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ABSTRACT: Modern enterprises are increasingly adopting federated multi-cloud environments to prevent vendor 

lock-in, maintain localized data sovereignty, and leverage specialized infrastructure across geographic regions. 

However, managing distributed data estates across heterogeneous cloud architectures introduces severe operational 

bottlenecks in data discovery, schema standardization, compliance enforcement, and cross-silo lineage tracking. 

Traditional centralized data governance models introduce performance friction and struggle to scale alongside high-
velocity, unstructured data assets. This paper presents a novel framework integrating Explainable Generative Artificial 

Intelligence (xGenAI) into federated cloud architectures to automate enterprise data modernization and continuous 

governance. By embedding localized retrieval-augmented generative models and automated ontology mappers at 

distributed cloud nodes, the framework dynamically generates unified semantic metadata, maps cross-cloud lineage, 

and enforces fine-grained access policies. To ensure transparency and regulatory compliance, the system incorporates 

Shapley Additive exPlanations (SHAP) and attention-map attribution mechanisms, offering human-interpretable 

reasoning for automated classification, policy decisions, and synthetic data generation. Empirical evaluation across a 

simulated multi-cloud ecosystem demonstrates significant improvements in metadata auto-cataloging throughput, 

drastic reductions in policy audit latency, and enhanced explainability metrics over conventional governance 

toolchains.  
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I. INTRODUCTION 

 

Enterprise digital transformation has accelerated the shift away from centralized data warehouses toward federated, 

multi-cloud data estates. Organizations deploy microservices, analytical engines, and operational databases across 

diverse cloud platforms—such as AWS, Azure, Google Cloud, and localized on-premises infrastructure—to capitalize 

on platform-specific optimizations and adhere to regional data residency regulations (e.g., GDPR, CCPA). While this 

decentralized approach provides operational flexibility and high availability, it fragments the enterprise data landscape. 

Data assets become isolated in multi-cloud silos, leading to inconsistent metadata definitions, duplicated storage, 
untracked lineage, and heightened security vulnerabilities. Modernizing these legacy and fragmented systems requires 

establishing a unified semantic layer without forcing physically centralized migration, which is often legally or 

economically infeasible. 

 

Conventional enterprise data governance platforms rely heavily on static, rule-based heuristics and manual curation by 

domain-specific data stewards. These legacy systems require hand-crafted regex patterns, fixed classification rules, and 

periodic manual audits to detect sensitive records, map schema relationships, and enforce policy guardrails. As 

enterprises generate terabytes of semi-structured and unstructured data daily, manual stewardship becomes an 

operational bottleneck. Traditional tools fail to contextualize complex relationships across distributed environments, 

frequently resulting in false positives, uncataloged "dark data," and uncoordinated schema drift. Consequently, 

organizations face compliance penalties, delayed business intelligence, and increased friction when exposing data to 

downstream artificial intelligence applications.  
 

The emergence of Generative Artificial Intelligence (GenAI) introduces powerful capabilities for understanding 

contextual semantics, auto-generating schema mappings, translating natural language queries, and synthesizing 

complex metadata. By deploying generative models across federated cloud nodes, organizations can automate the 

discovery, cataloging, and harmonization of unstructured and semi-structured data without transferring raw underlying 

datasets across network boundaries. However, deploying standard "black-box" generative models within enterprise 

http://www.ijctece.com/


     International Journal of Computer Technology and Electronics Communication (IJCTEC)       

                            | ISSN: 2320-0081 | www.ijctece.com | A Peer-Reviewed, Refereed, a Bimonthly Journal| 

           || Volume 8, Issue 5, September – October 2025 || 

          DOI: 10.15680/IJCTECE.2025.0805036 

IJCTEC© 2025                                                         |     An ISO 9001:2008 Certified Journal   |                                               11587 

    

governance introduces critical trust and regulatory risks. Foundation models are prone to hallucinating data lineage, 
producing non-deterministic classification decisions, and generating opaque transformations. Without verifiable 

explainability mechanisms, compliance officers and data stewards cannot audit AI-driven governance decisions, 

rendering pure GenAI solutions unacceptable for highly regulated industries like finance and healthcare.  

 

To bridge this operational gap, this paper introduces an integrated architecture combining Explainable Generative AI 

(xGenAI) with federated cloud orchestration for enterprise data modernization and continuous governance. The 

proposed system embeds localized light-weight generative models equipped with Retrieval-Augmented Generation 

(RAG) and post-hoc attribution frameworks (such as Integrated Gradients and SHAP) across multi-cloud environments. 

This design enables autonomous data classification, dynamic policy generation, and real-time cross-cloud lineage 

synthesis while producing human-auditable rationale trails for every automated governance action. The primary 

objective of this research is to establish a transparent, privacy-preserving, and scalable framework that modernizes 
legacy data silos into a trustable, unified data fabric.  

 

II. LITERATURE REVIEW 

 

The evolution of enterprise data architecture from centralized data lakes to federated paradigms, such as Data Mesh and 

Data Fabric, has been extensively documented in recent literature. Dehghani et al. introduced the foundational concepts 

of Data Mesh, arguing that domain-driven decentralized data ownership avoids the architectural bottlenecks inherent in 

monolithic data platforms. Subsequent studies by Saraswat et al. expanded on this by evaluating federated cloud 

environments, demonstrating that distributing data workloads across heterogeneous clouds enhances regional latency 

and satisfies data sovereignty laws. However, researchers such as Alhassan et al. highlighted that decentralized data 

estates create severe governance fragmentation. Without centralized visibility, maintaining unified access control 

policies, verifying data quality, and tracking end-to-end data provenance across cloud providers becomes difficult, 
leading to elevated security risks and compliance vulnerabilities.  

 

To automate governance across distributed estates, early research explored machine learning techniques for automated 

metadata extraction and policy enforcement. Supervised classification models and natural language processing (NLP) 

pipelines, such as BERT-based named entity recognition (NER), were implemented to scan databases and flag sensitive 

Personal Identifiable Information (PII). While these approaches improved upon static rule engines, studies by Zhang et 

al. demonstrated their limitations when handling domain-specific jargon, complex nested structures, and polysemic data 

attributes across legacy enterprise schemas. Furthermore, traditional ML models operate independently within localized 

silos, failing to infer global schema dependencies or construct holistic semantic ontologies across multi-cloud 

environments without centralized data aggregation.  

 
The incorporation of Large Language Models (LLMs) and Generative AI into data management has marked a 

significant shift in enterprise data engineering. Recent work by Chen et al. demonstrated that LLMs fine-tuned on SQL 

and data management artifacts can automatically generate complex ETL transformations, synthesize documentation, 

and perform zero-shot schema alignment across disparate sources. Additionally, Retrieval-Augmented Generation 

(RAG) architectures have been leveraged to ground generative outputs in organizational policy documentation, 

improving contextual alignment. Despite these advances, scholars like Amershi et al. emphasize that the black-box 

nature of generative models poses a challenge to automated data governance. Unexplainable AI outputs can cause 

automated misclassification of restricted data, incorrect policy assignments, and unverified data transformations, which 

undermine enterprise trust and violate strict regulatory mandates demanding algorithmic accountability. 

 

To address model opacity, Explainable AI (XAI) frameworks have emerged as a critical requirement in automated 
decision-making platforms. Post-hoc explainability methods, such as SHAP (Shapley Additive exPlanations), LIME 

(Local Interpretable Model-agnostic Explanations), and attention attribution mechanics, have been validated in clinical 

and financial domains to expose model reasoning. However, existing XAI literature focuses primarily on predictive ML 

models, with limited research exploring its application to generative architectures operating within federated cloud 

governance frameworks. Current research lacks a unified approach that integrates explainable generative AI directly 

into federated cloud data planes to simultaneously drive data modernization (e.g., schema harmonization, code 

translation) and enforce continuous, auditable data governance. This paper addresses this gap by presenting an 

explainable, generative-driven framework tailored for federated enterprise data ecosystems. 
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III. RESEARCH METHODOLOGY 
 

Federated Multi-Cloud Infrastructure and Data Fabric Setup: A multi-cloud enterprise testbed is constructed using 

Kubernetes clusters distributed across three cloud environments (AWS EKS, Azure AKS, and Google Cloud GKE) 

alongside an on-premises PostgreSQL and MinIO environment. A federated control plane (built using Open Policy 

Agent and Apache Atlas) is deployed to manage global policy definitions and metadata indexing without aggregating 

raw tenant data. Synthetic and real-world benchmark enterprise datasets—containing structured SQL tables, semi-

structured JSON logs, and unstructured PDF policy documents with embedded PII and regulatory attributes—are 

distributed across the nodes. 

 

Localization of Generative AI Agents and RAG Module Deployment: Lightweight open-weights generative models 

(e.g., Llama 3 8B, Mistral 7B) are containerized and deployed directly onto localized cloud nodes as governance 
sidecars. A localized Retrieval-Augmented Generation (RAG) pipeline is implemented at each node using a vector 

store (Qdrant). The RAG pipeline indexes localized enterprise data dictionaries, historical schema mappings, and 

regional compliance mandates (GDPR, HIPAA), allowing localized LLM agents to process metadata, generate 

canonical schema representations, and infer data sensitivity without transferring underlying raw data out of the hosting 

region. 

 

 
 

FIG1: Enhancing Federated Cloud with Explainable Generative Artificial Intelligence 

 

Explainability Engine Integration and Feature Attribution Mechanics: To ensure model outputs are interpretable 

and auditable, an Explainability Module is integrated into the generative pipeline. When an xGenAI agent assigns a 
data sensitivity classification, executes a schema transformation, or generates a data access rule, a companion 

attribution engine processes the prompt-token weights using Integrated Gradients and SHAP token-level scoring. The 

engine outputs a structured, human-readable JSON "Explanation Manifest" that explicitly details: 

o Key input tokens and metadata fields that triggered the classification.  

o Confidence scores and underlying regulatory policy clauses fetched by RAG. 

o Graph-based lineage attributions showing source-to-target mapping logic. 

 

Empirical Evaluation, Stress Testing, and Benchmarking: The integrated framework is subjected to automated 

modernization and governance scenarios, comparing performance against conventional governance toolchains. 

Quantitative metrics are evaluated across key dimensions:  

o Auto-Cataloging Precision & Recall: Accuracy of PII and business attribute identification across 
unstructured/structured sources. 

o Modernization Throughput: Speed of legacy schema translation and automated ETL generation. 

o Policy Audit Latency: Time required to evaluate, explain, and approve dynamic data access requests across 

federated nodes. 

o Explainability Audit Score: Evaluation by human compliance experts on the clarity, correctness, and auditability 

of generated explanation manifests. 
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Advantages 

 Automated Semantic Harmonization: Generative AI agents rapidly analyze and unify disparate, legacy schemas 

into standardized enterprise data products without requiring manual, time-consuming metadata tagging. 

 Verifiable and Auditable Compliance: Explainability mechanics provide clear attribution trails for every 

automated governance decision, enabling compliance officers to audit AI-generated classifications and satisfy strict 

regulatory requirements. 

 Privacy-Preserving Governance: Localized federated execution ensures that sensitive data stays within its 

regional cloud boundary, fulfilling strict data sovereignty laws while maintaining global visibility. 

 Accelerated Data Modernization: Automated generation of ETL pipelines, data documentation, and SQL queries 

speeds up the transformation of legacy data silos into analytics-ready cloud assets. 

 

Disadvantages 

 High Computational Infrastructure Costs: Deploying local generative models and vector databases across 

multiple cloud nodes increases compute, memory, and specialized hardware (GPU/TPU) requirements. 

 Increased System Latency Overhead: Generating real-time feature attributions (SHAP/Integrated Gradients) 

alongside LLM inference adds computational latency compared to basic rule-based scanners. 

 Cold-Start Knowledge Base Dependency: The quality of RAG-driven classification depends heavily on the 

accuracy and completeness of the enterprise's initial policy documentation and vector store indexing. 

 Complex Cross-Cloud Attribution Tuning: Calibrating attribution thresholds and managing prompt drift across 

distinct generative model sidecars in heterogeneous cloud environments requires specialized operational expertise. 
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