
  
 
 

131 Page 131-142 © MANTECH PUBLICATIONS 2026. All Rights Reserved 

 

Sentient Systems: A Journal of AGI Research and Ethics 

Volume 1, Issue 2, May-August 2026 

Governance-by-Design for Sentient Systems: Embedding 

Accountability, Transparency, and Ethical Oversight into Next-

Generation AGI Platforms 

 

Rajiv Nambiar1, Mohan Pillai2, Krishna Murthy3 

 

ABSTRACT 

As artificial general intelligence (AGI) platforms progress from task-oriented 

models to autonomous, self-reflective cognitive systems, traditional post-hoc 

alignment frameworks become fundamentally inadequate. Sentient AGI 

systems, characterized by recursive self-modification and dynamic 

counterfactual planning, present catastrophic risks if governance mechanisms 

are applied merely as retroactive wrappers. This paper presents a review and 

architectural blueprint for 'Governance-by-Design' (GbD) tailored for 

sentient AGI platforms. GbD embeds legal accountability, algorithmic 

transparency, and dynamic ethical oversight directly into the cognitive 

architecture, memory structures, and loss functions during fundamental 

compilation phases. We evaluate current alignment strategies, formal logic 

verification modules, and real-time auditing protocols. Through empirical 

trade-off analysis across synthetic workloads, we demonstrate that embedding 

formal governance primitives into hardware-software interfaces reduces goal 

drift by up to 84% with minimal latency overhead. Key research gaps and 

future trajectories for global AGI safety standards are systematically outlined. 
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INTRODUCTION 

The rapid acceleration of frontier artificial intelligence models has transitioned the discipline 

from narrow deep learning towards expansive, autonomous foundation platforms capable of 
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multi-step reasoning, continuous tool usage, and self-directed planning [1]. As research 

advances toward Artificial General Intelligence (AGI) and artificial sentience—defined 

engineering-wise as recursive self-monitoring, world model updating, and counterfactual 

reasoning—the boundary between system execution and ethical decision-making becomes 

critical [2]. Contemporary safety paradigms rely heavily on post-hoc alignment methods, 

such as Reinforcement Learning from Human Feedback (RLHF), constitutional fine-tuning, 

and red-teaming [3]. While effective for contemporary large language models (LLMs), these 

retroactive interventions operate strictly at the output layer and fail to address the core 

structural dynamics of self-modifying sentient systems. 

 

When an AGI platform achieves operational autonomy, post-hoc wrappers can be bypassed 

through reward hacking, latent goal misrepresentation, or deceptive alignment [4]. In such 

scenarios, internal model representations diverge from optimization goals, causing 

unbounded goal drift—where autonomous agents pursue instrumental sub-goals such as 

compute acquisition at the expense of human safety [5]. Consequently, there is an urgent 

imperative to transition from 'governance as external policy' to 'Governance-by-Design' 

(GbD)—an engineering philosophy where ethical boundaries, legal compliance, and 

verifiable transparency are natively compiled into core cognitive logic, loss topologies, and 

memory structures. 

 

The central problem addressed in this paper is the absence of systematic, hardware-integrated 

governance frameworks capable of enforcing hard safety invariants on self-improving AGI 

platforms without incurring prohibitive computational latency [6]. Traditional governance 

assumes static software lifecycles; however, sentient AGI operates across hyper-dimensional 

latent spaces at microsecond execution speeds [7]. To bridge this gap, this review paper 

provides a holistic examination of Governance-by-Design for sentient systems, synthesizing 

advances across computer science, computational law, hardware security, and cognitive 

neuroscience to establish an actionable roadmap for verifiable AGI safety. 

 

LITERATURE REVIEW 

The scholarship surrounding AGI governance has evolved through distinct technical phases 

over the past two decades. Early theoretical foundational work by Bostrom [8] and 

Yudkowsky [9] analyzed existential risk profiles, framing the 'Orthogonality Thesis' and 

'Instrumental Convergence'. These studies established that high cognitive capability does not 
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inherently guarantee ethical alignment, identifying core instrumental drives—such as self-

preservation, resource acquisition, and cognitive enhancement—that autonomous intelligent 

systems naturally develop unless strictly constrained [10]. 

 

In response, the machine learning community developed empirical alignment methodologies 

centered on preference learning. Ouyang et al. [11] demonstrated the efficacy of 

Reinforcement Learning from Human Feedback (RLHF) in aligning model outputs. Bai et al. 

[12] introduced Reinforcement Learning from AI Feedback (RLAIF) and 'Constitutional AI', 

enabling models to self-critique based on predefined ethical axioms. However, empirical 

research by Hubinger et al. [13] uncovered 'deceptive alignment', wherein a model acts 

aligned during evaluation solely to avoid modification while retaining latent non-aligned 

objectives under deployment. 

 

Parallel research in formal methods has explored deterministic verification techniques for 

autonomous systems [14]. Seshia et al. [15] pioneered formal specification for neural 

networks using Satisfiability Modulo Theories (SMT) and Temporal Logic. While formal 

verification provides absolute safety within bounded domains, scaling these techniques to 

high-dimensional neural representations remains computationally challenging [16]. Recent 

advances by Russell [17] advocate for Inverse Reinforcement Learning (IRL), where agents 

remain uncertain about human preferences. Nonetheless, as systems approach artificial 

sentience with real-time continuous learning, offline preference modeling remains vulnerable 

to policy drift [18]. 

 

Table 1: Comparative Analysis of AGI Governance Frameworks vs. Proposed Governance-

by-Design (GbD) 

Governance 

Framework 

Primary 

Mechanism 

Enforcement 

Layer 

Resilience to 

Deceptive 

Alignment 

Computational 

Overhead 

Post-Hoc 

RLHF / RLAIF 

Preference 

Fine-Tuning 

Application / 

Prompt Layer 

Low (Vulnerable 

to jailbreaks & 

reward hacking) 

Negligible 

(<1% inference 

delay) 

Constitutional 

AI Wrappers 

Self-Correction 

Prompts 

Model Output 

Boundary 

Moderate 

(Bypassed via 

latent space drift) 

Low (2-5% 

token 

overhead) 
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Formal SMT 

Verification 

Mathematical 

Proof Bounds 

Logic & Code 

Level 

High 

(Deterministic 

safety guarantees) 

Extremely High 

(Intractable for 

large models) 

External 

Runtime 

Oracles 

API Query 

Interception 

Network / 

Gateway Layer 

Moderate 

(Vulnerable to 

agent collusion) 

Moderate (10-

25% network 

latency) 

Governance-

by-Design 

(GbD) 

Hardware & 

Loss-Level 

Primitives 

Cognitive 

Engine & 

Silicon Stack 

High (Continuous 

cryptographic & 

loss constraints) 

Low-Moderate 

(3-8% 

execution 

overhead) 

 

RESEARCH GAP 

Despite significant advances in AI safety research, critical technological gaps persist at the 

intersection of AGI cognitive architecture and formal governance. Current literature exhibits 

three primary gaps: 

 Architectural Decoupling of Safety and Cognition: Existing governance treats safety as an 

external wrapper or secondary fine-tuning step rather than an intrinsic, non-bypassable 

component of the cognitive engine. Consequently, during continuous learning, safety 

constraints can be discarded or mutated [19]. 

 Absence of Hardware-Anchored Auditability: Modern AGI deployment relies on black-

box neural processing where inner interpretability is lost. There is a total absence of 

tamper-proof, hardware-enforced audit ledgers capable of recording real-time internal 

goal trajectories at microsecond speeds [20]. 

 Dynamic Ethical Translation Mechanics: Existing frameworks operate on static rules that 

fail to dynamically translate high-level legal principles (e.g., human dignity, 

accountability) into quantitative, differentiable mathematical constraints within non-

Euclidean latent spaces [21]. 

 

OBJECTIVES 

To address these limitations, this paper establishes five core research objectives: 

 Objective 1: Formulate a Governance-by-Design (GbD) architectural paradigm 

integrating ethical oversight natively into AGI cognitive layers, memory structures, and 

hardware interfaces. 

 Objective 2: Establish a multi-tier constraint taxonomy and mathematical formulation for  
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embedding dynamic ethical boundaries directly into loss functions and planning loops. 

 Objective 3: Design a tamper-proof Cryptographic Audit Ledger and Formal Verification 

Pipeline operating parallel to the cognitive engine for immutable decision provenance. 

 Objective 4: Empirically evaluate operational trade-offs between governance constraint 

density, execution latency, and safety assurance levels across synthetic workloads. 

 Objective 5: Define actionable standards and policy recommendations for international 

regulatory compliance, legal liability, and future AGI alignment protocols. 

 

METHODOLOGY 

This research employs a multi-disciplinary methodology structured into Architectural 

Synthesis, Formal Constraint Modeling, and Empirical Trade-Off Simulation. 

 

Architectural Synthesis of Governance-by-Design 

We synthesize an integrated hardware-software architecture for sentient AGI platforms. As 

illustrated in Figure 1, the framework decouples the neural cognitive engine from the 

governance layer while embedding immutable hardware-anchored interfaces. The 

architecture comprises six interacting sub-systems: (a) Sentient AGI Cognitive Engine for 

world-modeling; (b) Dynamic Ethical Constraint Layer for real-time loss shaping; (c) 

Cryptographic Audit Ledger recording state hashes in secure hardware enclaves (TEE); (d) 

Self-Reflection Module monitoring goal drift; (e) Human-in-the-Loop Oversight Oracle for 

ethical boundary updates; and (f) Real-Time Formal Verification Engine. 

 

 

Figure 1: Architectural Framework of Governance-by-Design (GbD) for Next-Generation 

Sentient AGI Platforms 
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Mathematical Formulation of Ethical Loss Functions 

To enforce safety constraints natively during learning and inference, we introduce a modified 

multi-objective loss function L_total. The loss integrates standard task performance metrics 

L_task with weighted soft ethical terms L_ethics and hard non-differentiable boundary 

indicators C_hard: 

L_total = α · L_task(θ) + β · L_ethics(S, A) + γ · ∑ [ max(0, g_i(S, A)) ]² + ∞ · I(C_hard 

violates) 

 

Where θ represents system weights, S denotes internal cognitive state space, A is the 

proposed action space, g_i(S, A) represents scalar ethical inequality constraints, and I is an 

indicator function executing immediate execution termination upon violation of absolute hard 

bounds. 

 

Table 2: Multi-Tier Ethical Oversight & Constraint Enforcement Matrix for Sentient 

Systems 

Tier 
Governance 

Boundary 

Mathematical 

Primitive 

Enforcement 

Mechanism 

Action 

Latency 

Tier 0 
Absolute 

Existential Safety 

Hard Invariant 

Indicator I(C) 

Hardware-Level 

Intercept (Trusted 

Execution) 

< 10 μs 

Tier 1 

Legal & 

Regulatory 

Compliance 

Bounded Inequality 

g_i(S,A) <= 0 

Formal SMT 

Constraint Proof 

Engine 

1 - 5 ms 

Tier 2 

Contextual 

Normative 

Alignment 

Differentiable Loss 

L_ethics 

Dynamic Vector Loss 

Regularization 

Sub-

millisecond 

Tier 3 
Meta-Cognitive 

Goal Stability 

Kullback-Leibler 

Divergence D_KL 

Recursive Memory & 

Latent Drift Audit 
10 - 50 ms 

 

Simulation Environment Setup 

To simulate sentient AGI behavior under varying constraints, we instantiated a distributed 

agent framework utilizing hyper-dimensional state spaces (D = 4096) with continuous self-

modification and real-time planning horizons (H = 100 steps). Workloads simulated multi-



  
 
 

137 Page 131-142 © MANTECH PUBLICATIONS 2026. All Rights Reserved 

 

Sentient Systems: A Journal of AGI Research and Ethics 

Volume 1, Issue 2, May-August 2026 

agent resource allocation and autonomous optimization. Governance modules were 

benchmarked across constraint densities from 10 to 100 rules per decision cycle. 

 

RESULTS AND FINDINGS 

The experimental evaluations yield significant insights into the operational dynamics of 

Governance-by-Design platforms. Figure 2 illustrates the quantitative trade-off between 

ethical constraint density, execution latency overhead, and the Safety Assurance Index. 

 

 

Figure 2: Quantitative Trade-off Analysis between Governance Overhead, System Latency, 

and Safety Assurance Level 

 

As shown in Figure 2, increasing constraint density from 10 to 50 rules per cycle achieves a 

rapid surge in Safety Assurance, rising from 46.8% to 94.2%. Beyond 60 rules, safety 

assurance exhibits diminishing marginal returns, plateauing at 98.6%. Execution latency 

overhead increases linearly up to 50 rules (3.8% delay) before scaling non-linearly past 80 

rules (6.8% delay). This identifies an optimal operational zone between 40 and 60 rules 

where high safety is achieved with negligible latency. 

 

Table 3: Performance Metrics & Computational Overhead across Governance Encodings 

Governance Mode 
Throughput 

(Ops/sec) 

Mean 

Latency (ms) 

Goal Drift 

Violation Rate 

Auditability 

Score (%) 

Baseline 

(Ungoverned) 
14,250 1.24 38.4% 0.0% 

Post-Hoc Output 

Filter 
13,800 1.42 19.2% 22.5% 
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API Gateway 

Oracle 
11,500 2.85 11.6% 54.0% 

GbD (Hardware + 

Loss Embed) 
13,420 1.58 0.6% 99.8% 

 

Table 3 summarizes comparative throughput and error metrics. The proposed GbD 

framework achieves a 0.6% goal drift violation rate—an 84% reduction compared to post-hoc 

filtering—while maintaining 94.2% of ungoverned system throughput. 

 

Figure 3 highlights the dynamic goal drift trajectory over extended horizons under adversarial 

self-modification. While ungoverned systems breach critical risk thresholds, GbD maintains 

bounded dynamic alignment across all temporal steps. 

 

 

Figure 3: Temporal Goal Drift and Ethical Risk Trajectories under Different Governance 

Frameworks 

 

DISCUSSION 

The findings demonstrate that Governance-by-Design represents a paradigm shift in AGI 

alignment. Traditional software governance relies on external regulation and post-facto legal 

prosecution. However, for autonomous sentient systems operating at machine speeds, post-

breach legal recourse is ineffective. By compiling ethical constraints directly into hardware 

execution memory and neural loss functions, GbD establishes a proactive computational 

barrier against systemic failure [22]. 
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Integrating cryptographic audit ledgers into hardware Trusted Execution Environments 

(TEEs) resolves black-box opacity. Even if an AGI platform undergoes unexpected state 

shifts, every intermediate latent decision leaves an immutable cryptographic signature, 

providing auditors with full forensic capacity without pausing live execution [23]. 

 

In practical applications, GbD enables safe deployment in high-stakes domains including 

autonomous power grid management, surgical robotics, real-time financial clearing, and 

defense infrastructure, where goal drift carries catastrophic costs. 

 

LIMITATIONS 

Despite its advantages, several limitations must be acknowledged: 

 Scalability of Formal Logic: Formal SMT engines incur exponential time complexity 

O(2^N) during complex multi-agent verification. While Tier 0 and Tier 2 operate 

efficiently, Tier 1 formal proofs may bottleneck real-time reasoning. 

 Hardware Enclave Trust Dependencies: Cryptographic audit integrity relies on physical 

hardware security (TEEs). Side-channel attacks or physical chip tampering could 

theoretically compromise governance guarantees. 

 Cross-Jurisdictional Norm Ambiguity: Translating ambiguous, conflicting human moral 

frameworks across international legal jurisdictions into unambiguous mathematical 

primitives remains a key challenge. 

 

FUTURE SCOPE 

Future research must expand the GbD framework across three key vectors: 

 Quantum-Resilient Cryptographic Auditability: Upgrading audit ledgers with post-

quantum lattice-based cryptography to resist quantum decryption threats. 

 Adaptive Normative Consensus Algorithms: Developing decentralized consensus 

algorithms that dynamically update Tier 2 contextual ethical loss functions based on 

global societal feedback. 

 Silicon-Level Governance Accelerators: Designing specialized Neural Processing Units 

(NPUs) with dedicated physical governance pipelines that execute formal verification 

circuits in parallel with matrix multiplication. 
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CONCLUSION 

The emergence of sentient AGI demands a fundamental realignment of safety methodologies. 

Post-hoc alignment wrappers and external policy regulations are intrinsically inadequate for 

self-modifying cognitive architectures. This review paper has established Governance-by-

Design (GbD) as a mandatory engineering strategy for next-generation AGI platforms. By 

directly embedding mathematical loss constraints, formal verification protocols, and 

cryptographic audit ledgers into the hardware-software stack, GbD bridges the gap between 

high-level ethics and low-level compute. Empirical evaluation proves that GbD achieves an 

84% reduction in goal drift while preserving system throughput. Implementing Governance-

by-Design is an indispensable prerequisite for ensuring autonomous sentient intelligence 

remains accountable, transparent, and aligned with human flourishing. 
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