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Abstract 

Modern infrastructure teams have to impose least-privilege to multi-cloud environments and maintain privacy, all 

the while providing constant audit-readiness evidence. This paper introduces a portable governance architecture 

that (a) divide’s identity, decision, and enforcement; (b) integrates RBAC, ABAC, and ReBAC in a canonical schema; 

and (c) implements policy-as-code in terms of formal verification, static analysis, and safe roll-out patterns. Multi-

source telemetry - cloud control-plane and cluster logs, identity provider events, and HRIS/ticketing data - are 

brought in as an entitlement graph to analyze reachability and problematic combinations. Policies are created in 

versioned repositories with unit/property testing, signed provenance, shadow evaluation, and progressive 

enforcement; recertifications of executed decisions also leave immutable evidence artifacts in auditable formats. 

Evaluation is provided with the use of KPIs, such as the least-privilege score, segregation-of-duties violation rate, 

policy coverage, review latency, and break-glass incidence. Experimental data show fewer emergency access points, 

infringement rates, faster reviews, and better policy coverage, as well as privacy-aware logging, tokenization, and 

differential-privacy budgets that limit exposure compared with heuristics and cloud-native analyzers. Operational 

guidance also involves a phased adoption playbook (pilot, guardrails), operational RACI of shared ownership, drift-

reconciliation, and rollback runbooks. Limitations can be summarized as sporadic labels, imbalance of classes, 

semantic drift among providers, and telemetry gaps in legacy systems; mitigations can be characterized as time 

awareness validation, cost-sensitive thresholds, contract tests, and fallbacks. Future efforts will focus on sub-10-ms 

streaming PDPs, graph and unsupervised analytics with causal attribution, federated learning with privacy budgets, 

UX coupling assists drafting with verification gates, and synthetic datasets with simulated incidents. 

Key words: Identity and Access Management (IAM), Policy-as-Code (OPA/Rego), Formal Verification, Entitlement 

Graphs, Differential Privacy 

1. Introduction 

Cloud is now multi-cloud by necessity with microservices, serverless and ephemeral infrastructure that multiplies 

the number of identities, roles and secrets that need to be managed. Proliferation of machine identities, 

authorization by pipeline and the use of short-lived tokens make auditing an uphill challenge. Privacy requirements 

like GDPR, HIPAA, and PCI DSS require that they show control over who can view personal or sensitive information, 

what they can do with it, and how long they can keep it. This creates areas of exposure, between operating speed 

and what can be checked, misinterpreted privileges, cross-team lateral movement due to overly-generous roles, 
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and CI/CD tokens against production assets. Lack of evidence trails that are consistent among providers is also a 

problem in many organizations, which delays investigation and recertification, and leaves audit findings 

unresolved. The security teams should thus be modernized without compromising the delivery of evidence 

collected. 

Infrastructure Identity and Access Management, instead of application IAM, must manage administrators, 

engineers, service accounts, workloads, and third-party automations across the compute, data, and network 

planes. The scope is as broad as AWS, Azure, GCP, Kubernetes, and on-premise systems, where each has different 

policy semantics, naming, and logging. The main governance issue is the need to have a unified, portable model of 

control that results in consistent enforcement and evidence without intruding on developer autonomy. Privacy has 

additional restrictions: telemetry should either be kept to a minimum or pseudonymized, reviewer interfaces 

should only provide as much context as needed, and evidence drop must take into account jurisdictional 

regulations and data subject rights. The end product is a high-dimensional problem that combines policy 

construction, on-the-fly enforcement, and compliance certification. Heterogeneous authorization models also 

hamper least-privilege reviews and recertifications. 

It set up the work in terms of specific objectives to bridge such a gap. Using least-privilege, enforce purpose 

limitation and purpose consent. This involves first-class encoding purpose and consent, the avoidance of toxic 

combinations by dividing duties and undesirable reachability analysis to measure explosive range. Demonstrate in 

absolute time adherence to portable policies and controls. This must instrument policy-as-code, formally verify 

those invariants, and run event-driving conformance scans, which generate signed evidence artifacts. Safely auto-

recommendation and fixes within privacy budgets. Training signals are limited to privacy-preserving aggregates, 

differentially privatized when possible, and a human-in-the-loop is retained in high-stakes decision-making, 

creating a system of accountability that reduces the review burden. Automation is an activity that is limited by 

explicit privacy budgets and risk acceptances. 

This paper presents four practical contributions: A reference governance architecture, including separate policy 

decision and enforcement, integration with identity providers and key management, and just-in-time elevation 

and break-glass, with full audit trails. A standard dataset structure and transformation pipeline normalizes across 

multi-cloud audit logs, Kubernetes events, identity lifecycle data, and ticketing alerts into a fully connected 

entitlement graph suitable for testing and analysis. Third, a policy-as-code pipeline with property test, provenance, 

and staged rollout that avoids over-broad grants and regressions. Fourth, a set of operational metrics - least-

privilege score, segregation-of-duties violation rate, policy coverage, and review latency - that tie day-to-day 

practice to objective audit evidence. These amenities are incremental and adaptable to use and provable results. 

This manuscript is organized in various chapters.  Chapters 2 reviews the prior art on IAM paradigms, identity 

federation, policy languages and governance standards, which reveal the portability and evidence deficiencies. 

Chapters 3 elaborates on datasets, preprocessing, visual analytics, the threat model and the proposed governance 

architecture. Chapters 4 tackles policy-as-code procedures, formal verification, continuous compliance and safe 

rollout processes. Chapters 5 describes experiments, quantitative findings, robustness tests, and case studies on 

the native cloud first runners. Chapter 6 discusses what the findings mean in the context of governance and 

operational risk management, considers trade-offs and limitations, and presents deployment guidance. The study 

also offers future considerations for researchers and provides a conclusion, practitioner takeaways, and 

implications for the auditing and certification practice in general. 

 

2. Literature Review  

2.1 IAM Paradigms & Models 

Identity and Access Management to govern infrastructure focuses on both enforcing the minimum privilege across 
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a large scale of systems and operations, and maintaining an efficient rate of operations. Since RBAC separates 

permission specification and subject assignment by use of roles, it has remained popular. By contrast, BAC 

decisions are quick, but may be crude. Access Control based on Attributes (ABAC) is more expressive because the 

attributes of the subjects, actions, resources, and context are assessed at the time of decision. Such typical 

attributes are a device posture, a network location, data residency, a purpose of use, and a workload tier. BAC can 

enable conditional authorizations and time-limited permission escalations. It also comes at the cost of complexity: 

attributes must be managed, updated, and provenanced since stale or inconsistent values can directly negatively 

impact authorization decisions. Policy-Based Access Control (PBAC) Accentuates declarative intent in the form of 

policies specifying obligations, exceptions, and constraints that can be evaluated evenly over heterogeneous 

systems. An external policy decision service usually implements BAC by translating the ABAC conditions, yet 

removing the business logic in the applications. 

There are active IAM services components used to implement the governance-centric least-privilege components 

of authentication (SSO, MFA), user and directory services supplying identities and metadata, and authorization 

engines enforcing RBAC roles, ABAC attributes, and PBAC policies, as shown in Figure 1 below. A centralized policy 

decision service uses contextual attributes (device posture, network, residency, and purpose, workload tier) to 

make a conditional, time-bound elevation. It provides evidence of compliance through reporting and analytics on 

a heterogeneous infrastructure. 

 

    

Figure 1: IAM components enabling least-privilege, policy-based infrastructure governance 

 

Relationship-Based Access Control (ReBAC) permits and denies access based on edges or relationships between 

subjects and resources. It enhances teamwork and data stewardship as everything is authorized based on chains 

of ownership, custody and approval instead of preset role lists. eBAC minimizes the requirement to replicate 

resources in hierarchy form within identity stores and allows fine-grained scopes without having to enumerate 

every access allowed [4]. Mature programs have predominant hybrid patterns. BAC is coarse segmentation and 

SoD, and ABAC is refined roles into conforming contexts - e.g. production admin only on managed devices in 

permitted regions. ReBAC augments both by tethering the content of sensitive actions to the owners of the 

resources and just-in-time approvers. A canonical schema between sites helps ensure the layers are interoperable 

and auditable. There are two long-term pitfalls. Some legacy anti-patterns may be preserved during cumulative 
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role mining of legacy entitlements when the role mining is done based on frequency. Successful pipelines include 

human review and policy simulation with clustering before promotion.  

ABAC deployments are plagued with attribute explosion: attributes come in via HR, identity providers, endpoint 

management, vulnerability scanners, and workload metadata. Semantic inconsistency or stale values add to the 

decision error, and this stewardship, refresh cycles, and conflict resolution need to be transparent. The entitlement 

lifecycle has to be engineered and not improvised. Joiner-Mover-Leaver events cause a baseline change in role; 

task-specific elevation is assigned automatically and reverted as needed, and access to standing grants undergoes 

periodic recertification. Every transition must provide context in order to be reviewed and audited. Collectively, 

these paradigms can offer the infrastructure to govern the building blocks of privacy-compliance compositely. 

 

2.2 Identity Federation & Zero Trust 

 

A proper chain of identity custody exists that is relied upon by authoritative sources for the relying systems. 

Employees and other users may access cloud control planes and administrative consoles via SAML assertions and 

short-lived tokens with subject identifiers and the most minimal attribute sets. With modern applications and APIs, 

a combination of OpenID Connect and OAuth 2.0 is used to allow microservices to communicate with each other, 

sharing scopes and audiences. To identify workload, provide short-lived service credentials and mutual TLS anchor 

trust: Nrml trust, service cred, and tlsca-flight because they have limited information about each other, they should 

not trust one another by default. Zero Trust posture enables these identities to make context-rich decisions. PEPs 

request-mediating points include API gateways, Kubernetes admission controllers, bastion hosts, sidecar proxies, 

and data gateways. The Policy Decision Point uses a centralized or distributed systemd to implement switching or 

filtering patterns according to Policy and based on the real-time context, e.g, device posture, network assertions, 

integrity, and ticket references. Decisions consist of explanatory metadata that allows the result and rationale to 

be logged by PEPs. This is due to the chosen location of the network not being a trust boundary, and controls 

depend on being cryptographically identified and measured device state, with an ongoing assessment of risk. 

Operational integrations reinforce the architecture choices. Administrative aircraft are partitioned off from 

workloads bearing production activity. There is a break-glass plan with credentials, time-bound, and authorized 

under dual-control authority. Just-in-time elevation has the advantage of reducing the standing privilege by 

granting the ephemeral roles after verifying and then automatically falling back when the ephemeral role expires 

or after the task is complete. Recordings and log entries on command capture sensitive actions to entities and 

situations. Federated metadata is strengthened by certificate rotation, strict audience scoping, reasonable 

toleration of clock-skew, and replay immunity. Together, federation and Zero Trust allow building a foundation 

where access can be continually validated, tightly defined and traceable, allowing an infrastructure team to 

neutralize blast radius without holding up delivery. Step-up authentication is complemented by risk scoring, where, 

when actions are of high impact, authentication strategies may select an additional verification when the context 

is outside the standard model [14]. 

 

2.3 Policy Languages & Enforcement 

 

The intent of authorization must be read and validated with a high degree of accuracy to be carried across different 

and heterogeneous platforms. XACML provides an attribute-based standards model supporting rule and Policy 

combining algorithms [9]. It is most appropriate for centralized decision services that process XML policies and 

offer consistent combining semantics. The Open Policy Agent (OPA), which uses the Rego language, provides the 

ability to embed a smaller, testable binary that can be placed in-process, as a sidecar, or at a centralized point of 
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decision. The testability and composability determine the safety at scale. Teams perform unit tests of allow and 

deny paths and property tests, which encode invariants such as Separation of Duties, purpose limitation and 

residency constraints, in the engine, as well as regression tests based on real incidents. High-risk constructs, such 

as wildcards and not defining network and device conditions, are flagged by a static analysis. Policy bundles are 

signed, versioned, and shadow evaluated (a comparison of the new decisions with production behaviour so that 

any changes are identified before being enforced). 

The architecture of the system enforces trade-offs between latency, availability, and correctness. Central PDPs 

make observability and global deployment easy to achieve, but local caching and replicas are needed to achieve 

latency requirements. Sidecar enforcement and library alleviate hop count and stay operational through control-

plane failures, but move the complexity to bundle distribution and revocation. In the data plane, to provide 

detailed logs without compromising personal data, field-level redaction and tokenization enable the provision of 

service with details that provide evidence necessary to the analysis, but keep personal data inaccessible. 

Incorporating policy checks on the build and release side limits the risk of unintentionally granting overbroad 

privileges into production. Security automation in continuous integration and deployment pipelines, together with 

the likes of static and dynamic analysis and component scanning, gives early feedback to developers and operators 

and further enhances the entire governance loop [17]. Language choice and enforcement placement are further 

restricted in the presence of multi-cloud portability. Native cloud IAMs also vary in the taxonomy of actions, 

resource structure and ordering of the evaluation process, so a canonical schema and translation mask must be 

provided to avoid privilege elevation during migration. Policy writers have explicit mappings and conformance tests 

to ensure least-privilege in the movement of workloads across providers. Where there are irreconciliable 

differences, sensitive authorizations are pinned to external PDPs operating in the same mode in each environment 

and native policies are limited to lose guardrails. 

 

2.4 Governance, Standards & Controls 

 

Governance makes the connection between technical controls, organizational intent, and external standards. The 

ISO/IEC 27001 lays down the information security management system whereby the access control, privileged 

account management and logging are conceived as policies, risk and treatment plans. ISO/IEC 27701 further 

requires privacy to specify purposes, categories of the data and applicable roles and limits of retention aligning to 

ABAC attributes. Access Control (AC), Audit and Accountability (AU), and Identification and Authentication (IA) 

control families are specified to a detailed degree in NIST SP 800-53, whereas NIST SP 800-63 defines identity 

assurance levels, which drive enrollment and authenticator strength. CIS Benchmarks can convert these objectives 

into platform verifications, and SOC 2 can provide evidence accordingly, in terms of the auditor criteria. 

As highlighted in Figure 2 below, the requirements of ISO/IEC 27001 cascade between context and leadership into 

planning, support, operations, performance evaluation, and improvement to certification. The framework has this 

governance foundation around access control, privileged accounts, and logging as policies and risk mitigations, 

aligns privacy with ISO/IEC 27701 and ABAC attributes, and maps with NIST 800-53 AC/AU/IA, NIST 800-63 

assurance, CIS Benchmarks, and SOC 2 evidence. 
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Figure 2: ISO 27001 governance framework: requirements, structure, and certification path 

 

The tricky part is the translation of the control intent to the evidence. All the controls have to be traceable to one 

or more policies, test cases, approvals, decision logs and deployment artifacts [21]. Teams persist signed 

attestations of policy commits, bundle signatures, approvals, and enforcement snapshots that help the auditors to 

recreate a history of changes. Time is a critical component, including periodic recertification, time-bound 

exceptions, scheduled escalations, checks, exposure, and drift. The evidence on notification timing demonstrates 

that well-structured reminders and an escalation improve compliance in deadline-sensitive workflows, a design to 

access reviews during stress and backlog events [27]. Data Protection Impact Assessments enhance the 

interconnection between privacy and IAM by logging the categories of data used in authorization, the legal bases, 

purpose binding, and data minimisation actions. In cases where policies relied on HR or endpoint characteristics, 

governance should specify quality levels and refresh rates, as well as backup in case of missing values. The control 

surface is rounded out with key management systems, secrets management, and logging, so that privileged 

operations and behaviour become constrained and verifiable. 

 

2.5 ML in IAM & Known Gaps 

 

Machine learning is used to supplement governance in prioritizing reviews, suggesting roles, and detecting 

anomalies. Entitlement graphs that interrelate subjects, roles, permissions and resources provide the ability to 

rank irresponsible privilege and to identify the pernicious combinations. Unsupervised clustering and matrix 

factorization help discover roles. They may be used initially in place of human validation. Still, they are biased in 

terms of determining good design, as previously learned bad design may be encoded in the models. A combination 

of identity, device posture, and geo-velocity is used with risk scoring to prioritize approvals and instigate step-up 

verification. 

There are still persistent gaps. Class imbalance is extreme, as the violations are infrequent. Without cost-sensitive 

learning, calibrated thresholds, and active learning models will miss incidents or inundate the analyst. Use of 

sampling windows in time can introduce temporal leakage, causing undesired contamination that distorts 

evaluation when test and training windows are overlapping or when the same subjects appear in the training and 

test windows, resulting in overestimation of accuracy. Features and retention are limited by data privacy: logs must 

be limited, tokenized, and purpose-bound, where necessary. Explainability is a key; importance focuses on risky 
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permission families, whereas local explanations are based on individual recommendations [35].  In shadow mode, 

risk is mitigated in that model recommendations are compared against those of human assessments for automatic 

remediation. A closed-loop process also records approvals and rejections as labels, which improves the subsequent 

training run and keeps actions and authority delineated. Operational guardrails are still required for all.  

 

3. Methods and Techniques 

 

The following section introduces the approach that was adopted to constitute a privacy-compliant Identity and 

Access Management (IAM) governance stack for multi-cloud and Kubernetes. It defines the data, pre-processing 

pipeline, visual analytics to query entitlements, the threat model and compliance mapping, and the architecture 

of policy-as-code and operational runbooks. The approach focuses on least-privilege, segregation of duties (SoD), 

audit-able evidence, and observable security and privacy. Every step is designed to be reproducible and is version-

controlled with reproducible signed artifacts. 

 

3.1 Description of Data Set 

 

Sources. The data is an aggregation of cloud control planes and cluster append-only event streams. AWS CloudTrail, 

Microsoft Azure Activity Logs, Entra ID sign-ins, and Google Cloud Audit Logs are cloud sources—the Kubernetes 

audit logs record API-server communications with request URI, verb, user, and object reference. Workforce and 

workload principals are extended by identity-provider telemetry; workflow context and approvals are provided in 

HRIS and ticketing. Tables and models. It has a single schema that represents four primitives: subjects, resources, 

actions, and conditions. An entitlement graph is concretized with the subjects and resources as nodes and grants 

as edges parameterized by action and condition. Bounded contexts in the service architecture to label domains 

and scope resources to create boundaries to ownership and prevent resource leaks across contexts [7]. 

Labelling strategy. Ground truth is a mash-up of three channels. Post-mortems and incident tickets provide positive 

labels on misuse and over-permission. A red-team exercise introduces real-life violations according to precise 

principles and timestamping. Weak labels on SoD rule hits and simulator denials can either be down-weighted or 

used in semi-supervised screening. Each label includes arrows to policy diffs, access-path graphs, and impacted 

datasets such that they may be audited. Ethics and governance. Data processing is tracked in compliance with a 

documented Data Protection Impact Assessment. Personal identifiable attributes are reduced, and linking is 

achieved through deterministic tenant-keyed hashing to avoid plaintext. Retention windows vary depending on 

evidence, feature stores, and debug traces, and legal holds exist on active investigations. The analytical lake has 

access subject to project-scoped access with minimal break-glass exceptions and dual authorized signature 

verification. 

 

3.2 Data Pre-processing 

 

Normalization. The granular permission provider is harmonized to have a mapping of the canonical verbs- read, 

write, administer, list, tag, encrypt, and decrypt. Resource and principal canonicalization flattens ARNs, Azure 

resource IDs, GCP URIs, and Kubernetes RBAC subjects into normalized keys. Dynamic enrichment connects 

business unit, environment, data category, and declared purpose by matching to configuration databases, HR 

systems, and catalogue lineage data. Privacy treatments. Pseudonymization encrypts names and device identifiers 

with salted, rotating tokens. In public-key tokenization, detokenization is limited to authorized services. Salvaged 

exploratory aggregates are protected by rare-role suppression and k-anonymity. Metric computation employs 
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differential privacy: counts and rates are published with a budgeted epsilon, as well as sensitivity controls, and 

event-level protection ensures high accuracy at an individual level. Plaintext is limited to closed investigative 

enclaves of brief retention. 

 

Table 1: Data Pre-processing—normalization, privacy treatments, feature engineering, and time-aware split 

strategy for IAM logs 

Component Purpose Methods (selected) Outputs / Controls 

Normalization 

Make 

heterogeneous 

logs/policies 

comparable and 

context-rich 

Harmonize verbs 

read/write/administer/list/tag/encrypt/decrypt; 

canonicalize ARNs/Azure IDs/GCP URIs/Kubernetes 

subjects; dynamic enrichment from CMDB/HR/data 

lineage (BU, environment, data category, declared 

purpose) 

Unified 

principal/resource 

keys; cross-cloud 

action taxonomy; 

context-complete 

records ready for 

policy evaluation 

Privacy 

treatments 

Protect identities 

and sensitive 

telemetry during 

processing and 

analytics 

Pseudonymization with salted, rotating tokens; public-

key tokenization (restricted detokenization); rare-role 

suppression & k-anonymity; differential privacy for 

counts/rates (epsilon budgeting, sensitivity controls, 

event-level protection); plaintext limited to short-

retention investigative enclaves 

Privacy-preserving 

datasets; auditable 

token/DP configs; 

minimized re-

identification risk 

Feature 

engineering 

Derive predictive 

and governance 

signals from 

streams/batches 

Temporal windows: burstiness (5–60 min), 

drift/privilege-creep (7–90 days); device/network 

context (device trust, zone, geovelocity, MFA); graph 

metrics (degree, betweenness, distance to crown 

jewels, toxic motifs e.g., assume-role → decrypt-

KMS×2 → read-PII×2); policy features (counts, scope 

rating, deny/allow on synthetic requests) 

Rich feature matrix 

for risk scoring and 

reviews; explainable 

indicators tied to 

policies and assets 

Split strategy 

Prevent leakage; 

test 

generalization 

and operational 

fit 

Time-aware splits [T0,T1), [T1,T2), [T2,T3); pool 

identities/resources to avoid cross-split contamination; 

cold-start sets for unseen principals; cost-sensitive 

weights & threshold tuning to reviewer capacity; 

windowed pipeline with temporal memory 

Valid estimates of 

performance; 

calibrated alert 

volumes; robustness 

to new 

users/resources and 

temporal drift 

 

Feature engineering. The streams and batch-based computation of features are possible. Burstiness (5-60 minutes) 

and drift or privilege creep (7-90 days) are caught by temporal windows. Additional context of the device includes 

device trust, network zone, geovelocity, and MFA state. Metrics on the graph are the degree and betweenness 

centrality, distance to high-value assets, and motifs indicating toxic combinations like assume-role two-decrypt-

KMS two-read-PII. Policy features count, effective scope rating, deny, and allow predicates on synthetic requests. 

Split strategy. Time-aware splits eliminate leakage: train on [T0, T1), validate on [T1, T2), test on [T2, T3). Identities 



 

AMERICAN ACADEMIC PUBLISHER 
 

                                
 

  

https://www.academicpublishers.org/journals/index.php/ijdsml 92 

 

and resources get pooled to avoid cross-split contamination. Cold-start sets determine how well the model 

generalizes to unseen principals. The cost-sensitive weighting and threshold optimization to the reviewer capacity 

approach deal with the imbalance between classes. A windowed pipeline through a temporal-memory perspective 

has been found to capture salient ex ante history well when predicting dangerous authorization, similar to self-

organizing knowledge-management architectures that learn to reference past context economically [26]. 

 

3.3 Data Exploration using Visual Analytics 

 

Graphs of entitlements and blast radii. Interactive explorers tell who can do what and where escalation is done. 

Crown-jewel lenses prioritize sensitive data stores, key-management systems, and production clusters. Path-

finding emphasizes minimal action steps on sensitive operations; analysts approximate edge eliminations in order 

to measure risk mitigation and provide least-privilege refactors. Toxic-combination heatmaps. Heatmaps provide 

an overview of SoD violations and toxic permission sets by team, environment, and system. Frequency, recency, 

and proximity to production are coded at a cell level. Hover actions extend to principals, resources, and change 

histories, represented by instantaneous remediation pull requests with simulator previews. 

Dormancy and Role-mining views. Reduction Bin Jar Rating groups the principals on noticed privileges, and high 

intra-variance clusters ensure role realignments. Dormancy dashboards bring dormant privileges and orphan 

accounts to the fore; triage produces pull requests to revoke or downgrade entitlements with automated checks. 

Progress is monitored in order to export evidence to the audit. Definitive reference of drift dashboards and post-

deployment spikes [33]. Time-series views compare and relate deploy activities, infrastructure-as-code changes, 

and permission changes. Alerts are emitted on statistically significant step changes in any privilege coverage or 

deny rates. Revision panel insets privacy-filtered evidence (redacted events snippets, policy differences, and 

simulator results) so that reviewers can make decisions without leaking sensitive information; filters support multi-

cloud drill-downs. 

 

3.4 Threat Model & Compliance Mapping 

 

Enemies and gates. The model includes insider misuse, credential stuffing attacks on identity providers, workload 

identity theft caused by a compromise of the supply chain, CI/CD token theft by misconfigured service-to-service 

trust, and lateral movement using assume-roles or improperly configured trusts. Assumptions used are a correct 

control plane, cryptographic integrity of logs, and signed policy bundles. Abuse cases. Scenarios such as role 

escalation, moving a developer to production administration via chained role assumption, exfiltration of secrets 

through improperly scoped permissions to decrypt a key-management store, and cross-tenant pivot through 

sharing improperly mapped principals are examples. At a minimum, sets of action and preconditions are given, 

allowing pre-grant prevention checks and run-time safety checks.  

Mitigations are represented as database deny-by-default policies tied to purpose (group), data classification, and 

environment tiers and tested with simulators and admission controls [12]. Evidence mapping. Controls enforce 

least-privilege by using purpose-bounded attributes, SoD by toxic rule sets that pre-merge test, just-in-time 

elevation that is time and ticket-bound, and break-glass, which encompasses dual-approval along with logging of 

all actions. All are mapped to known control families within the confines of received control schemes. Evidence 

artifacts can be signed policy bundles, simulator reports, test-coverage overviews, and approval conveyances, and 

dashboards provide control-to-evidence connections. 

 

3.5 Governance Architecture & Policy-as-Code 
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Core components. Identity, decision, and enforcement are separated in the architecture. The identity provider 

provides device and risk claims in the form of short-lived tokens. The Policy Decision Points compare against signed 

bundles. The Policy Enforcement Points execute as sidecars in Kubernetes or admission controllers, API Gateways, 

and cloud-native hooks. The assistance of hardware-backed modules manages secrets, rotating encryption keys, 

and binding them to environments. Information catalogues and lineage add confidentiality and residency metadata 

to resources that policies consume [24]. CI/CD pipeline creation and Authoring. The policies are in Git repositories, 

have code owners, and require control mappings in pull-request templates. Unit tests test the intended effects; 

property-based tests seek to find out overbroad grants. Static Analysers line the attribute usage and detect 

shadowed rules. Bundles are signed and scanned in the continuous integration phase; shadow mode directs traffic 

to the decision point where verdicts are logged before enforcement [11]. Canary policies are used with specific 

namespaces and accounts, and with automatic restarting at high deny rates or use of error budgets. 

 

 
Figure 3: Repository-driven CI/CD workflows: build, test, deploy to GitHub Pages 

 

Operational runbooks. The freeze windows, notification rules, and rollback criteria are defined through change 

management. Emergency access utilizes time-boxed credentials that are minted by using two-factor and a post-

hoc review. Multi-cloud drift reconciliation takes a periodic snapshot of the desired and observed state and creates 

automated remediation pull requests. A process will handle a variety of processes on-call procedures, such as 

health checks at decision points, cache warm-ups, and explicit fallback behaviours fail-closed to sensitive planes 

and fail-open to non-critical read paths, and a risk register depending on the exceptions to owners. 

 

4. Policy-as-Code, Formal Verification, and Continuous Compliance 

4.1 Policy Modeling & Schema Design 

 

A policy-as-code program is started with the canonical authorization schema that combines RBAC, ABAC, and 

ReBAC into mutually compatible primitives. Subjects--humans, workloads, and service accounts--are represented 

in the form of immutable identifiers and typetype attributes such as clearance, department, device posture, 
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attested workload identity, and ticket context. Resources include datasets, services, secrets, cluster components, 

and administrative surfaces; each resource is also assigned purpose and residency metadata to satisfy jurisdictional 

controls. Relationships log the structures of membership, ownership, delegation, and resource hierarchies, to 

support graph queries such as who can change production network policy, or which identities may read PII tagged 

purpose=support. Constraints are first-class: segregation-of-duties, time-limited elevation, and purpose-limitation 

are represented as reusable predicates, not prose. The schema specifies the naming and versioning of policy 

packages (semantic versioning required), immutable identifiers of roles and attributes, compatibility guarantees 

across clouds and Kubernetes, and deprecation semantics and sunset dates. Data retention windows and consent 

flags are explicitly modeled to allow short-circuiting of the evaluation when the data has expired its retention 

window or where the consent flag is absent [16]. This allows operating a system of test generation, static analysis, 

and enforcement consistently across environments. 

 

4.2 Authoring & Testing Pipeline (DevEx for Policies) 

 

Engineering hygienic requirements in the policy are treated as policy code. Git live repositories have code owners 

for sensitive areas and signed commits to ensure provenance [22]. Pull requests incorporate control mappings to 

ISO 27001/27701 and NIST AC, AU, and IA families, as well as design notes identifying risk reduction and blast 

radius as intended. Rule outcomes are tested with unit tests on representative fixtures, and invariants such as no 

production PII can be read other than with purpose='support’ and an approved ticket are asserted in property 

tests. To prevent negative paths, negative tests are performed regularly. Mutation testing is used to probe the 

policies and fixtures in a system that can uncover brittle assumptions and gaps. Policies are hard-coded into signed 

bundles and verified by linters that disallow wildcards, ungoverned principals, and irreversible actions without 

authorizations—shadow evaluations. In a continuous integration process between pre- and post-merges, running 

evaluations against recent audit logs and known incidents will provide measures of over- and under-blocking. 

Predictive analytics could score the potential of regression and the potential effect, which will enable teams to 

prioritize high-risk surfaces, consistent with evidence that data-driven feedback loops of any kind improve 

operational quality and delivery efficacy in DevOps environments [18]. A provenance including bundle signing 

(using Sigstore/COSIGN) and exportable attestation metadata is maintained end-to-end. 

 

4.3 Formal Methods & Static Analysis 

 

Formal methods are used to bring mathematically based certification that governance invariants are valid. With 

Alloy or TLA+, architects design the schema and formalize invariants: least-privilege constraints on membership in 

roles, strong segregation-of-duties between build and deploy, and that purpose and consent gates cannot be 

bypassed. Model checking lists counterexamples, that is, minimal principal- resource-action-context tuples that 

break constraints, allowing guards or role refinements to be specified before deployment. To verify compliance 

properties using satisfiability modulo theories solvers, the guard predicates of policy code can be anchored by 

proving that they imply compliance properties and must not allow toxic combinations along any execution path. 

Effective permission-based entitlement graphs are used to determine the reachability of crown-jewel assets, the 

set of who-can-do-what in the presence of a particular profile, and across a specified period. Rego also adds domain 

integrity to proofs. Rego linters detect unreferenced rules, dead branches, and ambiguous matches [3]. Type 

systems check attribute domains (e.g., residency 0inin immediate qualifiers EU, US, APAC) and deny cross-region 

access when residency and purpose mismatch—interference checks. The sensitivity of information is preserved by 

ensuring that PII is not transmitted to sinks that are not trusted, without the protection of masking, and that 
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significant fields of information observed in evidence logs should not include the field containing sensitive 

information. The techniques alleviate reviewer burden with provably-safe hardening, versus try-and-error 

hardening. 

 

4.4 Continuous Compliance & Evidence Generation 

 

Continuous compliance makes conformance operationalized as an event pipeline. Admission controllers like OPA 

Gatekeeper or Kyverno enforce access policies during the creation and update of resources [25]. Cloud analyzers 

check desired policy statements against actual grants in AWS, Azure, and GCP at a high frequency. Streaming 

processors combine signals generated by identity providers, cloud audit logs, CI metadata, and policy bundles to 

re-evaluate decisions after the fact, to detect drift, and indicate accidental privilege escalations. Every evaluation 

has published documentation, including structured evidence such as the tracked control, policy version, bundle 

signature, inputs, decision, and human approvals.  

As shown in the figure below, Kubernetes makes continuous compliance operational policy templates and 

instances. Custom Resource Definitions, an Admission Controller, and an AuthZ webhook are invoked by the 

apiserver using signed bundles to query Gatekeeper/OPA. Gatekeeper monitors cluster resources and re-

constrains the limits, outputting admission reviews and audit findings. Cloud analyzers can reconcile policies you 

desire with the policies executed by each provider, and streaming pipelines can merge IdP signals, cloud audit, CI 

metadata, and policy bundle to re-evaluate decisions, detect drift, and prevent accidental privilege escalation and 

emit structured evidence. 

 

 
Figure 4: Kubernetes admission control with OPA Gatekeeper for continuous compliance 

 

Peak Evidence is indexed immutably under index keys (principal, resource, purpose, and residency) to enable DPIA 

summary detail and sampling. Least-privilege score, SoD violation rate, policy coverage, and review latency are all 

quantified by KPIs and SLOs. The suppression rules or calibration reports decrease the alert fatigue. Mapping the 

telemetry pattern to asset-tracking solutions that apply persistent signals and path analytics to enhance fleet 

efficiency and decision-making can be quickly applied to policy health monitoring, focusing on time-sensitive, high-
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resolution events and end-to-end communication [23]. There is a preserve of privacy through tokenization, 

redaction of fields, and retention policies that would end in evidence that cannot be remembered on legal holds. 

 

4.5 Runtime Enforcement & Safe Rollouts 

 

Security access is weighted against access. Policy decision points (PDPs) may run as sidecars to locality and low 

latency, or as centralized gateways to uniformity and simplified auditing. They consume short-lived signed bundles 

distributed via secure channels with both freshness and revocation checking [20]. Caches implement TTLs and 

audience restrictions; the results of all decisions include an explanation to facilitate recertification. Failures policy 

In Services, actions are assigned a failure policy, fail-closed (for destructive operations) or risk-based 

overrides/queued (for read-only or urgent workflows) during control-plane impairment. Progressive delivery 

constrains the blast radius: tenants named canary, or a fraction of identities, take on new policies, and the whole 

is rolled back in the event of errors, constrained by error budget limits and quality regressions. Just-in-time 

elevation has time-boxed tokens whose approvals are subject to audit, whereas break-glass paths need dual 

control and automatic reversion. Drift reconciliation jobs contrast declared and effective grants, suggest a diff, and 

open up a pull request with tests. Privacy-conscious logs identify their principals, respect the place of business, and 

stay within limits on retention. 

 

5. Experiments and Results 

5.1 Experimental Setup & Reproducibility 

This paper was tested against three public cloud provider environments and two distributions of Kubernetes to 

represent a realistic, heterogeneous environment. In each of the cloud estates, they had broken out a production 

environment, a staging environment, and a development environment that had separate identity providers. 

Clusters supported admission control in the validation of policy and API-server audit trails. The corpus was 

composed of entitlement snapshots, access review findings, Amazon AWS CloudTrail, Azure Activity, and Google 

Cloud Admin/Access audit events, along with Kubernetes audit logs and HRIS-driven identity lifecycle changes. 

Personally identifiable fields were pseudonymized; hashed identifiers and coarse attributes were moreover 

retained in the feature store—differential privacy. Aggregate analytics used by features were subjected to privacy 

budgets of 1.0 rad, 2.0 rad, and 5.0 rad to explore sensitivity at the cost of degraded detection fidelity. 

 

Table 2: Experimental setup & reproducibility—environments, datasets, privacy controls, features/labels, and 

leakage-free splits 

 

Aspect Key specifics Controls / Outputs 

Environments 

3 clouds + 2 Kubernetes distros; 

prod/stage/dev; separate IdPs; 

admission control & API audit 

Realistic multi-cloud testbed; policy 

validated at admission 

Data 

Entitlement snapshots; access-review 

findings; CloudTrail/Azure 

Activity/GCP Admin logs; K8s audit; 

HRIS lifecycle 

Comprehensive corpus for 

detection/governance 
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Privacy 
Pseudonymization; hashed IDs; DP 

budgets 1.0/2.0/5.0 for aggregates 

Privacy-preserving analytics with tunable 

sensitivity 

Features & Labels 

Graph (degree, betweenness, 

shortest-path); windows 7/30/90d; 

context (device trust, network, geo, 

time); labels from revocations, red-

team, postmortems, SoD 

Explainable features; high-precision 

ground truth 

Splits & Repro 

Train 8m / Val 2m / Test 2m; pooled 

IDs/resources; pinned containers, 

IaC, immutable manifest, recorded 

seeds; Bayesian HPO; deterministic 

builds 

Leakage-free evaluation; exact reruns and 

provenance 

 

Audit sequences were joined with an entitlement graph and metadata regarding the environment. The Graph node 

degree, betweenness centrality, community membership, and shortest-path distance to crown-jewel resources 

were captured. Temporal characteristics aggregate the use of permission over a 7-day, 30-day, and 90-day sliding 

window. Contextual attributes were the device trust, network segment, geo-region, and time of day. To create 

ground-truth labels, historical revocations, red-team injects, and incident postmortems, as well as formal 

segregation-of-duties rule hits, were used; ambiguous events were discarded. The notion of time-ordered splits 

gave precedence to the first eight months as training over the next two months for validation, and the last two 

months for testing in each environment to eliminate the possibility of leaking the identity or permission into a 

subsequent event. 

Reproducibility was a goal of the first class. Training and policy analysis used containerized runners anchored to 

particular base images. Infrastructure as code was used to provision feature stores and datasets declaratively. Any 

trial also kept an immutable manifest which contained container digests, Git SHAs of the policy and code, feature 

definitions, and hyperparameters. Sources of randomness, such as initialization, negative sampling, and bootstrap 

seeds, were set and recorded. To optimize hyperparameters, Bayesian search was used with early stopping; builds 

and artifact promotion were deterministic to allow constructing the same results. 

 

5.2 Scenarios & Tasks 

 

Three behaviours that embodied governance value. Excess privilege detection uses a rolling window of granted 

entitlements to compare to observed permission use to estimate the delta of a least-privilege baseline. Reductions 

in candidates were prioritized by predicted reduction in the blast radius, based on graph-centrality and resource-

criticality features, as well as through operational friction based on historical denial rates. Segregation-of-duties 

violation prediction can be used to prevent toxic combinations before a grant [8]. SoD constraints were 

represented in the form of graph reachability constraints (build and deploy to the same service; request and 

authorize in the same finance process). The requester attributes, peer group statistics, and the set of entitlements 

that would have been reachable had they been approved were added to the requests, and the risk was estimated 

at the time of the request. Policy recommendations provided an alternative set of secure requests when a risk 

request was detected or when privileges exceeded the required. The recommender preferred narrower roles and 
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explicit-grant policies in a cost model where loss of legitimate activity was penalized and blast-radius reduction 

rewarded. 

The decision surface was aligned with operations in each of the tasks. Excess-privilege introductions produce pull 

requests to policy repositories with machine-readable explanations of the unused privileges, reachable high-value 

resources, and absence of the privilege in cohort peers. SoD prediction in workflows that require approvals; those 

with risk scores above a calibrated threshold were referred to a two-person review, whereas low-velocity requests 

were automatically approved with evidence. Policy recommendations were initially incorporated in shadow mode-

-evaluated, but not enforced--so reviewers could connect suggestions with their judgment and provide structured 

yes/no/why. Such a human-in-the-loop design introduced new conceptions of retraining, minimising exception 

handling latency, and keeping policy modifications explainable to auditors. 

 

5.3 Quantitative Results & Statistical Tests 

 

Reported results are presented on held-out weeks per-environment and cloud, compared to baselines, which 

include static-role-based heuristics and cloud-native analyzers. The precision-recall and ROC curves were used to 

describe detection performance as a function of thresholds; calibration plots were used to verify decision support 

and exception governance probabilities [5]. Means of area-under-curve statistics were expressed with confidence 

intervals after bootstrapping the data across accounts and time buckets. Paired model comparisons used a paired 

bootstrap of the per-week average precision and the false-positive cost at the selected operating point. Top-k 

accuracy and normalized discounted cumulative gain were reported per request when rankers were used (policy 

recommendations). A minimum criterion determined operational thresholds for deployment, a cost strategy of 

using reviewer time, the likelihood of rejected legitimate activity, and the anticipated blast radius. 

The following rule dictated the decision not to go with the single metric approach: various metrics measure 

different attributes of performance. Research in related fields of machine learning has revealed that reporting only 

one metric can mask other key failure modes and that direct comparison of performance across metrics yields 

more consistent conclusions; by extension, our measurement strategy included all three-ranking metrics, 

classification curves, and calibration analysis to avoid over-fitting to a single measure [32]. To mitigate against data 

leakage, all measures were calculated on post-training data (excluding training data), and hyperparameters were 

fixed before final evaluation. All reported intervals were based on 10,000 bootstrap resamples; statistical 

significance was stated as noninterpretable when the two-sided intervals did not overlap and the paired test was 

rejected at alpha=.05. 

 

5.4 Robustness & Sensitivity 

 

Robustness studies have studied temporal drift, domain transfer, adversarial conditions, privacy budgets, and 

feature ablations. To address issues of temporal drift, quarters with significant organizational activities (mergers, 

re-leveling roles, and new product lines) were replayed to check the stability of thresholds and the durability of 

recommendations. Domain transfer evaluated performance relative to train-and-evaluate on one cloud versus 

another and with and without recalibration, and cross-cluster within Kubernetes distributions examined sensitivity 

to policy controller differences. Adversarial probes introduced labelling noise and anomalous burst activity to 

measure brittleness when rankers were under stress, and how well classifiers were calibrated. Privacy sensitivity 

exposed how a lower differential-privacy budget impacts aggregate usage statistics used in features; when ε was 

lowered, the cardinality-based features would either be down-weighted or substituted with quantile sketches. 

Isolated contribution by family Feature ablations. The elimination of graph features mainly suppressed precision 
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at high thresholds, which indicates that they minimized false positives around crown-jewel resources [34]. 

Abandoning queueing windows with suspended recall bursty workloads, multiple horizons were critical to model 

periodic jobs. Removal of contextual labels (device trust and network segment) led to an increased misclassification 

on both the contractor and ephemeral workloads, indicating that enforcement models must differentiate between 

different principal types. The sensitivity of sampling was assessed in terms of different negative-to-positive ratios 

and reweighting classes in proportion to quarterly incident priors. The operational cost curve can be substantially 

convex across settings, allowing an effective threshold to be chosen stably; once drift was detected, nightly 

recalibration restored most of the performance without any retraining. 

 

5.5 Case Studies & Benchmarking 

 

Two pseudonymized case studies drew attention to organizational results and external validity. An engineering 

cloud unit has moved away from manual tasks performed using spreadsheets to the pipeline proposed [30]. The 

addition of the post-grant segregation-of-duties prediction transformed reviews of clean-up focus to prevention, 

with access to a small, historically most risky slice of reviews prioritized by calibration score, with explainer artifacts 

tracking rule hits and route paths to crown jewels. Policies as code pull requests included machine-readable 

explanations and automated test data to make it easier and more transparent to approve and audit. The team has 

documented that the emergency access escalations were reduced after using the just-in-time elevation with time-

bounded tokens and produced consistent pieces of evidence bundles on the CI system. 

The second scenario involved a group data platform that aggregates rights in Kubernetes namespaces and cloud 

data services. The comparison of shadow-mode policy suggestions against decisions performed by senior reviewers 

showed that the rate of agreement increased after the ranking of suggestions was calibrated to the reasons of 

reviewers, and the throughput rose due to the batch approval of similar suggestions. The human-in-the-loop 

methodology reflects studies in educational feedback systems with a similar focus on explainable assistance and 

the advantages of human decision-making; in that context, the mixture of expertise proved most acceptable and 

with reduced bias concerns, just like in access review work [15]. Benchmarking compared the pipeline to native 

cloud IAM analyzers and open-source policy tools, using the same datasets. Native analyzers were fine at shouting 

about crashingly bad configurations, but had no visibility between platforms, and produced too little evidence to 

be of use in audit. In contrast, open-source tools showed robust static analysis, but did not indicate the effort 

required from the reviewer. The proposed pipeline provided the most operationally valuable ordering and the 

most evidence-rich package [31]. In both scenarios, the aggregated pipeline, metrics, and rollout techniques 

yielded quantifiable governance savings without compromising privacy budgets or compromising the ability to 

provide repeatable evidence for external audits.  

 

6. Discussion 

6.1 Synthesis of Findings and Implications 

The proposed governance architecture shows that least-privilege and purpose limitation can be designed as 

quantifiable properties and not ideals. A canonical identity-resource-relationship-purpose schema only grants 

privileges at the lowest level and conditions each grant with an explicitly defined processing purpose at the time 

of decision. Policy-as-code operationalizes such constraints as pre-merge unit and property tests, segregation-of-

duties invariants, and reachability along entitlement graphs to demonstrate who can do what against high-value 

assets. Then, enforcement is delegated to enforcement points that consume a bundle of policy, with a decision 

point that reads signed bundles and emits structured decisions, and an evidence generator that produces 

immutable evidence. Event-driven orchestration is relevant to scale and timeliness: streams of identity lifecycle 
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signals, configuration changes, and access requests trigger verification, dry-run evaluation, and progressive rollout, 

decoupling and enabling resilient compliance pipelines consistent with microservice patterns [6]. 

The implications are operational as well as auditable. In an operational context, the governance measures translate 

into indicators: a least-privilege score based on permission/use deltas, a segregation-of-duties violation rate 

divided by domain size, the coverage of policies across services and environments, the latency of reviews related 

to changes in accesses, and the rate of break-glass events with time-limiting coverage. Such indicators tie the 

service-level targets at the platform and domain levels and the surface regressions as objective fact reports. The 

Precursors of audit readiness are: Signed policy artifacts, test reports, approvals, attestation logs, and deployment 

hashes can be used to track the associations of the control with outcomes and make examinations reproducible. 

In combination, architecture and policy make guardrails that effectively constrain access, preserve privacy, and 

provide a record of impact [1]. 

 

6.2 Trade-offs & Risk Management 

 

Security, privacy, and productivity are conflicting and need specific management and instrumentation of the trade-

offs. High privacy parameters--tokenization, field-level redaction, and differential privacy of aggregates limit 

exposure but reduce visibility of reviewer context, model observability, increase false positives, and lag in its 

decisions. Examples of mitigations are calibrated risk thresholds to meet reviewers’ goals, context-restricted 

explanations that show what attributes and rules contributed to a decision without exposing raw values, and 

privacy-aware evidence views where principals are obscured, but the justification is retained. The issue of reviewer 

fatigue is handled with deduplication of near-identical requests, combined with a batching of low-risk renewals, 

and suppressing alerts about flapping, as well as priority based on possible blast radius. Elevation is time-boxed 

with tokens, just-in-time elevated, and break-glass mandates dual authorization, automatic revocation, and post 

hoc review with trail information. 

 

 
Figure 5: Automated privacy–security risk assessment and safeguards recommendation workflow 
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As shown in the figure above, the risk-management toolkit takes operational and privacy signals, assesses the level 

of cybersecurity and privacy risk, and provides the safeguards and balances security, privacy, and productivity. To 

limit exposure, high-privacy settings (tokenization, field-level redaction, and differential privacy) sacrifice reviewer 

context. Mitigations include calibrated thresholds, context-limited explanation, privacy-sensitive evidence views, 

deduplicated requests, low-risk renewals in batches, suppressed flapping alerts, prioritized by blast radius, time-

boxed and Just-in-Time elevation, and dual-signed break-glass with audit trails. 

It is also significant to focus on model and policy risk governance. Bias is tracked by comparing the false-negative 

and false-positive rates across systems and teams; drift is identified based on the shifts in feature and decision 

distributions, and rollback is implemented through blue-green policy deployments involving shadowing evaluation 

and percent-based canaries. Prioritization is similar to time-sensitive control management, where time-sensitive 

events will override normal operations. In this case, the most valuable cases will have priority under a latency 

budget and queue discipline commonly used in streaming decisions when under load [29]. These steps make the 

results of the security predictable, without being overly restrictive, considering privacy budgets and maintaining 

throughput. 

 

6.3 Deployment & Organizational Maturity 

 

To adopt successfully, the ownership and staggered enablement are essential. A practical RACI has the follow: 

platform security owns the reference architectures, shared policy services, and conformity controls; the domain 

teams create and maintain the policies nearest to their services with help of a code-owner rule; the compliance 

engineering group creates evidence schemas, evidence retention policies, and evidence auditor interface; and the 

HR/IT section of responsibility to maintain identity lifecycle hygiene and joiner-mover-leaver promptness. Two 

models of operation can be realized. Centralized enforcement with a small policy council is used to provide uniform 

controls along with rapid cross-domain incident response, but there is a danger of creating bottlenecks [10]. 

Federated authoring with central guardrails enhances policy specificity and domain autonomy, but it requires more 

stringent automated tests, linters, and admission controls to sustain posture. 

A gradual rollout minimises disruption and shrinks feedback loops. The pilot phase will involve a non-critical domain 

with a high telemetry quality to test the pipeline and establish baselines [28]. The guardrail phase broadens 

coverage, applies deny-by-default protection on sensitive privileged actions, allows shadow evaluation to acquire 

decision deltas without affecting users, and adds admission controls on conformance to high-risk settings. The 

organization-wide phase requires a review by the code owner, pre-merge property checking, and at runtime 

conformance across accounts and clusters. Self-service catalog and training material quicken adoption; authors of 

the dashboard display least-privilege scores, violation rates, and review latency by group to maintain 

accountability. Procurement and legal are brought on board early to ensure the maintenance of evidence and that 

the use of cross-border data flow complies with privacy laws. 

 

6.4 Limitations & Threats to Validity 

 

There are a few limitations that moderate the generalization. Label quality is problematic: a substantial number of 

real violations become visible only months later during audits or incident retrospectives, introducing right-

censoring and leakage of time-stratifications when the evaluation split is not strictly by time. Weak supervision 

because of rule hits causes classifiers to be biased toward well-codified risks and able to miss novel abuses; active 

learning and red-team injects partially overcome this, but at a long-term cost. Due to the rarity of harmful events, 

imbalance is always a possibility; resampling analysis naively destroys temporal patterns and artificially magnifies 
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scores. Cost-sensitive learning, threshold tuning to operational prevalence, and backtesting across release epochs 

are thus obligatory. 

The degree to which they are representative differs by industry and footprint. Organizations with substantial on-

premises legacy, sovereign-cloud limitations, or even poor telemetry may not be able to capture the evidence 

needed to meet continuous compliance without additional instrumentation. The portability of functionalities on 

different systems presents a threat of semantic drift: cloud providers vary in the granularity of given permissions, 

condition keys, and the sequence to evaluate rules, and Kubernetes admission policies also differ with identity 

policies, which makes the adjacency of rules difficult when relocating across stacks. Contract tests and reachability 

analysis decrease but do not eliminate these risks. Another threat is measuring the noise ATP settings. Least-

privilege determinations require meaningful action-use assignment. Asynchrony context and serverless processing 

may hide principal identity unless edge-to-edge correlation facilities are made. Privacy budgets have the potential 

to conceal real anomalies in small domains; sensitivity analysis is necessary to balance privacy and detection [13]. 

There is, too, the unrealistic assumption of event-capable infrastructure and CI/CD discipline; any environments 

where changes are mainly done manually will require modernization before the controls can provide full value. 

 

7. Future Work 

7.1 Real-time/Streaming PDPs 

Future research should cement the `time of policy decision points to be able to evaluate continuous streams of 

events within 99% of 10 ms latency without compromising determinism and auditability. Policies then should be 

compiled into sandboxed bytecode, WebAssembly, and delivered as signed bundles to the edge to be enforced 

efficiently. Kubernetes processes, such as control-plane logs and CI/CD signals, are also ingested by authorization 

processors, which can impose back pressure, add context, and prevent multiple authorization attempts. Designs 

must have warmed evaluators that get past cold starts, bounded-staleness caches that have cryptographic 

provenance, and circuit breakers that fail closed on privileged activities. Break-glass tokens should be time-

constrained and kept in audit logs [2]. Telemetry must reveal per-rule timing, cache hit rates, and rejection causes. 

Rewascible replay of decision traces ought to re-create evidence and recount policy evolutions on past streams 

without re-exposing personal information. 

 

7.2 Graph & Unsupervised Methods; Causality 

 

In entitlements and relationships, the graphs are sparse; the detection of structure allows remediation and 

acceleration of reviews. By detecting communities, toxic clusters of permission and blast-radius neighborhoods 

can be identified for decertification. Unsupervised detectors--centrality outliers, role-embedding distance 

thresholds, motif breaks--can be used to determine abnormal access in the absence of labeled incidents. Nearest-

neighbor proposals based on graph embeddings that have been trained on who-can-access-what relations can 

minimize privilege without losing task coverage. The next step in the field is to couple such signals with causal 

modeling: encode identity lifecycle, ticket queues, and policy changes as interventions; estimate the effect on 

violation rates and review latency; and use counterfactual simulations to identify the least disruptive controls. 

Consistent identity keys, change times, and exposure windows must also be instruments to withstand attribution 

snags due to changing seasons and business reorgs. 

 

7.3 Federated Learning & Differential Privacy Benchmarks 

 

Benchmarks must honour data residency and data confidentiality to facilitate cross-organization comparability. 
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Securely-aggregated federated training allows training participants to enhance entitlement-risk models without 

exchanging raw telemetry, and the periodic averages help mitigate drift and local bias problems. A complementary 

benchmark would standardize schemas, time partitions, feature sets, and holdout orgs to gauge the extent of 

generalization in the face of seasonality. The use of differentially private training with calibrated noise and a privacy 

budget can be used to bound the leakage of rare entitlements; privacy accountants should report the total loss per 

round [19]. The governance should be subjected to audit trails of how clients are selected, fairness diagnostics 

across job families and regions, validated sampling strategies, and pipelines that can test budgets using data. 

Infrastructure should be able to accommodate stragglers, unreliable participants, and incomplete participation 

without skewing aggregate measures. 

 

7.4 UX for Reviews & Policy Authoring 

 

The avoidance of review fatigue and mistakes in policy formulation requires interfaces that implement assistive 

drafting with pre-merge verification gates. Privacy-filtered evidence snippets, justifications, and one-click 

refutations producing counterexamples in unit and property tests should be presented to the viewer. Assistant-

generated draft policies undergo reachability checks, negative testing, shadow evaluation, and thresholds before 

becoming visible to approvers, and repeated interactions in the assistant help reduce the mental burden and the 

risk of inadvertent proposals. Interfaces need to reveal confidence, assumptions, and reverse actions, and speed 

interruptions to allow the throttling of interruptions concerning the level of work. Tuning of prompts, thresholds, 

and escalation rules should be guided by outcome metrics (i.e., time-to-decision, quality of justification, per-

network post-deployment incident rate, and per-network rate of rolling back). Redaction modes, keyboard-first, 

and accessibility are critical to large-scale reviews across legal regimes and countries. 

 
Figure 6: UX workflow for policy reviews and assistive, verified authoring 
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A well-structured UX process facilitates the policy reviews and policy write-up, as shown in Figure 6 above. The 

research stage identifies the points of pain for reviewers and legal restrictions. Privacy-filtered evidence snippets, 

confidence disclosures, and one-click refutations are specified in the design phase. The testing phase includes the 

reachability tests, negative tests, shadow testing, and threshold behavior tests. Many transversal verification gates 

and keyboard-first accessibility features are wired during the implementation phase. The phase of evaluation 

adjusts prompts, interruption throttling, and escalation rules based on outcome measures like time-to-decision, 

quality of justification, post-deployment incident rates, and frequency of rollback. This process saves time and wear 

and tear, rules out accidental propositions, and allows mass industrial-scale jurisdictional collaboration. It enhances 

openness, rapidity, and responsibility in general. 

 

7.5 Synthetic Data & Simulated Incidents 

 

Evaluation is also hampered because high-severity violations are rare. Privacy-preserving entitlement and activity 

traces can be generated synthetically with tabular-sequence generators that preserve statistics vital to detectors 

and policy tests. Train-on-synthetic and test-on-real methods of validation should be used, as well as special 

disclosure-risk tests [36]. The scenario libraries should combine these datasets with the end-to-end simulations 

simulating the sequence of privileged lift, lateral movement, credential abuse, and data exfiltration. The rolling 

exercises can quantify the detection coverage and alert latency, triage accuracy, and rollback safety, eliciting 

quantitative targets of governance SLOs. To avoid overfitting, generators should randomize attack paths, 

workloads, and calendars; evaluators should also inject benign bursts to quantify false-positive resilience. Artifacts 

of exercises should feed policy tests, responders’ playbooks, and model tunings. 

 

8. Conclusion 

 

This paper solved the fundamental conflict that established security in modern infrastructures: how to achieve 

least-privilege at scale across heterogeneous clouds, in a way that does not intrude on privacy and generates 

continuous, audit-ready evidence. It submitted a mobile governance framework that decouples identity and 

decision and enforcement, distils RBAC/ABAC/ReBAC schemas into canonical form, implements policy-as-code 

with formal analysis, static analysis, and secure deployment patterns. A normalized, multi-source dataset, 

composed of cloud audit, Kubernetes events, and identity provider signals, was transformed into an entitlement 

graph that enables reachability analysis and toxic-combination detection. The framework constructs signed 

artifacts, approvals that can be traced back, and structured decisions, allowing compliance to be repeatable and 

measured objectively based on least-privilege score, segregation-of-duties violation rate, policy coverage, review 

latency, and break-glass incidence. Collectively, these features enable a viable template toward privacy-compliant 

IAM across multi-cloud and Kubernetes environments.  

The method enhances operational position and audibility empirically. Shadow evaluation, canaries, and admission 

controls avoid regressions ahead of enforcement; reachability analysis makes remediation a matter of crown-jewel 

paths. The programmatic metrics, that is, least-privilege score, segregation-of-duties violation rate, policy 

coverage, review latency, and break-glass incidence, translate technical change into a set of clear KPIs and SLOs. 

Reproducibility, predictable builds, and unchangeable manifests allow results to be transportable across clouds, 

and privacy-aware logging, tokenization, and differential-privacy budgets mitigate exposure. Security, privacy, and 

productivity trade-offs are addressed using risk-based overrides, time-bounded elevation, dual-control break-glass, 

and calibrated reviewer thresholds to minimize fatigue. 

The findings drive a practitioner-friendly staged adoption playbook: test non-critical area, then adopt a code 
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ownership/property/linters model, followed by policy bundles in dry-run, and introduce progressive enforcement 

and recertification schedules. Institute a RACI that includes both platform security and domain teams, as well as 

compliance engineering; incorporate identity-lifecycle hygiene. Employ evidence schemas whereby controls are 

bound to policy versions and decisions, and then ferrous audits are a re-computable rather than a narrative 

reconciliation. Limitations still exist: incident labels are weak; there is a class-mismatch and time-leakage problem; 

semantic drift between providers impacts portability, and gaps in higher-fidelity telemetry in legacy systems limit 

ongoing proof. Mitigations include time-aware splits, cost-sensitive learning, ablations to identify brittle features, 

contract tests to verify policy semantics, differential-privacy-sensitive feature design, and conservative fallbacks 

where the evidence is weak. 

The agenda towards advancement is tangible. Streaming decision points cached to sandboxed targets and warmed 

at the edge can achieve latency below ten milliseconds and determinism. Graph-based analytics and unsupervised 

detectors may identify toxic combinations without any labels; causality studies can attribute changes in violations 

to particular interventions. Privacy-preserving accounting can allow cross-organizational comparability, allowing 

FedLearner to be used without raw data being shared. Before merging, evidence could be surfaced through privacy 

filters and ranked justifications, coupled with one-click counterexamples, gated by verification. The shortcoming 

of rare high-severity events in the evaluation can be overcome by using simulation-based, synthetic, faithful 

datasets and the approaches that achieve synthetic incident libraries. Such practices ensure sustainable flows of 

evidence and a matching engineering/regulatory cadence. They also increase security posture to teams, vendors, 

and supply chains. Overall, the work shows that privacy-preserving least-privilege is not a pipedream but a 

technical reality: using canonical schemas, verifiable policies, continuous conformance, and measured rollout, 

organizations can reduce blast radius, expedite reviews, and find themselves in a defensible state of compliance 

that can be repeated--all without breaking developer velocity. 
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