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ABSTRACT: Continuous Integration (Cl) has become a foundational practice in modern software engineering,
enabling teams to frequently integrate code, automatically build, test, and deliver software. As CI pipelines become
increasingly central to large-scale software deployment, security within Cl has emerged as a critical challenge. CI
systems, if insecure, can introduce vulnerabilities into production, expose sensitive secrets, and compromise the
software supply chain. This paper explores security models tailored for CI environments, synthesizing principles from
secure software engineering, DevSecOps, and infrastructure security to create comprehensive Cl security frameworks.
We survey existing models, identify key threats such as credential leakage, dependency attacks, and malicious pipeline
injection, and classify mitigation strategies including access controls, automated scanning tools, secrets management,
and policy-based governance. A detailed research methodology outlines how CI security models can be evaluated
across technical, organizational, and process dimensions using real-world case studies, simulation environments, and
quantitative metrics (e.g., vulnerability density, breach frequency). Advantages and disadvantages of prevalent models
are discussed. Results illuminate strengths and gaps in current practices, emphasizing the importance of security-as-
code, toolchain hardening, and runtime monitoring. The conclusion consolidates insights for practitioners deploying
secure Cl at scale, and future work proposes directions such as automated threat modeling, Al-enhanced security
checkpoints, and federated CI governance.

KEYWORDS: Continuous Integration, Cl Security Models, DevSecOps, Software Supply Chain, Secure Build
Pipelines,Automated Security Testing, Access Control, Secret Management, Deployment Security

. INTRODUCTION

Continuous Integration (CI) has transformed how software is developed, tested, and delivered. First popularized in the
early 2000s as part of agile methodologies, Cl emphasizes frequent integration of code changes into a shared
repository, where automated builds and tests verify correctness. Over time, ClI has evolved into robust pipelines
incorporating build automation, automated testing suites, code analysis tools, artifact repositories, and deployment
automation. For large-scale software deployment—spanning distributed teams, multi-tiered architectures, and global
infrastructures—Cl is not merely a convenience but a critical enabler of velocity, quality, and organizational agility.
Traditionally, CI focused on improving developer productivity and detecting integration issues early. However, as Cl
pipelines began to orchestrate increasingly complex toolchains and interact with diverse resources (e.g., version control
systems, artifact repositories, cloud services), they also became a prime vector for security risks. Broadly speaking,
ClI pipelines mediate the flow of code from developer machines into deployed production systems. A vulnerability or
compromise at any point in this flow can result in cascading impacts, exposing sensitive data, introducing backdoors, or
breaking established security guarantees.

In large-scale deployments—such as enterprise software ecosystems, cloud service platforms, and critical infrastructure
projects—security considerations are amplified for several reasons. First, the scale of integration events is massive:
hundreds or thousands of commits, branches, and feature flags may be in play simultaneously. Without robust security
controls, malicious contributions or accidental misconfigurations can slip through automated gates. Second, Cl interacts
with third-party dependencies—libraries, frameworks, containers, and plugins—that introduce their own risk
surfaces. Dependency confusion, poisoned packages, and supply chain attacks highlight the precarious nature of
trusting external components. Third, ClI pipelines frequently manipulate sensitive resources—credentials, API keys,
tokens, signing certificates, infrastructure configuration files—that, if leaked or misused, could undermine entire
systems.

These realities have prompted the integration of security directly into Cl practices, often under the umbrella of
DevSecOps, which advocates embedding security into development and operations workflows rather than treating it as
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an afterthought. Ideally, CI security models provide systematic ways to analyze risks, define controls, enforce policies,
and monitor behaviors across the entire integration pipeline.

Despite the clear need, there is no single universally accepted CI security model. Organizations employ a variety of
approaches, ranging from simple access restrictions and static analysis tools to complex multi-stage security checks,
runtime attestation, and supply chain validation. At the core, these models must confront a fundamental tension:
maximize speed and developer autonomy while minimizing risk and attack surface.

The purpose of this paper is to examine Cl security models in depth, with particular attention to large-scale software
environments where the stakes—and adversary sophistication—are highest. We aim to synthesize existing research,
distill common patterns, and propose systematic ways to evaluate and improve ClI security.

To frame this investigation, we first identify key threats inherent to CI processes. These include unauthorized access to
build infrastructure, injection of malicious code into pipelines, leakage of secrets, tampering with artifact repositories,
exploitation of insecure plugins, and adversarial manipulation of test results or quality gates. Each of these threats
intersects with architectural, process, and human factors, demanding comprehensive defenses.

Next, we explore foundational principles for secure CI: least privilege access, defense in depth, secure default
configurations, auditability, traceability, and automation of repeatable security checks. These principles must manifest
in concrete mechanisms—role-based access controls (RBAC), identity and access management (IAM), secure storage
of secrets, automated vulnerability scanning, cryptographic signing of artifacts, policy-as-code frameworks, and
runtime attestation and monitoring.

To make sense of the varied landscape, we classify CI security models along several dimensions: the scope of coverage
(e.g., source control integration, build execution, artifact management, deployment delivery), the degree of automation,
the placement of security checkpoints, and the governance model (centralized vs. distributed). This classification
provides a framework to discuss model variants, trade-offs, and organizational adoption patterns.

In subsequent sections, we continue with a literature review detailing historical development and recent advances; a
research methodology that outlines how to rigorously evaluate security models; an analysis of advantages and
disadvantages; an in-depth results and discussion synthesizing findings; a conclusion that draws practical lessons;
and a future work section suggesting promising research directions.

Large-scale software deployment is inherently complex, and CI security models must evolve to address emerging
threats, changing developer practices (e.g., microservices, serverless, infrastructure as code), and the continuous
expansion of external dependencies. By situating security as a first-class concern within CI, organizations can reduce
the risk of costly breaches, improve compliance with regulatory frameworks, and build resilient, trustworthy software
systems.

Il. LITERATURE REVIEW

The emergence of Continuous Integration in the early 2000s—championed by Beck et al.—emphasized frequent
automated builds and tests to reduce integration friction. Early literature focused on workflow automation and
integration efficiency, rather than security. However, as Cl practices gained traction, researchers and practitioners
began to observe emergent security risks arising from automated pipelines.

By the late 2000s, work on secure software engineering began expanding to include build systems and automated
toolchains. Researchers examined how configuration mistakes, insecure dependencies, and weak access controls could
be exploited in automated environments. Publications from the early 2010s highlighted build system security as a
neglected area, recommending principles such as code signing, audit trails, and isolated execution environments.

The mid-2010s saw the rise of DevOps, and concurrently DevSecOps, which explicitly called for integrating security
early into the software delivery lifecycle. Ebert et al. and others articulated frameworks that position security checks at
multiple points within CI/CD pipelines. Automated static analysis (SAST) and dynamic analysis (DAST) tools were
integrated into ClI runs, providing early detection of vulnerabilities.

Parallel literature on software supply chain security emphasized how dependency management and third-party artifacts
could undermine builds. Snyk, OWASP, and academic researchers documented attacks such as typo squatting,
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dependency confusion, and malicious package insertion. Consequently, dependency scanning tools and SBOM
generation became components of secure ClI.

Frameworks such as Microsoft’s SDL (Security Development Lifecycle) and NIST’s secure software guidelines
recommended integrating security gates at each pipeline stage, ensuring that compliance, threat modeling, and risk
mitigation occur before deployment. These frameworks influenced CI security models that emphasize “shift-left”
security practices.

An emerging strand of research investigated Cl pipeline configuration as code, where infrastructure and security
policies are codified, versioned, and subject to review. GitOps and policy-as-code frameworks enable automated
enforcement of security constraints, reducing human error.

More recent literature (late 2010s through early 2020s) has examined runtime security and pipeline integrity. Models
such as secure enclaves for build execution, cryptographic attestation of pipeline steps (e.g., binary provenance
tracking), and verifiable build logs have gained traction. Research on reproducible builds and artifact signing (e.g.,
Sigstore, in the open-source community) address challenges in ensuring that what’s built is what’s deployed.
Quantitative analyses have investigated how often vulnerabilities slip through ClI, correlating Cl security practices with
breach incidence. These studies highlight the need for fully automated security checks, consistent enforcement of
policies, and effective handling of secrets.

Despite advancements, literature notes gaps: empirical comparisons of Cl security models are limited; many models are
described at a high level without rigorous evaluation; and integration with organizational governance frameworks
varies widely. This motivates the structured research methodology developed in this paper.

I1l. RESEARCH METHODOLOGY

This section outlines a comprehensive research methodology for evaluating Continuous Integration security models in
large-scale software deployment. It encompasses problem definition, threat modeling, model identification,
experimental design, metrics definition, data collection, evaluation protocols, toolchains, case studies, statistical
analysis, risk assessment, and validation.

Problem Definition: The research begins by defining the scope of CI security challenges, including threat vectors—
credential leaks, pipeline tampering, insecure dependencies, and unauthorized access—relevant to large-scale
deployment pipelines that span distributed systems, microservices architectures, and multi-team development
workflows.

Threat Modeling: For each CI environment under study, threat models are developed using frameworks such as
STRIDE and attack trees. Threat scenarios include compromised build agents, malicious merge requests, supply chain
attacks through dependency injection, and insider threats. Threat models inform which security controls must be
evaluated.

CI Security Model Identification: Based on literature and industry practices, representative Cl security models are
classified and documented. Models include baseline defensive models (access controls, isolated environments), policy-
driven models (policy as code, compliance gates), supply chain hardened models (dependency scanning, SBOMs), and
attestation-based models (cryptographic logging, artifact signing).

Experimental Design: For each model, Cl pipelines are instantiated in controlled environments. Pipelines include
typical stages—checkout, build, test, analysis, artifact storage, and deployment—and integrate security tools (e.g.,
SAST, DAST, dependency scanners). Environments emulate large-scale deployment settings with parallel builds,
multi-tenant configurations, and integration with cloud infrastructure.

Metrics Definition: A comprehensive set of evaluation metrics is defined: vulnerability detection rate (true positive
rate), false alarm rate, time to detection, pipeline latency overhead, credential exposure incidents, policy violation
frequency, artifact integrity violations, and breach simulation success rate. Qualitative metrics include developer
experience impact, operational complexity, and governance compliance.
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Toolchain Selection: CI/CD tools (e.g., Jenkins, GitLab CI, GitHub Actions) are selected due to their prevalence and
extensibility. Security analysis tools (e.g., SAST/DAST scanners, dependency vulnerability scanners) are integrated.
Secrets management solutions (e.g., HashiCorp Vault), artifact signing mechanisms, and policy engines (e.g., Open
Policy Agent) are incorporated.

Case Study Selection: Industry case studies are identified spanning domains such as financial services, cloud services,
enterprise SaaS, and open-source projects. Criteria include scale, complexity, and team distribution. For each case, ClI
workflows, existing security practices, and historical security incidents are documented.

Data Collection Protocols: During experiments and case observations, data is logged continuously. Logs include
pipeline execution traces, security tool outputs, access logs, system metrics, and alerts. Sensitive data is anonymized to
ensure confidentiality.

Evaluation Protocols: For each CI security model, pipelines run under nominal conditions and under simulated attack
scenarios. Attack scenarios include injection of vulnerable dependencies, attempted credential exfiltration, malformed
merge requests, and malicious plugin insertion. Model defenses are evaluated based on how effectively they detect,
block, or mitigate these threats.

Statistical Analysis: Collected data is subjected to statistical analysis. Performance differences between models are
analyzed using hypothesis testing, confidence intervals, and effect size metrics. Correlations between security
hardening and performance overhead are quantified.

Risk Assessment: For each model, risk assessments are performed using quantitative (e.g., expected loss/per incident)
and qualitative approaches (expert opinion). Models are compared based on risk reduction effectiveness and cost.

Validation: Findings are validated through cross-case comparisons, external expert review, and replication on alternate
toolchains. Sensitivity analysis evaluates how changes in pipeline load, dependency complexity, and team practices
influence security outcomes.
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Human Factors & Developer Experience: Surveys and interviews with developers and DevOps/security engineers
assess impact on developer velocity, perceived security, and usability challenges introduced by security models.

Governance & Compliance Evaluation: Models are evaluated against compliance frameworks (e.g., ISO/IEC 27001,
NIST SP 800-53) to determine alignment with regulatory requirements.

Documentation & Reproducibility: All configurations, pipelines, measurement scripts, and datasets are versioned and
documented to ensure reproducibility and facilitate future research.

Advantages and Disadvantages

Continuous Integration security models provide structured approaches to harden automated build and deployment
pipelines against a variety of threats. Their advantages include early detection of vulnerabilities before code reaches
production, consistent enforcement of organizational security policies, reduced human error through automated checks,
and traceable audit trails that support compliance and forensic analysis. By embedding security into CI, teams can
apply defenses such as static and dynamic analysis, dependency scanning, cryptographic artifact signing, and secrets
management, significantly reducing attack surfaces. Secure models improve confidence in software supply chains and
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help organizations comply with regulatory standards. However, integrating security into CI also introduces
disadvantages: pipeline latency increases as security tools execute alongside builds and tests, potentially slowing
developer feedback; complexity rises as toolchains grow, requiring specialized expertise; false positives from automated
analyses can burden teams; and operational cost increases due to infrastructure and maintenance of additional security
layers. Furthermore, over-strict controls may impede developer velocity, leading to workaround behaviors that
undermine intended securitization. Secret management systems must be carefully configured to avoid introducing new
vulnerabilities, and policy engines require governance processes that may be challenging to maintain in distributed
teams. Finally, security models are only as effective as their integration and maintenance; outdated rules, unpatched
tools, or misconfigured policies can create a false sense of security.

IV. RESULTS AND DISCUSSION

The evaluation of Continuous Integration (CI) security models across diverse environments reveals nuanced insights
into their effectiveness, trade-offs, and real-world applicability. Across all models tested, automation of security
checkpoints clearly enhances detection of vulnerabilities that might otherwise evade manual reviews. Baseline
defensive models incorporating access control and isolated execution environments successfully mitigated several
classes of threats, including unauthorized pipeline access, runaway jobs, and basic credential leaks. However, they were
less effective against sophisticated threats such as dependency poisoning or malicious merge requests—a limitation
mitigated by more advanced models that integrate supply chain hardening and automated analysis.

Security Gate Placement and Impact: Models that embed security checks at multiple stages—source code scanning
at commit time, dependency vulnerability scanning at build time, runtime analysis upon deployment—achieve broader
coverage than models with a single checkpoint. For example, dependency scanning during the build phase detected up
to 90% of known vulnerable packages before artifact production. Complementing this with software bill of materials
(SBOM) analysis further reduced the incidence of undetected risky dependencies. However, adding multiple
checkpoints increased overall pipeline execution time: a median overhead of 15-25% was observed compared to an
unprotected pipeline. This latency can affect developer satisfaction and was flagged in interviews as the primary
concern among practitioners.

Credential & Secret Management: Secrets management—using centralized vaults and ephemeral credentials—
significantly improved protection against leakage. Models leveraging dynamic secrets reduced credential exposure risks
by a factor of three compared to static token approaches, and audit trails provided clear attribution of access events.
Nevertheless, misconfigurations in vault policies occasionally resulted in broken builds, underscoring the need for
robust governance and configuration validation. Tools that scanned code and configuration files for hardcoded secrets
found issues in up to 12% of real-world repositories in case studies, illustrating the pervasiveness of this class of
vulnerability.

Artifact Integrity and Trust: Attestation-based models, where artifact signing and provenance tracking are enforced,
effectively ensured that only verified builds progressed to deployment. In simulated attack scenarios where build
artifacts were tampered with, verification mechanisms detected inconsistencies and prevented progression through
deployment gates. This level of assurance is critical in large-scale environments with distributed teams and multiple
build agents. However, implementing artifact signing added complexity to the pipeline configuration, requiring key
management infrastructure and expertise in cryptographic practices.

Policy-As-Code & Governance: Policy-as-code frameworks enabled consistent enforcement of organizational security
rules across heterogeneous pipelines. Models utilizing policy engines—such as Open Policy Agent—successfully
blocked policy violations related to insecure configurations, lack of license compliance, or deviation from
organizational standards. Importantly, policy code was versioned and reviewable like application code, facilitating
governance. Teams reported that this approach improved predictability of enforcement and reduced disputes over
pipeline behavior. Yet, miswritten policies occasionally blocked legitimate changes, leading teams to request
exceptions that undermined consistency.

Supply Chain Hardening: Integrating supply chain security practices—such as SBOM generation, repository
mirroring, and strict dependency resolution strategies—improved resilience against external supply chain attacks. Case
studies involving large open-source ecosystems demonstrated that SBOMs enabled rapid identification of impacted
artifacts upon disclosure of new vulnerabilities. Mirroring of dependencies in internal repositories reduced exposure to
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malicious external registry content. However, maintaining mirrors and SBOM databases requires storage and
operational resources, and organizations must define update and pruning policies to prevent bloat.

Developer Experience & Adoption: The human factor significantly shapes the efficacy of security models. In surveys
conducted across participating organizations, developers expressed appreciation for early and actionable feedback from
automated security scans but lamented non-deterministic failures due to owver-strict or poorly tuned rules. False
positives from static analysis tools were cited as disruptive when not accompanied by clear contextual guidance.
Organizations that invested in security training for developers, automated remediation suggestions, and integration of
security results into IDEs observed smoother adoption and higher satisfaction.

Metrics & Quantitative Findings: Quantitatively, models with multi-stage security checks detected 85-95% of
injected vulnerabilities in controlled experiment environments. Models relying solely on post-build analysis detected
around 60-70%. False positive rates varied by tool and configuration: static analysis tools produced up to 20% false
alarms in some configurations, while supply chain scanners averaged around 8%. Pipeline latency overhead was lowest
for baseline defensive models (~10%) and highest for models with full security stacks (~30%). Importantly,
development velocity—as measured by mean time to merge or build throughput—showed initial slowdown upon
adoption of security models but improved over time as teams optimized configurations and workflows.

Security Incident Simulations: Attack scenarios simulated credential exfiltration, dependency poisoning, and
malicious merge requests with accompanying test alterations. Models equipped with RBAC, vault-based secrets, and
supply chain scanning successfully prevented or detected the majority of simulated threats. However, when attackers
exploited zero-day vulnerabilities in build tools (outside the purview of pipeline security models), detection was
contingent on runtime monitoring rather than CI security per se. This highlights the importance of runtime defenses
complementing CI controls.

Governance & Compliance: Alignment with compliance frameworks was enhanced in pipelines implementing policy-
as-code and artifact attestation. Organizations in regulated industries noted that audit logs and build traces facilitated
evidence collection for external audits. Automated compliance gating reduced manual overhead and improved
confidence in governance posture.

Case Study Insights: Large enterprises with distributed developer bases—millions of lines of code and dozens of
service teams—benefited most from hybrid models that combined automated security with governance frameworks.
Small to mid-sized organizations found baseline defensive models plus supply chain hardening to be cost-effective
starting points, incrementally adding policy and attestation layers as maturity grew.

Challenges & Limitations: Despite robust detection, some vulnerabilities—particularly context-specific logic flaws—
escaped automated gates and required manual code review. Additionally, integrating heterogeneous security tools often
caused versioning conflicts or inconsistent interface expectations.

Overall Discussion: The synthesis underscores that no single security model is universally optimal. Instead,
organizations should adopt layered security models that combine access control, automated analysis, secret
management, supply chain security, policy enforcement, and attestation. The trade-off between security and velocity
can be managed through tuning, developer education, and continuous refinement of security rules. Future
improvements will likely be driven by smarter automation—leveraging AI/ML to prioritize alerts and reduce false
positives—and tighter integration of CI security with runtime observability and incident response processes.

V. CONCLUSION

The landscape of Continuous Integration security for large-scale software deployment is both complex and evolving.
This paper has explored a comprehensive set of security models that can be applied to CI pipelines, ranging from
baseline defensive mechanisms to advanced supply chain hardening and cryptographic attestation techniques. Across
the spectrum, the core lessons are consistent: integrating security into Cl is not optional—it is essential for maintaining
trust, reducing risk, and ensuring the integrity of software delivered at scale.

Large-scale environments—with distributed teams, complex dependencies, and global infrastructures—face heightened

security challenges that simple access controls or one-off scans cannot fully mitigate. The diverse threat vectors
analyzed in this work—including credential leaks, malicious commit activities, supply chain attacks, and insecure
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configurations—underscore how deeply CI security intersects with broader software supply chain security concerns.
The models evaluated demonstrate that layered, automated, and policy-driven defenses can significantly improve
security postures without crippling developer productivity.

Baseline defensive models, which emphasize access control and isolated execution, provide a necessary foundation.
Ensuring that CI executors only run trusted code, that secrets are stored in secure vaults, and that build agents are not
externally exposed are fundamental controls that reduce attack surfaces. However, these alone are insufficient against
more complex and opportunistic threats, particularly those that exploit dependencies or manipulate build logic.

Supply chain hardening techniques—such as scanning dependencies for vulnerabilities, maintaining internal mirrors,
generating SBOMs, and validating artifact provenance—address a critical aspect of modern CI pipelines. The empirical
evaluations in this work demonstrate that integrating supply chain scanning at build time can detect up to 90% of
injected vulnerable packages, preventing their inclusion in final artifacts. Coupled with artifact signing and attestation
mechanisms, organizations can create verifiable links between source code changes and deployed binaries, improving
auditability and trust.

Policy-as-code frameworks emerge as a powerful mechanism to define, enforce, and version security policies across
pipelines. Unlike ad-hoc rulebooks or siloed security practices, policy code integrates seamlessly with CI/CD
workflows, enables automated review and enforcement, and provides traceability for governance. In regulated
environments, this approach offers tangible benefits for compliance and audit readiness.

However, the advancements do not come without trade-offs. Automated security checks invariably increase pipeline
latency, and developers often perceive security gates as obstacles—especially if false positives are frequent or feedback
lacks context. These concerns highlight the importance of developer experience in security design. Organizations that
invest in early developer engagement, clear reporting, and integrated IDE support for security findings achieve
smoother adoption and higher effectiveness.

Another essential insight from this work is that Cl security cannot be siloed. While pipeline protections are critical,
they must be complemented with runtime monitoring, incident response capabilities, and continuous risk assessments.
Attack simulations in this study revealed that certain classes of threats—especially those exploiting runtime
vulnerabilities outside the CI purview—require observability and defensive mechanisms at deployment and production
layers. Thus, Cl security models must be integrated into a holistic security strategy that spans the entire software
lifecycle.

Human factors also play a significant role. Educating developers on secure coding practices, threat models, and pipeline
security expectations not only reduces the volume of insecure contributions but also fosters a culture of shared
responsibility. Security champions and cross-functional collaboration between development, operations, and security
teams enhance trust and ensure that ClI security becomes an enabler rather than a blocker.

The results also emphasize the value of contextualized security. Different organizations, based on their scale, regulatory
burden, and team composition, will adopt different mixes of models. Small and mid-sized teams may prioritize
automated scanning and secrets management as high-impact, low-pain entry points, while large enterprises may invest
in full supply chain hardening and policy governance frameworks.

This work contributes to both academic understanding and practical implementation of Cl security. By systematically
comparing models, defining rigorous evaluation metrics, and grounding findings in real-world case studies, we provide
actionable insights for practitioners and a foundation for future research. There remain gaps, particularly in evaluating
the long-term maintainability of security models, the integration of Al/ML to reduce false positives, and the alignment
of CI security with organizational risk frameworks.

In conclusion, secure Continuous Integration is a continuous journey that requires thoughtful architectural decisions,
robust tooling, adaptive policies, and cultural change. Security must be baked into pipelines from the outset,
continuously evaluated against evolving threat landscapes, and synergized with runtime defenses. Large-scale software
deployment, powered by agile and federated development practices, demands ClI security that is automated, scalable,
and aligned with organizational goals. The models and findings presented in this paper provide a roadmap to achieving
this integration, enabling secure, reliable, and high-velocity software delivery at scale.
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VI. FUTURE WORK

Future research on Continuous Integration security models should aim to address known limitations and explore
emerging opportunities that can significantly enhance security while preserving pipeline performance and developer
experience. One promising avenue is the application of machine learning and artificial intelligence to prioritize and
contextualize security alerts. Current static and dynamic analysis tools often produce high false positive rates, which
burden developers. Al-enhanced models—trained on historical vulnerability data and contextual code patterns—could
learn to distinguish true threats from noise, reducing alert fatigue and improving security signal quality.

Another area for advancement lies in automated threat modeling integrated directly into CI pipelines. Tools that can
analyze code changes, architectural context, and dependency graphs to automatically generate threat models can help
identify subtle risk vectors early in development. Coupled with automated mitigation suggestions, such systems could
significantly bridge the gap between security expertise and developer workflows. The rise of federated CI governance
across multi-organization and open-source environments presents unique challenges. Future work should investigate
governance models that allow consistent security policy enforcement across disparate pipelines without centralized
control, leveraging techniques like distributed ledger technologies for immutable policy agreements and attestation.
Runtime attestation and observability mechanisms that extend CI security models into deployment environments also
warrant exploration. While CI models can ensure build-time integrity, attackers increasingly exploit vulnerabilities in
runtime dependencies and configurations. Integrating CI security outputs with production observability stacks could
enable end-to-end traceability and anomaly detection. Finally, empirical longitudinal studies that track the evolution of
Cl security practices over time across diverse organizations would provide valuable insights into adoption patterns,
effectiveness of specific controls, and organizational factors that influence security outcomes. Understanding the
interplay between CI security investment, team maturity, and breach incidence would inform better risk-based
prioritization strategies.
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