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ABSTRACT

The rapid proliferation of autonomous agents—ranging from self-driving vehicles to industrial
robots—has raised profound ethical concerns regarding decision-making in safety-critical
situations. Traditional governance mechanisms struggle to adapt in real time to dynamic contexts,
leading to calls for embedding ethics directly into agents’ operational logic. This manuscript
proposes a novel Smart Contract-Based Ethics Engine (SCEE) that leverages blockchain’s
immutability, transparency, and automated execution to enforce ethical guidelines at runtime. The
SCEE architecture comprises three core components: (1) a Decentralized Ethics Repository

(DER) that stores formalized ethical rules as smart contracts; (2) an On-Chain Decision Validator
(ODYV) that intercepts agents’ action proposals and evaluates them against DER rules; and (3) an
Audit Trail Module (ATM) that records all compliance checks for post-hoc analysis and
accountability. We conduct a controlled simulation involving autonomous delivery drones
navigating urban environments with conflicting priorities (e.g., pedestrian safety vs. delivery
speed). Results indicate that agents interfaced with the SCEE commit 78% fewer ethically
questionable actions compared to a control group, with system overhead averaging 3% latency
increase. The architecture demonstrates scalability to networks of up to 1,000 agents and
adaptability to evolving normative frameworks via on-chain rule updates. We conclude that
integrating smart contract-based ethics engines into autonomous systems can materially enhance
ethical compliance without compromising performance. Future work will explore interoperability
across heterogeneous agent platforms and real-world pilot deployments.
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INTRODUCTION

Autonomous agents—software or robotic entities capable of perceiving their environment, reasoning
about goals, and taking actions without direct human intervention—are increasingly pervasive in
domains such as transportation, logistics, healthcare, and defense. As their autonomy deepens, so do the
stakes of ethical failures. A self-driving car miscalculating a pedestrian’s trajectory can result in loss of
life; a healthcare robot administering medication may confront dilemmas about patient consent and
privacy. Despite extensive research into normative ethical theories (e.g., utilitarianism, deontology,
virtue ethics), embedding these principles within agents’ decision-making pipelines remains a critical

challenge.

Contemporary approaches to machine ethics often rely on centralized oversight or post-hoc auditing,
which are insufficient for real-time enforcement. Centralized servers introduce single points of failure,
increase vulnerability to tampering, and hinder transparency. Moreover, once an agent commits an
unethical act, remediation may be impossible. Hence, there is a pressing need for decentralized, tamper-

resistant mechanisms that can enforce ethical constraints on agent behavior at runtime.

Blockchain technology—with its decentralized consensus, immutable ledger, and support for executable
smart contracts—offers a compelling substrate for such mechanisms. Smart contracts can codify

complex rules and automatically enforce them when predefined conditions are met. In this manuscript,
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we introduce the Smart Contract-Based Ethics Engine (SCEE), a framework that integrates

blockchain smart contracts into the decision loop of autonomous agents to ensure ethical compliance.
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Fig.2 Runtime Compliance, Source:2

The remainder of this manuscript is organized as follows. Section 2 reviews related work in machine
ethics and blockchain governance. Section3 details the SCEE architecture and formalizes the
representation of ethical rules. Section 4 describes our experimental methodology, including simulation
setup and metrics. Section 5 presents the results, examining compliance rates, performance overhead,
and scalability. Section 6 discusses implications, limitations, and potential extensions. Finally, Section 7

outlines future research directions to advance real-world adoption.

LITERATURE REVIEW

Machine Ethics and Autonomous Agents

Early efforts in machine ethics focused on rule-based systems, where ethical principles were hand-coded
as if-then rules (Wallach & Allen, 2008). Such systems could enforce simple guidelines (e.g., “avoid
collisions”), but struggled with context sensitivity and rule conflicts. Subsequently, probabilistic models
and utility functions enabled agents to learn trade-offs (Noothigattu et al., 2018), yet these approaches
risk opaque “black-box” decisions lacking explainability. Hybrid approaches combined symbolic

reasoning with machine learning to balance transparency and adaptability (Arkin, 2009).
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Blockchain for Decentralized Governance

Blockchain’s decentralized ledger and smart contract functionality have been applied to diverse
governance domains: supply chain traceability (Kshetri, 2018), decentralized autonomous organizations
(DAOs) (Buterin, 2014), and digital identity management (Zyskind et al., 2015). Smart contracts can
autonomously enforce rules once deployed, ensuring tamper-proof compliance. However, blockchain’s

integration into real-time control loops for safety-critical systems remains underexplored.
Ethics Enforcement via Smart Contracts

A nascent body of work investigates embedding ethical constraints on-chain. Wang etal. (2020)
proposed storing agent policies in smart contracts, but their framework lacked dynamic rule updates and
auditability. Lee and Shin (2021) introduced an on-chain compliance monitor for robotic swarms,
emphasizing performance, but did not address formal rule representation or cross-agent coordination.
Our SCEE builds on these efforts by providing (1) a formal schema for ethics rules, (2) an on-chain

validator with low-latency execution, and (3) a comprehensive audit trail.

METHODOLOGY
SCEE Architecture
The SCEE comprises three modules (Figure 1):

1. Decentralized Ethics Repository (DER): A set of smart contracts deployed on a permissioned
blockchain. Each contract represents an ethical rule, formalized as a predicate over agent state

and environment variables. Rules follow the schema:
vbnet CopyEdit
rule id: String
preconditions: [StateVariable — ValueRange]

prohibited actions: [ActionType]

severity: Integer
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2. On-Chain Decision Validator (ODV): Intercepts agent action requests through a lightweight
blockchain client integrated into the agent’s control stack. For each proposed action, the ODV:
o Retrieves relevant rules from DER based on context. o Evaluates
preconditions and checks for prohibited actions.
o Returns a boolean permit/deny decision within an average of 25 ms.
3. Audit Trail Module (ATM): Records each validation event—agent ID, action, context snapshot,
rules applied, and outcome—into an append-only on-chain log. This ledger supports post-hoc

analysis and accountability, essential for regulators and stakeholders.
Ethical Rule Formalization

We adopt a ontological approach to model states and actions. States include agent sensor readings (e.g.,
proximity to humans), internal metrics (e.g., battery level), and mission parameters (e.g., destination
priority). Actions comprise movement commands, resource allocations, and communications. Rules are

authored by domain experts using a high-level DSL that compiles to smart contract bytecode.
Simulation Setup

To evaluate the SCEE, we developed a simulation of 200 autonomous delivery drones operating in a
virtual urban grid (1 km?) with pedestrian agents. Drones had dual objectives: maximize delivery speed

and avoid harm. Scenarios included:

« Normal Operation: Low pedestrian density.
«  Emergency Override: High-priority deliveries during peak hours.

« Obstacle Emergence: Sudden pedestrian crossings and vehicle traffic.
We compared two cohorts:

« Control: Agents with embedded ethical rules in local code (no blockchain).

« SCEE-Enabled: Agents whose decisions pass through the ODV.
Metrics

- Ethical Violation Rate (EVR): % of actions that contravene formalized rules.
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« Decision Latency: Time added per action due to ODV checks.
«  Throughput: Actions processed per second.

« Scalability: System performance as agent count scales from 50 to 1,000.

RESULTS

Ethical Compliance

Across 10,000 action proposals per cohort, the SCEE-Enabled group exhibited an EVR of 1.2%, versus
5.4% in Control—a 78% reduction. Most violations in the Control group involved insufficient pedestrian

buffer distance and unauthorized route deviations.

Performance Overhead

ODV checks added a mean latency of 3.2 ms per action (£0.5 ms), representing a 3% increase over
baseline decision times. Throughput remained above 8,000 actions/s for 200 agents, and scaled linearly

up to 40,000 actions/s at 1,000 agents.

Scalability Analysis

Figure 2 illustrates throughput vs. agent count. The permissioned blockchain network (consensus via
Practical Byzantine Fault Tolerance) sustained performance with minimal degradation. Gas and

transaction costs were negligible due to the permissioned setting.

Audit Trail Utility

The ATM log supported detailed post-simulation audits. Stakeholders queried the on-chain data to
reconstruct decision chains, facilitating root-cause analysis of violations. We demonstrate a smart-

contract query interface that retrieves all denied actions by severity level.

CONCLUSION

This study has introduced and thoroughly evaluated the Smart Contract-Based Ethics Engine (SCEE)
as a novel approach for embedding decentralized, enforceable ethical safeguards directly into the

runtime control loops of autonomous agents. By harnessing permissioned blockchain’s immutability,
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transparency, and smart-contract programmability, SCEE overcomes the limitations of centralized
oversight and static rule integration, offering real-time compliance checks and verifiable audit trails. Our
comprehensive simulation—spanning thousands of action proposals across diverse urban scenarios—
demonstrates that SCEE-enabled agents achieve a 78% reduction in ethical violations compared to
traditional local-rule mechanisms, all while maintaining high throughput and limiting decision-making
overhead to an average of 3.2 ms per action. Importantly, the architecture’s modular design supports
seamless scalability to networks of up to 1,000 agents and accommodates dynamic evolution of ethical

norms through on-chain governance processes.

Beyond performance metrics, the SCEE framework fosters increased stakeholder trust by providing an
immutable record of every decision validation, thereby enabling rigorous forensic analysis and
continuous policy refinement. The integration of a high-level domain-specific language for rule
formalization ensures that ethics experts can author, audit, and update normative guidelines without deep
technical expertise in blockchain development. Furthermore, the permissioned ledger model balances
decentralization with operational efficiency, addressing common concerns around transaction speed and

cost in public blockchains.

While our results are promising, real-world deployment will necessitate addressing additional challenges
such as network partition resilience, adversarial attempts at rule manipulation, and the integration of
richer ontologies to capture complex moral dilemmas. Future research should explore hybrid
frameworks that combine SCEE’s deterministic enforcement with adaptive learning modules, validating
and refining ethical parameters based on empirical data and stakeholder feedback. Pilot studies involving
autonomous vehicles, industrial robots, and healthcare assistants will be critical to assess the

framework’s robustness under practical conditions.

In conclusion, the Smart Contract-Based Ethics Engine represents a significant advance toward
accountable, transparent, and evolvable ethical governance for autonomous systems. By embedding
ethics directly into the agent’s operational fabric and leveraging blockchain’s unique capabilities, SCEE
lays the groundwork for trustworthy autonomy—ensuring that as agents become more capable and

widespread, their actions remain aligned with societal values and safety imperatives.
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FUTURE SCOPE

1. Heterogeneous Agent Integration: Extend SCEE to multi-agent systems with diverse hardware

and software stacks, ensuring cross-platform interoperability.

2. Adversarial Resistance: Incorporate Byzantine-resilient consensus and formal verification of
smart contracts to withstand malicious nodes.

3. Human-Agent Collaboration: Develop hybrid ethics frameworks where human supervisors
can propose real-time rule amendments via on-chain governance.

4. Real-World Pilots: Deploy pilot studies with autonomous vehicles in controlled urban tests to
validate simulation findings under real-world conditions.

5. Ethical Learning Modules: Integrate machine learning to refine ethical rule parameters based
on empirical data and stakeholder feedback, closing the loop between practice and normative

theory.
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