity and
adaptability in Al applications by guaranteeing traceability and trustworthiness in decision-
making processes.

Table3: Blockchain platforms' most important characteristics and advantages

[Platform Type Architecture  PL SC DD CD Scalable DS DM
Achain [70] Public Parallel Chan ~ Glua v v X v X X
Ardor [71) Public, Parent-child Java v v v v v X
Consortium  Chain

Azure Blockchain | Consortium  BaaS Java Senipt, So- v v v v vV X

Workbench [72) lidity

Bitcoin |4) Public Single Chain C++ . v X X X X

Blocko ComnStack [73] | Private Single Chain Java, Nodejs, v v X X X

Rest APl

Chain Core [74) Private, Single Chain Java, Nodejs, ¢ v v X X X
Consortium Ruby

ChainKit by Pencil | Private, BaaS API X X X v X X

Data [75] Public

Corda [76) Open Single Chain Java v v v v v X
Source

Credits [77) Public Single Chain Java v v v v v X

Elements [78] Open Sidechain Python, C# X v X v v X
Source

Eos.10 [79] Open Single Chain (& v v v v X X
Source

Ethereum [11] Public, Single Chain Solidity v v v v v X
Open
Source

HydraChain [80] Private, Parallel Chain Python v v v v v X
Consortium

Hyperleadger [81] Private, Single Chain C++, Solidity v v v v v X
Consortium

10TA Tangle [82] Public Direct Acyclic  Python, - - . v X X

Graph Node.js
Multichain [83] Private Mamm  cham, C++, APl v v X v v v
Off-chain

Nxt Blockchan [71) Public, Single Chain Java v v X v v v
Consortium

Quorum [84] Private, Single Chain . v v = X X X
Consortium

SAP Leonardo [85] Private, BaaS Java v v X v v v
Consortium

Straus [86] Private, Main  Cham, C# v v v v
Consortium  Sidechain

II. Decentralized AI Operations
For Al systems to facilitate flexible decision-making, effective data management and storage
solutions are needed. Scalability, security, and privacy issues arise with centralized data
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storage. These problems are addressed by blockchain-based decentralized storage solutions,
which offer dispersed networks cryptographically secure data storage. For Al applications,
each node keeps an encrypted copy of the database, guaranteeing data availability while
protecting privacy and improving data security.

6. BLOCKCHAIN-ENABLED AI APPLICATIONS

Blockchain technology has completely changed artificial intelligence applications in
industries like supply chain management, finance, and cryptocurrency by enabling secure and
decentralized data processing. Blockchain technology in cryptocurrencies provides tamper-
proof and transparent transactions, increasing the dependability and confidence of digital
currency exchanges. Blockchain-integrated Al algorithms can safely examine transaction
patterns, spot irregularities, and instantly adjust trading methods, enhancing the quality of
financial decision-making.

Blockchain-enabled Al solutions in banking improve data security and provide immutable
transaction records, which streamline operations. By automating intricate financial
arrangements, smart contracts lower operating expenses and lower the chance of human error.
Blockchain's decentralized ledger is utilized by Al algorithms to do advanced analytics on
market trends, customer behavior, and risk evaluation. This allows for well-informed
investment plans and regulatory compliance.

Blockchain-enabled Al solutions in supply chain management provide transparent and
traceable logistical operations. Supply chain transactions are automated by smart contracts,
which provide real-time tracking of commodities and authenticate them all the way from the
source to the destination. Blockchain data is used by Al algorithms to improve inventory
control, forecast demand variations, and improve operational effectiveness throughout
international supply chains. This lowers costs and raises customer satisfaction.
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Figure 5:Artificial intelligence and blockchain technology are being combined for use in
banking and finance.

7. CONCLUSION

This article offers an extensive analysis and overview of the state-of-the-art at the moment for
incorporating blockchain functionality into artificial intelligence applications. It investigates
how decentralized storage and blockchain handle important Al issues, improving security,
openness, and operational effectiveness with smart contracts that automate decision-making
and immutable data records. The paper focuses on decentralized Al operations, blockchain
kinds, infrastructure, and consensus protocols. It also provides a thorough taxonomic
description and comparison of blockchain implementations. The study notes current research
obstacles in addition to highlighting blockchain's promise to facilitate intelligent multi-agent
systems and decentralized data management for Al. Enhancements to privacy, security of
smart contracts, scalability, optimizations to consensus protocols, interoperability, resilience
of quantum computing, and governance frameworks are some of these. In order to advance
blockchain-enabled AI in industries such as supply chain management, banking, and
cryptocurrency and to promote sustainable corporate growth and technical innovation in the
digital age, it is imperative that these difficulties be addressed.
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