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Abstract - As cloud-native applications continue to heavily rely on Kubernetes as their backbone, GitOps has established itself
as an innovative and efficient paradigm for managing deployment processes by simply treating configuration as code and by
relying on automated pipelines for the provision of consistency and speed. However, as more and more organizations decide to
go with GitOps, it is clear that the necessity of ensuring security at every stage of the deployment lifecycle has become, by far,
the most important one, due to the risks in misconfigurations, unauthorized changes, and compliance drift. This is an
investigation of the approach of a policy-centric style to GitOps that shifts the focus of security policies from being latecomers
to the first-class citizens integrated into the repositories, the pipelines, and the runtime environments. The paper illustrates
how the combination of policy-as-code frameworks with GitOps workflows can automate the enforcement of the policies, keep
the errors of the humans at a minimum and always be in line with the regulations without causing any delay in the pace of
innovation. The primary research of the work is greatly influenced by the blend of literature analysis, architecture modeling,
and performance evaluation with the example of the real-world Kubernetes case where the security policies were integrated
into the CI/CD pipelines with the use of tools like Open Policy Agent and Kyverno. Results from the case study reveal the
technical upside such as the consideration of insecure deployments that can be prevented proactively and the simplification of
the audits and also the organizational aspects, for instance, the increase in developer confidence and cross-team
accountability.
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1. Introduction
1.1. Challenges
1.1.1. Complexity of Managing Multi-Cluster Kubernetes Environments

While companies gradually replace their traditional infrastructures with digital ones, Kubernetes has been practically
established as the standard for container orchestration. But, on the other hand, the achievement with Kubernetes is also often
met with added complexity. Single cluster reliance is almost non-existent in large enterprises; they would rather have multiple
clusters that are geographically, environmentally or cloud provider-wise dispersed to attain the stability and the observance of
the regulations.

1.1.2. Growing Attack Surface in Containerized Applications

Containerization is a great way to speed up and scale the business but on the other hand, it is a huge potential for the
attackers to expand their attack surface. Imagine that the container images that your software depends upon have some
vulnerabilities, outdated libraries, or even the wrong set of permissions. As the containers are constantly being reborn, it is very
hard to detect and react to the threats in a timely manner, and the microservices model just makes it even harder as it multiplies
the number of communications and dependencies that have to be secured now

1.1.3. Lack of Standardized Governance in GitOps Pipelines

GitOps elegantly simplifies managing Kubernetes configurations by modifying Git to be the source of truth. Nevertheless,
as for the extent of usage, the majority of organizations are confronted with the governance gaps. GitOps pipelines are
generally personalized without any or with very limited standardization across different teams. The absence of the consistency
of visibility and deployment trust is weakened as a result of this lack, thereby unreviewed or insecure configurations are
introduced to the production without being detected.

1.1.4. Compliance and Auditability Gaps in CI/CD Workflows

Highly regulated industries like finance, healthcare, and government have to illustrate that they strictly follow the
compliance frameworks (e.g., PCI DSS, HIPAA, FedRAMP). The traditional CI/CD workflows do not produce compliance-
grade auditability naturally. For example, most of the proofs of security and policy enforcement are done manually and
usually, they are post-event documents. These compliance gaps are hard to overcome while still maintaining fast delivery
cycles.



1.2. Problem Statement

Though GitOps is expected to bring about a smooth and secure delivery, the lack of embedded security and governance
controls still leads to major risks. Primarily, a somewhat poorly defined or insecure GitOps workflow can open up
organizations to these threats. Just misconfigured manifests have the malicious potential to expose services to the public
internet, giving workloads they exceed permissions or they disable security-related features. We should bear in mind that
GitOps pipelines are sometimes executed with elevated privileges; as a result, attackers who manage to break into them can
gain access to clusters of higher levels or steal sensitive data.

On top of this, there is no proper and comprehensive enforcement of policy as an embedded feature in GitOps systems.
Although security teams may be setting the policies somewhere else, security enforcement relies largely on manual inspection,
scripts executed here and there, or audits done after the incident. This method is not only non-scalable but also ineffective in
handling dynamic situations.

The companies must be provided with the policies that are implemented at the source namely GitOps and these policies
should act as gatekeepers that preclude any changes from being made in the cluster without prior validation. In case they are
not present, catching misconfigurations and violations in time becomes difficult and, therefore, they may even be found in the
worst scenarios. All in all, the difference between the quick, automated GitOps practices and strictly followed security
requirements is the main reason why enterprises still risk operational, compliance, and reputational scandals.

1.3. Motivation
1.3.1. Importance of Policy-as-Code

These days no one wants to sacrifice speed over security. Hence the adoption of policy-as-code is on the rise. This new
paradigm, or model, treats security as well as governance rules the same way as application code: just like that defined,
version-controlled, and continuously enforced. Policy as code is enabling completely automated guardrails that prevent the
developers from the inadvertent deployment of insecure or non-compliant resources.

1.3.2. Need for Automated, Scalable, and Auditable Security Controls

The reality of today's cloud-native environments is that they operate at a scale and velocity where manual oversight is out
of the question. Every day, the number of clusters and teams is so high that the commits, image builds, and deployments go to
hundreds. To control such a pace in a secure way, organizations need enforcement mechanisms of the automated type that can
scale horizontally and provide evidence of compliance that is audit-ready.

1.3.3. Value of Aligning DevSecOps with Compliance-Driven Deployments

GitOps offers an excellent opportunity for DevSecOps to combine the best of fast development, security rigor, and
compliance assurance. By combining GitOps with compliance-driven deployments the organizations are able to set up
continuous delivery pipelines that are not only fast but also reliable. Compliance frameworks are no longer the external
burdens that organizations have to struggle with but they become the integral parts of the deployment process.

2. Literature Review
2.1. Overview of GitOps Principles and Adoption Trends

GitOps is a method of working that takes the concept that Git is the one and only source of truth for infrastructure and
application state and makes it more concrete and visible. The last part means that there are agents that always check whether
the desired state (which is kept in Git) and the actual state (which are clusters) correspond. The practical implementation of this
is generally a pull-based controller (e.g., Argo CD, Flux), which does a few things: it watches one or several repositories, it
renders the manifests (Helm/Kustomize), and it changes the data declaratively.

The main ideas explained in the literature are these three core promises: (1) reproducibility with the help of versioned
configuration; (2) auditability through commit history, code review, and change provenance; and (3) drift reduction as a result
of continuous reconciliation.

Adoption research and industry reports provide evidence that GitOps is steadily gaining momentum. This growth is mainly
attributed to cloud-native modernization, multi-cluster topologies, and the wish to separate delivery from imperative scripts.
Improvements in mean time to recovery (MTTR) due to rollbacks being simply Git reversions; better developer autonomy
because teams can propose infra changes as pull requests, and the support of a stronger compliance posture as a result of
immutable histories are frequently cited benefits in case narratives.

2.2. Kubernetes Security Models: RBAC, Admission Control, and Policy Engines

Kubernetes has built-in security features, which are sometimes called the security building blocks of Kubernetes, and they are
as follows:
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RBAC (Role-Based Access Control): Defines the relationships between who (subjects) can do what (verbs) to which
resources. The norm and the typical guidelines promote the principles of least privilege, the use of scoped
namespaces, and the reduction of cluster-admin bindings. On the other hand, empirical studies reveal that in most of
the clusters, the permissions tend to be quite wide as the result of the drift caused either by the operators who prefer to
do things in a convenient way or CI/CD service accounts that progressively accumulate more privileges.

Admission Controllers: Interceptors that can be added or removed at will and which act here by checking or changing
the details of the incoming API request before it is written. Some built-in controllers like NamespaceLifecycle and
ResourceQuota manage only the basic things, while ValidatingAdmissionWebhook and MutatingAdmissionWebhook
take the help of the external policy engines to get the organization-specific rules implemented right at the deploy time.
OPA/Gatekeeper: The Open Policy Agent is a tool that separates the policy decision-making logic from the services
using the Rego language. Gatekeeper is the one that makes OPA suitable for Kubernetes as it installs the admission
webhooks for the related CRDs like ConstraintTemplates/Constraints that are the sources of the new policies and the
changes.

Kyverno: A policy engine that is built-in with Kubernetes and it uses the rules that are defined in the YAML file.
Most of the research papers and field studies are mainly focusing Kyverno as an approachable device for the cluster
operators who rather use the YAML format than a DSL, however, if the logic is extremely complicated, then OPA
still remains the preferred one.

Such mechanisms in combination enable a security model of 'defense in depth': role-based access control is an
access control feature at the API layer, whereas Open Policy Agent (OPA) or Kyverno work at the admission layer
and runtime implements security standards, e.g., Pod Security Standards, Seccomp, or AppArmor.

Table 1: Summary of Literature on Kubernetes Security, Gitops, and Policy-As-Code Approaches

Ref| Author(s) |Year Focus Area Key Contribution Relevance to Policy-Centric
GitOps
[1] | Shamim et al. [2020[ Kubernetes security Systematization of Kubernetes security Validates risks that PaC +
practices threats and misconfigs GitOps mitigate
[2]| Huang & (2020 Kubernetes security Practical guide to securing deployments | Supports PaC enforcement in
Jumde design GitOps
[3] | Agrawal et al. [2020[ Security audits of K8s | Highlights lack of compliance auditability | Reinforces compliance-driven
GitOps
[4] Luksa 2017|Kubernetes fundamentals Core reference on Kubernetes Foundational to GitOps
orchestration principles
[5] | Viktorsson et [2020( Container runtime trade- Security vs. performance evaluation Highlights runtime security
al. offs considerations
[6]| Patchamatla {2018 OpenStack & multi- Al workflows in containerized multi- Shows complexity of hybrid
tenant K8s tenancy deployments
[7]1] Campbell 2020 Kubernetes risk Practical security risk mitigation Operational foundation for PaC
mitigation techniques
[8]| Modak et al. [2018| Cloud security (Swarm Comparative orchestration risks K8s preferred but policy
vs K8s) enforcement is key
[9]| Surantha & |2019 Zero Trust K8s Case study in financial services Example of policy-driven
Ivan networking cluster governance
[10] Sayfan 2020 Mastering Kubernetes Advanced K8s + GitOps techniques Explains push vs. pull GitOps
(advanced) models
[11] Baier 2017| Getting started with K8s Introductory foundation Prepares context for GitOps
adoption
[12]] Sultanetal. [2019| Container security Issues and road ahead for security Supports runtime monitoring
integration
[13]] Karslioglu [2020| DevOps Cookbook for | Recipes for deployment & management | Practical foundation for PaC
K8s workflows
[14] Furnes & [2020( Secure K8s deployment BS thesis with compliance-oriented Reinforces compliance
Rasvik (GCP) practices automation
[15] Sayfan 2018| Kubernetes mastery Comprehensive orchestration guide Useful for GitOps workflow
baselines
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3. Proposed Methodology
3.1. Framework Overview: A Policy-Centric GitOps Model

The methodology that has been put forward revolves around the concept of GitOps, which is a model that is centered on
policies and, at the same time, considers security and compliance as two of the main elements in the delivery pipeline. A
typical DevOps workflow generally handles the implementation of policies in the form of checks that are carried out
externally, either by gates or after the process has been completed; in contrast to that model, policy-as-code (PaC) is a way of
doing that where both GitOps and PaC have been combined to create a new GitOps process.

The purpose of this system is to make the content more accessible for software developers and managers alike, who are in
charge of deciding strategies and setting rules for their teams. In that context, the proposed framework:

o Allows shift-left validation at commit and pull request stages.

e  Admission control is the method through which an enforcement at deployment time is carried out.

e Determines runtime assurance by means of monitoring, feedback loops, and automated remediation.

o Auditability through version-controlled policies, signed commits, and machine-verifiable attestations.

3.2. Policy-as-Code Integration: Defining and Managing Policies in Git Repositories
The policy-as-code methodology is at the very core of this approach. Policies are declared in machine-readable formats
(YAML or Rego), are stored in Git repositories, and go through the same development lifecycle as application code.

Key principles include:

o Declarative Definition: Policies are a type of code requirements which automatically declare all you need to know in
the instance i.e “all container images must originate from trusted registries,” “no workload may run as root,” or
“sensitive namespaces require resource quotas.”

o Version Control and Collaboration: Policies exist together with code in Git, thus allowing peer review, branch
protection, and change history tracking. Security engineers can create global guardrails, while application teams may
submit service-specific exceptions for approval by governance.

e Policy Repositories: A central “org-wide policy repo” with baseline controls and environment- or team-specific repos
that inherit and extend these policies is recommended as a layered approach. Consequently, this permits policy
composition across various clusters.

e Testing and Promotion: Similarly to application code, policies first undergo unit testing (e.g., conftest test for OPA,
kyverno test) and are promoted through non-production environments before going to production clusters.

The integration facilitates that the policies are parts inseparable from the software delivery process which is a major factor
in avoiding the drift between intent and enforcement that most times is the cause of security initiatives.

3.3. Enforcement Layers
3.3.1. Pre-Commit Policy Checks
The primary defense line is still at the developer's workstation or Cl system, before any code change goes to the main
branch. Pre-commit hooks or ClI jobs can run static validation instruments like conftest (for OPA) or kyverno apply in dry-run
mode.
e Objective: Give developers quick feedback to lower the trouble of non-compliance checking/partially fixing
violations at the very early stage of the development.
e Instances: It can stop a commit with a secret that is hard-coded, prohibit the use of deprecated API, enforce the
naming convention or verify if there are resource requests/limits.
o Developer Experience (DX): The occurrences of violation should be represented in human-readable messages with
remediation advice. IDE integrations and GitHub Actions annotations can also locate the violations inline in the pull
requests.

By using this method, a culture of self-service compliance is established, which allows developers to solve problems on
their own, thus lessening the congestion of bottlenecks downstream.

Algorithm 1: Pre-Commit Policy Validation
Input: Manifest.yaml
Policies: PaC rules (OPA/Kyverno)
For each change in Manifest.yaml:
Run conftest/kyverno --dry-run
If violation detected:
Reject commit with message
Else:
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Allow commit to proceed

3.3.2. Admission Control in Clusters
After the changes are processed through a cluster, admission controllers execute runtime policy decisions, which are
implemented before the resources are saved. Two main engines—OPA/Gatekeeper and Kyverno—are those that enable such
an enforcement.
o OPA/Gatekeeper: This tool is suitable for complex logic, federated policies, and large enterprises. The policies are
described in Rego, encapsulated into ConstraintTemplates, and then applied to the namespaces.
o Kyverno: It is a Kubernetes-native interface with YAML rules that operators find it easier to understand. Besides
image signature verification, it supports validate/mutate/generate operations.

Common Admission Policies Cover:

Not allowing pods that require privileged escalation.

Executing network policies in those namespaces that are sensitive.

Requiring images to be signed for production workloads.

Preventing the release of deployments that do not have the necessary labels (for instance, owner, environment, data-
classification).

Regardless of developer's intention or the occurrence of gaps in the CI/CD pipeline, this layer is the one that ensures only
compliant workloads are allowed into the cluster.

Algorithm 2: Admission Control Decision
Input: Deployment request
Policies: Admission policies
When API request received:
Pass to OPA/Kyverno webhook
If request violates constraints:
Deny deployment
Else:
Admit and log event

3.3.3. Runtime Monitoring and Feedback Loops

Security enforcement certainly does not come to a halt after the admission phase. Various conditions at runtime can
change: nodes can drift, policies can be bypassed, or vulnerabilities can arise post-deployment. Hence, the method has been
designed to include runtime monitoring and continuous feedback loops.

Such Key Mechanisms Are:

e Policy Audit Mode: In this case, admission controllers are in audit mode activity. They generate violation reports
without blocking the resources. This way, organizations can assess the influence of policies before they are fully
enforced.

e Runtime Sensors: Falco is a perfect example of a CNCF project that detects by runtime monitoring the suspicious
activities (e.g., unexpected syscalls, file access). The violations are re-injected into GitOps pipelines as alerts and
automated pull requests.

e  Drift Detection: FluxCD and ArgoCD are always working on reconciling the actual state with Git. If an unauthorized
change happens (e.g., manual kubectl edit), the system goes back to the approved state automatically.

e Feedback Integration: The reported violations can be found in collaboration tools (Slack, Jira) or SIEMs. They allow
security, DevOps, and compliance teams to have an eye on the matter from different angles.

These feedback loops convert enforcement into a perpetual process, as a result, compliance that is not lost over time is
being guaranteed.

3.4. Tooling Stack
The suggested framework relies heavily on the use of the tried and tested open-source tools, most of them being from the
CNCF ecosystem:

Table 2: Security Tools and Their Roles in Gitops-Based Kubernetes Environments

Tool Function Role in GitOps Security
OPA/Gatekeeper| Rego-based policy enforcement Complex admission policies
Kyverno YAML-based native policy engine|Easy-to-understand rules, image sigs
ArgoCD/Flux | GitOps reconciliation controllers | Sync desired and actual cluster state

92



Falco Runtime anomaly detection Detect suspicious syscalls, activities
Cosign Image signing & verification Supply chain security

o OPA/Gatekeeper: For the implementation of detailed policy enforcement using Rego.

e Kyverno: For Kubernetes-native YAML policies, which are more user-friendly, and for image verification.
FluxCD / ArgoCD: GitOps controllers that manage the continuous reconciliation between Git repositories and cluster
state.

Falco: Runtime security monitoring that comes with kernel-level visibility.

e Cosign (Sigstore): For the signing and verification of container images, which is seamlessly integrated with the
admission policies.

e Intoto / SLSA Framework: For security of the supply chain in which CI build evidence is tied into GitOps delivery
pipelines.

The stack is thus end-to-end coverage: pre-merge validation, deploy-time enforcement, runtime monitoring, and supply
chain integrity.

4. Case Study
4.1. Hybrid Kubernetes Deployment in a Regulated Environment

HealthSure, a midsize healthcare provider operating across the USA, underwent a digital transformation initiative to
overhaul their clinical applications and patient portals. The organization was required to support on-premises clusters where
sensitive electronic health records (EHR) needed to be stored for HIPAA compliance and public cloud clusters on AWS and
Azure, where less sensitive services (telehealth, scheduling, and analytics dashboards) could be easily scalable.

The hybrid architecture provided the organization with the benefits of flexibility but at the same time introduced
substantial risks: inconsistent configurations that could be across clusters, large GitOps repositories, and the need to prove
continuous HIPAA compliance during an audit. Among issues identified in the previous audit were the non-traceability of
deployment, the lack of tightly controlled access, and the existence of undocumented exceptions.

Step 1: Repository Structuring
Initially, it was to create a repository structure for GitOps that would allow a centrally governed system without completely
taking away the control from the teams. HealthSure decided to go with the multi-repo approach:

e Org-Policy Repo was a repository maintained by the security engineering team that contained the global baseline
policies (for instance, “every pod must have resource requests/limits,” “only trusted images may be used,” “no
container should be allowed to run as root,” etc.).

e Environment Repos were separate repositories for different environments, i.e., dev, staging, and production. Each of
them contained the cluster-level configurations, namespaces, and environment-specific overrides.

o Application Repos were the development teams' repositories, including Helm charts, Kustomize overlays, and service-
specific manifests. In these repos, the policies from the org-policy repo were referred to as dependencies.

With this setup, HealthSure was able to not only keep the global rules in place securely and consistently but also grant
developers the liberty to handle their application configurations. The conditions for branch protection ensured that any changes
made to the org-policy repo must be approved by at least one compliance engineer and one platform engineer.

Step 2: Policy Library Development
After that, HealthSure created a set of standards that they could use over and over again and that they had written down in
both OPA/Gatekeeper and Kyverno, depending on the complexity and the operator's familiarity with the subject.
e OPA Policies (Rego): These were used for sophisticated logic, e.g., to EHR-related workloads to verify that they were
allowed only in certain namespaces and to check that RBAC bindings followed the principle of least privilege.
e Kyverno Policies (YAML): These were used for easy-to-understand rules, e.g., image signatures through Cosign were
enforced, security context defaults were injected, and all pods had standardized labels for traceability.

In order to get more developers to use it, the security team made a policy catalog with descriptions in plain language,
compliance mappings (e.g., "HIPAA 164.312 - Access Control™), and examples of usage. Developers could locally perform the
policies using conftest (OPA) or kyverno apply --dry-run before they commit their work. Such a shift-left enablement gave
developers the confidence that their changes would cluster enforcement and thus, friction during the code reviews would be
reduced.
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Step 3: CI/CD and GitOps Integration
At various stages, HealthSure implemented policy checks to integrate:

e Pre-Commit Hooks: Local Git hooks not only flagged hard-coded secrets but also disallowed images, while filtering
files for a proprietary license.

e ClI Pipelines: Each Pull Request CI jobs were running conftest and kyverno tests on the manifests to validate them
against the policy library. Failures thus provided feedback on the PR with annotations.

e GitOps Controllers: HealthSure installed ArgoCD in the cloud and on-prem servers as well. Admission Webhook
integrations to OPA/Gatekeeper and Kyverno were part of the configurations of each controller, thereby, if a
reconfiguration resulted in an error passing through Cl, it would be intercepted on the way to admission.

e Runtime Monitoring: Falco agents stayed on alert for any unusual activities in the monitored workloads. A change
from ArgoCD was allowed if any manual edits with kubectl were immediately performed back to Git state.

In order to be secure in the supply chain, HealthSure employed Cosign in its ClI pipelines where all images were signed
after being built. The admission policies were making signature verification a must at deploy time, thus guaranteeing
provenance.

4.2. Challenges Faced and Mitigations Applied
Table 3: Key Implementation Challenges and Mitigation Strategies in Policy Enforcement Systems

Challenge Issue Description Mitigation Applied
Developer pushback Policies breaking builds| Audit mode for non-prod
Policy complexity OPA rules too complex| Use Kyverno + test suites

Multi-cluster consistency Inconsistent policies | GitOps-driven distribution
Audit evidence fragmentation Scattered logs Evidence aggregation pipeline

4.2.1. Developer Pushback on Policy Strictness
In the early days of the rollout, the developers shared their grievances that the policies were 'breaking their builds' and that
the delivery was being slowed down. Especially the Kyverno rules that rejected unsigned images created a lot of trouble in the
non-production environments.
e Mitigation: The team implemented audit mode for non-prod environments as a solution, which allowed warnings to
be generated instead of blocking the deployments. After the developers had gotten used to the workflow, they went on
with the enforcement in production.

4.2.2. Policy Complexity and Maintenance Overhead
The rewritten OPA policies were effective; however, they were still a bunch of riddles for application developers to
comprehend or to debug.
e Mitigation: The team concentrated the complex aspects of logic in OPA while keeping developer-facing policies in
Kyverno. Besides that, they established a common test suite, which included examples for ‘'valid' and ‘invalid'
manifests for each policy, thus significantly cutting down the onboarding time.

4.2.3. Multi-Cluster Consistency
At the beginning, the process of deploying policies both on-prem and cloud clusters in a consistent manner was highly
vulnerable to mistakes.
e Mitigation: The company HealthSure developed a policy distribution pipeline that was based on GitOps, whereby the
changes in the org-policy repo automatically caused ArgoCD syncs to all clusters. Consequently, this was the way the
parity of versions of policies across environments was guaranteed.

4.2.4. Audit Evidence Aggregation
The auditors requested a centralized location where they could find evidence that the policies were being executed across
different clusters. The logs, however, were not in one place; they were scattered across the dashboards of ArgoCD, Gatekeeper,
and Falco.
e Mitigation: By using an evidence aggregation service, the platform team was able to bring together admission
decisions, runtime alerts, and Git commit metadata into one report. This shortened their journey to showing
compliance maps directly during HIPAA audits.

4.3. Observed Outcomes
4.3.1. Reduced Misconfigurations

Misconfiguration-related incidents have been cut 70% six months after the implementation of the new model. Moreover,
resource limits which are missing and over-permissive RBAC roles have been the main source of the issues that used to reach
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production. These types of security violations were detected in CI or admission control, therefore, they were not allowed to be
deployed under the new model.
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Fig 1: Reduction in Configuration Misconfigurations after Security Policy Implementation

4.3.2. Faster and Easier Audits

Policy enforcement evidence, which was automated, included Git commit trails, signed images, and admission logs and
was presented by Health Sure during the next HIPAA compliance audit. The organization was commended by auditors for its
continuous compliance demonstration instead of relying on static point-in-time reports. The audit cycle time was cut by 30%;
thus, the organization saved on both cost and staff effort.

4.3.3. Improved Developer Experience

Developers initially feared having policies codified and testable early, however, as it turned out, they actually shortened
the friction. The developers were able to check on their own whether the code was compliant and receive instant feedback
through the pull requests, all this without a security review. A study revealed a 20% increase in developer satisfaction with the
deployment pipeline.

4.3.4. Enhanced Security Posture

Container threats that are common have been mitigated on a large scale by Health Sure through the combination of image
signing, admission control, and runtime monitoring. Thus, the violation was flagged by the pipeline, which was prevented from
releasing the updated base image with vulnerabilities to production, avoiding the security breach incident.

5. Results and Discussion
5.1. Quantitative Results
5.1.1. Deployment Success Rates

Before the implementation of policy-centered GitOps, HealthSure’s hybrid Kubernetes deployments used to have
malfunctioning rollouts regularly due to incorrectly configured manifests, absence of resources, or insufficiently scoped RBAC
rules. Cl logs showed that about 12-15% of deployments were failing in staging or production environments, and in most
cases, platform engineers had to manually sort through the issues.

After they had rolled out pre-commit hooks, admission control, and runtime policy checks, the number of deployment
failures went down dramatically. Over a 6-month monitoring period, the deployment success rate increased from 85% to 96%
across all clusters. The 4% failure cases were due to external dependency incidents (e.g., network outages, third-party services)
and not policy violations. This progress points to the effectiveness of early-stage validation in cutting down on operator
interventions and wasteful cycles.
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Fig 2: Improvement in Success Rate after Security Implementation
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5.1.2. Policy Violation Metrics
OPA/Gatekeeper and Kyverno introductions allowed detailed violation tracking regardless of the environment. In the first
month of enforcement, developers were initiating violations at a rate of 35 per week on average. Some of the typical issues
were
e Unapproved base images being used.
e Resource limits not set.
o No required labels for traceability.

vbafm'a - Vﬂff‘El:"

Reduction = = 100

Vbsfm‘s
(where Voefore = 35, Vagter = 10, gives ~71% reduction)

As developers got used to pre-commit checks and CI annotations, the number of violations went down to 10-12 per week,
most of them fixed before the code was merged. This 70% decrease indicates that the developers' awareness has been raised
and the guardrails' deterrent effect is present due to their consistent enforcement. Moreover, the occurrence of violations that
were located in admission control has dropped to almost zero in production, thus, the layered defense approach can be
considered as effective.

5.1.3. Compliance Audit Times

When HIPAA and HITRUST audits were conducted, the preparation used to take up to 3-4 weeks, which was a very
manual process of evidence collection from CI logs, cluster dashboards, and ticketing systems. Implementation of policy-
centric GitOps with version-controlled policies, signed images, and aggregated evidence pipelines resulted in the time for the
audit preparation being reduced by 30-40%. Auditors got access to automated compliance reports, which provided the direct
mapping of policy decisions to regulatory controls.

(before = 4 weeks, after = 2.5 weeks — ~37.5% improvement)

This decrease in time was converted into both cost savings (less staff hours required for audit readiness) and better
regulatory relationships. The compliance audit teams specifically referred to HealthSure’s method as providing the ‘real-time’
compliance visibility; thus, there is no need for retrospective justifications, as per their feedback.

5.1.4. MTTD/MTTR Improvements

Mean Time to Detect (MTTD) and Mean Time to Recover (MTTR) are essential parameters that indicate a system's
capability to bounce back from failures. Initially, MTTD for misconfigurations or runtime anomalies was around 8 to 12 hours,
and the issues were usually found out by the alert of the degraded service performance. On the other hand, MTTR was about 6-
8 hours as crews went through a manual process to identify and fix the problem.

After the ArgoCD drift detection and Falco runtime alerts integration into Slack and PagerDuty, MTTD got better, to less
than one hour. In the same vein, MTTR was extended from 2 to 3 hours due to a previously known Git state being able to be
reverted. The improvements made were the main reasons for policy-driven automation that speeds up the recovery process,
hence the failure nearest zone gets minimized.

5.2. Qualitative Results
5.2.1. Developer Feedback

Initially developer feedback contained doubts and worries, among which were concerns about the delivery process being
slowed down because of the strict policies. However, the situation after the implementation of surveys changed: 72% of
developers were of the opinion that pre-commit as well as Cl-level checks led to less friction, as they brought issues to
consideration at an earlier stage. Also, developers were excited about the possibility of using local tools (conftest, kyverno test)
for self-validation rather than waiting for security approval.

5.2.2. Auditor Ease of Use

GitOps logs, signed commits, and admission decision records were traceability features that auditors consistently gave
high ratings. Instead of looking for the information in several logs, they were handed over consolidated dashboards that show
how each deployment corresponds to its compliance posture. Such a feature not only made audits easy but also was a way to
enhance the trust level between the organization and the auditors.

5.2.3. Operational Confidence

Security as well as platform engineers were overjoyed with their level of confidence during production deployments,
knowing that the multiple enforcement layers were there for them. Transition from reactive firefighting to proactive guardrails
gave the team the possibility to switch from handling repetitive incident response to planning and executing strategic
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improvements. A platform engineer made a reference to cultural transformation by saying, "We went from hoping that
deployments were compliant to knowing so.”

5.3. Discussion
5.3.1. Broader Implications for DevSecOps Maturity

One of the ways to greatly speed up DevSecOps maturity is to code it directly into the GitOps workflows, as the case
study clearly demonstrates. Instead of merely overlaying security, HealthSure decided to go further by implementing security-
as-code, thereby ensuring that the developers' activities were automatically compliant from the very start. This paradigm is the
perfect proof that DevSecOps is scalable to a large volume of operations if governance is in code, automated, and seamlessly
integrated with developer tools.

Maturity models often highlight the need for a cultural change, the harmonization of tools, and the possibility to see
measurable results. A policy-centric GitOps solution is the perfect match for all these three:
e  Culture: Developers carry the compliance burden through self-validation.
e Tooling: The enforcement can be from ClI, GitOps, to runtime.
e Outcomes: Decreases in the number of configuration errors, auditing effort, and service disruption that can be
measured.

5.3.2. Cloud-Native Resilience

When policy enforcement is unified across multi-cloud and hybrid clusters, HealthSure can be said to have achieved not
only application resilience but also security posture. The policies, on the one hand, prevented insecure workloads from going
into clusters, while, on the other hand, reconciliation controllers made sure that even manual mistakes were automatically
corrected.

This adheres to the cloud-native principle of immutable infrastructure, in general, whereby if a resource is found to be
different from the declared standard, the system is expected to return to compliance. The incorporation of Falco runtime
monitoring brought security measures to an even higher level; thus, resilience was extended to the stage of active threat
detection.

5.3.3. Compliance Automation

Compliance is probably the area that may be influenced most by this development. Regulatory bodies in the past have
always considered audits as interruptive events that take a lot of manual work to get through. The method by HealthSure, on
the other hand, makes compliance continuous and automated, thus generating machine-verifiable evidence with minimal
human intervention. Not only that, but it also provided real-time assurance that gave the organization the possibility to always
be audit-ready.

HealthSure made compliance go all the way to the delivery of a positive user experience by directly mapping policies to
regulatory controls. Such a lifecycle management approach that relies heavily upon policy-driven GitOps is not only going to
be a strong solution for companies from the financial sector but also for departments within the government who are struggling
with ever more stringent compliance requirements.

6. Conclusion and Future Scope
6.1. Conclusion

The case study and analysis through this paper validate that a policy-centric GitOps model is a solid step in the right
direction in securing modern Kubernetes environments. With the embedding of policy-as-code at every stage of the GitOps
workflow for instance, pre-commit validation, admission control, and runtime monitoring organizations can strike a balance
between the two extremes of velocity and security.

The draft illustrates that security no longer operates as a separate, externalized checkpoint. On the contrary, security is
integrated with the same declarative, version-controlled, and automated principles that form the core of GitOps. Consequently,
this integration minimizes the friction between the development and security teams, thereby making compliance a by-product
of the development lifecycle rather than an obstacle.

Several experiments were conducted, and numerous grounds for conclusions were found:
6.1.1. Strengthened Kubernetes Security Posture
o Defense in depth has been the paying customer for the deployment pipelines: pre-commit checks are the place where
misconfigurations are found; non-compliant workloads are stopped at the stage of admission, while by the runtime
monitoring tools, anomalies are brought to the attention of the operators.
e Least-privilege RBAC, signed commits, and provenance verification closely cooperate to save the program's capacity
against insider and external threats, thereby raising it.
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6.1.2. Streamlined Compliance and Audit Readiness
e This method simply changes the compliance process from a manual exercise into an automated, continuous one just
by codifying regulatory controls into enforceable policies.
o Pipeline becomes the natural environment for the collection of evidence. Auditors can now rely on machine-verifiable
attestations rather than manually curated documentation, which leads to a decrease in both audit cycle times and costs.

6.1.3. Lowered Risk and Operational Burden
e Both Mean Time to Detect (MTTD) and Mean Time to Recover (MTTR) have been materially improved as a result of
the implementation of proactive guardrails and the automation of rollback.
e The main factor, human error, that is eliminated through policy-based enforcement is the leading cause of production
downtimes and compliance violations; hence, firefighting efforts get reduced alongside.

6.1.4. Alignment with Modern DevSecOps Culture
e Developers are given more choices and they can check the conformity by themselves, but security teams still have the
control through the policy repositories that are centrally managed.
e The method is the 'trust but verify' culture, which benefits from the collaboration of development, operations, and
security teams, and at the same time, it doesn't lessen their agility.

Therefore, these impacts together demonstrate that policy-centric GitOps is not only a tactical upgrade but a strategic
contributor to DevSecOps maturity, hence making organizations more secure, auditable, and operationally confident in multi-
cluster, multi-cloud environments.

6.2. Future Scope

Although the methodology provides a strong base, the industry is changing quickly. Next advancements may lengthen the
efficiency, the extensibility, and the flexibility of administration-specific GitOps patterns. Some intriguing paths to be
considered are:

6.2.1. Al-Driven Policy Recommendations
Currently, the creation of policy is mostly done manually, this process requires an expert in frameworks such as Rego or
YAML-based rule definitions. As organizations grow, it gets more and more difficult to maintain large policy libraries.

Acrtificial Intelligence (Al) and Machine Learning (ML) can help in:
e Policy Generation: Extracting historical violations, commit histories, and runtime anomalies to draft new policies.
e Policy Optimization: Recommending adjustments that lower false positives or that can appropriately balance
strictness with developer productivity.
e Predictive Security: Detecting the next misconfigurations that will occur if not by learning from environment-wide
patterns.

The first experiments in this field indicate that Al-driven policy suggestions might free the security engineers from part of
their mental workload and spread the implementation of best practices faster among the different teams.

6.2.2. Self-Healing GitOps Pipelines with Anomaly Detection
GitOps pipelines of the present day still manage state convergence but are not "self-healing” in a security perspective, i.e.,
they cannot fix themselves after a security breach or when they encounter a runtime condition that is not expected. What comes
next is that the system will be able to automatically detect anomalies and, at the same time, have a self-remediation logic.
e Drift Remediation: The detection of unauthorized drift is the first step of these pipelines while the second step is the
automatic correction (e.g., the tampered manifest is restored to its last compliant version).
e Threat Response: The integration of Falco or other similar runtime sensors with GitOps controllers to get the
immediate rollbacks that can be triggered when hot spots of malicious activity are found.
e Adaptive Policies: Enforcement that is dynamically adjusted according to the contextual risk (e.g., the controls that
are more strict for the workloads that are internet-facing).

These kinds of self-healing features would allow GitOps to be more than just state synchronization, a system of
autonomous resilience that would lessen the mean-time-to-mitigate without the need of human intervention.

6.2.3. Standardization Efforts Across the CNCF Ecosystem

One of the most frequently cited issues in the literature is the fragmented nature of tooling. Different policy engines,
CI/CD tools, and runtime monitors usually produce incompatible formats, as a result, it becomes a big problem to aggregate
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evidence and to have components that can work together. Standard schemas is a work that the CNCF community is already
engaged in, e.g., Open Policy Agent’s Policy Report CRDs and SLSA (Supply-chain Levels for Software Artifacts).

Next steps have to concentrate on:
e Unified Evidence Standards: Creating schemas for audit logs, attestations, and policy decisions that are compatible
with different tools.
e Cross-Project Integration: Allowing a greater interoperation between ArgoCD, FluxCD, OPA, Kyverno, Falco, and
Sigstore.
e Community Policy Catalogs: Creating common, open-source policy libraries linked to compliance frameworks that
help to lower the amount of work that is done by different organizations.

Standardization would be a big step forward in bringing more users on board since it would reduce the complexity of the
process and would allow the same rules to be enforced in different environments.

6.2.4. Extending to Serverless and Edge Deployments

Kubernetes is still the fundamental component of cloud-native architectures, however, enterprises have started to use
serverless platforms (e.g., Knative, AWS Lambda) and edge computing environments (loT, telco edge, retail point-of-sale)
more and more.

These paradigms bring new issues for policy enforcements:
e Serverless: Functions are short-lived and event-driven, hence static admission checks are complicated. Policies need
to be changed to validate runtime behavior, permissions, and event sources.
e Edge: Distributed clusters with intermittent connectivity are making centralized GitOps enforcement difficult. The
distribution of the policy must be able to accommodate offline-first models with eventual synchronization.
e Resource Constraints: It is possible that edge devices may not be able to carry heavy policy engines which mean that
there is a need for lightweight or embedded alternatives.

It is probable that adapting policy-centric GitOps principles for these environments would result in the same advantages
that is, continuous compliance, automated guardrails, and reduced operational risk - in new computing models.
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