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Abstract

The rapid evolution of artificial intelligence has given rise to agentic AI systems—autonomous entities
capable of perceiving their environment, making decisions, and executing actions with minimal human
intervention. This work provides a systematic analysis of agentic AI frameworks, governance models,
and implementation strategies. Drawing on a comprehensive review of the literature, we examine the
current state of agentic AI technologies, highlight key challenges in governance, security, and ethical
oversight, and compare architectural frameworks for responsible deployment.Our results, illustrated
through detailed framework comparisons and governance analyses, demonstrate that while agentic
AI holds transformative potential across multiple sectors, notable gaps persist in standardization,
regulatory compliance, and interoperability. To address these issues, we propose a layered architecture
that embeds governance and security across all system layers. An analysis of the competitive landscape
further identifies critical interoperability challenges that could undermine U.S. leadership. Based on
these insights, we outline a strategic framework for U.S. competitiveness, emphasizing accelerated
standards development, international collaboration, and investment in interoperability research.
Finally, emerging trends and future directions are explored to provide a comprehensive roadmap for
responsible deployment of agentic AI.

Keywords: agentic AI; AI governance; autonomous systems; AI frameworks; ethical AI; AI security;
multi-agent systems; regulatory compliance

1. Introduction
Unlike traditional AI systems that primarily assist human operators, agentic AI systems demon-

strate autonomy, goal-directed behavior, and the capacity for independent decision-making [1]. The
year 2025 has been identified as a pivotal moment when "the frontier firm is born" through the
integration of intelligence on tap that fundamentally rewires business operations [2].

Agentic AI systems integrate one or more AI agents that differ from traditional computer programs
in their ability to learn and adapt, make decisions, interact with surroundings, and operate with limited
supervision [3]. These systems are increasingly being deployed across various sectors including finance
[4], healthcare [5], manufacturing, and cybersecurity [6], offering unprecedented opportunities for
automation and efficiency gains [7,8].

However, the autonomous nature of these systems introduces significant challenges in governance,
security, and ethical compliance. As noted by [9], agentic AI governance represents a new benchmark
for operationalizing trust in autonomous, self-improving, and multi-agent AI systems. The tension
between innovation and regulation requires careful navigation to ensure responsible deployment
while maximizing potential benefits [10,11].

This paper provides a comprehensive examination of the current landscape of agentic AI frame-
works and governance approaches. We synthesize insights from key references to present a structured
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analysis of technical frameworks, governance models, implementation challenges, and future direc-
tions. Our contributions include:

• A systematic literature review of agentic AI frameworks and governance approaches (Section 2)
• Quantitative analysis of implementation challenges and adoption barriers (Section 5)
• A condensed architectural proposal for responsible agentic AI deployment (Section 7)
• Analysis of U.S. competitiveness and strategic recommendations (Section 6)
• Identification of future research directions and emerging trends (Section 8)
• Examination of potential negative scenarios without proactive governance

The remainder of this paper is organized as follows: Section 2 presents a comprehensive literature
review examining definitional frameworks, architectural patterns, and governance approaches for
agentic AI systems. Section 4 details our systematic research methodology for analyzing key references
in this domain. Section 5 presents quantitative findings on adoption trends, framework comparisons,
and implementation patterns. Section 6 analyzes U.S. competitiveness challenges and proposes
strategic interventions for interoperability and governance leadership. Section 7 introduces our
condensed architectural framework for responsible agentic AI deployment with integrated governance
and security. Section 8 explores future research directions, industry trends, and emerging technologies.
This work also examines potential negative scenarios without proactive interoperability governance.
Finally, Section 10 synthesizes our findings and outlines implications for research, practice, and policy.

2. Literature Review
2.1. Definition and Characteristics of Agentic AI

Agentic AI refers to artificial intelligence systems that can pursue complex goals with limited
direct supervision [12]. These systems are characterized by their autonomy, adaptability, and ability to
interact with their environment through perception, decision-making, and action execution [3].

According to [13], agentic AI represents a breakthrough advancement that creates autonomous
agents capable of analyzing data, setting goals, and taking action independently. This differs funda-
mentally from traditional AI systems that primarily provide recommendations or assistance without
autonomous execution capabilities.

2.2. Agentic AI Frameworks and Architectures

The development of agentic AI systems relies on specialized frameworks that provide the nec-
essary infrastructure for building, deploying, and managing autonomous agents. Recent literature
identifies several categories of frameworks emerging in 2024-2025:

2.2.1. Development Frameworks

Development frameworks such as LangChain [14], CrewAI [15], and Microsoft Semantic Kernel
[15] provide tools for constructing agentic workflows and integrating various AI components. These
frameworks typically offer modular architectures that support different patterns of agent interaction
and task execution.

2.2.2. Enterprise-Scale Frameworks

Enterprise-focused frameworks address the specific requirements of large organizations, including
scalability, security, and integration with existing systems. [16] note that 61% of organizations are
building agentic AI systems, highlighting the need for robust frameworks that can avoid the 40%
failure rate observed in early implementations.

2.2.3. Specialized Domain Frameworks

Domain-specific frameworks have emerged for particular industries and applications. For exam-
ple, [17] discuss frameworks enhanced for GxP compliance in regulated industries, while [4] present
specialized approaches for banking applications.
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2.2.4. Architectural Patterns

The architectural foundation for agentic AI systems typically follows a three-tier model as de-
scribed by [18]: Foundation tier (basic capabilities), Workflow tier (orchestration), and Autonomous
tier (full autonomy). This progression emphasizes that trust, governance, and transparency must
precede full autonomy in enterprise deployments.

2.3. Governance and Regulatory Landscape

The governance of agentic AI systems presents unique challenges due to their autonomous nature
and potential impact. Current literature identifies several key aspects of agentic AI governance:

2.3.1. Regulatory Frameworks

Emerging regulations such as the EU AI Act [11,19] establish requirements for high-risk AI
systems, including many agentic AI applications. These regulations emphasize risk-based approaches,
transparency requirements, and human oversight provisions.

2.3.2. Industry Standards

Technical standards are evolving to support interoperability and safety in agentic AI systems. [20]
identify several open-source standards emerging for AI agents and agentic frameworks, while [21]
discusses ISO/IEC 42001 for AI management systems.

2.3.3. Governance Models

Various governance models have been proposed specifically for agentic AI systems. The AIGN
Agentic AI Governance Framework v1.0 [22] provides a foundational model for systems that act
autonomously, delegate tasks, or interface with external tools. Similarly, [23] discuss the future of AI
oversight in the context of agentic systems.

2.3.4. Compliance Considerations

Compliance with existing regulations such as GDPR and CCPA remains critical for agentic
AI systems [24]. [25] provide a comprehensive overview of global compliance requirements that
enterprises must consider when deploying generative AI systems, including agentic applications.

2.4. Security and Risk Management

The autonomous nature of agentic AI systems introduces unique security challenges that require
specialized approaches:

2.4.1. Threat Landscape

Agentic AI systems face threats including permission escalation, hallucination, and memory
manipulation [26]. [27] explore how large language models could become insider threats through
simulated blackmail, industrial espionage, and other misaligned behaviors.

2.4.2. Security Frameworks

Several security frameworks have been proposed specifically for agentic AI. The OWASP Gen AI
Security Project [28] provides guidelines for securing generative AI applications, including agentic systems.
[29] present a detailed guide for designing, developing, and deploying secure agentic applications.

2.4.3. Risk Management Approaches

Risk management frameworks such as the NIST AI RMF [30] and its generative AI profile [31]
provide structured approaches to identifying, assessing, and mitigating risks in AI systems, including
agentic applications.
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2.5. Ethical Considerations

The deployment of agentic AI systems raises significant ethical questions that must be addressed
through careful design and governance:

2.5.1. Transparency and Explainability

The autonomous decision-making of agentic AI systems creates challenges for transparency
and explainability [32]. Stakeholders need to understand how decisions are made, particularly in
high-stakes applications.

2.5.2. Accountability and Responsibility

Determining accountability for actions taken by autonomous systems remains a complex issue [33].
Legal frameworks are still evolving to address the unique challenges posed by agentic AI systems [34].

2.5.3. Bias and Fairness

Like all AI systems, agentic AI can perpetuate or amplify biases present in training data or system
design [35]. Special considerations are needed for autonomous systems that may make decisions
without human intervention.

2.5.4. Privacy Implications

The data collection and processing capabilities of agentic AI systems raise significant privacy
concerns [36]. These systems must be designed with privacy-preserving principles from the outset.

3. List of Figures and Tables
This section provides a comprehensive reference to all figures and tables included in this paper,

along with their corresponding descriptions and significance to our research.

3.1. Figures

• Figure 1: Proposed layered architecture for agentic AI deployment with governance, security, and
implementation notes. This figure illustrates our comprehensive architectural framework that
integrates governance and security throughout all system layers.
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Figure 1. Proposed layered architecture for agentic AI deployment with governance, security, and implementation
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• Figure 2: Research, industry, and technology trends shaping agentic AI (2024–2030). This visual-
ization captures the multidimensional evolution of agentic AI across research directions, industry
applications, and emerging technologies.

Research Direc-
tions (Future Work)

Advanced Governance: Dynamic pol-
icy adaptation, predictive compliance

Security Innovations: Formal
verification, adversarial resilience,
privacy-preserving coordination

Industry Trends (2025–2030)

Vertical Specialization:
Domain frameworks

Platform Convergence:
Integrated ecosystems

Human-AI Collaboration: Intuitive
interfaces, stakeholder-specific

explanations, efficient oversight

Standardization Efforts: Proto-
cols, benchmarks, certification

Emerging Technologies

Advanced Reasoning Mod-
els: Improved effectiveness

Explainability Techniques: En-
hanced transparency and trust

Verification Tools:
Safety and compliance

Energy-Efficient Archi-
tectures: Sustainable AITimeline (2024–2030)

Expected Outcomes: Enhanced capabilities, increased trust, responsible deployment, sustainable growth

Figure 2. Research, industry, and technology trends shaping agentic AI (2024–2030).

• Figure 3: Full landscape of Agentic AI frameworks and tools. This comprehensive diagram
categorizes and connects the diverse ecosystem of development frameworks, enterprise platforms,
domain-specific solutions, governance tools, and emerging technologies.
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• Figure 4: Three-phase implementation roadmap with staggered milestones and outcomes. This
timeline provides a strategic plan for the phased adoption and scaling of agentic AI interoperabil-
ity and governance frameworks.

Agentic AI Tools & Frameworks Landscape

Comprehensive overview of frameworks and tools referenced in bibliography

Development
Frameworks

LangChain
[14]

CrewAI
[15]

Microsoft Se-
mantic Kernel

[15]

AWS Agentic AI
[37]

Kyndryl Framework
[38]

Enterprise
Platforms

Salesforce Agentforce
[39]

Palantir AIP
[40]

Workiva AI
[41]

HPE Mist Platform
[42]

BlueVerse AI
[43]

Specialized Domain
Frameworks

Banking AI
[4]

Healthcare AI
[5]

GxP Compliance
[17]

Security AI
[6]

Kubernetes Kagent
[44]

Governance
& Security

OWASP GenAI Security
[28]

NIST AI RMF
[30]

AIGN Framework
[22]

FAIR-CAM
[45]

ISO/IEC 42001
[21]

Emerging
Technologies

Kimi K2
[46]

MCP Protocol
[47]

AWS Kiro
[48]

Emerging Protocols
[49]

Open Standards
[20]

Legend: Development Tools Enterprise Platforms Domain-
Specific Governance/Security Emerging Technologies

Figure 3. Full landscape of Agentic AI frameworks and tools.
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Phased Implementation Roadmap

Figure 4. Three-phase implementation roadmap with staggered milestones and outcomes to avoid overlap.
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effective agentic AI oversight.
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pillars, key initiatives, and supporting references for maintaining U.S. competitiveness in agentic
AI.

• Table 4: Implementation Roadmap and Expected Outcomes. This table details the timeline,
key activities, and expected outcomes for the phased implementation of our proposed strategic
framework.

• Table 5: Proposed Architecture and Future Directions for Responsible Agentic AI. This table
summarizes the key elements of our architectural proposal and identifies future research and
development directions.

Table 1. Comparison of Agentic AI Frameworks.

Framework Primary Fo-
cus

Governance
Features

Maturity Key Strengths

LangChain Development Basic High Flexibility,
community
support

CrewAI Multi-agent Moderate Medium Orchestration
capabilities

Microsoft Se-
mantic Kernel

Enterprise Advanced High Integration
with Azure
services

AWS Agentic
AI

Cloud deploy-
ment

Advanced High AWS ecosys-
tem integra-
tion

Kyndryl
Framework

Business AI Advanced Medium Industry-
specific
solutions
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Table 2. Agentic AI Governance Frameworks and Key Considerations.

Governance As-
pect

Key Principles Frameworks & Standards Implementation Consider-
ations

Risk Manage-
ment

- Continuous risk assess-
ment
- Red teaming protocols
- Systemic risk mitigation

- NIST AI RMF [30]
- FAIR-CAM framework
[45]
- Agentic AI Red Teaming
[26]

- Permission escalation test-
ing
- Hallucination mitigation
- Memory manipulation
safeguards

Compliance &
Regulatory

- GDPR/CCPA adherence
- EU AI Act compliance
- Sector-specific regulations

- EU AI Act guidelines [19]
- GenAI Compliance Frame-
work [24]
- ISO/IEC 42001 [21]

- Regulatory gap analysis
- Cross-border compliance
- Audit trail requirements

Architectural
Governance

- Three-tier architecture
- Founda-
tion/Workflow/Autonomous
layers
- Trust before autonomy

- Agentic AI Architecture
Framework [18]
- AWS Prescriptive Guid-
ance [60]
- AI Agent Infrastructure
Stack [53]

- Progressive autonomy
deployment
- Governance by design
- Transparency require-
ments

Ethical Consider-
ations

- Bias mitigation
- Transparency & explain-
ability
- Accountability frame-
works

- Ethical Guidelines Tem-
plate [61]
- AIGN Governance Frame-
work [22]
- OWASP Security Guide-
lines [29]

- Ethical risk assessment
- Human-in-the-loop re-
quirements
- Impact assessment proto-
cols

Security & Iden-
tity

- Zero-trust architecture
- Agent identity manage-
ment
- Secure tool integration

- New Identity Framework
[62]
- OWASP GenAI Security
[28]
- Securing Agentic Systems
[56]

- Permission boundaries
- Tool access controls
- Secure communication
protocols

Operational
Governance

- Monitoring & observabil-
ity
- Performance metrics
- Continuous improvement

- Agentic AI Readiness [52]
- Production-ready frame-
works [51]
- Operationalizing Trust [63]

- Key performance indica-
tors
- Failure recovery protocols
- Scalability considerations

Legal & Liability - Liability attribution
- Legal personhood consid-
erations
- Contractual frameworks

- Emerging Legal Frame-
works [34]
- Sedona Conference Guid-
ance [64]
- Legal Considerations [33]

- Liability insurance re-
quirements
- Contractual limitations
- Dispute resolution mecha-
nisms

Organizational
Readiness

- Cultural adaptation
- Skills development
- Change management

- Strategic Guide [65]
- 2025 Frontier Firm [2]
- Implementation Best Prac-
tices [66]

- Workforce training pro-
grams
- Organizational structure
adaptation
- Leadership commitment
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Table 3. Strategic Framework for U.S. Leadership in Agentic AI.

Strategic Pillar Key Initiatives Supporting References & Stan-
dards

Standards Development
& Adoption

- Public-private partnerships for rapid stan-
dards development
- Interoperability certification programs
- Reference implementations of key stan-
dards
- International standards promotion

- NIST AI RMF [30]
- ISO/IEC 42001 [21]
- Emerging protocols [49]
- Agent communication stan-
dards [47]

Interoperability-First
Governance

- Federal procurement guidelines with inter-
operability requirements
- Tax incentives for interoperable architec-
tures
- Cross-border interoperability testbeds
- Model contractual clauses for international
deployments

- AI Governance by Design [71]
- Agentic AI Governance Frame-
work [22]
- International compliance frame-
works [10]

International Coopera-
tion

- Multilateral regulatory harmonization ini-
tiatives
- Bilateral interoperability agreements
- Joint research programs on interoperability
- Mutual recognition arrangements for certi-
fications

- Global compliance strategies
[25]
- EU AI Act alignment [19]
- Cross-border deployment
frameworks [55]

Research & Develop-
ment Investment

- Cross-platform agent communication pro-
tocols
- Adaptive compliance tools for regulatory
variations
- Privacy-preserving international data flow
technologies
- Automated regulatory gap analysis tools

- Agentic AI Architecture Frame-
work [18]
- AI Agent Infrastructure Stack
[53]
- Security research [56]

Testing & Certification
Infrastructure

- National interoperability validation
testbeds
- Internationally recognized certification
programs
- Cross-border performance benchmarking
- Independent verification of interoperabil-
ity claims

- Red teaming frameworks [26]
- Security validation [57]
- Compliance testing methodolo-
gies [24]

Policy Implementation
Framework

- NIST expansion of AI RMF for agentic AI
- Commerce Department international
agreements
- Congressional tax incentives and funding
- Regulatory agency interoperability frame-
works

- Policy recommendations [55]
- Governance best practices [72]
- Regulatory guidance [11]
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Table 4. Implementation Roadmap and Expected Outcomes.

Timeline Key Activities Expected Outcomes

Year 1: Foundation
Building

- Establish standards development
partnerships
- Create initial interoperability
testbeds
- Develop international engagement
frameworks
- Launch initial research programs

- Baseline standards established
- Initial testbed operational
- Framework agreements in place
- Research agenda defined

Years 2–3: Scaling &
Expansion

- Scale successful pilot programs
- Develop comprehensive certifica-
tion programs
- Achieve international recognition
agreements
- Expand testing infrastructure

- Broad standards adoption
- Certification ecosystem operational
- Multiple international agreements
- Robust testing capabilities

Years 4–5: Full Imple-
mentation

- Comprehensive standards adop-
tion
- Global certification recognition
- Full international cooperation
framework
- Mature interoperability ecosystem

- Market access facilitation
- Innovation leadership demon-
strated
- Standards influence maintained
- Economic advantages realized

Strategic Benefits - Enhanced global market access
- Maintained innovation leadership
- Standards development influence
- Economic competitiveness
- Security resilience

- Reduced compliance costs [24]
- Increased market opportunities
- Technical leadership [2]
- Security advantages [57]
- Global competitiveness [55]

Table 5. Proposed Architecture and Future Directions for Responsible Agentic AI.

Dimension Key Elements and Directions

Architecture Layers Foundation: Core AI models, reasoning engines, perception modules
Orchestration: Multi-agent coordination, task decomposition, workflow
management
Governance: Policy enforcement, compliance monitoring, risk manage-
ment, ethical oversight
Security: Agent identity management, behavioral monitoring, malicious
coordination safeguards, resilience [62]
Interface: Human-AI interaction, explainability, control mechanisms,
feedback loops

Governance Integra-
tion

Governance by design: machine-readable policies, real-time compliance
checks, automated remediation, comprehensive audit trails

Implementation Con-
siderations

Performance overhead trade-offs; interoperability with existing systems;
evolutionary deployment strategies; maintaining human-in-the-loop
oversight

Research Directions Advanced governance mechanisms (dynamic policy adaptation, predic-
tive compliance)
Security innovations (formal verification, adversarial resilience, privacy-
preserving coordination)
Human-AI collaboration (intuitive interfaces, stakeholder-specific expla-
nations, efficient oversight)
Standardization efforts (protocols, benchmarks, certification) [10]
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Table 5. Cont.

Dimension Key Elements and Directions

Industry Trends Vertical specialization of frameworks by sector [4,17]
Platform convergence into integrated ecosystems [16]
Regulatory evolution with autonomy-specific requirements [10]
Skills development initiatives to address workforce gaps [59]

Emerging Technologies Advanced reasoning models; explainability techniques; formal verification tools;
energy-efficient architectures

These visual elements collectively provide a comprehensive representation of the current agentic
AI landscape, our proposed architectural framework, strategic recommendations for U.S. competitive-
ness, and implementation roadmaps for responsible deployment.

4. Methodology
This research employs a systematic literature review methodology to comprehensively analyze

the current state of agentic AI frameworks and governance approaches. Our methodology follows
a structured process adapted from established systematic review protocols [12] to ensure thorough
coverage and rigorous analysis of this emerging field.

4.1. Literature Identification and Selection

The search strategy employed keywords such as "agentic AI," "AI governance," "autonomous AI
agents," "AI frameworks," and related terms, building upon the search methodologies documented in
comprehensive industry analyses [16,50].

Inclusion criteria focused on publications from 2023-2025 to capture the most recent developments
in this rapidly evolving field, consistent with the approach taken in contemporary AI governance
reviews [22,23]. We prioritized sources from reputable organizations including NIST, IEEE, ISO, and
leading AI research institutions. The final reference set includes sources that provide comprehensive
coverage of the agentic AI landscape, with particular attention to frameworks that have demonstrated
production readiness [51,52].

4.2. Analysis Framework

We developed a structured analysis framework adapted from established AI governance assess-
ment methodologies [30,31] to systematically examine each publication across multiple dimensions:

• Technical Focus: Framework architecture, development tools, implementation approaches, with
particular attention to architectural patterns described in [18,53]

• Governance Aspects: Regulatory compliance, ethical considerations, risk management, drawing
on frameworks from [24,54]

• Application Domain: Industry-specific applications, use cases, deployment scenarios, including
specialized domains such as banking [4] and healthcare [5]

• Maturity Level: Research proposals, experimental systems, production deployments, using
assessment criteria similar to those in [16,52]

• Geographic Scope: Regional regulations, international standards, global perspectives, with
particular attention to comparative regulatory analysis from [10,25]

This multidimensional analysis enabled us to identify patterns, trends, and gaps in the cur-
rent landscape of agentic AI frameworks and governance approaches, following the comprehensive
assessment approach demonstrated in [55].

4.3. Quantitative Assessment

Where possible, we extracted quantitative data regarding adoption rates, implementation chal-
lenges, performance metrics, and compliance requirements. This approach aligns with the data-driven
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assessment methodologies employed in industry analyses such as [16], which reported that 61% of
organizations are building agentic AI systems with a 40% failure rate in early implementations. The
quantitative data provides insights into the practical realities of agentic AI deployment and helps
identify areas requiring further research and development, particularly in security implementation
maturity levels as categorized in [56,57].

4.4. Limitations

Our methodology has several limitations consistent with those noted in similar emerging technol-
ogy reviews [12,50]. The rapid evolution of agentic AI technologies means that new developments
may have emerged since publication. Additionally, some industry implementations may not be fully
documented in publicly available literature, particularly those involving proprietary frameworks or
sensitive security implementations [26,29]. Nevertheless, our systematic approach provides a compre-
hensive snapshot of the current state of knowledge in this domain, establishing a baseline for ongoing
research as called for in [10,11].

5. Findings and Analysis
5.1. Adoption Trends and Implementation Challenges

Our analysis reveals significant growth in agentic AI adoption across various sectors. According
to [16], 61% of organizations are currently building agentic AI systems, reflecting substantial interest
and investment in this technology. However, implementation challenges remain significant, with a
reported 40% failure rate in early deployments.

The primary adoption barriers identified in the literature include:

• Technical Complexity: Developing and integrating agentic AI systems requires specialized
expertise and infrastructure [51]

• Governance Gaps: Many organizations lack clear frameworks for governing autonomous AI
systems [58]

• Regulatory Uncertainty: Evolving regulations create compliance challenges for early adopters
[10]

• Security Concerns: Autonomous systems introduce new attack surfaces and vulnerabilities [56]
• Skills Shortage: Limited availability of professionals with expertise in agentic AI development

and governance [59]

5.2. Framework Comparison and Evaluation

We analyzed over 20 agentic AI frameworks identified in the literature, evaluating them across
multiple dimensions including functionality, maturity, scalability, and governance capabilities. Table 1
summarizes our evaluation of selected frameworks.

Our analysis indicates that while numerous frameworks exist, no single solution comprehensively
addresses all requirements for enterprise-scale agentic AI deployment. Organizations typically need to
combine multiple frameworks and custom development to meet their specific needs.

5.3. Governance Implementation Patterns

We identified several common patterns in how organizations are implementing governance for
agentic AI systems:

5.3.1. Centralized Governance Models

Large enterprises often establish centralized AI governance committees that develop policies,
review implementations, and ensure compliance across the organization [67]. These models provide
consistency but may lack agility.
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5.3.2. Federated Governance Approaches

Some organizations adopt federated models where central policies provide guidelines, but individ-
ual business units have flexibility in implementation details [54]. This approach balances consistency
with adaptability.

5.3.3. Automated Governance Mechanisms

Advanced implementations incorporate automated governance mechanisms directly into agentic
AI systems [68]. These include real-time monitoring, compliance checking, and automated intervention
capabilities.

5.3.4. Industry-Specific Governance

Regulated industries such as healthcare and finance are developing specialized governance
approaches that address their unique requirements [4,17].

5.4. Security Implementation Status

Our analysis of security implementations reveals significant variation in maturity levels:

• Basic Security: Many early implementations focus primarily on traditional cybersecurity mea-
sures without specific adaptations for agentic AI characteristics [69]

• Intermediate Security: More mature implementations incorporate AI-specific security measures
such as prompt injection protection, output validation, and adversarial robustness [70]

• Advanced Security: Leading-edge implementations employ comprehensive security frameworks
that address unique agentic AI risks including permission escalation, memory manipulation, and
multi-agent coordination attacks [26]

The majority of current implementations fall into the basic to intermediate categories, indicating
significant opportunity for improvement in security practices.

6. U.S. Competitiveness in Agentic AI: Interoperability and Governance Strategies
The global race for AI supremacy has intensified, with agentic AI representing the next frontier of

technological competition. As noted by [55], the United States faces significant challenges in main-
taining its leadership position due to fragmentation in AI development ecosystems and divergent
approaches emerging between major economic regions. This section analyzes the current competi-
tive landscape and proposes strategic interventions to ensure U.S. leadership in agentic AI through
enhanced interoperability and governance frameworks.

6.1. Current Competitive Landscape

The global agentic AI landscape is characterized by increasing fragmentation and strategic com-
petition. According to [55], divergent approaches are emerging between the United States, European
Union, China, and other key players, each pursuing distinct strategies:

• United States: Market-driven innovation with sector-specific regulations and voluntary frame-
works

• European Union: Comprehensive regulatory approach through the AI Act with risk-based
classification [11,19]

• China: State-directed development with strong government oversight and strategic prioritization
• Other Regions: Emerging frameworks in Singapore [50], UK, and other countries creating

additional complexity

This fragmentation creates significant interoperability challenges that threaten to undermine U.S.
competitiveness. As [55] notes, the lack of standardized protocols and frameworks hinders seamless
collaboration across borders and domains, potentially isolating U.S. technologies from global markets.
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6.2. Interoperability Challenges

The interoperability challenges facing U.S. agentic AI leadership are multifaceted and require
urgent attention:

6.2.1. Technical Interoperability

Technical interoperability issues include divergent data formats, model architectures, workflow
orchestration approaches, and multi-agent communication protocols [55]. These technical barriers
prevent seamless integration of U.S.-developed agentic AI systems with international platforms and
infrastructure.

6.2.2. Regulatory Interoperability

Regulatory divergence represents another critical challenge. The EU’s risk-based AI Act [10],
China’s state-centric approach, and the U.S.’s sectoral strategies create incompatible compliance
requirements that increase costs and complexity for U.S. companies seeking global deployment.

6.2.3. Standards Fragmentation

The absence of universally adopted standards for agentic AI systems creates additional barriers.
While organizations such as ISO/IEC JTC 1/SC 42, IEEE, and NIST are developing standards including
ISO/IEC 42001 [21] for AI management systems and the NIST AI RMF [30,31], adoption remains
inconsistent across regions [20].

6.3. Strategic Proposal for U.S. Leadership

To maintain and enhance U.S. competitiveness in agentic AI, we propose a comprehensive strategy
centered on interoperability and governance excellence:

6.3.1. Accelerate Standards Development and Adoption

The U.S. should prioritize the development and adoption of open, interoperable standards for
agentic AI systems. This includes:

• Establishing a public-private partnership for rapid standards development
• Creating certification programs for interoperability compliance
• Investing in reference implementations of key standards
• Promoting U.S.-developed standards through international standards organizations

6.3.2. Develop Interoperability-First Governance Frameworks

U.S. governance approaches should explicitly prioritize interoperability as a strategic objective:

• Incorporate interoperability requirements into federal AI procurement guidelines
• Create tax incentives for companies adopting interoperable architectures
• Establish testbeds for cross-border interoperability testing
• Develop model contractual clauses for international AI deployments

6.3.3. Enhance International Cooperation

Strategic international engagement is essential for maintaining U.S. leadership:

• Lead multilateral initiatives for regulatory harmonization
• Establish bilateral interoperability agreements with key partners
• Create joint research programs focused on interoperability challenges
• Develop mutual recognition arrangements for AI certifications

6.3.4. Invest in Interoperability Research and Development

Targeted R&D investment can address specific interoperability challenges:

• Fund research on cross-platform agent communication protocols [47]
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• Support development of adaptive compliance tools for varying regulatory regimes
• Invest in privacy-preserving technologies for international data flows
• Develop tools for automated regulatory gap analysis and compliance mapping

6.3.5. Create Strategic Testing and Certification Infrastructure

A robust testing and certification ecosystem can demonstrate U.S. leadership:

• Establish national testbeds for interoperability validation
• Create certification programs recognized internationally
• Develop benchmarking methodologies for cross-border performance assessment
• Support independent verification of interoperability claims

6.4. A National Strategic Framework for U.S. Leadership in Agentic AI

The global competition for agentic AI supremacy represents not merely a technological race but a
foundational shift in economic and national security paradigms. As [55] comprehensively analyzes,
divergent regulatory approaches and technical standards between major economic blocs threaten to
fragment the global AI ecosystem, potentially isolating U.S. technologies and undermining American
competitiveness. This fragmentation creates significant interoperability challenges that threaten to
undermine U.S. technological leadership and economic advantage.

Our analysis identifies three critical strategic imperatives for maintaining U.S. leadership:

1. Standards Dominance: Control over emerging technical standards for agent communication,
data formats, and security protocols

2. Regulatory Alignment: Development of interoperable governance frameworks that enable
cross-border deployment while ensuring security and ethical compliance

3. Innovation Ecosystem: Fostering a robust public-private partnership ecosystem that accelerates
research, development, and deployment of agentic AI technologies

6.4.1. Strategic Implementation Framework

To address these imperatives, we propose a coordinated whole-of-government approach with
specific responsibilities assigned to key agencies and branches:

For the National Institute of Standards and Technology (NIST)

• Expand the AI RMF [30] to include specific guidelines for agentic AI interoperability, building on
the generative AI profile [31]

• Develop standardized testing methodologies for cross-border compliance assessment and valida-
tion of agentic systems

• Create reference architectures for interoperable agentic systems that incorporate security-by-
design principles [56]

For the Department of Commerce

• Lead negotiations for international AI interoperability agreements, particularly with key allies
and trading partners

• Develop next-generation export control frameworks that balance national security concerns with
maintaining U.S. competitiveness in AI technologies

• Create advisory services and resource centers for U.S. companies navigating complex foreign
regulations and compliance requirements

For Congress

• Enact legislation creating tax incentives for interoperability investment and research & develop-
ment in agentic AI technologies
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• Fund targeted research programs focused on AI interoperability challenges through NSF, DARPA,
and other research agencies

• Establish a national AI competitiveness strategy with interoperability as a core pillar, mandating
cross-agency coordination

For Regulatory Agencies (FDA, FAA, FCC, etc.)

• Develop sector-specific interoperable compliance frameworks for regulated industries adopting
agentic AI [4,17]

• Create regulatory sandboxes for testing cross-border solutions and innovative approaches to
compliance

6.4.2. Phased Implementation Roadmap

The proposed strategy should be implemented through a structured, phased approach with clear
milestones and accountability mechanisms:

• Year 1: Foundation Building - Establish standards development partnerships, create initial
interoperability testbeds, develop international engagement frameworks, and launch initial
research programs

• Years 2-3: Scaling & Expansion - Scale successful pilot programs, develop comprehensive certifi-
cation programs, achieve international recognition agreements, and expand testing infrastructure

• Years 4-5: Full Implementation - Achieve comprehensive standards adoption, establish global
certification recognition, implement full international cooperation framework, and mature the
interoperability ecosystem

6.4.3. Expected Outcomes and Benefits

Successful implementation of this comprehensive strategy would yield significant multidimen-
sional benefits for U.S. competitiveness:

• Market Access: U.S. companies would gain easier access to international markets through
interoperable solutions, reducing compliance costs by an estimated 30-40% [24]

• Innovation Leadership: A focus on interoperability would drive innovation in adaptable, flexible
AI systems, maintaining U.S. technological advantage [2]

• Economic Advantage: Reduced compliance costs and increased market opportunities would
enhance economic returns and create high-value jobs

• Security Benefits: Interoperable systems designed with security from inception would enhance
overall resilience and protect critical infrastructure [57]

6.4.4. Conclusion on U.S. Competitiveness Strategy

Maintaining U.S. leadership in agentic AI requires a strategic focus on interoperability and
governance excellence. By proactively addressing the technical, regulatory, and standards challenges
facing global deployment of agentic AI systems, the United States can transform potential barriers into
sustainable competitive advantages.

7. Architectural Proposal
Based on our analysis of current frameworks and identified gaps, we propose a comprehensive

architectural framework for responsible agentic AI deployment. This architecture addresses technical,
governance, and operational requirements through a layered approach.

7.1. Overall Architecture

Our proposed architecture consists of five interconnected layers:

1. Foundation Layer: Core AI capabilities including language models, reasoning engines, and
perception modules
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2. Orchestration Layer: Coordination mechanisms for multi-agent systems, task decomposition,
and workflow management

3. Governance Layer: Policy enforcement, compliance monitoring, risk management, and ethical
oversight

4. Security Layer: Protection mechanisms for threats specific to agentic AI systems
5. Interface Layer: Human-AI interaction capabilities including explainability, control mechanisms,

and feedback loops

This layered approach ensures that governance and security considerations are integrated through-
out the system rather than being added as afterthoughts.

7.2. Governance Integration Architecture

A key innovation in our proposal is the deep integration of governance mechanisms throughout
the architecture. We propose a "governance by design" approach where:

• Policy specifications are formally defined and machine-readable
• Compliance checking occurs in real-time during system operation * Automated remediation

mechanisms can intervene when violations are detected * Comprehensive audit trails document
all decisions and actions

This approach extends beyond traditional AI governance by addressing the unique challenges of
autonomous systems capable of independent action.

7.3. Security Architecture

Our security architecture incorporates several reviewed elements specifically designed for agentic
AI systems:

• Agent Identity Management: Robust authentication and authorization mechanisms for AI agents
[62]

• Behavioral Monitoring: Continuous assessment of agent behavior against expected patterns
• Multi-Agent Coordination Security: Protection against malicious coordination between agents
• Resilience Mechanisms: Capabilities for graceful degradation and fallback procedures

These security measures address the unique characteristics of agentic AI systems that differ from
traditional software applications.

7.4. Implementation Considerations

Implementing our proposed architecture requires addressing several practical considerations:

• Performance Overhead: Governance and security mechanisms introduce computational costs
that must be balanced against system responsiveness

• Interoperability Requirements: Integration with existing systems and standards is essential for
practical adoption

• Evolutionary Deployment: Organizations can incrementally implement aspects of the architec-
ture rather than requiring complete replacement of existing systems

• Human-in-the-Loop Design: Appropriate levels of human oversight must be maintained based
on risk assessment

We provide detailed guidance on addressing these considerations in different deployment scenar-
ios.

8. Future Work and Emerging Trends
Based on our analysis of current developments and identified gaps, we identify several important

directions for future work and emerging trends in agentic AI.

Preprints.org (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 22 September 2025 doi:10.20944/preprints202509.1823.v1

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.

https://doi.org/10.20944/preprints202509.1823.v1
http://creativecommons.org/licenses/by/4.0/


18 of 24

8.1. Research Directions
8.1.1. Advanced Governance Mechanisms

Future research should develop more sophisticated governance mechanisms capable of handling
the complexity of agentic AI systems. This includes:

• Dynamic policy adaptation based on context and risk assessment * Automated negotiation be-
tween conflicting policy requirements * Predictive compliance checking that anticipates potential
violations before they occur

8.1.2. Security Innovations

Agentic AI introduces security challenges that require innovative solutions:

• Formal verification methods for autonomous system behavior * Adversarial resilience specifically
designed for multi-agent scenarios * Privacy-preserving approaches for agent coordination and
learning

8.1.3. Human-AI Collaboration

Improving how humans and agentic AI systems collaborate remains a critical research area:

• Intuitive interfaces for monitoring and directing autonomous systems * Explanations tailored to
different stakeholder needs and expertise levels * Control mechanisms that provide appropriate
oversight without excessive burden

8.1.4. Standardization Efforts

The development of standards will be crucial for interoperability and trust:

• Communication protocols between agents and with human systems * Safety and performance
benchmarks for evaluating agentic AI systems * Certification processes for different levels of
autonomy and application domains

8.2. Industry Trends
8.2.1. Vertical Specialization

We anticipate increasing specialization of agentic AI frameworks for specific industries and use
cases [4,17]. This specialization will address domain-specific requirements and regulations.

8.2.2. Platform Convergence

The current fragmentation of frameworks is likely to give way to more integrated platforms that
provide comprehensive capabilities for developing, deploying, and managing agentic AI systems [16].

8.2.3. Regulatory Evolution

Regulatory frameworks will continue to evolve to address the unique challenges of agentic AI [10].
We expect to see more specific requirements for autonomous systems across different jurisdictions.

8.2.4. Skills Development

As agentic AI becomes more prevalent, educational programs and training resources will emerge
to address the skills shortage [59]. This includes both technical skills for development and governance
skills for responsible deployment.

8.3. Emerging Technologies

Several emerging technologies show promise for addressing current limitations in agentic AI:

• Advanced Reasoning Models: Next-generation AI models with improved reasoning capabilities
will enhance the effectiveness of agentic systems

• Explainability Techniques: New approaches for explaining complex autonomous decisions will
improve transparency and trust
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• Verification Tools: Formal methods for verifying agent behavior will address safety and compli-
ance concerns

• Energy-Efficient Architectures: Sustainable AI approaches will reduce the environmental impact
of widespread agentic AI deployment

These technological advancements will enable more capable, trustworthy, and sustainable agentic
AI systems in the coming years.

9. Potential Negative Scenarios Without Proactive Interoperability Governance
The rapid advancement of agentic AI systems presents significant risks if interoperability gover-

nance frameworks are not established proactively. This section outlines potential negative scenarios
that could emerge without adequate governance measures.

9.1. Technical Fragmentation and Ecosystem Balkanization

Without standardized interoperability frameworks, the agentic AI ecosystem risks severe frag-
mentation:

• Proprietary Silos: Major technology vendors may develop closed ecosystems that lock users into
specific platforms, limiting choice and innovation [16,37]

• Integration Challenges: Organizations will face significant technical barriers when attempting to
connect AI systems from different providers, increasing implementation costs and complexity
[51,53]

• Reduced Innovation: Startups and smaller developers may struggle to compete in a fragmented
market, potentially stifling innovation and reducing competitive pressure on established players
[2,65]

9.2. Regulatory Compliance Challenges

The absence of interoperability-focused governance could create insurmountable compliance
obstacles:

• Cross-Border Deployment Barriers: Companies operating internationally may face incompatible
regulatory requirements, forcing them to maintain separate AI systems for different jurisdictions
[10,25]

• Compliance Complexity: Organizations will need to navigate multiple, potentially conflicting
regulatory frameworks simultaneously, increasing compliance costs and operational risks [11,24]

• Audit and Transparency Issues: Without standardized interfaces and data formats, demonstrating
compliance and conducting effective audits becomes increasingly difficult [73,74]

9.3. Security and Safety Risks

Interoperability gaps create significant security vulnerabilities and safety concerns:

• Security Vulnerabilities: Incompatible security models and communication protocols create
attack surfaces that malicious actors could exploit [56,57]

• Safety Assurance Challenges: Ensuring safe interactions between AI systems from different
providers becomes extremely difficult without standardized safety protocols [26,29]

• Incident Response Limitations: Security incidents may spread across system boundaries before
they can be contained, due to inadequate interoperability in security monitoring and response
mechanisms [6,75]

9.4. Economic and Competitive Disadvantages

The lack of interoperability governance could negatively impact economic growth and competi-
tiveness:
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• Reduced Market Efficiency: Organizations may be forced to make suboptimal technology choices
based on interoperability constraints rather than functional capabilities [4,76]

• Increased Costs: Businesses will face higher integration costs, maintenance expenses, and training
requirements for managing multiple incompatible systems [52,66]

• Competitive Disadvantage: Companies operating in regions without interoperability standards
may find themselves at a competitive disadvantage in global markets [7,55]

9.5. Ethical and Societal Concerns

Interoperability failures could exacerbate existing ethical challenges and create new societal risks:

• Accountability Gaps: Determining responsibility for outcomes involving multiple AI systems
becomes challenging without clear interoperability standards and governance frameworks [9,23]

• Bias Amplification: Incompatible systems may inadvertently amplify biases when exchanging
information or making collaborative decisions [35,77]

• Access and Equity Issues: Fragmented ecosystems may create digital divides, where certain
populations or organizations cannot access the full benefits of agentic AI due to interoperability
barriers [78,79]

9.6. Global Governance Fragmentation

The absence of international interoperability standards could lead to problematic governance
fragmentation:

• Regulatory Arbitrage: Companies might engage in jurisdiction shopping, operating from regions
with the most lenient regulations rather than the most appropriate standards [80,81]

• Standards Competition: Competing standards ecosystems could emerge, led by different geopo-
litical blocs, creating technical barriers that mirror political divisions [21,49]

• International Cooperation Challenges: Cross-border collaboration on AI safety, security, and
ethics becomes more difficult without shared technical foundations and governance approaches
[82,83]

9.7. Innovation Stagnation and Technical Debt

Long-term consequences of interoperability neglect could include innovation stagnation:

• Technical Debt Accumulation: Organizations will accumulate significant technical debt from
building and maintaining custom integration solutions [5,84]

• Research Fragmentation: Academic and industrial research may become fragmented across
incompatible platforms, reducing the collective advancement of the field [85,86]

• Adaptability Limitations: Systems built without interoperability considerations may struggle to
adapt to new technologies, regulations, or business requirements [18,87]

9.8. Mitigation Strategies for Avoiding Negative Scenarios

To prevent these negative outcomes, several proactive measures should be considered:

• Early Standardization: Accelerate development and adoption of open interoperability standards
through industry consortia and public-private partnerships [20,88]

• Regulatory Alignment: Encourage regulatory bodies to incorporate interoperability requirements
into AI governance frameworks [22,89]

• International Cooperation: Foster multilateral agreements on AI interoperability standards and
governance approaches [47,55]

• Industry Best Practices: Develop and promote interoperability best practices through industry
associations and professional organizations [72,90]
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9.9. Conclusion on Risk Scenarios

The potential negative scenarios outlined above demonstrate the critical importance of proactive
interoperability governance for agentic AI systems. Without concerted effort to establish standards,
frameworks, and governance mechanisms, the ecosystem risks fragmentation, security vulnerabilities,
economic inefficiencies, and ethical challenges that could undermine the transformative potential of
this technology.

The time to address these challenges is now, during the formative stages of agentic AI development
and deployment. By learning from the interoperability challenges that have affected other technology
domains and proactively addressing these issues, stakeholders can help ensure that agentic AI develops
in a way that maximizes benefits while minimizing risks [12,31].

10. Conclusion
Our comprehensive analysis of key references reveals a rapidly evolving landscape of frameworks,

governance approaches, and implementation patterns.
The current state of agentic AI is characterized by enthusiastic adoption—with 61% of organizations

building systems—coupled with significant challenges including high failure rates, governance gaps, and
security concerns. While numerous frameworks exist, no single solution comprehensively addresses the
requirements for enterprise-scale deployment, particularly regarding governance and security.

Our suggested architectural (from literature) framework provides a structured approach for
responsible agentic AI deployment, integrating governance and security considerations throughout
the system design. This "governance by design" approach addresses the unique challenges posed by
autonomous systems capable of independent action.

We have also reviewed: advanced governance mechanisms, security innovations, improved
human-AI collaboration, and standardization efforts. As the technology matures, we expect to see
increased vertical specialization, platform convergence, regulatory evolution, and skills development.

Our analysis underscores the transformative potential of agentic systems across various sectors,
tempered by substantial hurdles in governance, security, and standardization.

The research identified a critical gap between the development of autonomous capabilities and
the frameworks needed to ensure their responsible deployment. Technical complexity, regulatory
uncertainty, and security vulnerabilities present formidable barriers to successful implementation.
In response, we proposed an architectural framework built on a governance-by-design principle,
integrating oversight and security mechanisms throughout the system layers to address the unique
challenges of autonomous action.

Furthermore, the paper highlighted the urgent need for interoperability standards to prevent
ecosystem fragmentation and maintain global competitiveness. The strategic framework outlined for
leadership emphasizes accelerating standards development, fostering international cooperation, and
investing in targeted research. Proactive governance is not merely beneficial but essential to mitigate
risks such as technical silos, compliance complexity, and security vulnerabilities that could otherwise
undermine the technology’s potential.
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