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Abstract

Cloud computing continues to evolve rapidly, and so do the security technologies designed to protect data,
workloads, and access in cloud environments. This paper surveys the most influential emerging
technologies shaping cloud security today: confidential computing, Secure Access Service Edge (SASE),
Cloud Native Application Protection Platforms (CNAPP), AI/ML—driven threat detection and response,
homomorphic encryption and secure multi-party computation, post-quantum cryptography, server less &
runtime protection, and privacy-preserving analytics (including federated learning). For each technology
we describe the underlying principles, current cloud-provider and industry implementations, security
benefits, practical limitations, and open research problems. The paper concludes with recommendations
for practitioners and a roadmap for future academic work. Key claims about standards adoption and
provider initiatives are supported with recent sources.
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1. Introduction:

The migration of critical workloads to public, private, and hybrid cloud platforms has made cloud security
a top priority for enterprises, governments, and researchers. Traditional on-premises security techniques
are necessary but often insufficient in dynamic cloud-native environments. New technologies born from
hardware advances, cryptography, network architecture evolution, and machine learning-are emerging to
address threats unique to cloud platforms, such as protecting data in use, securing distributed access across
untrusted networks, and enabling privacy-preserving analytics across multiple parties.

This paper synthesizes recent developments (industry and academic) in technologies that materially alter
the cloud security landscape. Where applicable, we highlight how major cloud providers (e.g., Google
Cloud, AWS, Microsoft Azure) and industry consortia are implementing these capabilities. The goal is to
provide a compact, research-grade reference that supports both practitioners deciding what to adopt and
researchers seeking open problems.

2. Overview of Emerging Technologies (taxonomy)

We organize the discussion around the following categories:

1. Confidential Computing (data protection in use)

2. Secure Access Service Edge (SASE) and Zero Trust convergence (network + security)
3. Cloud Native Application Protection Platforms (CNAPP) (integrated cloud security)
4. AI/ML for Cloud Security (detection, triage, automated response)
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5. Homomorphic Encryption & Secure Multi-Party Computation (MPC) (privacy-preserving
compute)

6. Post-Quantum Cryptography (PQC) (long-term cryptographic resilience)

7. Server less & Runtime Protection (function-level security)

8. Privacy-preserving analytics / Federated Learning (collaborative ML without raw-data sharing)

Each category is examined for principle, real-world implementations, strengths, limitations, and research

directions.

3. Confidential Computing

3.1 Principle and Motivation

Confidential computing protects data while it is being processed by using hardware-based Trusted

Execution Environments (TEEs) or CPU features that provide an isolated, encrypted memory region. This

closes the “data-in-use” gap left by conventional encryption at-rest and in-transit. TEEs ensure that even

cloud operators and hypervisors cannot access plaintext processed inside the enclave.

3.2 Industry Implementations

Major cloud providers now offer confidential VM and TEE-backed services (e.g., Google Confidential

VMs, vendor offerings leveraging Intel SGX, AMD SEV, and newer TDX/TDX-like technologies). These

services allow customers to run workloads with cryptographic assurances that keys and plaintext remain

protected from the cloud provider’s regular control plane.

3.3 Benefits and Use Cases

e Protecting multi-tenant computations where customers need assurance against a compromised cloud
operator.

o Secure handling of sensitive workloads such as genomic processing, financial computations, and Al
model inference/training.

o Enabling data sharing and processing between mutually untrusted parties (when combined with
attestation and MPC).

3.4 Limitations and Research Challenges

e Vulnerabilities/Side-channels: TEEs (e.g., SGX) have exhibited side-channel and micro architectural
attacks; ongoing research must harden TEE designs.

o Attestation Complexity: Remote attestation must be reliable and privacy-preserving.

e Performance & Porting: Some TEEs require changes to applications or present performance
tradeoffs.

o Composability: Combining TEEs with scalable cloud services and distributed systems is nontrivial.

Research directions: stronger mitigation of micro architectural side channels, compostable attestation

models, developer-friendly confidential runtimes, and hybrid protocols bridging TEEs with MPC.

4. Secure Access Service Edge (SASE) and Zero Trust Convergence

4.1 Concept

SASE represents a cloud-native convergence of networking (SD-WAN) and security services (ZTNA,
SWG, CASB, FWaaS) delivered as a unified service that enforces identity- and context-aware policies at
the edge. Zero Trust principles—continuous verification and least privilege—are core to SASE. Gartner
formally defined and popularized the term; multiple vendors have operational SASE offerings.
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4.2 Security Advantages

o Centralized policy enforcement across distributed users and devices.

e Reduced reliance on perimeter security; better support for remote and hybrid workforces.

o Integrated telemetry from network and security functions enables contextual access decisions.

4.3 Practical Considerations and Limitations

e Migration complexity: architecting legacy networks for SASE can be operationally heavy.

e Vendor lock-in and diverse feature maturity across providers.

e Privacy concerns when routing traffic through third-party security clouds.

Research directions: standardized policy languages for multi-vendor SASE, privacy-preserving
telemetry sharing, performance-aware policy enforcement.

5. Cloud Native Application Protection Platforms (CNAPP)

5.1 What CNAPP Is?

CNAPP is an emerging category that integrates Cloud Security Posture Management (CSPM), workload
protection (CWPP), cloud infrastructure entitlement management (CIEM), container and Kubernetes
runtime security, API protection, and data security into a single platform to secure cloud-native
applications across the entire lifecycle. CNAPP seeks to replace the “tool sprawl” of point solutions.

5.2 Value and Use Cases

o Unified visibility and prioritized risk remediation across IaC, containers, and server less.

o Automated detection of misconfigurations, drift, and risky entitlements.

o Integration with CI/CD to shift security left.

5.3 Challenges & Research Directions

Defining evaluation metrics and benchmarks for CNAPP efficacy.

Scaling runtime telemetry analysis without excessive false positives.
Formal methods for proving the correctness of cloud-level policy enforcement.

6. Al and Machine Learning for Cloud Security

6.1 Capabilities

AI/ML drives modern security analytics: anomaly detection in logs and network flows, behavior analytics
for identity protection, automated triage, and even policy synthesis. Cloud providers offer managed
services (e.g., AWS Guard Duty, Azure Sentinel, Google Security Command Center) that embed ML
models to surface suspicious activities.

6.2 Strengths

e (Can process high-volume telemetry to detect patterns humans would miss.

o Enables faster incident detection and automated responses (SOAR integration).

e Model-based prioritization reduces SOC overload.

6.3 Risks and Limitations

e Model Drift & Evasion: Attackers can adapt to evade models; models need continuous retraining.

» Explain ability: Security decisions require explain ability for forensics and compliance.

o Data Quality: Garbage in — garbage out; noisy labels and imbalanced data are frequent.

e Adversarial ML: Models themselves can be attacked (poisoning, evasion).

Research directions: robust ML for adversarial settings, ML explain ability tailored to SOC workflows,
federated threat-sharing models that preserve privacy.
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7. Homomorphic Encryption & Secure Multi-Party Computation (MPC)

7.1 Homomorphic Encryption (HE)

HE allows computation on encrypted data without first decrypting it. Practical HE schemes (partially,

somewhat, and fully homomorphic) enable specific analytics and ML model inference while preserving

privacy. Academic and industrial research explores HE for cloud analytics, but performance and

functionality limitations remain.

7.2 Secure Multi-Party Computation (MPC)

MPC enables multiple parties to jointly compute a function over their private inputs without revealing the

inputs. For collaborative analytics across organizations, MPC offers strong privacy without trusting a

single cloud provider. Recent papers demonstrate practical MPC workflows albeit with communication

and latency costs.

7.3 Practical Considerations

e Performance tradeoffs: HE and MPC are still orders of magnitude slower than plaintext compute for
many tasks.

o Use case fit: Best suited to analytic kernels or model inference where limited operations are needed.

o Hybrid approaches: Combining TEEs with MPC/HE often yields better performance/privacy
tradeoffs.

Research directions: algorithmic improvements for HE/MPC, compiler toolchains for translating high-

level workloads to HE/MPC primitives, hybrid protocols that leverage TEEs.

8. Post-Quantum Cryptography (PQC)

8.1 Background & Need

Quantum computers pose a theoretical threat to widely used public-key primitives (RSA, ECC). NIST has
standardized initial PQC algorithms; major cloud providers are beginning to adopt NIST-selected
algorithms and offer migrations paths to quantum-resistant schemes. This shift is crucial for long-lived
data and compliance-critical archives.

8.2 Provider Activity & Adoption

Cloud providers and networking/security vendors are integrating PQC into TLS stacks, VPNs, and key
management services; some have announced hybrid PQC+classical deployments to smooth migration.
Industry announcements (e.g., Cloud flare, AWS) reflect active PQC rollouts.

8.3 Research & Engineering Challenges

e Performance and key-size tradeoffs for PQC schemes.

o Compatibility with existing cryptographic protocols and hardware accelerators.

o Standardization of operational best practices for PQC key lifecycle management.

9. Server less & Runtime Protection

9.1 New Attack Surface

Server less (Functions-as-a-Service) introduces ephemeral compute units and managed runtimes. Threats
include insecure function triggers, excessive IAM roles, vulnerable dependencies, and function-level
exploitation. OWASP’s Server less Top 10 highlights common vulnerabilities in server less apps.

9.2 Runtime Protection Techniques

o Fine-grained IAM tied to least-privilege function roles.

o Function observability (tracing, logging) and sandboxing.
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e Dependency scanning, SBOMs (Software Bill of Materials), and automated patching.
Research directions: formalizing least-privilege policies for ephemeral functions, function-level
attestation, and light-weight runtime integrity checks for server less platforms.

10. Privacy-Preserving Analytics & Federated Learning

10.1 Federated Learning and Cloud

Federated learning allows model training across data silos by aggregating model updates rather than raw
data. When combined with TEEs, MPC, and differential privacy, federated learning enables cross-
organization model development with stronger privacy guarantees.

10.2 Challenges

e Gradient leakage and reconstruction attacks on model updates.

e Communication and synchronization across many clients.

o Tension between utility and privacy (differential privacy noise vs. model accuracy).

Research directions: robust aggregation methods resistant to poisoning, hybrid TEEs+MPC training
pipelines, privacy-utility tradeoff frameworks.

11. Comparative Analysis: Strengths, Overlaps, and Composability

o Confidential Computing vs. HE/MPC: TEEs give better performance for many workloads but rely
on hardware; HE/MPC provide cryptographic guarantees without trusting hardware but at a higher
computational cost. Hybrid architectures often provide the best of both worlds for practical
deployments

e SASE and CNAPP: SASE focuses on network access and edge enforcement while CNAPP focuses
on securing cloud-native workloads across CI/CD, runtime, and data—both are complementary and
often integrated in enterprise roadmaps.

e AI/ML: Ubiquitous across platforms—used inside CNAPP, SASE analytics, and provider-managed
threat detectors—yet raises unique security and adversarial-resilience concerns.

12. Open Problems & Research Roadmap

1. Attestation & Composability: Standardized, privacy-preserving attestation across multi-cloud
confidential computing deployments.

2. Adversarial-robust ML: New ML architectures and training regimes that are robust to poisoning and
evasion in telemetry-rich cloud environments.

3. Practical HE/MPC Toolchains: Compilers and runtime systems that make HE/MPC accessible to
cloud developers with strong performance.

4. PQC Transition Strategies: Operational playbooks for incremental migration to PQC across cloud
stacks (TLS, KMS, storage).

5. Policy Languages & Verification: Formal policy specification languages for SASE and CNAPP
enabling provable enforcement and verification.

6. Economics & Usability: Studies into the cost, latency, and developer friction imposed by privacy-
preserving and confidential technologies.

13. Practical Recommendations for Practitioners
e Adopt a layered approach: Combine IAM hardening, encryption (at rest/in transit), CNAPP posture
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management, and runtime protection.

Evaluate confidential computing for high-sensitivity workloads where the threat model includes a
potentially untrusted cloud operator or when regulatory needs demand data-in-use protections.

Plan for PQC: Begin inventorying long-lived keys and data and follow provider PQC advisories to
prepare for migration.

Use managed AI/ML security services carefully: Leverage provider threat-detection capabilities but
monitor model performance and understand false-positive characteristics.

Instrument server less and containers extensively: Apply least-privilege IAM, enforce dependency
checks, and collect function-level telemetry.

14. Conclusion

Emerging technologies in cloud security—confidential computing, SASE, CNAPP, AI/ML defenses,
HE/MPC, PQC, and enhanced runtime protections—are rapidly maturing and reshaping how
organizations secure cloud-native systems. No single technology is a panacea. Instead, careful integration,
threat-model-driven selection, and continued research into performance, composability, and adversarial
robustness are required. The next five years will likely see practical hybrids: TEEs plus cryptographic
protocols, PQC integrated into mainstream TLS stacks, and CNAPPs using ML to automate remediation—
progress that will significantly improve cloud trustworthiness.
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