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ABSTRACT

Blockchain technology, with its decentralized ledger and smart-contract capabilities, offers a robust framework for
addressing critical challenges in multi-agent robotic systems—namely, trustless identity management, secure peer
authentication, and fault-tolerant task coordination. In traditional architectures, centralized controllers enforce
policies and mediate interactions, creating single points of failure, scalability bottlenecks, and opportunities for
malicious interference. By contrast, a permissioned blockchain network distributes authority across participating
robots, enabling each agent to verify the provenance of messages, enforce consensus-driven agreements, and record
immutable logs of interactions. This study presents a comprehensive examination of blockchain-based robot identity
and coordination in multi-agent environments. We systematically review existing decentralized identity (DID)
schemes and smart-contract protocols, analyze their performance through statistical comparisons with centralized
baselines, and implement a Hyperledger Fabric prototype across ten heterogeneous mobile robots. Our experiments
demonstrate that on-chain identity registration and automated smart-contract—driven task allocation reduce
coordination latency by 35%, improve task completion rates by 9.8%, and shorten fault recovery times by 20%, albeit

with a 17% increase in energy consumption due to cryptographic operations.
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INTRODUCTION

Coordinated actions among multiple robots are fundamental to complex tasks in domains ranging from warehouse
automation and environmental monitoring to search-and-rescue and planetary exploration. In conventional multi-agent
systems, a centralized controller or master node assigns roles, mediates communications, and records state transitions. While
straightforward to implement, such centralized architectures introduce critical limitations: a single point of failure,
vulnerability to cyber-attacks, and limited scalability when the number of agents grows. Moreover, reliance on a trusted

intermediary contradicts the autonomy and fault-tolerance goals of distributed robotic deployments.
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Figurel.Enhancing Multi-Robot Systems with Blockchain

Blockchain—a distributed ledger technology originally designed for cryptocurrency—provides a compelling alternative. By
replicating an append-only ledger across all participating nodes, blockchain ensures that every transaction (e.g., task
assignment, position update, or inter-robot handshake) is recorded immutably and transparently. Permissioned blockchains,
such as Hyperledger Fabric, restrict participation to authenticated entities via a certificate authority, preserving privacy while
maintaining decentralization. Smart contracts—code snippets stored on-chain—automate the enforcement of coordination

rules, enabling robots to negotiate and execute tasks without external orchestration.

In the context of multi-agent robotics, blockchain can serve three core functions: (1) Decentralized Identity Management,
where each robot’s public key and metadata are registered on-chain, enabling tamper-proof authentication of peers; (2)
Automated Task Negotiation, whereby robots publish task requests and bids through smart contracts, with consensus
determining winners based on criteria like proximity, battery level, or payload capacity; and (3) Immutable Audit Trails,

capturing state transitions and sensor readings to facilitate forensic analysis and compliance with safety regulations.

However, integrating blockchain into resource-constrained robots raises challenges: cryptographic operations increase
energy consumption; consensus algorithms impose latency; and transaction throughput may limit real-time performance. To
address these issues, researchers have explored off-chain state channels to batch interactions, lightweight consensus protocols
(e.g., Proof-of-Authority), and adaptive block sizes to balance security and efficiency. Yet few studies evaluate these

techniques systematically in real-world robotic swarms.
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This manuscript fills that gap by (a) reviewing existing blockchain-based identity and coordination frameworks; (b)
conducting a statistical comparison against centralized baselines; (¢) implementing and evaluating a permissioned Fabric
network across ten mobile robots; and (d) proposing optimizations to reduce energy overhead. Our contributions illuminate

design trade-offs, quantify performance gains, and chart directions for scalable, secure multi-agent coordination.

Blockchain's Impact on Robotics

Trustless Identity
Management

:@ Ensures secure and

verifiable robot
identities without
central authority.

Focuses on reducing :?:I 4 |
energy consumption
while maintaining 22
security.

Secure Peer

Fauit-Toleram Task Authentication

Coordination
Enables robots to verify
each others
authenticity, enhancing
network security.

Facilitates reliable task
execufion even with
robot failures.

Figure-2.Blockchain’s Impact on Robotics

LITERATURE REVIEW

The intersection of blockchain and multi-agent robotics has garnered increasing attention over the past five years. Early
surveys (Afanasyev et al., 2019; Al-Rahayfeh & Afanasyev, 2019) categorized prototypical frameworks for identity
management, task delegation, and data sharing, noting the potential for tamper-proof interaction logs but lamenting the lack

of large-scale deployments .
Decentralized Identity (DID)

Decentralized identity schemes bind a robot’s public key and metadata (capabilities, hardware specs) to a blockchain profile.
Singh and Pandey’s (2025) RoboComm framework extended this concept by implementing state-channel off-chain
interactions: robots open private channels for rapid message exchange, committing only settlement transactions on-chain.
Their experiments demonstrated a 70% reduction in on-chain transaction volume, yielding lower latency while preserving

auditability .
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Smart Contracts for Task Negotiation

Smart contracts enable autonomous task auctions: robots publish tasks with associated reward parameters; peers submit bids
reflecting their cost metrics; the contract arbitrates winner selection based on provable criteria. Industrial case studies in
logistics report a 25% decrease in idle time compared to centralized auctions, as contracts enforce fair, transparent allocation

without human oversight.

Consensus Mechanisms and Performance

Selecting an appropriate consensus protocol is critical. Public blockchains rely on energy-intensive Proof-of-Work,
unsuitable for battery-powered robots. Permissioned ledgers like Fabric employ Practical Byzantine Fault Tolerance (PBFT)
or Raft, offering faster finality at lower energy cost. Hashemian et al. (2019) modeled performance of various protocols,
finding that PBFT scales to dozens of nodes with sub-second latency but incurs O(n?) communication overhead, limiting

deployments to hundreds of robots at most .

Energy Consumption Trade-Offs

Cryptographic operations—signature verification, hash computation—constitute a non-trivial portion of a small robot’s
power budget. MDPI’s 2023 study on environmental monitoring robots showed that optimizing block sizes from 100 KB to

50 KB and reducing mining difficulty by 30% cut energy per transaction by 15%, albeit at a modest increase in fork risk .

Real-World Applications

During the COVID-19 pandemic, blockchain-enabled delivery robots coordinated without central controllers, sharing
payload status and sanitization logs on-chain to ensure compliance and safety. In autonomous warchouse systems,
Fabric-based identity networks prevented rogue devices from joining, reducing security incidents by 40%. These case studies
underscore blockchain’s promise—but also highlight the need for integrated IoT-blockchain architectures and

edge-optimized consensus.

STATISTICAL ANALYSIS

In order to quantify the performance impact of blockchain integration, we conducted 100 experimental runs comparing a
centralized RPC-based coordination system against our permissioned blockchain prototype. Metrics include coordination

latency, task completion rate, fault recovery time, and per-mission energy consumption.

Table 1. Comparative Performance Metrics across 100 Runs in a 10-Robot Deployment

Metric Centralized System | Blockchain System | Observed Change
Coordination Latency (ms) 120 78 -35%
Task Completion Rate (%) 82 90 +9.8%
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Fault Recovery Time (s) 4.5 3.6 -20%
Energy Consumption (Wh/mission) 15.2 17.8 +17%
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Figure-3. Comparative Performance Metrics across 100 Runs in a 10-Robot Deployment

A two-sample t-test confirms that the reduction in coordination latency is statistically significant (t(198)=22.3, p<0.001), as
is the decrease in fault recovery time (t(198)=11.8, p<0.001). The task completion improvement likewise shows significance
(x*(1)=12.5, p<0.001). While energy consumption increases under blockchain, the trade-off yields substantial reliability

gains.
METHODOLOGY

To assess blockchain’s viability, we implemented a permissioned Hyperledger Fabric network across ten TurtleBot-based

mobile platforms, each equipped with a Raspberry Pi 4 (quad-core ARM CPU, 4 GB RAM), LiDAR, and wheeled drivetrain.

1. Network Setup
o Certificate Authority (CA): A central CA issued X.509 certificates to each robot, embedding a unique
device identifier and public key.
o Peers & Orderers: Five peer nodes (one per two robots) and three ordering service nodes (Raft consensus)
formed the network. Block generation was configured at 1 s intervals.
2. Chaincode Design
o Identity Chaincode: Functions for registering new robot identities, verifying certificates, and revoking

compromised nodes.
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o Task Allocation Chaincode: Procedures to publish tasks (location, payload), collect bids (distance,
battery level, estimated completion time), and commit winner selection via a weighted scoring function.

o State Logging Chaincode: Periodic logging of robot position, battery status, and task progress.

3. Off-Chain Channels

o To reduce on-chain load, we established state channels between peer clusters for rapid message exchange.

Only open and close transactions were committed on-chain.
4. Experiment Protocol

o Tasks: Area coverage (mapping a 10 x 10 m grid) and object retrieval (picking colored cubes).

o Metrics Collection: Custom scripts recorded timestamps for task dispatch, bid submission, and
confirmation. Energy usage was tracked via INA219 power sensors. Faults were simulated by randomly
deactivating one robot per run.

5. Baseline
o A centralized ROS Master mediated identity and task coordination via JSON-RPC over Wi-Fi. All other

hardware and task parameters matched the blockchain setup.

RESULTS

Our experiments reveal pronounced improvements in coordination performance and robustness under the blockchain

paradigm:

e Latency: Mean confirmation time for task acceptance dropped from 120 ms in the centralized system to 78 ms
on-chain (-35%), owing to parallel endorsement and consensus pipelining across peers. State-channel batching
further reduced peak latency under high load by an additional 10%.

e Task Completion: The blockchain system achieved a 90% success rate versus 82% under centralized control.
Immutable health logs enabled rapid detection of underperforming nodes, allowing smart contracts to reassign tasks
within 1 s, compared to 2.5 s in the baseline.

e Fault Recovery: Simulated node failures saw 3.6 s recovery on-chain (—20%) versus 4.5 s centrally. This speedup
derives from automated enforcement of fallback policies embedded in chaincode, eliminating human-in-the-loop
arbitration.

e Energy Overhead: Cryptographic operations increased average per-mission consumption to 17.8 Wh (+17%).
However, tuning block size from 100 KB to 60 KB and employing Proof-of-Authority reduced this overhead to
15.9 Wh—within 5% of the baseline—while maintaining sub-second finality.

e  Scalability: Throughput peaked at 150 TPS under Fabric’s Raft consensus, accommodating swarms up to ~50
robots before latency exceeded 200 ms. Off-chain channels extended capacity further but require dynamic channel
management protocols to handle churn.

e Security & Auditability: All state transitions and interactions were cryptographically signed and recorded,
enabling post-mission forensics with end-to-end traceability. No unauthorized messages were accepted during

penetration tests, validating the identity chaincode’s revocation mechanism.
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CONCLUSION

This work demonstrates that integrating permissioned blockchain frameworks into multi-agent robotic systems substantially
enhances reliability, transparency, and autonomy. On-chain identity management eliminates single points of failure and
mitigates rogue-agent risks, while smart-contract—driven task allocation automates fair, consensus-based coordination.
Although cryptographic operations introduce energy and latency overheads, our optimizations—state-channel batching,

lightweight consensus, and block-size tuning—successfully balance security and efficiency.

Key takeaways include:

Decentralized Trust: Removing centralized controllers fosters robust operation under adversarial conditions and

network partitions.

e Automated Enforceability: Smart contracts codify coordination policies, enabling rapid fault recovery and
dynamic task reassignment without human intervention.

e  Scalability Strategies: Off-chain channels and PoA consensus extend capacity, but require sophisticated channel
and membership management for large swarms.

e Energy-Latency Trade-Offs: Practical deployments must calibrate cryptographic parameters to mission duration

and power budgets, potentially leveraging hardware accelerators for crypto primitives.

Future research should explore interoperability across heterogeneous blockchain platforms, integration with Al-driven
consensus (e.g., adaptive leader selection), and secure oracles to incorporate external sensor data without inflating on-chain
payloads. Enhanced SDKs tailored for robotics and standardized DID protocols will further lower adoption barriers.
Ultimately, blockchain-empowered swarms can achieve unprecedented levels of coordination and trust, enabling

transformative applications in logistics, environmental science, and beyond.
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