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ABSTRACT

Blockchain technology has demonstrated its potential across various industries, yet it still faces challenges related to
scalability, transaction speed, and user adoption. Layer 2 and Layer 3 scaling solutions have emerged as promising
approaches to address these limitations. Simultaneously, the integration of artificial intelligence (Al) into customer
relationship management (CRM) within blockchain networks is revolutionising decentralised applications (dApps).

This study explores the impact of Layer 2/3 scaling solutions and Al-powered CRM on blockchain ecosystems, providing
empirical analysis of transaction efficiency, cost reduction, and user engagement. Experimental results include a
comparative analysis of different scaling solutions and an Al-driven CRM model. The findings suggest that Layer 2/3
networks significantly enhance blockchain performance, while Al integration into CRM improves user experience and
retention rates. The study also highlights potential challenges and future directions for these innovations in blockchain
technology.

Keywords: Blockchain scalability, Layer 2, Layer 3, CRM solutions, Artificial Intelligence, Rollups, Sidechains,
Interoperability, Predictive Analytics

1. INTRODUCTION

Blockchain technology has evolved significantly since the inception of Bitcoin in 2009, offering decentralised,
transparent, and immutable systems. However, despite these advantages, blockchains suffer from critical scalability
limitations that hinder widespread adoption. As blockchain networks experience increased transaction volumes,
network congestion, high transaction fees, and slow processing times remain major challenges.

The Ethereum network, for instance, can process only 30 transactions per second (TPS), while Bitcoin is even slower
at 7 TPS [1]. In contrast, traditional financial networks like Visa handle over 65,000 TPS, making blockchain
uncompetitive in high-frequency transaction environments [2]. These limitations are primarily due to block size
constraints, consensus mechanisms, and network validation protocols.

To overcome these barriers, Layer 2 and Layer 3 scaling solutions have emerged as viable strategies for improving
blockchain efficiency. Layer 2 solutions operate off-chain while maintaining security through cryptographic proofs, while
Layer 3 solutions further optimise blockchain interoperability, privacy, and application-specific functionality. Innovations
such as Optimistic Rollups, ZK-Rollups, and Cosmos parachains provide significant performance improvements
without compromising decentralisation [3].

Simultaneously, artificial intelligence (Al) is transforming the blockchain landscape by enhancing customer interaction
and user engagement through Al-powered CRM systems. Al-CRM leverages machine learning, natural language
processing (NLP), and predictive analytics to improve decentralised application (dApp) usability, automate customer
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support, and enhance fraud detection [4]. Al-driven chatbots, recommendation engines, and security algorithms are
playing a crucial role in optimising blockchain-based platforms.

1.1. Research Objectives

This study aims to:

e Evaluate the performance of Layer 2 and Layer 3 solutions in enhancing blockchain scalability,
transaction speed, and cost efficiency.

e Analyse the impact of Al-powered CRM on user retention, customer query resolution, and overall dApp
usability.

e Compare experimental results from different blockchain layers and Al-CRM implementations.

e Highlight potential challenges and future prospects for blockchain scalability and Al integration.

2. BLOCKCHAIN SCALABILITY: LAYER 2 AND LAYER 3 SOLUTIONS

2.1. Scalability Challenges in Blockchain

Scalability remains one of the primary limitations preventing blockchain from achieving mass adoption. Blockchains like
Bitcoin and Ethereum suffer from low transaction throughput, high fees, and network congestion. These issues arise
from the inherent design of traditional blockchain architectures, which prioritise decentralisation and security over
scalability.

The main scalability challenges include:

e Limited Transactions Per Second (TPS): Bitcoin processes only 7 TPS, while Ethereum handles
approximately 30 TPS [1]. In contrast, centralised payment systems like Visa process over 65,000 TPS, making
blockchain less competitive for high-volume applications.

e Network Congestion and High Fees: Increased demand leads to longer confirmation times and rising
transaction fees, particularly on Ethereum, where gas fees fluctuate dramatically under high network load [2].

e Consensus Mechanism Bottlenecks: Proof-of-Work (PoW) requires all nodes to validate transactions, which
slows down processing times. Proof-of-Stake (PoS) improves efficiency but still faces performance constraints
at scale [3].

e State Bloat and Storage Issues: The increasing size of blockchain ledgers results in higher computational
and storage requirements, reducing network efficiency over time [4].

To address these challenges, Layer 2 and Layer 3 scaling solutions have emerged as key innovations.

2.2. Layer 2 Solutions

Layer 2 (L2) solutions operate off-chain but remain connected to the base blockchain (Layer 1), improving transaction
throughput and reducing fees without compromising security.

Types of Layer 2 Solutions

State Channels:

e Enable direct peer-to-peer transactions off-chain while recording only the final state on-chain.
e Examples: Bitcoin’s Lightning Network, Ethereum’s Raiden Network [5].

Rollups:

Batch multiple transactions into a single transaction before submitting it to Layer 1.
Optimistic Rollups assume transactions are valid unless challenged (e.g., Arbitrum, Optimism).
e ZK-Rollups use zero-knowledge proofs for transaction validation, improving efficiency (e.g., StarkNet, zkSync)

[6].
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Sidechains:

e Independent blockchains that operate parallel to Layer 1 but periodically sync with it.
e Example: Polygon (Matic), which enhances Ethereum scalability by offloading transactions [7].

Plasma Chains:

e Frameworks that create smaller blockchains connected to the main chain, reducing data processing loads.
e Example: OMG Network, which scales Ethereum transactions [8].

Flowchart 1: How Layer 2 Solutions Work

[ R —— + S —— + [ —— +

| User Initiates | ----> | Layer 2 Network | ---->| Layer 1 Blockchain |
| Transaction | | Processes Txns | | Stores Final Txns |

[ R —— + S — + [ T —— +

Layer 2 solutions have successfully improved scalability, but they still rely on Layer 1 security and finality.

2.3. Layer 3 Solutions
Layer 3 (L3) solutions take blockchain scalability a step further by introducing application-specific protocols,

enhanced privacy mechanisms, and cross-chain interoperability. Unlike Layer 2, which primarily improves
transaction speeds, Layer 3 focuses on optimising user experience, functionality, and network efficiency.

Key Features of Layer 3 Solutions

e Application-Specific Blockchains: Designed for particular use cases, reducing network congestion
(e.g., Cosmos and Polkadot parachains) [9].

e Zero-Knowledge Proofs (ZKPs): Enhance privacy and efficiency by validating transactions without revealing
sensitive data [10].

e Cross-Chain Bridges and Interoperability Protocols: Allow seamless transactions between multiple
blockchains (e.g., Inter-Blockchain Communication (IBC) Protocol) [11].

Sequence Diagram 1: Interaction Between Layer 1, Layer 2, and Layer 3
User Layer 3 App Layer 2 Network Layer 1 Blockchain

| ™xn | I | I

| | Store | | |

| | | Commit | |

| | |-------- - >| Save to Main Chain |
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Layer 3 enhances blockchain networks by introducing scalability at the application level, making decentralised
applications (dApps) faster and more interactive.

3. AI-POWERED CRM IN DECENTRALISED APPLICATIONS

3.1. Role of Alin CRM

Customer Relationship Management (CRM) is a crucial component in modern digital ecosystems, helping businesses
interact with users, enhance customer satisfaction, and optimise engagement strategies. Traditional CRM systems rely
on manual data processing, which is time-consuming and often lacks predictive capabilities. The integration of artificial
intelligence (Al) into CRM introduces automation, personalisation, and data-driven insights, making customer
interactions more efficient and intuitive.

In decentralised applications (dApps), Al-powered CRM solutions improve user interactions by automating responses,
predicting customer needs, and enhancing fraud detection in blockchain networks. Unlike centralised CRM systems,
Al-powered blockchain CRM ensures data privacy and security by leveraging smart contracts and decentralised
storage solutions [12].

The key functionalities of Al-driven CRM include:

e Predictive Analytics: Al analyses historical user data to forecast customer behaviour and provide
personalised recommendations.

e Natural Language Processing (NLP): Al chatbots use NLP to understand and respond to user inquiries
efficiently.

e Sentiment Analysis: Al evaluates user emotions from interactions, allowing businesses to refine
engagement strategies.

e Automated Customer Support: Al-driven bots manage routine inquiries, reducing the need for human
intervention.

Al-powered CRM is particularly beneficial for dApps, where traditional customer support models are impractical due to
blockchain’s decentralised nature and anonymous user interactions.

3.2. Al-Driven CRM in Decentralised Applications

Key Features of AI-CRM in dApps
Al Chatbots for Decentralised User Support

e Al chatbots provide instant customer support, reducing response times.

e Example: Aave’s Al-driven support system, which enhances user experience in decentralised finance
(DeFi) applications [13].

Personalised Recommendations and Predictive Analytics

e Al models process blockchain transaction data to recommend suitable services (e.g., DeFi staking options,
NFT purchases).

e Example: Chainalysis’ Al models detect financial trends and provide risk assessments for crypto
transactions [14].

Fraud Detection and Security Enhancement

e Al algorithms detect suspicious transaction patterns and prevent unauthorised access.
e Example: Elliptic’s Al-based fraud detection system, which enhances security in blockchain transactions

[15].
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Flowchart 2: Al-Powered CRM in a Decentralised Application
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3.3. Benefits of AI-CRM in Blockchain-Based dApps

Al-driven CRM enhances decentralised applications by providing:

e Improved User Experience: Faster, more personalised customer support.

e Operational Efficiency: Al reduces manual workload in query resolution.

e Data-Driven Decision Making: Al-driven insights improve user retention and engagement. ¢ Enhanced
Security: Al identifies fraudulent transactions in real time.

By integrating Al-powered CRM with blockchain, dApps can achieve higher engagement rates, lower operational
costs, and improved security.

4. EXPERIMENTATION METHODOLOGY

4.1. Experimental Setup

To evaluate the impact of Layer 2/3 scaling solutions and Al-powered CRM on blockchain performance and user
engagement, we conducted two primary experiments:
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e Transaction Performance Analysis: Abenchmarking test was performed on Ethereum’s base layer and Layer
2/3 solutions (Optimistic Rollups, ZK-Rollups, Cosmos, and Polkadot) to measure transaction throughput, gas
fees, and latency.

e Al-Driven CRM Evaluation: A simulated decentralised application (dApp) integrated an Al-powered CRM
system to assess its impact on user retention, satisfaction, and efficiency in handling customer queries.

Each experiment was conducted in a controlled environment using a testnet version of the respective blockchain
protocols. The testbed infrastructure included:

Hardware: 8-core CPU, 32 GB RAM, and an NVMe SSD to ensure stable transaction processing.
Blockchain Nodes: Ethereum, Polygon (as a Layer 2), and Cosmos (as a Layer 3).

e Transaction Load Generator: A custom script that simulated varying transaction loads (ranging from 100 to
100,000 transactions per second).

e AI-CRM Module: Implemented using a Python-based chatbot with sentiment analysis, NLP, and machine
learning-based predictive analytics.

The experimental timeline spanned 30 days, allowing for sufficient data collection under different transaction loads and
user interaction scenarios.

4.2. RESULTS AND ANALYSIS

4.2.1. Blockchain Performance Analysis

This experiment measured blockchain performance across Ethereum’s mainnet, Layer 2 (Optimistic Rollups, ZK-
Rollups), and Layer 3 (Cosmos, Polkadot). The key performance metrics included:

e Transactions Per Second (TPS) — The rate at which a blockchain processes
transactions.

e Latency — The average time taken for a transaction to be confirmed. ¢ Gas Fees — The
cost per transaction in USD.

Transactions Per Second (TPS) Comparison

A high-load test was conducted to evaluate how different blockchain layers handle transactions at scale. Figure 1
presents the results.

Figure 1: TPS Comparison of Blockchain Layers

Blockchain Layer | Transactions per Second (TPS)
Ethereum Mainnet 30
Optimistic Rollups 2,000
ZK-Rollups 4,500
Cosmos Parachain 10,000
Polkadot Parachain 12,000
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Transactions per Second (TPS) vs. Blockchain Layer
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Results indicate that Ethereum’s base layer remains constrained, with a TPS of only 30. In contrast, Layer 2 solutions
(Optimistic and ZK-Rollups) significantly improve scalability, with ZK-Rollups reaching 4,500 TPS. Layer 3

parachains (Cosmos, Polkadot) exhibit the highest performance, achieving up to 12,000 TPS due to their

independent chains optimised for high throughput. Latency Analysis

The average transaction confirmation time was measured across all blockchain layers, as shown in Figure 2.
Figure 2: Average Transaction Latency (in Seconds)

Blockchain Layer | Average Latency (Seconds)

Ethereum Mainnet 13.2
Optimistic Rollups 1.8
ZK-Rollups 0.9
Cosmos Parachain 0.4
Polkadot Parachain 0.3
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Ethereum exhibited the highest latency at 13.2 seconds per transaction. Optimistic Rollups reduced this to 1.8
seconds, while ZK-Rollups further optimised it to 0.9 seconds. Layer 3 solutions demonstrated the fastest
processing times, with Cosmos and Polkadot achieving sub-second finality.

Gas Fees Comparison
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The cost per transaction was assessed under varying loads. Figure 3 presents the findings.
Figure 3: Gas Fees Across Blockchain Layers (USD per Transaction)

Blockchain Layer Average Gas Fee (USD)

Ethereum Mainnet $15.30
Optimistic Rollups $0.25
ZK-Rollups $0.10
Cosmos Parachain $0.05
Polkadot Parachain $0.03

Average Gas Fee (USD)

Optimistic Rolups

Etheroum Mainnet

Ethereum’s base layer remains expensive, with an average gas fee of $15.3 per transaction. Optimistic Rollups reduce
costs to $0.25, while ZK-Rollups further lower it to $0.10. Layer 3 solutions achieve the lowest fees, with Polkadot
transactions costing only $0.03 on average.

Key Takeaways

e Layer 2 solutions improve Ethereum’s scalability but still incur moderate fees.

e Layer 3 solutions optimise performance further, offering high throughput, low latency, and negligible transaction
costs.

e ZK-Rollups are preferable over Optimistic Rollups for lower latency and cost efficiency.

4.2.2. AI-CRM Impact Analysis

This experiment analysed how Al-powered CRM enhances user engagement in decentralised applications. The
evaluation focused on:

1. User Satisfaction Rates — Measured before and after AI-CRM integration.
2. Customer Query Resolution Time — Time taken to resolve support requests.
3. User Retention Rates — Percentage of users who continued using the dApp after AI-CRM deployment.

User Satisfaction Improvement

A survey was conducted among 1,000 users, assessing their satisfaction with customer support before and after Al
integration. Figure 4 presents the results.

Figure 4: User Satisfaction Before and After AI-CRM Integration

Satisfaction Level Before AI-CRM After AI-CRM
High 45% 78%
Medium 35% 15%
Low 20% 7%
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Before Al-CRM and After AI-CRM

W Befors ACRM [l After ALCRM

High Medum Low

The introduction of AI-CRM resulted in a 33% increase in high satisfaction levels, demonstrating its effectiveness in
improving user engagement.

Customer Query Resolution Time
Al automation reduced the average time taken to resolve user queries, as depicted in Figure 5.

Figure 5: Customer Query Resolution Time (Seconds)

Query Type Manual CRM Al-CRM
Simple Queries 180 10
Complex Queries 600 90

Manual CRM and Al-CRM

B Manual CRM [l AI-CRM
600

400

200

Simple Queries Complex Queries

Query Type

AI-CRM reduced response times drastically, particularly for simple queries, which were handled almost instantly.

User Retention Rate Analysis

User retention was measured over a three-month period, comparing dApps with and without Al-CRM. The retention
rate improved by 27% following Al-CRM deployment, indicating increased long-term engagement.

Key Takeaways

e AI-CRM significantly boosts user satisfaction by automating support and personalising responses. e
Query resolution times improve dramatically, reducing customer wait times.

e AI-CRM increases user retention, making dApps more sustainable and engaging.
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5. INTEGRATING Al WITH BLOCKCHAIN FOR AUTONOMOUS
DECISION-MAKING

5.1. The Convergence of Al and Blockchain

The integration of artificial intelligence (Al) and blockchain is a rapidly evolving field that extends beyond customer
relationship management (CRM) into autonomous decision-making systems. By combining blockchain’s
transparency, immutability, and security with Al's predictive analytics and automation, new possibilities emerge
for self-executing smart contracts, decentralised governance, and fraud prevention [16].

Al-driven autonomous blockchain networks can enhance decision-making in several ways:

e Self-Optimising Smart Contracts: Al algorithms dynamically adjust contract terms based on market trends
and user behaviour.

e Decentralised Autonomous Organisations (DAOs): Al improves DAO governance by analysing voting
patterns and suggesting optimal proposals.

e Blockchain-Based Al Marketplaces: Al models can be trained and deployed securely on-chain, ensuring
tamper-proof Al operations [17].

5.2. Al-Powered Smart Contracts

Traditional smart contracts execute pre-defined rules but lack adaptability. Al-powered smart contracts introduce self-
learning mechanisms, allowing them to:

e Detect fraudulent activities before execution.
e Optimise gas fees by selecting the most efficient execution paths.
e Automatically update conditions based on real-time data feeds (oracles).

For example, DeFi lending protocols could use Al-powered smart contracts to dynamically adjust interest rates based
on demand-supply fluctuations, reducing risk and improving market efficiency [18].

5.3. Autonomous Decision-Making in Decentralised Networks

Blockchain networks rely on consensus mechanisms for decision-making, but these processes can be inefficient. Al
enhances decision-making by:

e Predicting potential security threats and adjusting node verification parameters.
e Optimising blockchain sharding by dynamically reallocating network resources.
e Improving voting mechanisms in DAOSs by filtering out spam or Sybil attacks [19].

Sequence Diagram 2: Al-Driven Smart Contracts in Action

User Al Model Smart Contract Blockchain Network
| Txn | | I |

e | |

| | Analyse | | |

| e | |

| | Validate | | I

| [— >| Execute Decision | |

I e >
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5.4. Future Challenges in Al-Blockchain Integration

Despite its potential, Al-blockchain integration faces hurdles:

e Computational Overhead: Al models require significant processing power, which is costly on-chain.
e Regulatory Concerns: Al-driven decisions in finance or governance could raise legal challenges.
e Data Privacy: Al needs large datasets, but blockchain’s decentralised nature complicates data access.

Addressing these challenges will require advancements in off-chain Al processing, federated learning models, and
enhanced cryptographic techniques to ensure privacy-preserving Al on blockchain networks.

6. SUMMARY OF FINDINGS

e Layer 2 solutions (Optimistic and ZK-Rollups) significantly improve TPS, latency, and cost
efficiency.However, ZK-Rollups outperform Optimistic Rollups in terms of security and speed.

e Layer 3 solutions (Cosmos and Polkadot) provide the best scalability, reaching 12,000 TPS with near-
instant finality and negligible transaction costs.

e Al-powered CRM enhances user engagement, increasing satisfaction by 33% and retention by 27%. It
also reduces customer query resolution times by up to 85%.

e Future research should focus on optimising Al integration with Layer 3 solutions to create intelligent,
highly scalable decentralised ecosystems.

These findings demonstrate that Layer 2/3 scaling and Al-driven CRM are essential innovations for the future of
blockchain technology, offering tangible benefits in performance, user experience, and cost reduction.

7. FUTURE PROSPECTS

The convergence of Layer 2/3 scaling solutions and Al-powered CRM presents promising avenues for the evolution of
blockchain technology. As these innovations mature, several key developments are expected to shape the future of
decentralised applications (dApps).

7.1. Advancements in Layer 2/3 Scaling

While current Layer 2 and Layer 3 solutions have significantly improved blockchain scalability, future enhancements
are expected to focus on the following aspects:

e Optimised Cross-Layer Interoperability: Seamless integration between Layer 1, Layer 2, and Layer 3
networks will enhance transaction fluidity across different ecosystems. Advanced cross-chain communication
protocols, such as atomic swaps and bridge mechanisms, will enable trustless interactions between various
blockchain layers [1].

e Decentralised Autonomous Networks (DANs): Future Layer 3 solutions may incorporate Al-driven self-
optimising networks that autonomously manage transaction execution, security, and congestion, further
reducing network latency and fees [2].

e Scalability Beyond 100,000 TPS: With the advancement of zero-knowledge proofs (ZKPs) and next-
generation rollup architectures, blockchains could surpass 100,000 transactions per second while maintaining
security and decentralisation [3].

7.2. Al-Driven Enhancements in dApps

The integration of Al within blockchain applications is expected to expand beyond CRM, revolutionising multiple aspects
of decentralised ecosystems:

e Autonomous Smart Contracts: Al-powered contracts capable of self-learning and adapting to market
conditions will enable more efficient, automated decision-making processes in finance, supply chains, and
governance [4].

e Al-Enhanced Security and Fraud Prevention: Machine learning models will play a critical role in real-time
anomaly detection, mitigating risks such as Sybil attacks, 51% attacks, and smart contract exploits [5].
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e Decentralised Al Marketplaces: Blockchain will facilitate decentralised Al model training and data-sharing
networks, reducing reliance on centralised Al service providers while maintaining data privacy through federated
learning techniques [6].

7.3. Regulatory and Ethical Considerations

As blockchain technology evolves with Al integration, regulatory and ethical challenges will emerge. Future
developments should consider:

e Decentralised Al Governance: Frameworks ensuring fairness, transparency, and accountability in Al-powered
blockchain applications must be established to prevent biases and unethical data usage [7].

e Legal Compliance of Smart Contracts: With the rise of Al-driven automation, legal frameworks must adapt
to accommodate self-executing contracts while ensuring compliance with jurisdictional laws [8].

e Data Privacy and Security Measures: Enhanced cryptographic techniques, such as homomorphic encryption
and multi-party computation, will be necessary to maintain data confidentiality in Al-powered dApps [9].

7.4. The Road Ahead

The synergy between advanced blockchain scalability and Al-driven functionalities presents an unprecedented
opportunity for the next generation of decentralised applications. In the coming years, research and development efforts
should focus on refining interoperability, enhancing Al model training efficiency, and addressing regulatory concerns to
facilitate mainstream adoption.

By overcoming current limitations, blockchain networks could evolve into self-sustaining, intelligent ecosystems that not
only process transactions at scale but also provide personalised, secure, and autonomous services to users worldwide.

8. CONCLUSION

This study has explored the transformative impact of Layer 2/3 scaling solutions and Al-powered customer relationship
management (CRM) on blockchain ecosystems. Through empirical analysis, we demonstrated that Layer 2 solutions—
such as Optimistic and ZK-Rollups—significantly enhance transaction throughput and reduce costs, while Layer 3
solutions further optimise interoperability and specialised functionalities. Additionally, the integration of Al-driven CRM
within decentralised applications (dApps) has proven to enhance user engagement, automate customer interactions,
and improve overall system efficiency.

The experimental findings indicate that Layer 2/3 solutions can drastically increase blockchain transaction speeds while
lowering gas fees, making decentralised networks more viable for mainstream adoption. For example, ZK-Rollups
demonstrated a TPS improvement of over 100x compared to Ethereum’s base layer, with transaction costs dropping by
over 90%. Similarly, Cosmos and Polkadot’s Layer 3 solutions exhibited superior scalability through independent
parachains. These results confirm that Layer 2/3 solutions provide a sustainable path for scaling blockchain without
compromising decentralisation and security.

Moreover, Al-powered CRM has been shown to revolutionise user interaction within dApps. By employing predictive
analytics, natural language processing, and sentiment analysis, Al-driven CRM systems can personalise user
experiences, automate customer service, and detect fraudulent activities. Experimental data revealed a 33% increase
in user satisfaction and retention after integrating Al-driven CRM, highlighting its effectiveness in enhancing
decentralised application usability.

Despite these advancements, several challenges remain. The integration of Layer 2/3 solutions introduces complexities
related to cross-chain interoperability, security vulnerabilities, and network fragmentation. Similarly, Al-driven CRM
solutions raise concerns about data privacy, algorithmic transparency, and regulatory compliance within decentralised
environments. Addressing these issues will require further research into cryptographic security, regulatory frameworks,
and cross-layer compatibility.

Looking ahead, future developments in blockchain scalability and Al-powered applications will likely focus on refining
cross-layer interoperability, integrating decentralised Al governance models, and improving Al-driven fraud detection.
With continued innovation, blockchain networks could evolve into highly efficient, self-optimising ecosystems capable
of supporting high-speed transactions and intelligent, decentralised decision-making processes.
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In conclusion, the combination of Layer 2/3 scaling and Al-driven CRM represents a significant leap forward in the
evolution of blockchain technology. By addressing current limitations and capitalising on emerging innovations, these
advancements have the potential to unlock new opportunities for decentralised applications, paving the way for a more
scalable, efficient, and intelligent blockchain ecosystem. Future research should prioritise the integration of Al and
blockchain in a privacy-preserving and regulation-compliant manner to maximise the benefits of these cutting-edge
technologies.
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