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Abstract 

Protecting sensitive military information systems requires architectures that combine rigorous 

isolation, adaptive defense, and verifiable trust across hardware, software, and human factors. 

This paper examines a layered architecture that integrates Zero Trust principles, 

microsegmentation, hardware roots-of-trust, secure supply-chain practices, and AI-assisted threat 

detection and response. We analyze design patterns that reduce attack surface, prevent lateral 

movement, and provide measurable assurance for critical missions. Emphasis is placed on 

resilient communications, policy-driven identity and access management, and the role of 

hardware-backed attestation in defending against firmware and supply-chain compromises. The 

paper also evaluates the trade-offs between security, latency, and operational complexity in 

constrained or contested environments, and proposes mitigations such as adaptive policy 

profiles, deterministic fail-safe modes, and mission-aware risk scoring. Finally, we present a set 

of implementation recommendations and verification strategies — including continuous 

validation, red-teaming, and formal methods for security-critical modules — to guide 

deployment in real-world military contexts. The approach aims to balance stringent 

confidentiality and integrity requirements with maintainability and rapid response capability, 

enabling national defense systems to operate securely even under advanced persistent threat 

scenarios. 

Keywords: Zero Trust, microsegmentation, hardware root of trust, secure supply chain, AI-

driven threat detection, attestation, resilient communications, mission-aware security 

I. Introduction  
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Military information systems host mission-critical data and control functions whose compromise 

can have catastrophic effects on national security and personnel safety [1]. Unlike many 

commercial systems, military platforms must operate under extreme constraints: contested 

physical environments, intermittent connectivity, constrained compute and power budgets, and 

adversaries with nation-state level resources and persistent capabilities. These characteristics 

demand cybersecurity architectures that are not simply stronger versions of commercial best 

practice, but are purpose-built to survive targeted, long-duration campaigns that seek to degrade, 

deceive, or commandeer systems. At the heart of a robust architecture is the concept of 

minimizing trust assumptions. Traditional perimeter-based defenses — firewalls and network 

boundaries — are insufficient because adversaries routinely bypass perimeters through supply-

chain compromise, insider threat, or credential theft. Zero Trust reframes security as continuous 

verification: every user, device, and service must prove its right to access, and access decisions 

are made dynamically based on context and policy. For military systems this approach must be 

extended: devices may operate offline, identities may be ephemeral (e.g., deployed units), and 

policies must be adaptable to mission phase [2]. Therefore, Zero Trust for military use must 

include mission-aware policy weighting, offline-capable attestations, and pre-authorized fallback 

modes that are safe when connectivity or central authorities are unavailable. 
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Figure 1: Conceptual Overview of Military Information System Security Architecture. 

Microsegmentation complements Zero Trust by constraining lateral movement within networks. 

Fine-grained segmentation — at process, container, or hardware enclave level — reduces blast 

radius when components are compromised [3]. For military systems this is crucial: an adversary 

who obtains one subsystem (e.g., a logistics server) must not be able to pivot to affect weapons 

control or intelligence feeds. However, segmentation introduces performance and management 

costs. The architecture must therefore employ policy orchestration that is lightweight, automated, 

and audit-capable, enabling rapid reconfiguration as operational needs change [4]. 

Hardware trust anchors — secure elements, TPMs, or hardware security modules (HSMs) — 

provide a foundational assurance mechanism that software-only approaches cannot match. 

Hardware-backed attestation makes it feasible to verify firmware and boot chains, detect 

persistent implants, and ensure the integrity of cryptographic keys even if an OS is compromised. 

Yet hardware measures must be paired with secure supply-chain practices, since adversaries 
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increasingly target components during manufacturing or distribution. Rigorous provenance, 

provenance-based risk scoring, authenticated update pipelines, and reproducible build processes 

are all architectural necessities for military deployments. 

Adaptive detection and response completes the architecture. Static rules and signature-based 

detection are too slow against sophisticated adversaries. AI-assisted analytics can surface 

anomalies, correlate sparse telemetry across disconnected nodes, and prioritize alerts for human 

analysts. But AI must be applied cautiously: models must be auditable, robust to adversarial 

manipulation, and evaluated for false positive/negative trade-offs in mission contexts. 

Additionally, response automation requires safe guardrails — deterministic rollback, policy-level 

throttles, and human-in-the-loop escalation for high-impact actions. Finally, verification and 

continuous validation are non-negotiable [5]. Formal methods for high-assurance modules (e.g., 

cryptographic libraries, secure boot loaders), routine red-team exercises, continuous monitoring 

of supply chain indicators, and reproducible testbeds for offline validation are required to sustain 

trust over time. This paper explores these components in detail, providing design patterns and 

trade-off analyses aimed at practitioners responsible for securing the next generation of military 

information systems. 

II. Zero Trust, Micro segmentation, and Identity: Design Patterns for a 

Denied/Degraded Environment  

Zero Trust for military systems must extend beyond “never trust, always verify” into pragmatic, 

mission-aware designs that operate even when central authorities are unreachable. The following 

design patterns address identity, authorization, segmentation, and resilience in contested 

environments. Identity and credentialing: Use a layered identity model combining long-term 

cryptographic identities (hardware-bound keys), mid-term delegation tokens, and ephemeral 

mission credentials [6]. Long-term keys are stored in secure hardware (TPM/HSM/secure 

element) so they cannot be exfiltrated even if software is compromised. Delegation tokens allow 

units to receive time- and scope-limited credentials from centralized identity providers when 

connectivity exists; these tokens can be cryptographically bound to a device assertion to reduce 

token replay. Ephemeral credentials, possibly based on identity-based cryptography or short-
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lived certificates, support ad-hoc coalitions and cross-domain operations while minimizing long-

term exposure. 

Policy-driven adaptive access: Access control uses multi-attribute decision-making (user role, 

device posture, mission phase, location, threat level). Policies are expressed declaratively and 

compiled into compact enforcement agents that run locally. In denied/degraded settings, policies 

include graceful fallback rules: pre-authorized access bundles for specific mission-critical flows, 

prioritized and limited by cryptographic time-bounds or counters to reduce abuse risk. Central 

policy servers push updates opportunistically; local agents must be capable of verifiable policy 

refreshes when reconnected. Microsegmentation and least privilege: Implement 

microsegmentation at multiple layers — virtual network overlays, hypervisor-level vLANs, 

container network policies, and application-level access controls. Use identity-based 

segmentation (access controlled by identity and intent rather than static IP ranges) to tolerate 

mobility and dynamic topologies common in military operations. To manage complexity, apply 

policy templates and intent-based orchestration: define high-level intents (e.g., “sensor telemetry 

→ analysis enclave”) and generate the low-level rules automatically. Enforce strict egress 

controls and protocol/port whitelisting to prevent covert channels. 

Secure communications and key lifecycle: Enforce end-to-end encryption with forward secrecy. 

Key provisioning must support offline scenarios via pre-distributed key sets and 

cryptographically enforced key expiry/rotation. Use asymmetric keys tied to hardware roots-of-

trust and an authenticated update mechanism for renewing credentials. Where bandwidth is 

limited, prefer compact key formats and authenticated encryption schemes that minimize 

handshakes while retaining cryptographic resilience. 

Monitoring and telemetry under constraints: Telemetry must be opportunistic and compact. 

Design event schemas that prioritize high-fidelity alerts and critical indicators of compromise 

(e.g., bootloader irregularities, privilege escalation events, anomalous lateral request patterns) 

over bulk logging. For offline nodes, use cryptographically verifiable summaries (signed digests 

of local logs) that can be audited later; this preserves evidence integrity and prevents adversaries 

from tampering without detection [7]. Resilience and graceful degradation: Define deterministic 
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fail-safe states. For example, when policy revocation is required but central authority is 

unreachable, devices revert to the least-privilege operational subset necessary for mission 

success. Incorporate human override mechanisms with multi-party approval (e.g., quorum-based 

unlocking) to balance operational needs and security. Operational considerations: Automate 

policy orchestration and verification to the extent possible, but ensure human-readable policy 

explanations for commanders and operators. Invest in training for operators to understand 

fallback and emergency procedures so they do not inadvertently weaken security under stress. 

Finally, maintain a continuous update and patch management cycle adapted to mission tempo, 

combining secure over-the-air updates with verifiable rollbacks. 

III. Hardware Roots of Trust, Supply-Chain Hardening, and AI-Enhanced 

Detection  

The combination of hardware-backed trust and supply-chain assurance forms the immutable 

backbone of military cybersecurity, while AI-enhanced detection provides the speed and 

correlation power to identify advanced threats. Hardware roots of trust and attestation: Secure 

boot and measured boot provide chain-of-trust guarantees from immutable root firmware through 

to the OS and critical applications. Use hardware modules (TPMs or dedicated secure elements) 

for key storage and cryptographic operations. Remote attestation protocols allow a verifier to 

request signed measurements of the boot chain and key manifests; attestation must be privacy-

preserving when needed (e.g., in coalition operations) but robust against replay and man-in-the-

middle manipulation. Attestation schemes should support both online verification and offline 

proofs (e.g., signed statements with nonces) to operate in disconnected environments. Supply-

chain hardening: Adopt provenance-first procurement and build practices. Require vendors to 

provide reproducible build artifacts and signed SBOMs (Software Bill of Materials) with 

machine-readable provenance metadata. Integrate hardware provenance checks (serialized 

identifiers, secure element public keys) into acceptance testing. Use layered trust—multiple 

independent attestations of critical components (vendor, assembler, integrator) — and revoke or 

quarantine items whose provenance cannot be corroborated. Encourage use of trustworthy 

fabrication partners and on-shore or allied production for highest-assurance components. Update 
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and patch security: Secure update pipelines must be end-to-end authenticated and integrity-

protected. Signed update artifacts should be validated against a chain of trust anchored in 

hardware. Implement staged rollouts with canary cohorts and deterministic rollback to minimize 

deployment risk [8]. To avoid adversary-supplied updates, maintain a whitelist of approved 

update sources and cryptographic key rotation governance that can be socially engineered-

resilient (e.g., multi-party signatures from independent stakeholders) [9]. 

AI-enhanced detection and context-aware response: AI/ML models can detect subtle anomalies 

across telemetry that rule-based systems miss, especially when adversaries employ stealthy 

persistence. Model architectures should be tailored for explainability (attention visualizations, 

feature importance) and robustness against adversarial examples. Train models on curated 

datasets that include red-team behaviors and simulated supply-chain attacks. For deployment in 

constrained nodes, use lightweight models or edge/cloud hybrid approaches where inference is 

performed locally when necessary and aggregated centrally for correlation. Adversarial 

robustness and model governance: Establish model validation pipelines that test for adversarial 

inputs, data poisoning, and concept drift. Use ensemble methods and cross-checks (e.g., 

combining signature-based, behavior-based, and model-based detectors) to reduce single-point 

failures. Maintain model provenance and retrain schedules; every model and update must be 

signed and verifiable via the same hardware roots-of-trust used for system software [10]. 

Automated containment and human oversight: Response automation can close the window 

between detection and mitigation, but high-impact actions require controlled escalation. Define 

automated playbooks with graded responses: throttling suspicious flows, isolating compartments, 

or initiating evidence preservation steps (log sealing, snapshotting) [11]. For lethal or high-risk 

control systems, require human-in-the-loop approval for effectors that change weapon states or 

critical command-and-control behaviors. Forensics, auditability, and continuous verification: 

Ensure that all critical events are logged in an append-only, signed ledger (locally and centrally 

when connectivity allows). These logs feed forensic pipelines capable of reconstructing timelines 

and supporting attribution. Continuous verification mechanisms — periodic attestation, integrity 

scans, and reproducible builds verification — must be part of routine operations and adversary 

simulation exercises [12]. Operational trade-offs and deployment guidance: Hardware anchors 
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and supply-chain controls increase procurement cost and complexity, and AI systems require 

lifecycle management and skilled personnel. Prioritize these controls for systems with the 

highest confidentiality/integrity needs while applying scaled-down variants to less critical 

components. Where possible, choose composable architectures that permit upgrading trust 

anchors or analytics without full system replacement. 

IV. Conclusion 

Securing sensitive military information systems demands a multi-layered architecture that 

couples Zero Trust and microsegmentation with hardware roots-of-trust, supply-chain 

provenance, and carefully governed AI detection and response. By designing for denied and 

degraded environments, enforcing cryptographic attestations, automating verifiable policy 

enforcement, and maintaining rigorous validation and forensics, military operators can 

significantly reduce attack surface and increase the likelihood of mission continuity under 

advanced threat conditions. Practical implementation requires balancing security, performance, 

and operational complexity while investing in tooling, training, and verification to sustain 

assurance over the system lifecycle. 
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