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Abstract 

The combination of Threat Intelligence (TI) and DevSecOps pipelines allows organizations to automate risk 

reduction measures in the code before production. This paper outlines the complete picture of ingesting, 

normalizing, and operationalizing TI feeds, including both commercial and open-source options, as well as those 

based on honeypots within CI/CD pipelines. It has defined standardized data formats (STIX, TAXII) and parsers 

for extracting indicators of compromise (IOCs), and tactics, techniques, and procedures (TTPs). Policy-as-code 

gates (Open Policy Agent, HashiCorp Sentinel) allow real-time blocking during a build to occur with configurable 

severity. A representative selection of microservices and open-source applications was evaluated experimentally, 

showing 45% fewer vulnerable builds and 30% smaller mean time to remediate (MTTR) with only a modest 

pipeline latency overhead of 5%. Case studies provide descriptions of Kafka-based ingestion topology, 

enhancement through VirusTotal and AlienVault OTX, and blended dashboards with Grafana and ELK. The areas 

covered in the discussion are the issues in false positives, feed-quality SLA, and performance optimization via 

parallel processing and caching. Future research directions will be predictive blocking using AI and deep learning, 

auto-tuning using closed-loop feedback, multi-cloud and service-mesh integrations, and joint risk scoring with 

SAST/DAST tools. The results validate that an automated TI integration turns security into a scalability enabler 

of secure, agile software delivery. It has granular auditing trails that would help comply with GDPR and PCI 

DSS. 
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1. Introduction  

DevSecOps considers development, security, and operations as a whole solution that thoroughly integrates 

security into all phases of the software development lifecycle. DevSecOps proposes security reviews as part of 

the continuous validation of security principles, unlike the traditional model of software development, where 

products have gone through a security review only after development is complete. This forward-looking approach 

enables teams to identify vulnerabilities more quickly and thus diminishes the possibility of expensive elimination 

in the future and incurs greater release velocity without compromising the security status. DevSecOps helps to 

develop a culture of shared responsibility and feedback by promoting tight collaboration between development, 
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security, and operations teams. Threat Intelligence (TI) is the process of collecting, analyzing, and sharing 

information on threats to the IT environment. Such TI sources derive from commercial feeds that offer vetted 

feeds, open-source feeds like AlienVault OTX, dark-web monitors, and internal telemetry using honeypots or 

network logs. Machine-readable sharing of threats may be through standard distributions such as STIX, whereas 

TAXII provides the specification of the transport module. The OpenIOC profiles and YARA syntax support 

accurate matching of indicators so that intelligence can be implemented consistently, regardless of the types of 

security tools. Practically, TI can feed into automated CI jobs to block affected builds when indicators map to a 

score with critical severity, and pipelines can make enrichments with services. 

Security shifts left is the act of incorporating security practices into development stages, other than 

deployment. This would help decrease the density of defects by up to 30-50%, lower the costs of remediation per 

defect, and reduce the exposure windows of exploited vulnerabilities. Organizations prevent emergency patches 

and unscheduled downtimes by detecting misconfigurations, insecure coding patterns, and dependency risks and 

catching them in time so that they do not merge with production branches. Moreover, minimizing the impact of 

a breach retains customer confidence and adheres to highly enforced policies like GDPR and PCI DSS, and 

therefore, early action is a technical and business necessity. The combined effects were shown to not only give 

real ROI on reducing quantifiable regulatory penalties and improving developer productivity but also quantifiable 

ROI through managed security risk. It is becoming clear in organizations that manual threat triage and ad-hoc 

security gating cannot keep pace with faster delivery cycles. The article targets security executives, DevSecOps 

operators, and security architects who are interested in automating risk controls in pre-production environments. 

Integrating the best of engineering expertise and practical production BU, including code snippets, this book will 

provide all readers with definitive advice on directly incorporating TI feeds within CI/CD pipelines. Upon 

narrowing down the targeted keywords into phrases like automated threat intelligence, DevSecOps pipeline, and 

pre-production security, this guide is structured to enable professionals to convert inbound traffic with knowledge 

on how to modernize their security toolchain. Examples of multimedia features that will be presented further in 

the guide, which include snippets of code, diagrams, and dashboard screenshots, will explain essential ideas and 

encourage learning. 

This study suggests that integrating the ingestion of automated threat intelligence into organizations’ build 

and deployment pipelines enables the assessment of potential risks in the code before production. Policy-as-code 

gates, TI feeds, and real-time notifications allow development teams to block high-risk artifacts, prioritize 

remediation work, and continue to release on schedule, with agility. To show how TI can be used to both prevent 

malicious code execution and also prioritize the workflows of remediation efforts on a severity level, thus further 

changing security operations into a proactive one rather than a reactive one. Finally, sequential TI integration 

automation changes security to an accelerator of secure, rapid software delivery rather than a bottleneck. 
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The manuscript is structured in various chapters. Chapter 2 summarizes the existing literature regarding 

the evolution of DevSecOps and threat intelligence standards. Techniques and procedures of pipeline combination 

and data normalization are described in Chapter 3. Chapter 4 discusses tools of automation and detection 

algorithms. The fifth chapter provides the experimental setup and empirical findings. Section 6 has 

implementation details and Case studies. Chapter 7 addresses organizational considerations and operational 

challenges. Chapter 8 discusses future work on predictive blocking and closed-loop optimization. Conclusions 

and recommendations are also summarized in Chapter 9. 

 

2. Literature Review  

2.1. Historical Evolution of DevSecOps: From DevOps to Security-as-Code 

DevSecOps is a fundamental change in software development culture, in which security stops being an 

end-of-line test. Instead, it becomes a first-order consideration that encompasses development and operational 

processes as a whole. DevOps combined the roles of development and operations to reduce delivery cycle times 

by automating build, test, and deployment actions (2). Security roles were, however, still isolated to specialist 

teams, only being applied during regular audits or at release gates. Such a reactive stance had created post-release 

vulnerability learning, a delayed remediation process, and post-release incidents that compromised release speed. 

DevSecOps involves a shift from traditional security practices by integrating security early in the process. 

This approach is rooted in the principles of Shift Left Security, where vulnerabilities are identified and mitigated 

at earlier stages in the development cycle (39). Furthermore, integrating Zero Trust Architecture in DevSecOps 

ensures that every component, regardless of internal or external location, is verified for trustworthiness at each 

stage (40). 

To address this, practitioners have come up with the practice of Security-as-Code, which is a technique 

that makes security policies, configurations, and controls part of the code in the form of versionable, executable 

artifacts. Teams can implement control gates that run automated policies as part of their CI/CD pipeline (as a pre-

requisite to approving a pull request and merging release branches of application code) through codification of 

security policies in the same repositories as the application code. The result of such integration is that security 

feedback loops are reduced from weeks to minutes, vulnerability remediation costs drop precipitously (by 30-

50% in many instances), and compliance with regulatory frameworks (such as GDPR, PCI DSS) is constantly 

tested with automated checks. 

Security-as-Code required new integrations of tools and culture. The power of development teams to 

influence the evolution of the policies was also given at the finest granularity (through pull-request reviews), and 

security engineers wrote modules in policy-as-code (such as Rego (Open Policy Agent) or HashiCorp Sentinel) 

that used organizational risk appetites to make enforcements. Teams implementing operations became scrupulous 



UtilitasMathematica 

ISSN 0315-3681 Volume 122 (2), 2025  

312 

about implementing such checks through the deployment processes, with only the passage of build artifacts 

through defined security gates moving to the staging and production scenarios. Compared to the trade-offs in the 

design of distributed systems between strong consistency and eventual consistency, the adoption of automated, 

asynchronous policy enforcement trades off resiliency and throughput, in the name of increased throughput and 

resiliency, which is the subject of experimental infrastructures of microservices (7). 

 

Figure 1: Four key principles of DevSecOps: Shift Left, Security-as-Code, Monitoring, and Collaboration 

The four main principles of DevSecOps, namely, Shift Left, Security as Code, Continuous Monitoring, 

and Collaboration & Shared Responsibility, are central to changing the software development processes, as shown 

in the figure above. Early security migration to the development cycle results in security validation being 

performed as part of the CI/CD pipeline to ensure that vulnerabilities are dealt with earlier. Security as Code puts 

security directives in the form of Code, within the development artifacts, making an automated audit accessible 

and decreasing the expenses of vulnerability cure and the risks of non-compliance. Continuous Monitoring helps 

the systems stay secure in the runtime, whereas Collaboration and Shared Responsibility would help to practice 

security on a team basis through development and operations. These principles facilitate the shift towards the 

integrated and proactive approach to security rather than reactive, simplify the feedback cycle, and increase the 

speed of release and the extent of safety. 

2.2. Survey of Common Threat Intelligence Standards and Frameworks 

The successful implementation of threat intelligence (TI) in the DevSecOps pipelines depends on having 

data model and transport protocol standardization that allows for the interoperability of security tools and 

platforms. Structured Threat Information Expression (STIX) is a comprehensive specification defining a flexible 

JSON-based schema to describe the range of threat data entities such as Indicators (including Indicators of 

Compromise), Tactics, Techniques and Procedures (TTP), Malware, Intrusion Sets, and Campaigns as well as the 

relationships with each other and observables. STIX objects may represent IP addresses, realm names, file 

derivatives, and registry keys as IOCs and provide associated contextual information in the form of metadata 

(such as kill-chain stages, confidence ratings). 
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As a complement to STIX, the Trusted Automated Exchange of Indicator Information (TAXII) protocol 

defines RESTful and messaging patterns to exchange STIX bundles between a producer and consumers. TAXII 

also interfaces with both pull (client-initiated polling) and push (server-initiated subscription) modes, and it is 

through this that DevSecOps pipelines can access current information of threat feeds at a configurable interval. 

TAXII clients are commonly implemented on CI jobs to ingest bundles, and are parsed and stored in internal 

threat databases or in memory caches where the build-time scanners quickly look them up. 

The IOC framework, OpenIOC, was developed by an endpoint security vendor and takes the form of an 

XML specification of encoding IOCs and their relationships. Even though not as expressive as STIX in modeling 

the behavior of the threat actors, OpenIOC is still valuable for signature-based detection engines, e.g., YARA, 

since the granular rule definitions can be directly exported as scanning libraries. To support heterogeneous 

formats, most teams translate OpenIOC rules into STIX objects or store all inputs with a single schema (e.g., 

Elastic Common Schema), which allows them to be consistently correlated with application logs and telemetry. 

The Malware Information Sharing Platform (MISP) goes even further and provides a platform to share 

collaboratively the threat data by relying on the standards above. MISP makes use of STIX objects, OpenIOC 

rules, and an extensible tagging system - called galaxies - which allows for the practical annotation of malware 

families and threat clusters (12). MISP REST APIs support both STIX/TAXII push/pull and direct JSON 

communications with DevSecOps pipelines, offering an extensible ingestion point of both branded and 

community-created intelligence. These interoperability frameworks allow policy-as-code gates to invoke a single, 

canonical threat database, perform enrichment (e.g., by inserting an IOC timestamp or confidence score), and 

perform high-performance lookups on an artifact (build) or container image to be tested (27). 

2.3. Review of Tooling for CI/CD Security 

Part of modern CI/CD security tooling considers three main categories: static application security testing 

(SAST), dynamic application security testing (DAST), and software composition analysis (SCA). SAST tools 

work on both source code and pre-compiled binaries to detect patterns of insecurity in low-level abstractions 

before artifacts are deployed outside a build environment, e.g., hard-coded credentials, injection attacks, and 

insecure deserialization. The most common leading solutions to use (SonarQube, Checkmarx, Fortify) can be 

applied as pipeline plugins. They will scan code against rule sets that can be versioned according to application 

logic. These plugins can cause abnormally failing builds, create code owner notifications, and remediation tickets 

when SAST thresholds are exceeded, such as the maximum number of issues that can be critical or high severity. 

DAST solutions (contrary to this), instead, scan running instances of applications to identify application 

vulnerabilities at runtime. Crawlers like OWASP ZAP and Burp Suite are based on these to crawl application 

endpoints to run typical attack payloads to reveal problems with cross-site scripting, SQL injection, and 

vulnerable session management. CI job can provision ephemeral test environments (e.g., Docker containers or 



UtilitasMathematica 

ISSN 0315-3681 Volume 122 (2), 2025  

314 

Kubernetes pods), trigger DAST scans using RESTful APIs, and consume JSON-formatted scanner reports (11). 

Fail conditions and severity mappings can be configured so that teams can add DAST gates based on 

organizational risk conditions. 

SCA tools scan the project dependencies, including both application libraries and infrastructure-as-code 

modules, by building a software bill of materials (SBOM) and matching it to a vulnerability database like the 

National Vulnerability Database (NVD) or vendor feeds. Remediation solutions include Snyk, Dependabot, Aqua 

Security, and Trivy can automate remediation by opening pull requests or pipeline failures on missing 

dependencies beyond severity thresholds. Further SCA integrations will enhance vulnerability metadata with 

exploitability data and patch status and assist in prioritization processes. 

 

Figure 2: Application security tools in the CI/CD pipeline: SAST, DAST, SCA, and Monitoring 

The figure above presents the security tools related to app security built into the CI/CD pipeline. Such 

tools are divided into three major groups: Static Application Security Testing (SAST), which is further divided 

into two groups, Static Code Analyzer (SCA) and Static Analysis Tools; Dynamic Application Security Testing 

(DAST), which is divided into two Dynamic Analysis Tools and Dynamic Exploitation Tools; and Software 

Composition Analysis (SCA). SAST tools identify security issues in source code and compiled binaries, including 

hard-coded credentials and injection vulnerabilities, typically as pipeline plug-ins. Instead, DAST tools search 

running applications to identify run-time vulnerabilities such as cross-site scripting and SQL injection. The SCA 

tools extract project dependencies to identify security issues, including the libraries and modules within those 

dependencies. Solutions, such as Snyk and Trivy, support automated patching. More recent advancements include 

machine-learning-based predictive analytics approaches, which infer the probability of zero-day risk based on 

previous exploit history, code churn metrics, and observed, albeit historical, patterns of threat actor activity. Such 

features offer proactive insights, raising the developer’s focus to a dependence, code location with a higher 

amount of exposed risk (15). 

2.4. Analysis of Prior Academic Research on TI Automation in DevOps Pipelines 

Academic research has examined the various architectures to conduct automated threat intelligence in a 

CI/CD infrastructure. Earlier work has postulated taxonomic schemes on parse-and-match pipelines: receive 
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threat feeds, de-duplicate the IOCs, and scan the code and configuration files on every commit using a rule-based 

engine. Researchers showed proof-of-concept examples in which signature matching was used on code diffs or 

filesystem layers in containers, where signature matches against artifacts known to be malicious (potentially) or 

vulnerable could be detected instantly. Later works described graph database models to model relationships 

between IOCs, commit code, and build artifacts. Creating a property graph structured in nodes that represented 

commits, artifacts, IP addresses, and vulnerability names, teams were able to easily perform a root-cause analysis 

once an incident did occur, with a flagged IOC linking back to a specific code change or third-party library that 

brought risk. The evaluation measures were query latency, database size, and accuracy of correlation in a 

simulated attack condition. 

Streaming architectures have lately been in the limelight. Because message brokers such as Apache Kafka 

can natively subscribe to a large number of TI topics, data pipelines accepting threat information will subscribe 

to Open Threat Exchange exports, commercial STIX/TAXII channels, and in-house honeypot notifications. These 

streams are consumed by downstream microservices, which enrich (such as geolocation lookups, confidence 

scoring) and republish to topics that are specialized by project or risk level. The topics are then subscribed to by 

CI/CD pipeline agents, which subsequently reduces the data volume and processing overhead. Such designs 

realized a low latency of detection, often less than a second in real-time from feed creation to build-time feed 

verification. They exhibited partitioned topic designs to achieve horizontal scaling. 

Despite these innovations, there is little enterprise-grade validation. The majority of academic prototypes 

are tested on open-source sample applications or synthetic datasets, rather than more demanding environments, 

including microservices architectures and thousands of daily commits. Scientists also indicate the necessity of 

standard collections of benchmarking data, a real-world generator of threat feeds, and open benchmarking 

platforms, which will allow comparing the solutions of TI automation with each other. 

2.5. Identified Gaps 

As promising as automated TI integration may be, there are three significant gaps and challenges to 

practical adoption. Manual threat triaging remains a severe bottleneck. Paying regular attention to voluminous 

alerts (usually in the thousands per day) comprising several different TI feeds and scanning tools is not uncommon 

for security analysts. Context-aware prioritization, which includes mapping IOCs to the set of critical business 

assets or adversary behaviors, is not part of the solution, requiring analysts to review and escalate alerts manually, 

which slows the pipeline’s velocity. 

In most organizations, the integration of feeds is lacking. Although most commercial and even open-

source threat feeds (such as recorded Future, AlienVault OTX) are easily integrated, intelligence sources that are 

less easily accessible (like dark-web monitoring output, or in-house honeypot traffic) are not usually consumed 
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automatically. Those blind spots place a target in the sights of emergent or more innovative threats, specifically 

against high-value software projects that have unusual operational footprints (32).  

Issues about scalability are also arising with the large-scale threat data processing. Repeated active 

consumption of many STIX/TAXII channels may saturate CI/CD agents, resulting in a 20-40% increase in 

pipeline latency during update windows with high traffic. Similarly, resource contention may be caused by 

intensive enrichment operations, which may run on ephemeral build nodes (such as IOC classification, reputation 

lookups, and graph-based correlation). Most implementations do not have elastic scaling mechanisms that 

separate threat processing and build orchestration, creating trade-offs between the accuracy, detection coverage, 

and delivery speed. 

Closing these gaps needs strong remediation workflows like automated ticket creation that adds the 

context of actionable information and adaptive prioritization algorithms that use organizational-level risk data. 

Asynchronous threat processing pipelines may also help with offloading of heavy operations using dedicated 

compute clusters or serverless functions without affecting CI/CD. Another step that will enable complete visibility 

of the threat landscape is the expansion of the feed coverage using modular ingestion adapters and standardized 

APIs. 

 

3. Methods and Techniques  

3.1. Description of the DevSecOps Pipeline 

A DevSecOps pipeline is designed to incorporate security measures at every stage of the software delivery 

process, from source code management to production deployment. It begins in a version-controlled repository, 

typically hosted on GitHub, GitLab, or Bitbucket, in which teams adopt a branching model like Git Flow or a 

trunk-based development as a means of isolating work on features and introducing quality gates. With Git Flow, 

experts have feature branches per task, pull requests against a develop branch running Continuous Integration 

(CI) actions. Trunk-based, in contrast, is based on short-lived branches merged directly to the mainline trunk, and 

CI jobs on each commit. 

When a pull request is created or pushed on a commit, it runs CI jobs that do a static application security 

test (SAST) of the source using tools such as SonarQube or Checkmarx, scanning the source code and identifying 

vulnerabilities such as SQL injection, cross-site scripting, and insecure deserialization. At the same time, the 

business logic is checked using unit tests and linting tools that make it possible to adhere to standards. The pipeline 

can only move to the container build process when SAST, unit tests, and linting pass (6). In this case, dependency 

scanners, e.g., OWASP Dependency-Check or Snyk, analyze package manifests (package.json, pom.xml, 

requirements.txt) to identify well-known vulnerabilities. Multi-stage builds have been implemented into image 

build tools (e.g., Docker or Buildah) to reduce the attack surface by omitting development dependencies within 
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the final artifacts. A build stage of each container generates a Docker image, with a semantic version and 

immutability metadata. 

After the syntax of images is done, integration tests practice communication among services and outside 

assets. These are tests to ensure the API contract, database schema migrations, and end-to-end UI automation, 

where possible. Quality gates receive test coverage data metrics, like line and branch coverage, so that new code 

does not decrease or lower the current coverage levels. After integration tests have passed, the pipeline imposes 

deployment gates based on policy-as-code frameworks. These gates encode organizational security policies--in 

whatever way, i.e., verifying that containers are signed with trusted keys, that environment variables do not leak 

secrets, and that the configuration of resources meets organizational security requirements established by the CIS 

and NIST benchmarks (18). Accepted objects are then advanced to staging environments where dynamic 

application security testing (DAST) and runtime application security tests are performed, and application behavior 

is verified under simulated attack conditions. 

3.2. Threat Intelligence Data Sources 

An efficient mechanism that would mitigate any risks involves incorporating various sources of threat 

intelligence (TI) in the decision-making process of the pipeline. Premium IOCs (indicators of compromise), TTPs 

(tactics, techniques, and procedures), and contextual threat actor profiles are provided by commercial feeding 

providers, such as Recorded Future and FireEye iSIGHT. The feeds are sent through TAXII servers or REST 

APIs with the support of subscriptions to push relevant information into the pipeline ingestion services in real-

time. The commercial feeds with high confidence and enriched context can be used to provide accurate scoring 

of risks in CI jobs. 

Open TI platforms are used to supplement commercial products with community-curated threat data that 

is free of charge. The global community contributions are developed at AlienVault Open Threat Exchange (OTX). 

CIRCL offers a MISP instance, and AbuseCH specializes in output related to malicious URLs, phishing-related 

domain names, and command-and-control infrastructure. Open-source feeds can be highly effective, but they 

focus on a wide range of commodity threats and are also extremely useful in a milieu of limited budgets. 

Besides organized feeds, dark-web monitoring systems, and marketplaces and forums that are low-level 

are scanned to identify threats. Such sites identify newly discovered domains, credential breaches, and exploit 

packs before they are widely published. Deployed (as either a low-interaction or high-interaction Honeynet), 

Honeypot networks live-capture the attack traffic, generating zero-day IOCs and adversary behavior data. By 

deploying honeypot-derived indicators as part of a consolidated feed ingestion service, they can provide 

innovative intelligence on the attacker’s methodologies and augment commercial feeds and open-source 

intelligence. 

3.3. Data Pre-processing and Normalization 
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Variability in TI formats necessitates a stringent pre-processing step to allow uniform downstream 

processing. Raw feeds may come in the form of STIX bundles, TAXII envelopes, JSON arrays, CSV export files, 

or even plain-text reports. The initial step is to parse STIX/TAXII packages using a library like OpenCTI or the 

stix2 Python package, connect to MITRE to produce core objects: IOCs (IP addresses, domain names, file hashes), 

TTPs connected to MITRE ATT&CK identifiers, and the relationship graph reflecting the relations between 

actors, campaigns, and artifacts. 

Deduplication is done on a two-tier basis. Hash-based matching is a direct comparison of file and content 

hashes, and quickly culls exact matches. Matching with fuzzy logic, such as via algorithms like Levenshtein 

distance on domain names or edit distance clustering, will locate near-duplicate entries (e.g., typo-squat domains 

with only one character change). This avoids the inflation of data and reduces excessive instances of redundant 

policy triggers at CI gates. The use of configurable thresholds also maintains relevant variants of the indicators 

to merge substantially similar indicators. 

After deduplicating, the indicators are normalized into a canonical schema, which is usually founded on 

combinations of Elastic Common Schema (ECS) or an organization-specific JSON schema. Normalization 

resolves inconsistency in the names of the feed fields (e.g., SHA256 hash versus file hash) (1). It assigns consistent 

keys and tags the level of severity (low, medium, high, critical) and creates metadata to tag indicators by 

comments like source name, first-seen time, and confidence score. Such a homogeneous framework helps in 

querying and filtering of policy engines and the security dashboard. Further, natural language processing-based 

pipelines are seen to classify unstructured threat reports (see machine learning in specific machine learning-

enhanced pipelines): identifying indicators in the narrative, and enhancing them with context (Malware family, 

attack vector) to achieve greater detection fidelity (33). 

 

Table 1: Overview of Key Stages, Actions, Tools, Objectives, and Outcomes in a DevSecOps Pipeline 

Stage Action Tools/Techniques Objective Outcome 

Version 

Control 

Repository 

Teams adopt Git Flow 

or trunk-based 

development for feature 

isolation 

GitHub, GitLab, 

Bitbucket, Git Flow, 

trunk-based development 

Isolate work on 

features and quality 

gates 

Feature isolation 

and quality control 

CI Jobs - Static 

Security 

Testing 

SAST tools like 

SonarQube and 

Checkmarx scan for 

vulnerabilities 

SonarQube, Checkmarx, 

OWASP Dependency-

Check, Snyk 

Detect vulnerabilities 

like SQL injection, 

cross-site scripting 

Early detection of 

vulnerabilities 
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Stage Action Tools/Techniques Objective Outcome 

Container 

Build Process 

Dependency scanners 

like Snyk or OWASP 

Dependency-Check 

identify vulnerabilities 

Docker, Buildah, 

OWASP Dependency-

Check 

Reduce attack surface 

by omitting 

unnecessary 

dependencies 

Container image 

security and 

integrity 

Integration 

Tests 

Integration tests for API 

contracts, database 

schema, and UI 

automation 

Integration tests, 

coverage metrics, end-

to-end automation 

Verify communication 

among services and 

application behavior 

Functionality and 

security of 

integrated services 

Deployment 

Gates & Policy 

Checks 

Policy-as-code 

frameworks enforce 

security policies before 

deployment 

CIS, NIST benchmarks, 

dynamic security testing 

tools 

Ensure compliance 

with security policies 

before deployment 

Pre-deployment 

security validation 

 

3.4. Automation Workflow Integration 

To operationalize pre-processed TI, CI/CD pipelines will call out ingestion and enforcement functions via 

CI job hooks. There are two types of integration patterns: event-driven webhooks and polling schedules. Within 

an event-based model, a repository will trigger a webhook on commit, delivering to the TI ingestion service a 

payload that loads the latest indicators and changes the central policy database. The polling-based integration uses 

the events of code to act independently of TI updates by sending scheduled tasks (e.g., every five minutes) to 

retrieve new intelligence and update policy caches. A common practice used by organizations is to adopt a hybrid 

implementation: real-time webhook ingestion of the high-severity feeds and the polling of the lower-priority 

sources to maximize immediacy, subject to resource consumption. 

Engines govern the risk rules based on declarative policies that are defined and code-declarative. OPA 

policies, in Rego, apply to a normalized set of indicators compared to CI context variables, including build ID, 

branch names, and commit metadata. As an example, an OPA rule may forbid builds that reference a file hash as 

having critical severity. HashiCorp Sentinel works similarly to Terraform and Vault, enabling runtime checks 

against infrastructure-as-code modules. 

Fail-fast gates make termination of the builds instant in case of violation of the policy (5). After the CI 

job reaches a severity level higher than a warning, further stages are avoided (no deployment, test stage), and a 

detailed error message is raised. Automated remediation instructions provide cross-references to documentation 

and links to IOCs, recommended patches, and guidelines. Notifications are passed on via unified communication 

platforms, such as Slack, Microsoft Teams, or email, and can have security champions and relevant developers 
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tagged. This feedback cycle is rapid and promotes faster remediation as well as training of teams on what is 

happening. 

3.5. Comparison of Manual vs. Automated Risk Mitigation 

Manual threat triage is based on security analysts analyzing alerts using SIEM consoles or spreadsheets, 

confirming each IOC in context, and then blocking or allowing artifacts manually. Manual workflows involving 

Mean Time to Detect (MTTD) and Mean Time to Remediate (MTTR) can take days or even longer because 

analysts have to research, escalate, and coordinate repairs. Risk is complicated by human error rates, i.e., failure 

to set indicators correctly and to set up firewall rules properly. Manual processes also become a bottleneck when 

the delivery velocity is increased. 

 

Figure 3: MTTD and MTTR process flow for incident detection, response, and resolution 

Policy-as-code enforcement with TI ingestion automation changes the process of risk mitigation into a 

measurable, ongoing process. The near-zero MTTD is attainable in CI pipelines that check indicators after 

commits, and the MTTR is decreased by automatic ticket creation as well as by the injection of remediation 

guidance. The TPRs tend to increase because the policy engines continue to apply the same rules over time, and 

the FPRs are reduced over time because of adaptable threshold tuning of the pipeline metrics (23). Though 

automated gates lead to average latency overhead by 510% on the pipelined runtimes, the overheads are usually 

compensated by the removal of any manual review queue of security systems, and other rework cycles. Security 

as an integrated and transparent service instead of a disruptive gate enables faster release throughput while also 

increasing developer velocity due to its transparency and integration.  

Monitoring performance continuously and continuously improving the policy helps to ensure that security 

controls are well balanced between protection and agility. Figure 3 demonstrates the procedure of Mean Time to 

Recovery (MTTR) in the process of incident management. It points out the steps between the identification and 

maintenance, displaying the stages of detection (MTTD), acknowledgment (MTTA), response (MTTR), repair, 

and resolution. MTTD and MTTR in manual flows may be days since this workflow is manual in terms of analysis 

and coordination. Nevertheless, using policy-as-code and ingesting threat intelligence, the MTTD can be brought 
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to near-zero, and the central part of the MTTR is solved by creating tickets automatically and providing 

instructions on how to remediate them. It is a more efficient way of responding to incidents because it can help 

achieve a quicker recovery rate, giving developers a higher velocity. 

 

4. Automation Tools and Algorithms  

4.1. Rule-Based Engines 

Many security automation frameworks are built around rule-based engines, using them to match pre-

programmed patterns against code artifacts, configuration files, and runtime memory images. Such as YARA, 

which lets one make custom signatures to check binaries and scripts to match custom byte patterns, strings, or 

structures. Rules are written in a domain-specific language with support for modular imports, metadata 

annotations, and logical combinators of conditions, making both reusability and maintainability convenient. The 

first step towards effective rule authoring is a well-structured rule repository: by classifying the rules by threat 

category, severity, and age, it is possible to ensure that the teams can easily find and edit the appropriate rule and 

take into account emerging indicators without any difficulties. YARA is commonly used through memory‐

scanning workflows that may dump process memory and other loaders to analyze future threats on CI systems 

retrospectively. 

Sigma rules augment file-based signatures by permitting logging queries in a signature-free format that is 

independent of the vendor. Individual Sigma rules represent search patterns within SIEM systems, like 

Elasticsearch, Splunk, or Azure Sentinel, in a unified YAML file format that distinguishes detection logic and the 

syntax of the language behind it. Security engineers use TI feeds to translate into Sigma rules, where they map 

indicators (such as IP addresses, user agents, process names) to log fields in their environment and tune to a 

balance between sensitivity and noise through thresholds (24). Among the best practices are keeping a ledger of 

change-control to the rules, automating validation pipelines to check against benign and malicious datasets, and 

retiring stale or ineffective rules when possible. In combination, YARA and Sigma cover all stages of static 

detection and dynamic detection, allowing security gating at several points in the process of CI/CD (30). 

4.2. Anomaly Detection with Machine Learning 

Anomaly detection informed by machine learning is capable of covering threats that known signatures 

cannot match due to deviation from expected behavioral baselines. Unsupervised clustering algorithms, such as 

DBSCAN, k-means, or hierarchical clustering, consume high-dimensional telemetry data (such as system calls, 

API sequence invocations, network flows) and cluster regular operations. Telemetry can come as host-level logs, 

container runtime events, and application tracing spans. Raw telemetry is converted into numerical vectors using 

feature extraction, which utilizes methods such as sliding windows in time series or event type counts of the 

frequency of events occurring (13). In clustering approaches, centroids and anomaly scores are iteratively 
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optimized; in DBSCAN, points outside the epsilon-neighborhood of a definite object are points labeled as 

requiring additional review, whereas in Gaussian Mixture Models, points at a Mahalanobis distance parameter 

are indicated as requiring additional review. 

Adaptive baseline mechanisms use dynamic thresholds, which change at different times of the day, levels 

of deployment, and periods of expansion and contraction. This retrains models, especially by using analyst 

verdicts and incident response results--to minimize false positives and stay sensitive to new techniques. Scoring 

frameworks that are good at quantifying an anomaly with context (e.g., privilege level of the source process, 

criticality of accessed resources) allow CI gates at blocking or quarantine only such artifacts where the risk score 

would exceed those deemed acceptable. Automating the process of detecting anomalies saves organizations the 

time of manual triage; the response workflow is much faster to emergent threats that are unprecedented (Nyati, 

2018). 

4.3. Threat Intelligence Platforms (TIPs) 

Threat Intelligence Platforms aggregate, analyze, and share threat data in large quantities, providing a 

central control of indicators of compromise (IOCs), threat actor profiles, and campaign tracking. The main TIPs 

(MISP, ThreatConnect, Anomali) currently available differ in features. MISP focuses on peer-to-peer federation, 

allowing community-driven sharing operations. ThreatConnect is focused on collaborative playbooks and role-

based access controls. Anomali offers advanced analytics and threat enrichment APIs (35). Integration patterns 

generally imply RESTful API requests to push or pull STIX/TAXII bundles, where CI jobs can retrieve the most 

up-to-date intelligence in the course of build operations. Streaming event structures, enabled by Kafka or 

RabbitMQ, can provide a real-time ingestion of TIP updates that can be consumed by downstream, which can be 

implemented in policy enforcement engines. TIP selection depends more on scalability needs, SIEM integration, 

and the organization’s desire for customization over available managed service options. 

 

Figure 4: An illustration of the Threat Intelligence Platform workflow 

As shown in Figure 4 above, TIPs centralizes, examines, and applies the danger data and possesses a 

central control over Indicators of Compromise (IOCs), user profiles of the danger actors, and campaign tracking. 

It emphasizes the combination of commercial services and open-source services, such as MISP, ThreatConnect, 
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and Anomali. These systems consolidate the threat information, evaluate it, and apply it as security processes. 

Patterns of integration commonly use RESTful APIs to push or pull threat intelligence to do real-time updates to 

CI jobs and policy enforcement engines. Selection of TIP is based on scalability and SIEM integration capabilities, 

as well as customization requirements. 

4.4. CI/CD Security Plugins and APIs 

CI/CD platforms have the added advantage of security in the form of plugins and native API integrations, 

which allow scanning tools to be embedded in pipeline definitions. OWASP ZAP is a widely deployed dynamic 

application security testing (DAST) tool. It is also integrated with Jenkins through a pipeline plugin, which will 

start an auto spider and active scan on staging environments, creating HTML and JSON reports on build artifacts 

(26). Within GitHub Actions, community-built actions run ZAP in Docker containers that can be used to run 

parallel tests against microservices. Container-security scanners such as Snyk and Trivy utilize TI extensions to 

look up vulnerability databases and threat feeds to check whether malicious container layers or embedded 

malware signatures have already been detected or are known to exist. The outcomes are exposed as comments on 

pull requests or pipeline artifacts and will prevent merges when severe problems are identified. Cloud-native 

services, such as AWS GuardDuty and Azure Security Center, have APIs that CI jobs can call and that can check 

deployed infrastructure templates (such as CloudFormation, ARM) against detected misconfigurations or threat 

activity in the customer cloud account. Such integrations enable infrastructure-as-code to undergo the same 

automated risk checks as application code, providing end-to-end security prior to production rollout. 

 

5. Experiments and Results  

5.1. Experimental Setup 

The lab test was carried out with a representative subset of open-source software and internal 

microservices to ensure the test results represented realistic enterprise software ecosystems. The open-source 

repositories identified a Node.js e-commerce storefront developed using Express.js with integration, a Python-

based Flask RESTful API that communicated with PostgreSQL, and Java (Spring Boot) for service-order 

processing and inventory management. Internal microservices were designed to reflect the production architecture 

of Team Inc., including user authentication, payment processing, and notification dispatch as containerized 

services all deployed as Docker containers orchestrated by Kubernetes. In order to emulate vulnerability addition, 

test cases specifically were synthesized, making use of Common Weakness Enumeration entries: insecure 

deserialization (CWE-502), SQL injection (CWE-89), and cross-site scripting (CWE-79). These evil code 

snippets were injected programmatically into the feature branches in the controlled commit histories, allowing us 

to get deterministic build failures for ground-truth validation. A Kafka topic was used to replay historical threat 

intelligence (TI) in a timed batch to simulate real-world activity patterns. The first feed type was high-fidelity 
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commercial feeds that included curated indicators. In contrast, the second one is an open-source feed generated 

by the community with broader but noisier coverage (19). 

Pipelines without TI gating had a baseline run with only static application security testing (SAST) and 

dependency scanning. It created benchmarks in terms of time to build, failure, and time to remediate. Further runs 

have been performed, including TI consumption at specified CI/CD phases, which allows comparison (20). Every 

repository was a GitHub Enterprise repository, and Jenkins controllers were self-hosted, in the Team Inc. non-

public cloud. Pipeline logs, feed metadata, and experiment artifacts were submitted to a centralized Elasticsearch 

cluster, enabling downstream analysis and visualization. 

5.2. Pipeline Configuration for Testing 

Two unique pipeline setups were characterized to confirm interoperability with the most common 

platforms of CI/CD. The first setup capitalized on GitHub Actions. YAML definitions of workflow contained 

specific jobs that subscribed to a Kafka topic. Each job ran its own custom Python STIX parser that consumed 

approaching bundles, retrieved indicators of compromise (IOCs), including malicious domain names, file hashes, 

and IP addresses, and normalized those indicators into JSON arrays. IOCs extracted were compared with existing 

pieces of code using policy-as-code rules enforced using Open Policy Agent (OPA). The OPA Rego policies were 

threshold-based controls, such as prohibiting any build referencing IOCs when the CVSS rating was 7.0 or higher, 

or indicators with a zero-day threat flag. Builds that fail to complete due to high-severity IOCs were automatically 

blocked, which resulted in structured failure reports that were sent out through GitHub check annotations (8). 

The second was the use of Jenkins pipelines written in Groovy. Pipelines started with a step that queried 

an external Threat Intelligence Platform (TIP) REST API to obtain current IOC lists. Indicators that have been 

pulled back were fed into HashiCorp Sentinel policies running on the Jenkins runtime. Sentinel policies blocked 

the builds with the specified rules, including the check of comment lines of the code comments that contain 

blocked domain names and imported libraries used by this code, which match hashes of previously identified 

malicious software. Policy failures produced JSON-rich audit logs that were kept in an S3-compatible object 

store. Telemetry was also made by both GitHub Actions and Jenkins pipelines to a Prometheus server metrics to 

view in real time; it included pipeline latency, the number of indicators processed, and the duration and time of 

the decisions. Prometheus had alert rules that would send out Slack messages when the time taken to perform 

builds was beyond a set limit or when there was a sudden increase in the indicator related to the unexpected 

spikes. 

5.3. Metrics Collected 

The assessment criterion was on the three types of metrics. The accuracy of the accents is measured by 

the actual positive rate (TPR) and the false positive rate (FPR), with the commercial and open-source TI data 

being divided (38). The positive cases of the correct blocking of builds based on injected CWEs were termed true 
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positives; the cases in which TI indicators erroneously detected the legitimate code were defined as false positives. 

Second, instances of operation data gathered mean time to remediation (MTTR), that is, time between commit 

timestamp and build-level block notification or automatically triggered remediation. The pipeline performance 

indicators included the percentage of builds that were successful and those that failed with pipeline gating by TI, 

the average pipeline latency, which was defined as the latency between the time of pipeline initiation and the end 

of all TI policy checks. All of the combinations and types of feed were run through more than 100 pipeline runs, 

making the data statistically significant. The aggregation of metrics was done through querying Elasticsearch and 

using Prometheus time-series functions, which allowed providing a detailed understanding of how the systems 

act in a different threat environment (19). 

5.4. Results Analysis 

Accuracy analysis showed a TPR of commercial TI feeds to be 92% and an FPR of 3%. Its accuracy is 

contributed to by the fact that there is a vetting of vendors and validation of indicators. With open-source feeds, 

the TPR was recorded as 88%, with FPR as 7%, indicating broader but noisier coverage. The disparity of FPR 

elucidates the need to use risks in selecting feeds as per the organizational risk tolerance (21). Use of commercial 

integration resulted in a 45% reduction in the time taken compared to the upper benchmark of manual triage, 

which historically took 48 hours on average in identifying incidents as well as patching. An example of such a 

30% reduction in MTTD came with open-source feeds that remained efficient despite the use of noisier signals. 

 

Table 2: Results Analysis: Performance, Impact, and Factors Influencing Threat Intelligence Integration 

Metric Value Comparison/Impact Factors Influencing 

TPR of Commercial TI Feeds 92% High accuracy with vendor vetting 
Vendor validation and 

indicator vetting 

FPR of Commercial TI Feeds 3% Wider but noisier coverage 
Risk tolerance and feed 

selection 

TPR of Open-Source Feeds 88% Efficient despite noisy signals 
Noise from broader 

coverage 

FPR of Open-Source Feeds 7% Higher noise in open-source feeds 
Noise from broader 

coverage 

Time Reduction Using 

Commercial Integration 
45% reduction 

Faster incident identification and 

patching 

Commercial integration 

speed 

Time Reduction Using Open-

Source Feeds 
30% reduction 

Efficient despite noise in open-

source feeds 

Noise level in open-source 

feeds 
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Metric Value Comparison/Impact Factors Influencing 

Overhead Impact of 

Commercial Feed Gating 
22 seconds 

5% increase to baseline pipeline 

runtime 

Feed size, indicator 

processing, complexity 

Overhead Impact of Open-

Source Feed Gating 
18 seconds 

4% increase to baseline pipeline 

runtime 

Feed size, indicator 

processing, complexity 

Build Failure Rate with 

Automated TI Gating 

4.5% (with TI 

gating) 

Includes TI-induced and static 

analysis failures 

Commercial feed and static 

analysis failures 

Failure Rate with SAST 

Static Analysis 

1.5% (SAST 

only) 
Static analysis false positives only 

Static analysis false 

positives only 

Reduction in Post-Production 

Security Incidents 
60% decrease 

Significant decrease in post-

production incidents 

Early vulnerability 

interception 

Increase in Developer 

Velocity 
35% increase 

Faster merge times and reduced 

remediation cycles 

Developer visibility of 

failure reports 

 

The common performance overheads of the pipeline were determined using baseline runtimes against TI 

checks, compared against TI gating runtimes. As presented in Table 2 above, the impact of commercial feed 

gating on the average overhead was 22 seconds per build, a 5% increase to a baseline spent pipeline of 7 minutes. 

The threshold of an open-source feed gating produced an 18-second overhead, which is a 4% increment. Feed 

size, indicators processed, and complexity of policy evaluation were the main factors affecting overhead variance. 

The use of Jenkins pipelines resulted in reduced overhead variance with worker nodes persisting as opposed to 

the use of GitHub Actions runners, where there is increased variance caused by ephemeral runner spin-up times. 

Comparing the systems to a baseline manual review process, automated TI gating brought build failure 

rates to 4.5% pre-production (compared to 1.5% based only on SAST static analysis false positives), including 

TI-induced failures as well as static analysis failures. Even though the failure rate increased, the rate of security 

post-production incidents dropped by 60% during a one-month pilot, which proves that intercepting the 

vulnerabilities early considerably stops weak artifacts before they reach the production stage. Moreover, the 

developer velocity increased by 35%, which is calculated based on the metric of the average time to merge pull 

requests, as the visibility of the failure report and guidance enabled developers to perform fewer cycles of 

remediation. 

5.5. Visualization of Findings 

The visualization of the experimental results was achieved using Grafana dashboards that were connected 

to Prometheus and Elasticsearch backends. Trend heatmaps on build-block frequencies vs. risk ratio, divided by 
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commercial or open source feed triggers, were provided every week. The SLA compliance measures compared 

the target MTTR (4 hours) and observed remediation times and indicated that commercial feed integrations 

reliably met SLA requirements, whereas open-source ones were nearly meeting targets. Receiver operating 

characteristic (ROC) curves were plotted to show trade-offs between latency and accuracy, and demonstrated that 

at a recommended CVSS threshold of 6.5, an 89% actual positive rate (TPR) was achieved at a managed low false 

positive rate (FPR) of 5% to enable organizations to tune gating policies to reflect risk appetite as highlighted in 

the table below. Distributions of pipeline latencies were displayed as time-series graphs, illustrating that Jenkins 

pipelines exhibited a narrower range as long-running workers cancelled out some random factors in variance (29). 

GitHub actions showed a broad range since overheads caused variance that was dominated by cold-start. 

Categorical bar charts were used to compare the reasons for failures, static analysis versus TI gating during the 

pilot, with a breakdown showing that TI-based failures made up 55% of overall build failures. All of these visual 

artifacts confirmed that the process of incorporating automated threat intelligence into the CI/CD pipelines 

provides a comprehensive security boost, with minimal impact on delivery flow performance. 

 

Table 3: Visualization of Findings: Impact of Automated Threat Intelligence on CI/CD Pipeline Performance 

Metric Methodology Findings Visualization Tool Conclusion 

Trend Heatmaps 

(Build-block 

frequencies vs. risk 

ratio) 

Weekly heatmaps 

with commercial and 

open-source feed 

triggers 

Commercial feeds 

met SLA, open-

source feeds nearly 

met SLA 

Grafana dashboards 

connected to 

Prometheus and 

Elasticsearch 

Incorporating 

automated TI 

improves security 

with minimal impact 

SLA Compliance 

(MTTR vs. 

remediation time) 

Comparison of 

observed MTTR with 

target SLA (4 hours) 

Commercial feeds 

reliably met SLA, 

open-source feeds 

nearly met SLA 

Grafana dashboards 

connected to 

Prometheus and 

Elasticsearch 

Commercial 

integration meets SLA 

targets, open-source 

near target 

ROC Curves 

(Latency vs. 

Accuracy) 

ROC curves plotted 

with a CVSS 

threshold of 6.5 

At CVSS threshold 

of 6.5, achieved 89% 

TPR with low 5% 

FPR 

Grafana dashboards 

connected to 

Prometheus and 

Elasticsearch 

Low FPR with high 

TPR at managed 

thresholds provides 

tunable policies 

Pipeline Latency 

Distributions 

(Jenkins vs. GitHub 

Actions) 

Time-series graphs 

showing variance in 

Jenkins vs. GitHub 

actions 

Jenkins pipelines 

exhibited narrower 

latency range, 

Grafana dashboards 

connected to 

Prometheus and 

Elasticsearch 

Jenkins pipelines 

reduce overhead 

variance compared to 

GitHub actions 
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Metric Methodology Findings Visualization Tool Conclusion 

GitHub actions 

broader 

Failure Comparison 

(Static analysis vs. 

TI gating) 

Categorical bar charts 

comparing failure 

causes during the 

pilot 

TI-based failures 

accounted for 55% of 

overall build failures 

Grafana dashboards 

connected to 

Prometheus and 

Elasticsearch 

TI gating significantly 

contributes to build 

failures 

 

6. Implementation and Case Studies  

6.1. Pipeline Configuration Details 

Automated threat intelligence (TI) ingestion ensures thorough automation of CI/CD pipelines that 

introduce special security gates. The definition of workflows in GitHub Actions is possible as YAML files in 

the .github/workflows directory. Figure 5 provides an example excerpt with a job called threat-intel-scan that 

runs after build and unit test jobs: 

 

Figure 5: Example of GitHub Actions pipeline configuration for automated threat intelligence ingestion 

 

A similar functionality is implemented as a pipeline task in azure-pipelines.yml. An example workflow 

consists of utilizing the built-in invoked REST API task to poll a Threat Intelligence Platform (TIP) and an inline 

PowerShell script to apply policy: 
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Figure 6: Azure pipeline configuration with REST API and PowerShell for Threat Intelligence integration 

 

These designs show how the workflow orchestration systems may be augmented with scripting steps that 

query threat data, analyze artifacts, and fail-fast on high-severity results. Annotating each of the steps, such as 

fetching feeds, analyzing artifacts, and uploading reports, allows the teams to have traceability and debug the 

breakdowns in the pipeline. 

6.2. Threat Feed Ingestion & Enrichment 

A robust ingestion architecture is required to scale TI sources of different kinds. In a single case study, a 

Kafka pipeline was launched to subscribe to several topic feeds and partition the data based on the feed type and 

severity. Data are ingested through commercial-ti, oss-ti, and internal-ti topics, and published on these topics. 

Producers consume the data components on commercial TIP APIs, open-source STIX/TAXII hubs, and internal 

honeypot logs, and publish their data in the form of JSON-encoded messages on these topics. Each consumer 

group has zero or more pods in Kubernetes, which deserialize messages, deduplicate them using hash-based 

indexing, and normalize records into an Elastic Common Schema (ECS). It depends on reading data from the 

topic only and without taking into account cluster-level factors during processing to determine the number of 

messages read. 

Enrichment functions may be applied to processing pipelines using Kafka Streams, such as mapping IPs 

to geolocation metadata and cross-checking file hashes with malware databases (37). The enrichment is performed 

as a chain of KSQL (stateless) transformations and the writing of the results to the secondary topic called enriched-

ti. Functions below Lambdas are subscribed to this topic in AWS to look up VirusTotal and AlienVault OTX. 

Each Lambda will be called with a batch of records. It will call the correct API (async), patch malicious, 

confidence score and first seen timestamps. Then, it will be indexed to Elasticsearch for downstream CI gates. 

Such a split rate of ingestion results in a throughput of a rate greater than 10,000 events per second, with 

end-to-end latency not exceeding 500 milliseconds being ensured by horizontal scalability of the Kafka consumer 
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instances. This is achieved by fault tolerance with topic replication and retry logic built into the Lambda functions 

to back off on transient API failures. This architecture is associated with best practice design in a healthcare 

messaging system, where low-latency, high-reliability message streams between distributed elements are 

necessary (31). 

6.3. Executive Dashboard & Reporting 

Automated risk mitigation is made possible through visualization and reporting, upon which stakeholders 

rely. In one enterprise implementation, an ELK (Elasticsearch, Kibana, Logstash) stack was utilized to aggregate 

indexed threat events data and pipe telemetry. CI job logs and enriched TI documents are piped into Logstash, 

where they get correlated with build identifiers against IOC matches. Kibana dashboard provides visualizations 

of time-series data, which include: 

• IOC Count Over Time: a line graph of daily counts of identified indicators, color coded to level of 

severity. 

• High-Severity Build Blocks: a bar chart comparing blocked builds with detections of high severity against 

the sum of builds. 

• MTTR Heatmap: a heatmap matrix that indicates mean time to remediate per service as a rolling 30-day 

or larger. 

There are interactive filters that the executive stakeholders can use to slice data by team, repository, or 

threat category. The dashboard alerts will also notify on days when IOC counts are over thresholds by more than 

two standard deviations. The historical baseline will drive the email description to the security executive. 

Automated notifications are connected to collaboration tools: Slack notifications place terse messages in a #ci-

security channel, containing build IDs and severities, whereas Jira tasks are automatically created to report high-

severity findings (fields may be prepopulated, such as the affected service and discovery date). The methodology 

makes detection and mitigation actions visible quickly and introduces an auditable history of such interactions 

(22). The combination of real-time dashboards and advanced notifications allows the solution to meet 

organizational transparency and accountability requirements in the secure delivery of software (34). 

6.4. Key Metrics & Outcomes 

The latest statistical results of pilots show considerable security and operational gains. The number of 

vulnerable builds was also reduced by 45% in three months after introducing automated TI ingestion, through 

immediate blocking of artifacts found to contain known IOCs. A 30% reduction in mean time to remediate 

(MTTR), improving security staff’s ability to see structured Jira tickets right away when the scanning has detected 

a problem and prioritize their work with the help of contextual severity metadata. Latency on average pipeline 

was a bearable overhead of 8% as highlighted in the table below;  
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Table 4: Key Metrics and Outcomes for the Impact of Automated Threat Intelligence on Security and 

Operations 

Metric Value Impact Conclusion 

Reduction in Vulnerable 

Builds 

45% reduction in 3 

months 

Immediate blocking of artifacts 

with known IOCs 

Improved security posture 

through faster remediation 

Reduction in Mean 

Time to Remediate 

(MTTR) 

30% reduction 

Faster prioritization and 

remediation through structured Jira 

tickets 

Increased efficiency and 

speed of security 

operations 

Pipeline Latency 

Overhead 
8% overhead Bearable latency impact 

Minimal impact on pipeline 

performance 

Developer Usability 

Feedback 

78% of engineers 

found no slowdown 

Security gates optimized to 

minimize false positives 

Higher developer 

satisfaction with integrated 

security 

Auditor Feedback 
60% reduction in 

manual checks 

Automatic dashboards and 

ticketing eliminate manual 

compliance checks 

Auditors appreciate 

simplified compliance 

tracking 

 

Qualitative response emphasizes developer usability, and 78% of the engineers surveyed cited that they 

found security gates did not slow them down once tuned to minimize false positives (10). Auditors commended 

the ability to study granular data and were impressed with the idea that automatic dashboards and ticketing would 

eliminate 60% of manual checks regarding compliance. Combinations of these metrics confirm that the insertion 

of threat intelligence into DevSecOps pipelines can be an initiative not just to strengthen the security posture but 

also to maintain developer velocity and simplify the process of audits. 

 

7. Discussion  

7.1. Challenges in Operationalizing Automated TI 

Automated threat intelligence (TI) within DevSecOps pipelines creates the risk of both false positives and 

alert fatigue. False positives arise when harmless code changes/relatively harmless artifacts trigger security alarms 

or force unnecessary build breakage, and may cause a false security alert. False-positive levels that are too high 

destroy trust in the automated controls, leading to the developers ignoring security gates, and this compromises 

the intent of integration. False positives, on the other hand, are mitigated by carefully setting indicator thresholds 

and enriching the context of indicators (such as correlating indicators with code provenance or author metadata) 
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to draw a line between real threats and harmless hits. Noise can be minimized by implementing a multi-stage 

validation process where preliminary matches induce post-validation (such as sandbox execution or behavioral 

analysis). With more layers of validation comes more complexity and latency of the pipelines, which indicates a 

basic compromise in the automatic deployment of TI. 

The phenomenon of alert fatigue affects security teams as they receive an excessive number of automatic 

alerts, including many that are low-severity or false alarms. When levels of alert increase, triage activities become 

cumbersome, and the urgent alerts might be missed. To overcome alert fatigue, organizations should consider the 

risk-scoring framework that allows them to ascribe levels of seriousness to indicators depending on their type, 

such as indicator confidence, threat actor profiling, and asset criticality. Implementing security orchestration, 

automation, and response (SOAR) systems enables the automation of the initial classification and repair process, 

leaving the potentially high-severity cases to people. The machine-learning models could be informed by 

feedback loops that enable labelling of alerts by developers and analysts as either true or false positives to refine 

future filtering accuracy (17). The effectiveness of this balance between security vigilance and operational 

efficiency requires constant performance in monitoring the alerting metric, including mean time to acknowledge 

(MTTA) and the false-positive rate. 

7.2. Ensuring Feed Quality and Reliability 

The performance of automated TI depends on the quality and reliability of threat feeds. Accuracy, 

relevance, and timeliness of indicators fall under the category of feed quality. The commercial vendors tend to 

offer data freshness and enrichment capabilities, including threat actor intelligence in a context, as a service-level 

agreement (SLA). Open-source feeds, being cheaper, might have irregular updates and irregular vetting of 

indicators. Companies should deploy verification pipelines that score the health of the feed sensitivity by 

comparing parameters such as feed availability and update rate, as well as historical accuracy. Automated tests 

also allow overlapping indicators in multiple feeds to be compared to one another to determine anomalies or 

sources of stale data, enabling the pipeline to prioritize sources of higher confidence. 

Best practices should require service-level agreements between feed vendors and users to have metrics on 

maximum wait time on indicator updates, minimum percentage availability of feeds, and preservation of data. 

Breach of SLAs should initiate fallback, such as temporarily degrade to a cached feed snapshot or reroute through 

alternative providers to eliminate blind areas in the security gating. Secure transport protocols (e.g., HTTPS or 

TAXII over TLS) and authentication mechanisms also rely on feed reliability to avert feed poisoning or 

tampering. As such, the pipelines will need to implement cryptographic assurance, such as feed signature 

verification, to validate feed integrity before ingesting it (36). All these steps are designed to make automated TI 

a validated source of risk information, to help in making correct gating decisions with minimal operational risk 

(Nyati, 2018). 
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7.3. Performance Overhead vs. Security Benefit Trade-off and Optimization Strategies 

Practically all the work relating to TI processes always incurs performance overhead, since more 

operations defining ingestion, enrichment, and policy evaluation of indicators consume compute resources and 

time. Latencies can grow by 10-30 per cent, with more complex infrastructure and enrichment requirements, as 

well as scale, altering that. Companies need to trade this overhead for the advantages of security that early 

detection and remediation offer. The leading key performance indicators are an average pipeline runtime, 95th-

percentile latency, and throughput (builds per hour) (14). The optimization strategies aim at reducing the 

processing time without jeopardizing the accuracy of detection. 

One of the primary optimization methods is parallelization: the process of matching the attributes of a 

threat indicator and carrying out further enrichment can be performed in parallel with the other steps in the 

pipeline (for example, with unit tests or static analysis). Caching of previously checked indicators and enrichment 

of results minimizes the extra API queries to external services. The unnecessary computation is further inhibited 

by incremental scanning, in which files that have not changed or newly added code paths are not scanned. With 

big codebases, sampling strategies may use heavyweight checks (in the form of full TI scans) on at-risk modules, 

and lightweight checks on stable or low-risk modules. Also, the ability to execute on-demand enrichments using 

serverless functions scales computing resources based on enrichment requirements, so that periods of high activity 

in the pipeline do not lead to a bottleneck. 

Compiled policies can be evaluated via policy engines like Open Policy Agent (OPA), which are faster 

than interpreted scripts. Load time optimizations can be used to optimize the lookup of TI matching rules. Pre-

compiling into optimized data structures (such as indexed hash tables). Frequent benchmarking of the execution 

(artificial test commits and emulated feeds) allows groups to measure the overhead and the root sources of 

optimization. Choosing the correct configuration of the pipeline attains the level of security that is least disruptive 

during the build time. However, it might still place significant emphasis on pre-production threat mitigation. 

7.4. Organizational Impact 

The achievement of an automated TI integration into the DevSecOps workflow requires a culture in the 

organization that embraces mutual accountability for security. The old-fashioned silos (in terms of disconnected 

work processes between development, operation, and security) have to be transformed into cross-functional teams 

with well-defined roles. DevSecOps engineers should be specialists in both software delivery and security 

automation, and therefore are positioned as the liaisons between CI/CD tools and security systems. They are 

responsible for writing policy-as-code, TI ingestion pipeline configuration, and indicators threshold tuning to 

maintain a security level versus speed. The threat analysts complement the process of curating feed content, 

investigating the alerts with high severity, and optimizing machine-learning models concerning incident outcomes 

(16). Through frequent interaction of DevSecOps engineers with threat analysts, indicator sets are appropriately 
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updated to be relevant to the changing organizational risk factors. Shared SLA and performance measures promote 

a common understanding of security aims and performance limits. 

Training and upscaling will be necessary to enable the staff to operate around the new toolchains and 

procedures. Security training sessions will focus on security tooling and tuning, including developer-community 

instruction to allow team buy-in on topics such as TI conventions, policy-as-code syntax, and alert triage best 

practices. The threat analysts enjoy the benefit of having constant training on the DevOps procedures and the 

infrastructure-as-code paradigms to gain the right insights regarding the pipeline architecture. Shifting or cross-

training programs, rotational programs, or retrospective reviews of security-related incidents encourage 

understanding and mutual responsibility. 

The long-term success can be seen based on a culture shift whose foundational principle was a culture of 

security, which is based on the idea that everybody is responsible for creating a secure environment. Desired 

behaviors are strengthened by leadership support in the form of executive sponsorship, security-tooling budget, 

and acknowledgment of security improvements (3). Learning organization is achieved through continuous 

feedback loops of pipeline metrics and incident postmortems, and makes changes to the process. Organization-

wide integration of automated TI into daily workflows and acknowledgement of security efforts in performance 

appraisal procedures can allow companies to maintain the momentum gained by incorporating automated TI in 

DevSecOps processes and facilitate continuous, ongoing growth. 

 

8. Future Work  

There are four essential directions in which the author would like to pursue more in-depth investigation: 

the proposal of using AI in predictive blocking, the introduction of a closed-loop feedback loop, the expansion of 

testing to more complex deployment scenarios, and closer interaction between Threat Intelligence Platforms 

(TIPs) and SAST/DAST vendors. 

8.1. AI-Driven Predictive Blocking Using Deep Learning Models 

To obtain more promising results in the future, investigations using deep learning architectures that predict 

the patterns of malicious code before the execution of their builds are suggested. Historical TI indicators and 

code-diff embeddings can be used to train an existing transformer-based model (such as CodeBERT or GPT 

variations) to produce a risk probability score on each commit. These models have to provide sub-second 

inference in CI jobs, which requires techniques such as model quantization and optimized inference engines 

(ONNX Runtime, TensorRT). Perpetuated learning pipelines can automatically retrain at set intervals on new 

noticed indicators without full reprocessing of data, with continuous retraining strategies like elastic weight 

consolidation to keep prior knowledge in mind (4). Adding explainability mechanisms, such as attention heat-

maps, integrated gradients, or SHAP values, will allow security teams to review the rationale behind predictions, 
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gaining trust in the system and the possibility to quickly tune the projections based on the dynamic threats with 

the least number of false positive warnings. 

8.2. Closed-Loop Feedback: Auto-Tuning Detection Rules Based on Pipeline Metrics 

The use of a closed-loop feedback structure will allow fine-tuning of the detection rules due to the use of 

real-time pipeline telemetry. False favorable ratio, average pipeline latency, and remediation lead time are 

examples of metrics that create reinforcement learning agents, which auto-adjust the rule thresholds. As an 

example, a Proximal Policy Optimization (PPO) agent may be rewarded based on the inverse proportion of false 

positives and build failures, as well as the proportion of detection coverage (9). Pull requests are automatically 

triggered to update policy-as-code repositories (OPA or Sentinel policies) whenever metric limits are violated 

above a pre-determined SLA, and Git can handle audit trails. Also, when the ASD’s time-series correlation 

(ARIMA or LSTM forecasting) in the metric streams shows an anomaly, this fact can initiate proactive rule 

refinement work without upsetting the throughput of the developers, while maintaining threat gates at the desired 

organizational risk appetite. 

8.3. Extending Integration to Multi-Cloud, Kubernetes Service Meshes, and Serverless 

Future work should shift integration patterns of TI to accommodate hybrid multi-cloud and containerized 

solutions as organizations implement such environments. Kubernetes webhooks can block based on TI at 

namespace creation or image pull time, and can store and retrieve IOC caches via Kubernetes custom resource 

definitions (25). Those service mesh filters (e.g., Envoy Lua or WebAssembly extension) have east-west traffic 

visibility; payload hash can be extracted and cross-referenced with TI feeds to discover unusual service-to-service 

calls. In the case of serverless platforms, pre-deploy CI gates may scan the function package to detect known 

malicious dependencies by taking advantage of ephemeral container sandboxing. The research ought to evaluate 

caching solutions on IOC collections with TTL controls to minimize the API call overhead over AWS Lambda, 

Azure Functions, and GCP Cloud Functions, with a tradeoff between security and overhead cold-start achievable 

in ephemeral execution environments. 

 

Figure 7: Cloud agnostic tech stack for Kubernetes, CI/CD, and infrastructure automation 
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The figure above shows a cloud-agnostic technology stack that allows running Kubernetes workloads, 

infrastructure deployment, and CI/CD automation across multiple clouds. This architecture provides Kubernetes, 

Docker, and cloud-agnostic abstractions to deploy artifacts. It has a workflow that consists of a continuous 

integration/delivery tool, such as Jenkins, Spinnaker, and CircleCI, and an infrastructure provisioning tool, such 

as IaC tools, HashiCorp Terraform, and Pulumi. The design supports the use of various clouds, including AWS, 

Azure, Google Cloud, and private clouds. This model forms the basis of extending integration patterns to enable 

multi-cloud, service meshes on Kubernetes, serverless platforms, and optimising for both security and scalability 

within hybrid clouds. 

8.4. Collaboration between TIPs and SAST/DAST Vendors for Unified Risk Scoring 

A complete risk assessment will need standard collaboration between TIP vendors and providers of 

static/dynamic analysis tools. An extension of the Common Vulnerability Scoring System (CVSS) schema to 

include real-time threat prevalence and exploit likelihoods facilitates composite risk vectors. TIPs can share 

unified risk-scoring APIs that respond with JSON payloads at fields such as exploit probability, active campaigns, 

and indicator freshness, which SAST/DAST engines ingest to priorities results as scan stages are reached 

dynamically. Interoperability will be possible through defining an open protocol or extending STIX 2.x with risk 

scoring extensions (28). Collaborative development of modular plugin frameworks and example implementations 

(such as OAS-compliant TIP connectors to DAST tools) can speed up adoption, so that both piece-level 

vulnerabilities and threat context data feed unified remediation workflows through the security pipeline. 

 

9. Conclusions  

The automation of Threat Intelligence (TI) into the pipeline of DevSecOps processes can bridge that gap 

and truly make security more of an embedded process than an end-of-line delivery stop that slows delivery of 

secure software. Consuming standardized TI feeds early in CI/CD pipelines, whether commercial, open-source, 

or honeypot-derived, enables organizations to identify and interdict high-risk artifacts before their release into 

production. During pilot deployment, it was demonstrated that automated gates lowered vulnerable builds by 45% 

and reduced the mean time to remediate (MTTR) by 30%, proving that automated gates significantly enhance 

security posture with no negative impacts on development velocity.  

Automated TI ingestion delivers several key benefits. The low mean time to detection (MTTD) near-zero 

attained by the policy-as-code gates eliminates the out-of-exposure windows of the newly inserted vulnerabilities, 

thereby reducing the need for costly post-release patches. Second, the incorporation of consolidated dashboards 

and alerting systems facilitates the process of remediation: The failure of CI jobs creates error reports with detailed 

information, context-based remediation recommendations, and remediation tickets. This repetitiveness not only 

unloads manual triage but also catalyzes measurable ROI through reducing defect density and regulatory risk. 



UtilitasMathematica 

ISSN 0315-3681 Volume 122 (2), 2025  

337 

Third, the benefit of including TI-informed scoring mechanisms is that it optimizes prioritization to maximize 

build blocks in the near term, with IOCs triggering high-priority build blocks, with lower-risk indicators getting 

deprioritized so that protection and throughput are balanced. 

With all such benefits, however, there are still practical considerations towards broad adoption. Automated 

controls are susceptible to false positives and alert fatigue; tuning of adaptive thresholds, contextual enrichment, 

and multi-stage validation are necessary to preserve a suitable false positive rate. SLAs, integrity checks, and 

fallback strategies should be employed to avoid blind spots when there is an outage in the feed through continuous 

monitoring of feed quality and reliability. Overheads in performance, quantified as a 45% to 5% potentiated 

slowdown in pipeline latencies, need optimization in terms of processes such as parallelized policy assessment, 

progressive scanning, and enrichment in the store of outcomes. Companies will need to design scalable, decoupled 

threat-processing pipelines (such as using Kafka as an ingestion layer, and enrichment using serverless 

computing) so that CI/CD orchestrators are performant even against high-volume feed updates. 

Organizationally, the requirements of TI embedded are an organizational imperative in terms of both 

cultural and structural changes in conjunction with DevSecOps. DevSecOps engineers, threat analysts, and 

security architects must work cross-functionally to author policy-as-code and maintain it, curate feeds, and train 

and improve machine-learning models. Rotational duties and training programs are used to develop mutual 

understanding of pipeline mechanics and threat landscapes. In contrast, executive sponsorship is done to provide 

tooling budget allocation and credits on security contributions. Shared accountability and momentum should be 

entrenched by mutually monitoring performance metrics that include MTTR, the number of build-blocks, and 

developer contentment. 

The lessons identified should be used in the future to demonstrate the benefits of continuing to develop 

more intelligent and adaptive security controls. Predictive blocking, using deep learning on past CI/CD telemetry, 

has the potential to predict risky commits and filter them out as the source of an upcoming pipeline failure. Closed-

loop feedback mechanisms can also auto-tune detection rules against the real-time state of the pipeline. The TI 

integration will be expanded to cover multi-cloud, Kubernetes service meshes, and serverless, which will cater to 

the heterogeneous enterprise architectures currently in use. Incorporating alliance in TI and combining static and 

dynamic analysis into collaborative risk-scoring systems will also provide an inclusive image of vulnerability and 

quality of the code at various levels, allowing it to be remediated in a particular manner. The study finds that 

DevSecOps-based automated TI ingestion is not just another defensive measure but rather a strategic enabler of 

both secure and efficient fast software delivery. Institutionalization of pre-production risk mitigation enables 

organizations to stay immune against evolving threats that require the maintenance of rapid release cycles that 

digital innovation necessitates. 
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