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Abstract—Modern software development increasingly relies on Continuous Integration and Continuous Deployment 

(CI/CD) pipelines to accelerate innovation. These pipelines automate the integration of code changes, testing, and 

deployment, enabling developers to release software updates faster and more frequently than ever before. However, the 

speed of deployment often comes at the cost of exposing vulnerabilities within the software supply chain. Rapid code 

delivery, frequent use of third-party dependencies, and decentralized development environments introduce multiple attack 

vectors that can be exploited if not properly secured. 

The growing sophistication of supply chain attacks—including dependency confusion, artifact tampering, and build process 

compromises—has highlighted the need for robust, verifiable security controls throughout the development lifecycle. 

Traditional security approaches often fall short in addressing these modern challenges, particularly in cloud-native 

environments where microservices, containers, and ephemeral infrastructure dominate. 

The Supply-chain Levels for Software Artifacts (SLSA) framework offers a structured, incremental approach to securing 

build processes. By ensuring provenance, tamper resistance, hardened build environments, and reproducible builds, SLSA 

provides a comprehensive defense-in-depth strategy for CI/CD security. This paper provides an in-depth analysis of 

integrating SLSA compliance into CI/CD pipelines, discusses the tools and methodologies involved, and presents real-world 

case studies. It explores how SLSA can be systematically applied in both legacy and cloud-native environments to mitigate 

risk. By elaborating on both technical and organizational perspectives, this work aims to serve as a comprehensive reference 

for organizations striving to enhance software security and align with evolving compliance standards. 

 

 

Index Terms—Software Supply Chain Security, SLSA, CI/CD, Provenance, Build Integrity, DevSecOps 

1. Introduction 

The rapid evolution of development practices has transformed traditional release cycles into highly automated CI/CD pipelines. 

These pipelines have become essential to modern software delivery, supporting rapid iteration, continuous testing, and frequent 

releases. Organizations use them to reduce time-to-market and respond quickly to user feedback and market dynamics. While 

automation brings significant productivity gains, it simultaneously enlarges the attack surface across the software supply chain.  

In the past, developers primarily focused on application logic, leaving infrastructure and security to be managed separately. Today, 

DevOps and DevSecOps practices embed infrastructure as code, security policies, and deployment configurations directly into the 

development workflow. This convergence introduces new risks, as vulnerabilities in code, dependencies, configurations, or even 

developer credentials can compromise the entire pipeline. Cyber adversaries now target every phase of the software development 

lifecycle—from source code management and build systems to artifact signing and deployment—making it imperative to secure 

each step [2][3]. 

1.1. Motivation and Context  

Recent high-profile incidents involving dependency hijacking, software tampering, and compromised build environments have 

underscored the urgent need for enhanced security controls. The 2020 SolarWinds breach remains one of the most notable examples, 

where attackers inserted malicious code into a widely used software update, impacting thousands of organizations globally [3]. 

Other incidents, such as the Codecov Bash uploader compromise and the dependency confusion attacks in popular package 

managers like npm and PyPI, reveal how vulnerable the modern software ecosystem has become. 

The Supply-chain Levels for Software Artifacts (SLSA) framework addresses these vulnerabilities by enforcing detailed record-

keeping and implementing layered security measures throughout the software supply chain. SLSA’s design is both prescriptive and 

progressive—offering organizations a clear roadmap to gradually improve their security posture. Its multi-level model motivates 

teams to adopt a strategy that balances agility with rigorous security controls, integrating secure build and deployment practices 

into everyday development workflows [1]. 

1.2. Objectives This paper aims to: 

● Explain the theoretical foundations of the SLSA framework and its four levels of compliance. 
● Detail technical and procedural guidelines to achieve SLSA compliance within modern CI/CD pipelines. 
● Present a comprehensive case study demonstrating practical implementation in a Kubernetes-based CI/CD environment. 
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● Discuss challenges, mitigation strategies, and emerging trends in securing the software supply chain, including the role of 

automation, policy enforcement, and cross-functional collaboration. 
By achieving these objectives, we aim to offer organizations practical insights and actionable guidance to proactively secure their 

CI/CD infrastructure in alignment with industry standards and evolving threat landscapes. 

2. Background on Software Supply Chain Security 

2.1. Defining the Software Supply Chain The software supply chain encompasses every phase involved in software production—

from initial coding and dependency integration to building, testing, and deployment. This chain is composed of numerous 

interconnected components and stakeholders, including open-source libraries, CI/CD tooling, infrastructure scripts, deployment 

environments, and even third-party services such as container registries and code scanning tools. Each of these elements contributes 

to the overall security posture of the final software product. 

As development practices have evolved, attackers have shifted their focus from traditional network and application exploits to 

infiltrating the software supply chain itself. The increasing complexity and reliance on external dependencies create multiple vectors 

for adversaries to compromise systems. Examples include inserting malicious code into widely adopted libraries, tampering with 

build scripts, or exploiting misconfigured deployment infrastructure [2][3]. 

2.2. Threat Landscape Modern software development faces a variety of sophisticated threats that target the supply chain: 

● Dependency Hijacking: Adversaries publish malicious packages using names that closely resemble legitimate ones or 

exploit trust in popular libraries. These attacks can mislead developers into integrating harmful code into applications. 

Incidents like the npm 'event-stream' compromise and the malicious 'ua-parser-js' package illustrate how dangerous 

dependency hijacking can be [2]. 
● Malicious Code Injection: Unauthorized actors may alter build scripts, configurations, or environment variables to 

introduce backdoors or spyware into the final product. This type of attack is especially dangerous in environments lacking 

proper version control, access management, or logging. 
● Compromised Build Infrastructure: Insecure or outdated CI/CD platforms are prime targets. Threat actors who gain 

access can manipulate build outputs, embed malware, or exfiltrate sensitive information. The Codecov attack, which 

involved unauthorized modifications to a CI tool used for test coverage reporting, is a notable example [4]. 
● Credential Theft and Misuse: Developers or DevOps personnel may unknowingly expose secrets (e.g., API keys, SSH 

credentials) via public repositories or misconfigured tools, giving attackers access to critical infrastructure. 
● Supply Chain Impersonation: In this attack, a malicious actor mimics a trusted developer or vendor to introduce 

tampered code or software components, leveraging social engineering and compromised digital signatures. 
2.3. The Imperative for Enhanced Security The convergence of distributed teams, open-source components, and automated 

CI/CD systems has amplified the complexity and risk of securing modern software pipelines. The implications of a compromised 

supply chain extend far beyond technical damage—they can include regulatory penalties, intellectual property theft, and long-term 

reputational harm. 

A proactive security approach must combine automation, monitoring, auditing, and standardization to protect all elements of the 

supply chain. Frameworks like SLSA (Supply-chain Levels for Software Artifacts) provide a structured and incremental roadmap 

for achieving this goal. By adopting SLSA, organizations can enforce build provenance, ensure tamper-evidence, implement 

hardened environments, and guarantee reproducibility of builds. These practices not only deter attackers but also make security 

incidents more detectable and traceable, thereby supporting incident response and forensic analysis [1][3]. 

3. The SLSA Framework: An In-Depth Analysis 

3. The SLSA Framework: An In-Depth Analysis The Supply-chain Levels for Software Artifacts (SLSA, pronounced "salsa") is 

a security framework originally proposed by Google and now maintained by the Open Source Security Foundat ion (OpenSSF). 

SLSA provides a set of incrementally adoptable guidelines designed to improve the security and integrity of software artifacts. It 

serves as both a checklist and a maturity model, enabling organizations to progressively harden their software supply chains. 

SLSA defines four compliance levels, each building upon the previous one. These levels focus on verifiability, build integrity, 

isolation, provenance, and reproducibility, thereby addressing key security gaps in CI/CD systems. This section explores each SLSA 

level in detail, examining the requirements, implementation strategies, and associated benefits.  

3.1. SLSA Level 1: Basic Provenance At the first level of compliance, SLSA mandates the generation of provenance metadata for 

all builds. Provenance is the record of how an artifact was produced—including the source code used, the identity of the builder, 

the steps executed, and the environment in which the build took place. 

The metadata should include: 

● Source repository and version (e.g., Git SHA) 
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● Build commands and environment variables 
● Output artifact hashes 

Although this level does not require strong guarantees of integrity or authenticity, it establishes a foundational layer of transparency 

that supports debugging, traceability, and risk assessment [1]. 

Example – HCP Packer for SLSA Level 1 Compliance 

To further illustrate the practical application of SLSA Level 1 requirements, consider the example of HashiCorp’s HCP Packer.  

HCP Packer is a paid service within the HashiCorp ecosystem that automatically tracks artifact package metadata during the image 

build process. Specifically, HCP Packer collects detailed information such as: 

● Image ancestry (identifying the parent/source image), 

 

● Build metadata including timestamps and configuration details, and 

 

● Generated Software Bill of Materials (SBOM) that lists out all components used in the image. 

 

By capturing and recording this critical metadata, HCP Packer satisfies the foundational SLSA Level 1 requirement of establishing 

build provenance. Although HCP Packer currently targets only the basics of provenance (i.e., Level 1 compliance), its integrated 

approach provides organizations with a valuable starting point. This metadata can then be used as part of a broader supply chain 

security strategy—combined with artifact signing, tamper-evident logging, and further isolation measures—to progressively meet 

higher SLSA compliance levels. 

For complete guidance on tracking artifact package metadata using HCP Packer, refer to the HCP Packer Tutorial. This tutorial 

demonstrates how the tool automatically embeds and manages the necessary metadata during each image build, aligning with 

SLSA’s basic provenance controls. 

 

3.2. SLSA Level 2: Tamper Resistance Building on Level 1, SLSA Level 2 enhances the trustworthiness of build provenance 

through tamper resistance. It introduces mechanisms to ensure that provenance is generated by a trusted CI/CD platform and cannot 

be altered by attackers or developers with malicious intent. 

Key requirements include: 

● Using a hosted build service that enforces policy-driven workflows 
● Generation of signed, verifiable provenance 
● Restrictions to prevent manual intervention in the build process 

This level significantly improves the verifiability of build outputs and is suitable for organizations looking to prevent insider threats 

and mitigate supply chain attacks stemming from unauthorized changes [1][5]. 

3.3. SLSA Level 3: Hardened Build Environments SLSA Level 3 addresses the security of the build environment itself. It 

introduces the requirement for builds to run in isolated, ephemeral, and verifiable environments. This reduces the risk of persistent 

malware, configuration drift, and insider attacks. 

At this level, organizations must: 

● Use ephemeral build environments such as containers or virtual machines that are recreated for each build 
● Enforce strong access controls and minimize privilege levels 
● Continuously audit and monitor build environments 

Hardened environments protect the integrity of the build process and prevent lateral movement in the event of a breach. This level 

is a critical milestone for enterprises operating in regulated industries or those managing sensitive data [3]. 

3.4. SLSA Level 4: Reproducible and Isolated Builds The highest level of SLSA compliance introduces stringent requirements 

to ensure that software artifacts are built in a fully reproducible and isolated manner. Reproducibility guarantees that anyone can 

rebuild the software under the same conditions and obtain identical results—eliminating ambiguity and enhancing trust. 

Key criteria include: 

● Hermetic builds: All inputs are explicitly declared and independent of external systems 
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● Deterministic processes: Builds produce identical output given the same input 
● Strong cryptographic verification of provenance and artifacts 

SLSA Level 4 provides the highest assurance of build integrity and is often pursued by high-assurance software providers, critical 

infrastructure teams, and open-source maintainers striving for maximum transparency [1][5]. 

3.5. Visual Summary: SLSA Compliance Levels 

 

Figure 1: A visual representation of the progressive security posture as defined by the SLSA framework [1]. 

3.6. Importance of Incremental Compliance The stepwise structure of SLSA allows organizations to adopt the framework 

incrementally, accommodating different levels of technical maturity and operational readiness. This incremental adoption is critical 

for legacy systems or hybrid environments, where complete overhaul may not be feasible. 

By progressing through the levels, teams can focus first on visibility and auditability, then introduce cryptographic attestation, 

followed by infrastructure hardening and reproducibility. This staged approach minimizes disruption, maximizes stakeholder buy-

in, and aligns security improvements with business goals. 

Moreover, SLSA’s flexibility enables integration with other security frameworks such as NIST’s Secure Software Development 

Framework (SSDF) or ISO/IEC 27001, allowing organizations to achieve broader compliance objectives while securing their CI/CD 

pipelines [3]. 

4. Implementing SLSA in CI/CD Pipelines 

Integrating SLSA compliance into CI/CD pipelines requires a holistic combination of technical controls, cultural shifts, and process 

refinements. Rather than being a bolt-on security layer, SLSA must be embedded directly into the CI/CD architecture to provide 

consistent, verifiable trust guarantees throughout the software development lifecycle. When done effectively, this not only improves 

the organization’s security posture but also enhances transparency, traceability, and trust for internal and external stakeholders. 

SLSA is designed to be compatible with DevSecOps principles—prioritizing security from the start rather than as an afterthought. 

Therefore, implementing SLSA encourages close collaboration between development, security, and operations teams, integrating 

controls into every stage of the software delivery pipeline. 

This section outlines practical steps for implementing each level of SLSA within a modern CI/CD system, using industry best 

practices and open-source tooling. Key areas include securing infrastructure, ensuring provenance, managing dependencies, 

enabling reproducibility, and applying continuous security testing and policy enforcement. Each domain is critical for building a 

trusted and resilient pipeline that adheres to SLSA principles. 

 

4.1. Securing the CI/CD Infrastructure 

4.1.1. Infrastructure Isolation • Dedicated Build Environments: Each CI job should run in an isolated container or virtual 

machine. For instance, Kubernetes-based CI runners can spin up ephemeral pods to execute build tasks, ensuring that artifacts from 

one build are not accessible to others. This containment prevents supply chain attacks from propagating across builds. • Network 

Segmentation: Build runners should be deployed in network zones with tightly controlled ingress and egress. Firewalls, VPCs, and 
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private subnets restrict communication to essential services, while egress restrictions prevent build processes from exfiltrating 

sensitive data or reaching unauthorized endpoints. VPNs and internal service meshes further reinforce boundaries. 

4.1.2. Access Control and Authentication • Role-Based Access Control (RBAC): Define clear roles and permissions across the 

CI/CD stack, including pipeline editors, deployers, and auditors. Tools like GitHub, GitLab, and Jenkins offer built-in RBAC 

features. • Multi-Factor Authentication (MFA): Enforce MFA for developers, DevOps engineers, and administrators accessing 

critical systems. This includes version control, build orchestrators, and secret managers. • Commit Signing: Use GPG or SSH-

signed commits to verify author identity and prevent tampering. GitHub’s Verified Commit feature, for example, displays commit 

signature validity as part of the code review workflow [2]. 

4.2. Establishing Build Provenance and Integrity 

4.2.1. Provenance Tools • in-toto: An open-source framework that creates a verifiable chain of custody for every step in the 

software development process. Policies define expected commands and participants for each phase (e.g., build, test, package), and 

deviations can trigger security alerts [5]. • Sigstore: A modern toolkit for digital signing and transparency logs. Cosign and Rekor, 

two Sigstore components, enable lightweight signing and immutable publication of attestations. These tools can be natively 

integrated into GitHub Actions or Kubernetes admission controllers. 

4.2.2. Artifact Attestation • Immutable Logs and Hashes: Provenance metadata should include cryptographic hashes of source 

inputs, dependencies, and output artifacts. Logs and metadata should be stored in append-only or write-once object storage (e.g., 

Amazon S3 with Object Lock or Google Cloud Storage with retention policies). • Automated Attestations: CI/CD systems should 

emit structured metadata (e.g., SLSA provenance format or in-toto layouts) for each pipeline stage. Attestations include timestamps, 

executor identity, and hashes, enabling forensic analysis during incident response. 

4.3. Dependency Management and Security 

4.3.1. Automated Dependency Scanning • Scanning Tools: Snyk, OWASP Dependency-Check, and Renovate Bot detect 

vulnerabilities and outdated libraries. These tools can be integrated directly into CI workflows to block builds with high-severity 

issues. • Version Pinning and Lock Files: Prevent accidental upgrades or malicious dependency injection by enforcing lock files. 

Additionally, some ecosystems (e.g., Go modules, Cargo.lock) allow deterministic dependency resolution across builds [2]. 

4.3.2. Trusted Sources • Verified Repositories: Use official and signed package repositories (e.g., npm, PyPI, Maven Central with 

signatures). Implement content trust features where available. • Internal Mirrors and Artifact Repositories: Mirror critical 

dependencies internally using tools like JFrog Artifactory or Nexus. This approach provides availability, caching, and security 

controls while reducing exposure to tampered upstream sources. 

4.4. Continuous Security Testing and Policy Enforcement 

• Static Analysis (SAST): Perform code-level scans for common vulnerabilities such as SQL injection, XSS, and insecure API 

usage. Tools like CodeQL (by GitHub), SonarQube, and Bandit are commonly used. • Dynamic Analysis (DAST): Test live 

applications or staging environments with automated DAST tools like OWASP ZAP or Burp Suite to find runtime issues that static 

analyzers may miss. • IaC Scanning: Infrastructure-as-Code tools such as Terraform and Kubernetes YAMLs should be scanned 

for misconfigurations using tools like Checkov, tfsec, or KICS. • Policy-as-Code: Integrate OPA (Open Policy Agent) or Kyverno 

to enforce rules such as “no unsigned images,” “must scan before deploy,” or “no hardcoded secrets.” These rules can be executed 

as part of admission control or within CI/CD checks [9]. 

4.5. Reproducible Builds and Cryptographic Signing 

• Deterministic Builds: Use reproducible build systems like Bazel or Nix that guarantee identical output from identical inputs. This 

helps detect tampering and ensures consistent deployment behavior. • Environmental Consistency: Remove time-based variables, 

external dependencies, or non-deterministic inputs (e.g., random UUIDs) to make builds hermetic. • Artifact Signing: Cosign can 

be configured to sign every output binary, container, or image generated in the pipeline. These signatures are stored in transparency 

logs and can be verified automatically before deployment [5]. 

4.6. Integration Across Organizational Boundaries 

For large organizations, multiple teams and departments may own different parts of the CI/CD process. It is essential to: • Define 

clear ownership of security policies and tooling. • Create shared libraries and pipelines that abstract SLSA controls and can be 

reused across projects. • Establish centralized dashboards for visibility into SLSA compliance across the org. 

4.7. Monitoring and Continuous Improvement 

SLSA is a maturity model—it encourages organizations to iterate and improve. Therefore: • Continuously measure adherence to 

SLSA controls using audit dashboards. • Conduct retrospectives after each security incident or audit to identify gaps. • Allocate 

engineering capacity to improve CI/CD security quarterly. 

By implementing these practices, organizations move from reactive to proactive security. Instead of patching vulnerabilities after 

they are exploited, they build integrity and trust into their software pipelines from the beginning. This not only improves compliance 

and resilience but also strengthens customer confidence in the products they deliver. 
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5. Case Study: SLSA in a Kubernetes-Based CI/CD Pipeline 

To demonstrate the practical implementation of SLSA compliance, this section presents a case study of an organization deploying 

containerized applications using a Kubernetes-based CI/CD pipeline. This real-world scenario illustrates how the principles and 

practices outlined in the previous sections translate into actionable steps in a production environment. 

5.1. Environment Overview The organization’s infrastructure included the following components: 

● Version Control System: GitHub, with enforced GPG-signed commits and branch protection rules. 
● CI/CD Platform: GitHub Actions, orchestrating automated builds, tests, and deployments. 
● Artifact Registry: GitHub Container Registry (GHCR) for storing container images. 
● Deployment Platform: Kubernetes cluster running on a managed cloud service (e.g., GKE, EKS). 
● Security Tooling: Integration with Sigstore (Cosign) for artifact signing, in-toto for supply chain attestation, and Snyk for 

dependency scanning. 
5.2. Implementation Steps 

5.2.1. Repository and Pipeline Configuration 

● Enabled mandatory GPG-signed commits in GitHub and enforced protected branches to prevent unauthorized merges. 
● Defined GitHub Actions workflows using YAML with separate jobs for building, testing, scanning, signing, and 

deployment. 
● Configured pipelines to run each job in isolated Kubernetes pods using self-hosted runners integrated with the CI platform. 

5.2.2. Provenance and Attestation 

● Adopted in-toto for generating attestation metadata at each stage of the pipeline, including build, test, and deploy. 
● Implemented Cosign (via Sigstore) to cryptographically sign all container images before pushing them to the GHCR. 
● Published provenance data alongside each signed image for downstream verification. 

5.2.3. Dependency and Infrastructure Security 

● Integrated Snyk scans into the build pipeline to identify vulnerable dependencies early. 
● Used Terraform for IaC provisioning and incorporated Checkov for configuration security checks.  
● Enforced policies using OPA to prevent deployments with critical misconfigurations or unscanned containers. 

5.2.4. Reproducibility and Build Integrity 

● Utilized reproducible build tools such as Bazel to ensure deterministic outputs. 
● Pinned all dependency versions and used SHA256 hashes in Dockerfiles to avoid unexpected updates. 
● Ensured that all builds were ephemeral, with CI jobs running in throwaway environments for each commit. 

5.3. Outcomes and Benefits 

● Improved Traceability: With in-toto and Cosign, the organization could track every artifact from source to deployment, 

satisfying audit requirements. 
● Enhanced Security Posture: Attack surfaces were reduced through RBAC, MFA, ephemeral build environments, and 

hardened CI runners. 
● Regulatory Compliance: Provenance and attestation logs supported compliance with industry standards such as NIST 

SSDF and ISO/IEC 27001. 
● Rapid Incident Response: The cryptographic trail enabled quick identification and rollback of compromised builds. 
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●  
5.4. Lessons Learned 

● Early Integration Matters: Security controls added early in the pipeline are more effective and less disruptive than 

retroactive fixes. 
● Tool Compatibility Is Key: Successful SLSA implementation required tight integration between open-source tools and 

cloud-native platforms. 
● Team Enablement Is Crucial: Developer training and clear documentation were vital in ensuring consistent adoption of 

secure practices. 
This case study affirms that with the right tools, strategies, and mindset, organizations can operationalize SLSA in real-world CI/CD 

environments without sacrificing agility. 

6. Challenges and Mitigation Strategies 

Implementing SLSA in CI/CD pipelines, while highly beneficial, is not without its hurdles. Organizations often face a variety of 

technical, organizational, and cultural challenges when trying to elevate their software supply chain security posture. This section 

explores common barriers to SLSA adoption and outlines practical strategies for overcoming them. 

6.1. Legacy System Integration 

● Challenge: Older systems often lack support for modern CI/CD tooling, secure build environments, and provenance 

tracking. 
● Mitigation: Use containerization or virtual machines to encapsulate legacy components, enabling security isolation while 

maintaining compatibility. Over time, migrate these systems incrementally toward modern architectures. 
6.2. Scalability of Secure Build Environments 

● Challenge: Implementing ephemeral and isolated build environments at scale can strain resources and operational 

overhead. 
● Mitigation: Leverage cloud-native orchestration platforms such as Kubernetes to dynamically provision isolated runners 

or pods. Use infrastructure automation to reduce manual configuration and maintenance. 
6.3. Complexity in Dependency Management 

● Challenge: Managing third-party dependencies across multiple services can introduce risk, especially if transitive 

dependencies are not monitored. 
● Mitigation: Use automated tools like Snyk, Renovate, or Dependabot to identify and remediate vulnerable dependencies. 

Employ strict version pinning and maintain a curated internal mirror of approved libraries. 
6.4. Integration of Diverse Security Tools 

● Challenge: Incorporating multiple tools for signing, attestation, scanning, and policy enforcement may lead to 

compatibility issues and increased operational complexity. 
● Mitigation: Choose tools that support open standards and APIs. Create abstraction layers in CI/CD scripts to standardize 

how these tools are invoked. Perform continuous integration testing across tools. 
6.5. Human and Organizational Factors 

● Challenge: Achieving cross-team collaboration and security ownership is difficult, particularly in organizations with 

siloed development, security, and operations teams. 
● Mitigation: Establish a DevSecOps culture by incorporating security champions in development teams. Provide training, 

enforce coding standards, and embed security practices directly into agile workflows. 
6.6. Cost and Resource Allocation 

● Challenge: Upfront investment in infrastructure, tooling, and training can be a barrier, particularly for small and medium 

enterprises. 
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● Mitigation: Start with SLSA Level 1 and build up gradually. Leverage open-source tooling and community-maintained 

templates to minimize initial costs. Focus on high-risk components first to maximize ROI. 
Successfully navigating these challenges requires not just technical solutions, but also a strategic mindset focused on risk reduction, 

continuous improvement, and stakeholder collaboration. Organizations that view supply chain security as a journey rather than a 

destination are more likely to realize the full benefits of SLSA adoption. 

7. Future Directions and Emerging Trends 

As software supply chain threats continue to evolve, the SLSA framework and its surrounding ecosystem are also advancing. Future 

developments in standards, tooling, and best practices will play a critical role in enabling organizations to stay ahead of sophisticated 

attackers. This section explores emerging trends and future directions in CI/CD pipeline security. 

7.1. Enhanced Provenance with Blockchain and Distributed Ledgers Blockchain and distributed ledger technologies are being 

explored as mechanisms for creating immutable, decentralized provenance records. By leveraging blockchain for artifact 

verification, organizations could further enhance tamper resistance and ensure long-term traceability of software builds. 

7.2. Artificial Intelligence and Machine Learning in Threat Detection AI/ML algorithms are increasingly being integrated into 

security tooling to enhance anomaly detection and threat intelligence. Predictive models can help identify suspicious patterns in 

CI/CD logs, detect policy violations, and recommend preemptive mitigations before breaches occur. 

7.3. Expansion of Compliance and Regulatory Frameworks Governments and industry groups are advancing new standards and 

regulations to address software supply chain risks. Initiatives like the U.S. Executive Order 14028, NIST’s SSDF, and the EU’s 

Cyber Resilience Act will likely drive broader adoption of SLSA-aligned practices across sectors. 

7.4. Secure Open-Source Software Ecosystems Open-source maintainers and foundations are beginning to adopt supply chain 

security frameworks to protect shared infrastructure. Projects like OpenSSF's Sigstore and GUAC (Graph for Understanding 

Artifact Composition) aim to provide the community with verifiable metadata and universal dependency transparency.  

7.5. Integration with Software Bill of Materials (SBOMs) SBOMs are becoming a standard requirement for understanding what 

components exist in a given software package. Future versions of SLSA are expected to integrate tightly with SBOM generation 

and validation tools, providing a holistic view of software provenance and contents. 

7.6. Cloud-Native Security Innovations Cloud providers are embedding security controls and compliance automation directly into 

their CI/CD toolchains. Services like AWS CodePipeline, Google Cloud Build, and Azure DevOps are incorporating provenance 

tracking, policy enforcement, and artifact signing as first-class features. 

In summary, the future of software supply chain security lies in deeper automation, collaborative standardization, and the 

convergence of emerging technologies. Organizations that remain engaged with these trends and evolve their practices accordingly 

will be best positioned to ensure secure, reliable software delivery in an increasingly complex threat landscape. 

8. Discussion 

The implementation of SLSA in CI/CD pipelines presents an evolving landscape where security, automation, and compliance 

intersect. While the framework provides a clear and incremental roadmap for achieving supply chain security, its practical 

application introduces several considerations that must be discussed to fully appreciate both its strengths and limitations.  

One of the most valuable aspects of SLSA is its compatibility with modern development workflows. Organizations embracing 

DevOps and cloud-native architectures can often align SLSA requirements with their existing toolchains. For instance, Kubernetes-

native CI systems and GitHub Actions can seamlessly integrate in-toto, Cosign, and provenance generation with minimal disruption. 

This flexibility makes SLSA adoption more accessible for teams that already prioritize automation and modularity. 

However, legacy environments pose a more significant challenge. Older CI/CD systems, monolithic architectures, or manual 

deployment processes lack the isolation, logging, and automation capabilities needed to meet even the basic SLSA levels. In these 

contexts, organizations must weigh the cost of retrofitting versus the strategic value of migration. Containerization or virtual 

machine encapsulation of legacy components may serve as a transitional solution. 

Another key discussion point is the cultural transformation required. While SLSA emphasizes tooling, it cannot succeed without 

cross-functional collaboration. Security must be embedded into the development mindset, not layered on post-hoc. This means 

security champions in dev teams, regular training, and support from leadership to prioritize secure defaults. SLSA’s maturity model 

can serve as an internal benchmarking tool, helping security teams communicate progress in tangible, actionable terms. 

Moreover, tool interoperability is both an opportunity and a hurdle. The supply chain security ecosystem is rapidly maturing, with 

projects like GUAC, SBOM aggregators, and advanced policy-as-code solutions enabling more holistic views of software 

provenance. However, lack of standardization can result in duplicated efforts and fragmented pipelines. Organizations adopting 

SLSA must invest in engineering integration layers, governance, and process clarity to ensure that their security tooling ecosystem 

functions cohesively. 

Cost is also a critical factor. While open-source tools make SLSA adoption feasible for smaller teams, enterprises may require 

enterprise-grade support, infrastructure scaling, and dedicated compliance management tools. The return on investment often 

manifests in long-term benefits—fewer breaches, faster audits, and greater customer trust—but the upfront planning and resource 

allocation must not be underestimated. 
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Finally, the external environment is rapidly evolving. With new regulatory requirements such as the U.S. Executive Order 14028, 

the NIST SSDF, and the EU Cyber Resilience Act, SLSA-aligned practices are moving from voluntary to necessary. This trend 

further validates the importance of frameworks like SLSA and reinforces the need for organizations to act preemptively rather than 

reactively. 

In summary, while SLSA provides a technically sound and scalable model for securing CI/CD pipelines, its successful 

implementation hinges on more than just configuration—it requires thoughtful alignment of people, processes, and platforms. The 

discussion surrounding its adoption should remain ongoing, dynamic, and adaptive to each organization’s unique context and threat 

landscape. 

Future Plans 

The road to full SLSA compliance is iterative and ongoing. As threats evolve and technology stacks become more complex, future 

initiatives should focus on automation, observability, and collaboration. Key future directions include: 

● Toolchain Automation and Orchestration: Extend CI/CD pipelines with smart automation layers that enforce SLSA 

requirements without developer friction. This includes dynamic build policy enforcement, automatic attestation generation, 

and inline security gatekeeping. 
● End-to-End SBOM Integration: Integrate Software Bill of Materials (SBOM) creation, signing, and verification as a 

default part of every CI/CD run. SBOM metadata should link directly to provenance records and be validated at every 

downstream consumption point. 
● Zero Trust and Runtime Attestation: Expand SLSA beyond build-time by incorporating runtime integrity checks and 

policy-driven deployment mechanisms. This could include mutual TLS, workload identity verification, and continuous 

integrity scanning. 
● Collaborative Security Networks: Foster shared trust frameworks between software producers, open-source 

communities, and consumers. Public transparency logs, federated attestations, and shared vulnerability disclosures will 

form the foundation of scalable, cross-vendor software supply chain security. 
● Advanced Analytics and Threat Intelligence Integration: Use AI/ML models to detect anomalies in provenance, build 

patterns, and dependency behaviors. Feed this intelligence into a centralized risk management platform to prioritize 

remediation and influence roadmap decisions. 
By planning and investing in these forward-looking areas, organizations can continue maturing their software supply chain security 

programs and remain resilient in the face of tomorrow’s threats. 

 

9. Conclusion 

Securing the software supply chain has evolved from an IT best practice to a strategic imperative. With the rise of continuous 

integration and continuous deployment (CI/CD) practices, software delivery has become faster and more automated—but also more 

exposed. High-profile incidents such as SolarWinds, Codecov, and Log4Shell have shown how deeply integrated supply chain 

vulnerabilities can be exploited to launch large-scale, multi-organization attacks. These breaches highlight that modern attackers no 

longer target just application vulnerabilities—they target the software development lifecycle itself. 

The Supply-chain Levels for Software Artifacts (SLSA) framework addresses this challenge head-on by providing a structured 

maturity model for software supply chain security. SLSA outlines four progressive levels that organizations can adopt to increase 

the integrity and trustworthiness of their software builds. These levels emphasize core principles like build provenance, tamper 

resistance, hardened infrastructure, and reproducibility—each designed to provide increasing assurance and resilience against 

emerging threats. 

In this paper, we have presented a comprehensive analysis of how SLSA can be effectively integrated into modern CI/CD pipelines. 

We have examined its theoretical foundation, dissected its implementation through practical tools and techniques, and demonstrated 

its real-world applicability through a Kubernetes-based case study. Additionally, we explored the common challenges organizations 

face—ranging from tool fragmentation and dependency risks to organizational silos—and offered mitigation strategies based on 

DevSecOps principles and automation. 

What sets SLSA apart is its adaptability. Organizations do not need to achieve Level 4 compliance overnight. Instead, SLSA 

encourages incremental improvement. By starting at Level 1, which involves capturing basic provenance, even resource-constrained 

teams can begin to improve their supply chain security posture. As security capabilities mature, organizat ions can adopt higher 

levels of compliance to address evolving threat vectors and align with industry regulations such as NIST SSDF, ISO/IEC 27001, 

and the EU Cyber Resilience Act. 

It is important to note that SLSA is not a silver bullet. It must be implemented as part of a broader security culture that includes 

threat modeling, secure coding practices, continuous testing, and stakeholder training. Developers, security professionals, and 

operations teams must work collaboratively under a DevSecOps model to embed security at every stage of the software lifecycle. 
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Looking forward, the integration of SLSA with technologies such as software bill of materials (SBOMs), automated compliance 

auditing, AI-driven anomaly detection, and blockchain-based provenance storage will further elevate its impact. Open-source 

initiatives like Sigstore and GUAC are already paving the way for verifiable, community-driven software trust models. 

In conclusion, SLSA serves as a critical pillar for organizations seeking to build resilient and secure software delivery pipelines. By 

adopting its layered, maturity-based approach, teams can significantly reduce the attack surface of their development workflows. 

More importantly, organizations that invest in securing their supply chains today will not only minimize risk but also build trust 

with users, partners, and regulators—positioning themselves as leaders in the future of secure software development. 

9. Appendices 

9.1. Appendix A: Sample CI/CD Pipeline Configuration (YAML) 

yaml 

CopyEdit 

name: CI/CD Pipeline with SLSA Compliance 

 

on: 

  push: 

    branches: [main] 

 

jobs: 

  build: 

    runs-on: ubuntu-latest 

    steps: 

      - name: Checkout Repository 

        uses: actions/checkout@v2 

        with: 

          fetch-depth: 0 

      - name: Set Up Build Environment 

        run: | 

          echo "Initializing secure build environment..." 

      - name: Run Build and Tests 

        run: | 

          ./build.sh 

          ./run-tests.sh 

      - name: Generate In-toto Attestation 

        run: | 

          in-toto-run --step "build" --key ./keys/private.pem -- <build-command> 

      - name: Sign Artifact with Sigstore 

        run: | 

          sigstore sign --artifact ./build/artifact.zip --key ./keys/sigstore.key 

Listing 1: Example of a CI/CD pipeline configuration integrating SLSA compliance tools. 

9.2. Appendix B: Glossary of Key Terms 

● CI/CD: Continuous Integration and Continuous Deployment. 

● SLSA: Supply-chain Levels for Software Artifacts. 

● Provenance: Detailed documentation of an artifact’s origin and build process. 

● RBAC: Role-Based Access Control. 

● MFA: Multi-Factor Authentication. 

● In-toto: A framework that captures and verifies the complete build process. 

● Sigstore: A tool for cryptographic signing and verification of software artifacts. 

● SAST/DAST: Static and Dynamic Application Security Testing. 
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