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This literature review discusses the impact of DevSecOps on achieving security and effi-
ciency and compliance throughout the software development life cycle. It describes limita-
tions of the Waterfall and the V-Model and the partial redirection of Agile. It subsequently
demonstrates how the CI/CD and DevOps culture precondition things. The main concept is
quite easy: bring the security to the left and make it an everyday business. The review brings
the following DevSecOps principles: shift-left, security as code, shared responsibility, and
pervasive automation. It maps injection points across the SDLC including threat modelling
along with SAST and SCA in build, IaC scanning before deploy or container hardening and
runtime monitoring. Evidence from the literature links these practices to lower mean time
to detect, faster releases, fewer defects, and stronger audit trails. It further explains com-
pliance as code and how pipeline records support audits. The review also reports common
challenges: culture, skills, tool fatigue, and legacy systems. It summarizes best-practice
frameworks and simple adoption steps, such as paved roads and security champions. The
author believes that DevSecOps aligns speed with trust and makes secure delivery repeat-
able.
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1 Introduction

In the last ten years, software delivery has changed from releases that were static and focused
on products to deployments that are always happening and focused on services. Cloud-native
architectures, software-as-a-service (SaaS), and microservices are being used more and more
quickly, which has changed how businesses build, deploy, and run applications (Fitzgerald
& Stol, 2017 ;Claps, Svensson & Aurum, 2015). Using these paradigms lets teams give
updates more often, lower the risk of deployment, and make it easier for customers to give
feedback through faster release cycles, continuous integration (CI), and continuous deliv-
ery (CD) (Humble & Farley, 2010;Lwakatare et al., 2019). However, this ongoing software
engineering methodology contributes enormous complexity to cybersecurity, infrastructure
management, and automation (Ebert et al., 2016). Concerns about code quality, compli-
ance, and vulnerability management across the Software Development Life Cycle (SDLC)
have intensified due to the growing dependence on distributed environments and integrated
toolchains (Ur Rahman & Williams, 2016;Rajapakse, Zahedi, Babar & Shen, 2022).DevOps,
a technical and cultural movement that integrates development and operations, underscores
collaboration, automation, measurement, and sharing, known as the CAMS principles (Jab-
bari et al., 2016;Bass, Weber & Zhu, 2015). By integrating the goals of speed and stability,
DevOps enables organizations to better handle change and reduce the interval between code
commitment and deployment (Erich, Amrit & Daneva, 2017). Traditional security rules has
faced challenges to keep up with fast moving devops trend. According to many studies,
the businesses look at security as a completly different step rather than a contimious pro-
cess (Mohan & Othmane, 2016;Zhou et al., 2023). Its normal to find vulnarability at any
stage of development. Taing care of this later leads to cosly and caotic change in work cul-
ture.(McGraw, 2012). DevSecOps is a type of DevOps that specially focses on the problem
of security and compliance by adding them into all steps of Software Development Life
Cycle (SDLC). DevSecOps promotes the collaboration of developers, operations personnel,
and security experts, automates security testing, and promotes the concept of security as code
(Rahman, Parnin & Williams, 2019). Using embedded scanning tools, automated compli-
ance testing, DevSecOps ensures continuous security evaluation rather than handling threats
as a production stage (Saavedra & Ferreira, 2022;Bottner et al., 2023). This integration is
consistent with the ideas of shifting right, to increase observability, incident response, and
resilience testing in production, and shifting left, which entails proactive measures during
design and coding (Jaatun, Bernsmed, et al., 2019;Theurich, Witt & Richter, 2023).
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1.1 Background

Traditional SDLC models such as Waterfall and the V-Model follow sequential phases and
treat security as a final step, making remediation slow and costly. As software systems
grew more complex and release cycles accelerated, these models became inadequate. Agile
practices improved development speed and flexibility but still handled security separately
through periodic reviews, leading to inconsistent protection and growing security debt. De-
vOps further transformed delivery by emphasizing collaboration, automation, and CI/CD
pipelines. However, its rapid deployment pace exposed limitations in manual and late-stage
security processes, especially in cloud-native and microservice environments with larger at-
tack surfaces. DevSecOps emerged to address these gaps by integrating automated secu-
rity checks—such as code analysis, dependency scanning, and infrastructure-as-code valida-
tion—directly into development pipelines. Through principles like shift-left and shift-right,
it promotes continuous security across the entire SDLC and positions security as a shared

responsibility among all teams.

A recent systematic literature review covering studies from 2012 to 2025 finds that core
themes in DevSecOps research include automation, continuous security integration, toolchain
orchestration, and cultural transformation. However, the review also highlights persistent
challenges: lack of standardized practices, difficulties integrating and orchestrating security
tools, and organizational resistance to change (Mohammed, Shanmugam & El-Den, 2025).
Similarly, other works emphasize architectural frameworks for “Security as Code,” where
security controls are codified and embedded directly into CI/CD pipelines, enabling early
detection of misconfigurations, vulnerabilities, and compliance issues across code, infras-

tructure, and deployment environments (Yelkoti, 2025;Shin et al., 2025).

For cloud-native and microservices architectures—now common in SaaS and modern service-
oriented applications—these security concerns are especially acute. Research focusing on
cloud-native DevSecOps shows that continuous security testing, container security, infrastructure-
as-code validation, and automated compliance checks are essential for maintaining a robust
security posture in distributed and dynamic deployment environments (Reddy et al., 2021).
At the same time, empirical studies indicate that the adoption of DevSecOps—especially
in small and medium-sized enterprises (SMEs)—faces nontrivial hurdles. Factors such as
resource constraints, technical complexity, lack of expertise, and cultural resistance hinder
effective implementation of security automation and consistent security practices across all

stages of development and deployment (Cheenepalli et al., 2025).

Recent practical studies indicate that the implementation of DevSecOps is a real advantage.

Research indicates that automated pipelines can allow the developers to feel more secure,
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Security Tool Frequency by SDLC phase
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Figure 1: Security tool frequency by SDLC phase

simplify the process of monitoring compliance documentation, and accelerate the process
of vulnerability detection (Nocera et al., 2025). In addition, companies that embrace De-
vSecOps experience actual improvement in the frequency of change implementation and
the frequency of non-implementation of change, unlike the traditional process of DevOps.
Despite these advantages, there are some issues that continue to pose challenges to the in-
creased use of these tools. These are cultural resisting, lack of sufficient tools employed, lack
of competence, and lack of clear metrics(Jaatun & Cruzes, 2021). In addition, some studies
have shown that the corporate silos and outdated design tend to slow down the adoption of
security-by-design principles and automation of compliance(Boehm, 2006). The academic
understanding of DevSecOps is continually evolving. Thorough evaluations of the literature
(Nocera et al., 2025) as well as empirical research Ascertain the necessity for frameworks
that amalgamate security testing, process automation, and regulatory compliance. In addi-
tion, the popularity of Al-driven code scanning and infrastructure as code analysis has pro-
vided both opportunity and challenge in contrast to explainability and trust (Jaatun & Cruzes,
2021). When other industies are maintaining rule books like the EU Cyber Resilience Act,
GDPR, and ISO/IEC 27001, DevSecOps works as the enabler for continuos compliance.

1.2 Research Question

1. How does DevSecOps improve security across different stages of the Software Devel-
opment Life Cycle (SDLC)?

2. What is the impact of DevSecOps practices on software development efficiency (for
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example, cycle time, defect density, and deployment frequency)?

3. How does DevSecOps contribute to regulatory compliance and continuous auditing

within modern software delivery processes?

The target of this study is to understand how DevSecOps affects the Software Development
Life Cycle and how it makes development easier by improving security, operational effi-
ciency, and compliance. This study gives a full picture of the current methods, problems,
and research goals that make up secure continuous software delivery by bringing together

earlier academic work.

1.3 Mapping of Research Questions to Thesis Structure
The following table presents how each Research Question is addressed across major sections.

Table 1: Mapping of Research Questions to Thesis Sections

Research Questions Sections Addressing the Questions

RQ1: How does DevSecOps improve | Section 3 (Integration into SDLC), Sec-
security across different stages of the | tion 4 (Security Impact)
SDLC?

RQ2: What is the impact of DevSecOps | Section 5 (Efficiency Impact)
practices on software development effi-
ciency?

RQ3: How does DevSecOps contribute to | Section 6 (Compliance Impact)
regulatory compliance and continuous au-
diting?
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2 Foundations of the Secure Software Development Lifecycle

Software development has never ceased to get an upgrade to a better version. This is ow-
ing to the fact that software is becoming increasingly challenging and people will always
want software that is more efficient and faster. All the new approaches, including the rig-
orous consistency of the Waterfall approach and the iterative cycles of Agile, have aimed
at simplifying the conversion of a thought into the functional code. Security in this line of
development has been viewed as a peripheral issue, a supporting component to be added in,
or an issue to be addressed, not as a part and parcel of quality. The chapter discusses the past
and philosophy of software development life cycles (SDLCs) and how the inherent structures
have complicated the generation of software that is safe. It demonstrates the transformation
of security models as individual and responsive to a unified, continuous, and joint system

known as DevSecOps.

2.1 Classical SDLC Models: A Legacy of Insecurity

Though they are ahead of time, the traditional SDLC was based on predictable workflow with
early preparation of development stages (Royce, 1987). These characteristics attempted to
control the complexity of large-scale projects, but they also created a structural flaw in that
security was reduced to a solitary, late-stage task. Delaying validation till the very end was
dangerous, as Royce (Royce, 1987) himself warned, and security issues were no exception.
According to later research, previous SDLC models created a habit of treating security as
an afterthought rather than an essential step in the procedure (Adebiyi, Arreymbi & Imafi-
don, 2013Kudriavtseva & Gadyatskaya, 2022). For decades, the industry has struggled to
incorporate security principles into all stages of development as a result of this legacy. Al-
though safe development lifecycles and maturity models have been developed to fill these
gaps, many businesses continue to struggle to integrate security consistently throughout the
process, according to more recent research (Lange & Kunz, 2024;F. M. A. Hassan, Das & M.
Hussain, 2024). Because of their linear, phase-gated nature, early models’ systemic isolation
of security was therefore not an accident but rather an inevitable conclusion (Khan et al.,
2022).

2.1.1 The Waterfall Model: A Sequential Paradigm

The Waterfall model is still the standard for a sequential, phase-gated software development
paradigm. It prioritizes upfront planning, thorough documentation, and predictable progress
for projects with consistent requirements. Requirements, implementation, design, testing,
deployment, and maintenance all happen in a predetermined order, with each phase predicted
to be completed before the next one starts (Dodson, Souppaya, Scarfone, et al., 2020).Re-
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cent research, however, shows that this rigorous sequencing results in structural and security
flaws. Verification and validation tasks, including security assessment, are usually combined
into a late “testing” stage, so flaws found at that stage necessitate expensive redesigns, re-
work, or rollbacks to earlier stages (Dodson, Souppaya, Scarfone, et al., 2020;Ping et al.,
2023). Considering security as a late-stage checkpoint raises remediation costs and time
and decreases the possibility that security concerns will impact formative design decisions,
according to empirical and review research conducted in the past five years (Saeed et al.,
2025;Kudriavtseva & Gadyatskaya, 2022). In addition to the technical expenses, the model
tends to create adversarial organizational dynamics: security teams act as late gatekeepers,
and developers receive delayed security feedback, resulting in silos, misaligned incentives,
and cultural debt that may be more difficult to address than the technical vulnerabilities them-
selves (Ping et al., 2023Burton, 2024). The NIST Secure Software Development Framework
(SSDF) for integrating security practices into each SDLC phase (Dodson, Souppaya, Scar-
fone, et al., 2020), policy-driven Waterfall variants that add security checkpoints and artifacts
across phases (S. Hussain et al., 2024), and the industry’s overall shift toward DevSecOps
and pipeline-based automated security measures to provide constant security feedback rather
than a single late audit (UpCoreTech, 2024) are some examples of practical mitigations that
acknowledge these problems and incorporate security earlier while maintaining Waterfall’s
governance strengths. When looking at the broader picture, it can be seen that security prac-
tices were delayed just to maintain the waterflow model structure, not because of oversight.
They also identify specific, empirically supported techniques for lowering that legacy risk by

incorporating security earlier and more consistently.

2.1.2 Comparative evaluations of traditional models

The approaches utilized by software development teams to manage complexity and change
have notably evolved from Waterfall to the V-Model and then to Agile. The design of each
model significantly impacts the efficacy of security integration. A comparative analysis elu-
cidates the systemic elements that facilitated the rise of DevSecOps, emphasizing the critical
trade-offs between predictability, flexibility, and the timing of security verification. Rao et
al., 2024.

2.1.3 The Agile manifesto: A paradigm shift toward iteration

The rigidity and high failure rates of conventional, sequential models such as the V-Model
and Waterfall gave rise to the Agile approach as a philosophical and practical solution. Ag-
ile places a strong emphasis on an incremental and iterative methodology, concentrating on

producing functional software in brief, regular cycles called sprints or iterations (Emmanni,
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2021). The Agile Manifesto’s basic ideas place a higher priority on people and relationships
than on procedures and technologies, functional software over extensive documentation, cus-
tomer collaboration over contract negotiations, and adapting to change rather than sticking
to a plan. Throughout the development process, teams can adjust to changing needs and cus-
tomer input thanks to this paradigm shift, which was created to welcome uncertainty. Never-
theless, including security into numerous conventional Agile implementations has proven to
be difficult, frequently leading to anti-patterns that compromise the very values Agile aims
to preserve. Relegating security tasks to specialized, rare sprints is a popular but unsound
strategy. This can take the form of periodic “hardening sprints,” in which the team stops
all feature development to concentrate exclusively on addressing the security vulnerabilities
that have accumulated over several previous sprints, or a “Sprint Zero,” in which initial secu-
rity requirements and threat prediction are handled before any functional development starts.
The main problem of this method is that it creates a mini-waterfall model in an iterative way.
It creates a security gap with each sprint and keeps the line between development and secu-
rity. The gap was the cost of development stages because security was not the main concern
while developing sprint was active (Zaydi et al., 2025). The fast pace and unrelenting focus
on delivering new features can cause security measures to be deprioritized or completely
ignored, with vulnerabilities frequently being found only after they have been deployed to
production, according to a 2024 study on strategies for establishing security practices in Ag-
ile software development. The idea that security is a discrete, disruption activity rather than
an ongoing, value-adding aspect of high-quality software is reinforced by this reactive cycle,
in which teams must pause value delivery in order to handle a backlog of security issues
(Valdés-Rodriguez et al., 2024). Agile’s strong emphasis on speed can be a double-edged
sword for security, even while it’s a great tool for corporate innovation. A system of in-
centives that may unintentionally penalize non-functional criteria like security is created by
the drive to provide concrete, user-facing features within brief sprint cycles (AHMAD et al.,
2023). A user narrative that introduces a new button or feature is frequently seen as more
valuable in a standard sprint planning session than a job to do a threat model or rewrite code
for improved security. A product owner may view a developer as less “productive” if they
spend a day putting security rules in place than if they release a noticeable new feature. The
concept and assessment of “value” are deficient, not attributable to the creator. This systemic
deprioritization leads to a rapid and often imperceptible accumulation of systemic risk across
multiple sprints. The successful integration of security within an Agile framework necessi-
tates a fundamental redefinition of “value” and “done.” A user narrative’s functionality does
not imply its completion; it must also be secure. This requires the incorporation of security
procedures, like automated security scanning, threat modeling, and secure code reviews, di-
rectly into the Definition of Done for each story. Security transforms into a crucial element

of value delivery in each sprint when it is established as a non-negotiable quality gate for all
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tasks, rather than being treated as a separate, deferred issue.

2.1.4 Comparative evaluations of traditional models

The approaches utilized by software development teams to manage complexity and change
have notably evolved from Waterfall to the V-Model and then to Agile. The design of each
model significantly impacts the efficacy of security integration. A comparative analysis elu-
cidates the systemic elements that facilitated the rise of DevSecOps, emphasizing the critical
trade-offs between predictability, flexibility, and the timing of security verification. (Rao et
al., 2024).

The table below represents a thorough study of three different classical models. These high-
lighting the qualities those are important for the improvement of secure software. It is appar-
ent that this comparative analysis reveals the critical concerns that those conventional models
failed to tackle.

Relative Fix Cost (USD, log scale)

$100,000+
510,000
$1.000

5100

Requirements / Design  Coding / Unit Test System / Integration  Production / Post-release
31,000 $10,000 100,000+

Figure 2: Approximate Cost to Fix a Defect by SDLC Phase

The main problem that is evident in this comparative analysis is that the traditional models
failed to provide the fundamental issue of effortless integration of security into the value-
creation process. The rigid, linear nature of the Waterfall and V-Model techniques created
an environment where the cost of any changes was too high to be affordable, and security
concerns were pushed to the end of the process. Agile offers the flexibility that is needed
to respond to change, however, a lack of a coordinated focus on security can lead to the
development of security debt due to its focus on speed. These inherent shortcomings of
these paradigms created a clear and immediate need of a new paradigm that would be able

to balance the requirements of speed with the need of security.



Table 2: Comparison of Security Attributes in Software Development Models

Attribute Waterfall Model | V-Model Agile Methodol-
ogy
Security Inte- | Late-stage ‘“Test- | Test planning | Often  relegated
gration Point ing” phase, after | occurs in paral- | to separate “hard-
all development is | lel with design, | ening sprints” or
complete. but execution | “Sprint Zero” in
is  still  post- | immature imple-
implementation. mentations.
Vulnerability Pre-production or | Primarily pre- | Can be continuous
Discovery Stage | post-deployment, | production, after | within sprints if
when the entire | the coding phase is | mature but often
application is | complete. occurs in batches
built. during hardening
sprints.
Cost of Change / | Exponentially High. While | Lower for changes
Remediation high. A flaw found | design flaws may | within a sprint, but

in testing can force
a restart from the

be caught earlier
in documentation,

high for systemic
security debt accu-

design phase. code-level flaws | mulated over many
are still expensive | sprints.
to fix.
Feedback Loop | Extremely slow. | Slow.  Feedback | Fast for functional
Speed Feedback on code | from executed | requirements
quality and se- | tests is only avail- | (within a sprint)
curity may arrive | able after the | but can be slow for
months after the | implementation security if handled
code was written. | phase. in separate sprints.
Suitability Poor. The inabil- | Moderate. Better | Potentially  high
for Security- | ity to adapt to new | than Waterfall | if security is inte-

Critical Systems

threats and the late
discovery of wvul-
nerabilities create
unacceptable risk.

due to early test
planning but still
lacks the flexibility
for rapid response
evolving threat
landscapes.

grated into every
sprint’s Definition
of Done; poor if
security is treated
as a separate activ-

1ty.
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2.2 The DevOps Evolution: Paving the Way for Integrated Security

DevOps has not been originally developed as a security project; however, its adoption has
turned out to be the critical basis of the transformation of the contemporary security prac-
tices. It occurred as a cultural and technical reaction to the high degree of dysfunction that

was the hallmark of the association between software development as well as IT operations
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(Faustino, Pereira & Silva, 2023). By breaking down organizational silos and constructing
a collaborative architecture, automation, and common goals, DevOps unwillingly developed
the technical and ethical foundations of future formation of DevSecOps. It constructed au-
tomated pipelines, a culture of teamwork, and metrics-based attitude that was vital in the

integration of security at the required pace and magnitude of the contemporary industry.

2.2.1 From Silos to Collaboration: The Cultural Genesis of DevOps

Conventionally, the Development and Operations (DevOps) teams often worked as different
units with different key performance indicators (KPIs) when the software was distributed
in different ways. The stability, reliability, and uptime of the system were used to measure
operations, and the speed of feature supply and change measured the developers. This gap
created tension within the system. In some instances, developers will roll out software with-
out fully testing the production environment before moving it to operations. When there were
production problems, the operations assigned the unstable or defective code to development.
This was common and the programmers would blame the misconfigurations on operations
and they would give the most common excuse, it works on my machine! As a result, these
processes resulted in lengthy release cycles, increased downtimes, and reduced confidence
between team members. The difficulties became more apparent between 2007 and 2009.
This led to the creation of the Devops movement, which is a grassroots movement meant to
solve the problems. Some of the leading personalities like Patrick Debois have contributed
greatly towards a common goal, responsibility and increased communication in teams. De-
vOps was not just meant to change the technology, but the culture as well. It has achieved
this through breaking down boundaries, building trust and collaboration, and harmonizing
incentives (Luz, Pinto & Bonifacio, 2018;Offerman et al., 2022 . Studies reveal that the
more successful organizations are in their culture, i.e. trust, mutual understanding and col-
laboration, the more successful they are before embracing DevOps principles (automation,
tooling, continuous integration, etc.). Without cultural support, technological projects are

likely to fail because teams will not be aligned (Nybom, Smeds & Porres, 2016).

2.2.2 The CALMS Framework: A Philosophical Blueprint

CALMS framework (Culture, Automation, Lean, Measurement, Sharing) is an emerging
conceptual framework that proves helpful in measuring readiness and leading change as
organizations integrate DevOps into their workflows. (Azad, 2022).This paradigm empha-
sizes that DevOps is an all-encompassing term that integrates both technology and human
elements, rather than being solely focused on tools or processes. Culture is often seen as
the important element. Empirical research identifies critical cultural enablers as leadership

endorsement, non-punitive event management, and psychological safety. Establishing psy-
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chologically safe agile/DevOps environments necessitates cultural attributes such as trans-
parency and the absence of blame, as indicated by the study “Antecedents of Psychological
Safety in Agile Software Development Teams (Alami, Zahedi & Krancher, 2023).

By decreasing laborious, repetitive, and error-prone labor, automation helps. Using “in-
frastructure as code* and automating build, test, and deployment pipelines speeds up feed-
back loops, lowers friction, and enables teams to work consistently. Automation tools and
infrastructure techniques rank among the top technical enablers, according to research on
organizational success factors in DevOps environments (Gwangwadza & Hanslo, 2022). In
the context of CALMS, lean is associated with restricting work-in-progress, cutting waste,
decreasing batch sizes, and encouraging continuous improvement. According to empirical
research like Adopting DevOps in the Real World: A Theory, a Model, and a Case Study,
DevOps transformations that prioritize feedback loops, small, frequent releases, and ongoing

process improvement are more likely to be successful (Luz, Pinto & Bonifécio, 2019).

Using metrics to inform decisions is the essence of measurement. Deployment frequency,
change lead time, mean time to recover (MTTR), and change failure rate are key performance
metrics that are commonly used in practice and research to track DevOps maturity and pin-
point bottlenecks. Kuhrmann et al.’s capability measurement tool expressly includes mea-
suring/monitoring as a component and classifies capabilities and practices using CALMS
dimensions (Plant, Hillegersberg & Aldea, 2022). By facilitating the exchange of knowl-
edge, mutual understanding, learning from mistakes, and group development, sharing (or
communication/transparency) benefits the others. Research on psychological safety demon-
strates that teams can improve software quality and outcomes by sharing information and
establishing clear standards (Alami, Zahedi & Krancher, 2024).

2.2.3 Continuous Integration and Continuous Delivery (CI/CD): The Technical Backbone

Continuous Integration and Continuous Delivery (CI/CD) pipelines serve as the technical
and operational backbone that enables DevOps (and DevSecOps) to fulfill its promise, while
the CALMS architecture establishes the conceptual foundation. Development teams can ship
code changes more frequently and consistently with faster feedback and lower risk thanks
to CI/CD’s automated workflows. When a developer commits changes to a shared version
control system (like Git), the pipeline often starts. To avoid big, complicated merge conflicts
and to receive quick feedback (build failures, code integration difficulties) early on, devel-
opers usually merge their work into the main branch multiple times a day under continuous
integration (Cheenepalli et al., 2025). After committing code, the pipeline proceeds to the
build step, where Jenkins, GitLab CI, and other build servers obtain the most recent source

code and compile or package it, potentially producing artifacts like as JARs, binaries, or
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container images. The pipeline immediately stops if the build fails so that developers can
fix any problems while the modification is still in effect (Gonzdlez et al., 2021. The test
phase follows a successful build. To confirm that each component functions as intended
and interacts as intended, automated tests—unit, integration, and acceptance—are run (Ra-
japakse, Zahedi & Babar, 2022). The pipeline halts if any test fails; if all pass, deployment
can move forward. The deploy stage separates Continuous Delivery and Continuous Deploy-
ment. Following thorough testing, a manual approval process in Continuous Delivery may
allow promotion into production or staging, guaranteeing operational or business control.
Continuous deployment is used to deploy all the changes that pass the automated tests to
production. Continuous Integration/Continuous Deployment (CI/CD) is the main technique
of integrating security (DevSecOps) (Urdih, Theodoropoulos & Zdun, 2025). Continuous
Integration/Continuous Deployment (CI/CD) is the main approach to the integration of se-
curity (DevSecOps). Multiple deployment stages can incorporate security measures, such as
threat modeling, infrastructure-as-code security checing, SAST (Static Application Security
Testing), DAST (Dynamic Application Security Testing), and SCA (Software Composition
Analysis) (Voruganti, 2021). This speed is incompatible with the old security measures.
Multi-deploy pipelines which are used more than once a day are too slow to be used by
human, gate-based security tests. Security is a constraint in case it is an external activity.
DevSecOps is a response that is an evolutionary reaction and as such, involves automating
the security input, moving it to the left, incorporating it into the pipeline and making it a
shared responsibility to ensure assurance is commensurate to velocity (Urdih, Theodoropou-
los & Zdun, 2025).

2.3 Defining DevSecOps: Principles, Pillars and Practices

DevSecOps represents a conceptual re-invention of the role of security in the software de-
velopment lifecycle. It is an organizational and cultural program that aims at incorporating
software development (Dev), security (Sec), and IT operations (Ops) into a single, coherent
process. DevSecOps is characterized by the automation and addition of security throughout
all phases of the Software Development Life Cycle (SDLC), including original design, de-
velopment, testing, deployment, and monitoring (Rindell et al., 2021).This signifies a funda-
mental transformation from perceiving security as a terminal, discrete obstacle to integrating
it as an ongoing, collaborative, and shared obligation across the whole IT value stream. It
is founded on fundamental ideas and reinforced by practical pillars that permit security to

advance at the pace of contemporary development.
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2.3.1 The ‘Shift-Left’ Imperative: Proactive Security Integration

The concept of “’shifting left*,which entails integrating security considerations, testing, and
validation operations from the outset of the Software Development Life Cycle (SDLC), is
fundamental to DevSecOps. This proactive approach ensures that security is integrated
into the development process from the outset rather than being considered after (Lee et
al., 2025;Nia, 2023). This change is mostly driven by economic factors. According to
research, the later a security vulnerability is found in the SDLC, the more expensive and
time-consuming it is to fix. Fixing a bug that a developer finds in an Integrated Development
Environment (IDE) could take only a few minutes. Because a developer must context-switch
back to the old code, repair the issue, and then push the patch through the full build and
test pipeline once more, fixing the identical flaw found during a pre-production penetration
test could take days or weeks. The cost, which includes not just technical correction but
also incident response, regulatory fines, and reputational harm, can reach millions of dollars
if the defect is found in production following a breach (Lee et al., 2025). Shifting left in
practice entails a collection of tasks and resources intended to give developers instant feed-
back inside their current processes. In order to create and apply security controls from the
beginning, teams proactively identify potential threats and attack vectors for a new product
or application through threat modeling, which is done throughout the design phase. In order
to identify possible vulnerabilities as they are being typed, developers frequently utilize IDE
security plugins that do real-time code and dependency scanning. Pre-commit hooks, which
are automatic tests that code must pass before being committed to the repository, are another
crucial tool that helps avoid issues like known vulnerabilities or hardcoded secrets. With
each change or pull request, Static Application Security Testing (SAST) technologies are
integrated to automatically scan the source code and instantly report any potential vulnera-
bilities (Lee et al., 2025). By incorporating security into the very beginning of the SDLC,
DevSecOps shifts the focus from reactive, detective controls to a more proactive, preventive
approach. This makes it possible for engineers to identify and address security issues early

on, which speeds up, lowers costs, and ultimately improves the process (Nia, 2023).

2.3.2 Security as Code (SaC): Codifying the Security Posture

Security as Code (SaC) comprises a basic practice that allows security to be automated and
scaled in a DevSecOps setting. It refers to the art of specifying, operating and automat-
ing security policies, controls and tests to version-controlled, human-readable configuration
files, as opposed to manual processes and interactive configuration (Hohl et al., 2018). Tak-
ing security settings as seriously as application code, organizations can implement DevOps
best practices like version control, code inspection/tests against their security posture, and

thus make it more repeatable, transparent and less likely to be erroneous. Security as Code
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can be implemented through two technologies that are closely related and are known as In-
frastructure as Code (IaC) and Policy as Code (PaC). Infrastructure as Code refers to the
modern day practice of operating and maintaining IT infrastructure, including servers, net-
works, load balancers and databases, by defining them in machine-readable definition files
instead of configuring them manually or via interactive tools. Such tools as Terraform, AWS
CloudFormation and Ansible enable teams to code their entire infrastructure. This is an es-
sential security approach as it allows integration of security controls into the infrastructure
definitions. It is possible to codify firewall rules, network segmentation policies and identity
and access management (IAM) permissions in [aC templates, so that all environments cre-
ated using the code are secure and compliant by default (Li et al., 2023). This will remove
configuration drift and avoid the human factor that creates human errors that are the major
cause of cloud security breaches. Policy as Code refers to the practice of implementing secu-
rity and compliance and operations policies in a machine-readable code, including the Rego
language of Open Policy Agent. PaC engines are capable of automatically checking config-
urations to these policies. As an example, a policy may stipulate that no S3 bucket should
be a publicly available one. The latter policy may then be automatically implemented in
the CI/CD pipeline through scanning IaC templates prior to deployment. When a developer
tries to deploy a template that breaches the policy, it will fail and it will not allow insecure
configurations to be deployed. It enables organizations to implement complicated security
and regulatory criteria, including CIS benchmarks, NIST frameworks, HIPAA and PCI DSS,
in an automated way and on a large scale. Collectively, [aC and PaC transform security into
being a manual, post deployment audit to an automated validation that is part and parcel of

the development process.

2.3.3 Pervasive Automation: The DevSecOps Toolchain

Pervasive automation in DevSecOps aims to identify and fix vulnerabilities as soon as feasi-
ble, frequently without the need for human participation. Typically, the DevSecOps toolchain
consists of multiple automated security testing tool categories that target distinct vulnera-
bility types at various phases of the software development lifecycle. Tools for Static Ap-
plication Security Testing (SAST) adhere to the white-box testing concept. They are very
good at finding security problems like SQL injection, buffer overflows, cross-site scripting
(XSS), and unsafe cryptography techniques because they examine an application’s source
code, bytecode, or binary code for vulnerabilities before it is executed. SAST tools can be
incorporated early in the CI/CD pipeline since they work with static code; they frequently
run on each code commit to give developers quick feedback (Zhou et al., 2023. The shared
responsibility approach reallocates security ownership across all teams, redefining traditional
tasks throughout the software development lifecycle. Integrated security tools and training

empower developers to create secure code from the outset. As security specialists evolve
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from gatekeepers to enablers, incorporating security into automated processes and providing
specialized counsel, operations engineers guarantee the secure provisioning of infrastruc-
ture through methodologies such as Infrastructure as Code (Kock & Ophoff, 2023). The
Security Champions Program, which incorporates trained security advocates into develop-
ment and product teams, is an essential platform for fostering this culture transformation.
By acting as intermediaries, these advocates enhance the effectiveness of central security
teams by disseminating best practices, prioritizing automated scan outcomes, and function-
ing as initial responders to security-related incidents (Cheenepalli et al., 2025). Software
Composition Analysis (SCA) tools alleviate the risks linked to third-party and open-source
dependencies, which constitute a significant portion of modern applications. To mitigate
supply-chain threats, these tools enumerate all external libraries utilized by an application
and cross-reference them with vulnerability databases such as the National Vulnerability
Database (Cheenepalli et al., 2025). Dynamic Application Security Testing (DAST) tools, in
contrast to SAST, employ black-box testing on operational applications to identify runtime
and configuration issues, such as server misconfigurations, authentication vulnerabilities, or
weaknesses in session management. Typically, these technologies are employed in staging or
testing environments later in the development pipeline. Interactive Application Security Test-
ing (IAST) enhances accuracy and reduces false positives by instrumenting live programs to
monitor internal data flows and behaviors, so complementing both Static Application Secu-
rity Testing (SAST) and Dynamic Application Security Testing (DAST). These tools func-
tion together as automated quality gates within the CI/CD workflow. SCA and SAST scans
may be triggered with each commit, halting builds if significant vulnerabilities are identi-
fied. DAST and IAST scans are executed automatically following deployment to the staging
environment. This automated, multi-layered approach represents the industrialization of cy-
bersecurity by perpetually confirming security during delivery. In this paradigm, automated
tests (SAST, DAST, SCA, and IAST) serve as quality control checkpoints, Security as Code
provides standardized frameworks, and the CI/CD pipeline functions as an assembly line.
Due to industrialization, security may now be scaled in contemporary enterprises. A solitary
security engineer can encapsulate expertise into automated protocols that are consistently
applied to thousands of contributions, so obviating the necessity for manual evaluation of
code from many developers. This transition redefines the security role from auditor to engi-
neer, prioritizing automation, coding, and pipeline efficiency. Industry research indicates a
growing demand for security professionals proficient in DevOps and automation (Zhou et al.,
2023).

2.3.4 The Shared Responsibility Culture: From Gatekeepers to Enablers

Cultural, but not technological, aspect of a DevSecOps shift is the most significant and de-

manding. It requires a radical change in the way an organization views and handles security
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roles. In the traditional, segmented paradigm, security is solely handled by a dedicated secu-
rity team that also serves as the gatekeeper and authority. Security in a DevSecOps culture is
a shared responsibility, and all the teams working on the software lifecycle have to participate
in it (X. Zhao, Clear & Lal, 2024). This cultural revolution asserts traditional functions. The
responsibility of writing secure code is placed on the developers. They have the training,
resources, and support needed to identify and correct weaknesses within their day-to-day
processes. Operations engineers have a role of building and maintaining safe infrastructure
and they use approaches such as Infrastructure as Code to ensure that environments are deliv-
ered and configured safely and reliably (Sonatype, 2022). Security experts are going through
an incredibly radical change, as they are no longer enforcers and gatekeepers, but enablers,
advisors, and toolsmiths. Their major aim has changed to impeding the changes at the end of
the process to enabling quick and safe teamwork between the development and operational
teams. They do this by building secure platforms, integrating security solutions, which are
automated repeatedly into the CI/CD pipeline, providing professional advice on complex se-
curity issues, and developing a culture where security is part of all decisions. One of the most
successful ways of bringing this culture change is through the Security Champions Program.
This strategic plan will increase the breadth and influence of the security team, including
trained security advocates as members of development and product teams (Killalea, 2020).
A Security Champion is someone who takes an interest in security, whether as a volunteer
or by appointment, who is a developer, QA engineer, or a member of the operations team
and usually has an advanced level of training by the central security team. These champions
are part of their product teams and they act as amplifiers to the security role. They serve
various crucial purposes. They promote the best security practices and increase awareness
during the routine team activities, such as stand-ups and sprint planning. As liaisons they
serve as the first line of contact on security questions and also the communication between
their team and the central security team and ensure smooth and efficient interaction. Being
the first responders, they perform some preparation security duties, such as examining the
results of automated scanners, performing threat modeling exercises, and performing peer
code reviews with a security focus. Security champions through these contributions make it
possible to integrate security awareness to the daily activity of all teams. The main aim of a
Security Champions program is to increase the spread of security information and practice
but the greatest impact is cultural. It is Trojan horse of cultural change. The integration of
a security-oriented peer into a development team will change the internal dynamics of the
team significantly. Security is not an external and abstract matter that is dictated by an ex-
ternal force. Rather, it becomes a tangible, everyday topic of conversation with the help of a
dependable co-worker. Security advice given by a peer who has a better understanding of the
specific context and technical challenges of their project than someone at a separate security

department, who may be perceived as a roadblock, is more likely to be received positively
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by the developer. The champion is a translator, who translates high-level security policies
into concrete and practical tasks related to the current activity of the team. This peer-to-peer
interaction will be useful in breaking down the dichotomy of us vs. them that plagues tradi-
tional security models. The actual ROI of a Security Champions program must be measured
not in isolation by the number of vulnerabilities detected, but by cultural measures also. Are
daily stand-up meetings dealing with security? Do developers actively seek advice of their
champion? Are the time frames of responding to security findings reducing? The final suc-
cess of the program will be determined by the fact that security should be an inseparable

fluent language of the development team and not a foreign language that they need to learn.

2.4 Key Drivers for DevSecOps Adoption: A Business and Regulatory Im-

perative

DevSecOps has changed to become not only a specific, technology-intensive practice, but
also a core strategic requirement. It is not a technology trend that is driving this change,
but the convergence of powerful forces of corporations, finance, and regulation. The rising
financial risks of security breaches, the heightened competition to develop quickly, and a
more sophisticated and stricter international regulatory environment have turned DevSecOps
into a survival need in the current competitive digital economy as well as to comply with the

law.

2.4.1 The Financial Impact of Security Breaches

A huge amount of financial cost of security breaches is one of the strongest and measurable
influencing factors in DevSecOps adoption. The report on the IBM Cost of a Data Breach
2024 has recorded the highest cost of a data breach in history of USD 4.88 million ver-
sus USD 4.45 million last year. The amount is even higher, USD 6.08 million on average
per breach, in very controlled sectors like the financial industry. These expenses are not
conceptual, they include costs to do with detection and escalation, notification, post-breach
response and most importantly, lost business because of system downtime and customer
churn. This is a stark financial reality that provides a business case with a clear and persua-
sive rationale for investing in DevSecOps transformation (Security & Institute, 2023). The
IBM analysis establishes a direct correlation between the maturity of DevSecOps and finan-
cial resilience. Organizations that extensively utilize DevSecOps incur markedly reduced
breach costs. This data facilitates a direct computation of the Return on Investment (ROI)
for DevSecOps activities. The fundamental tenets of DevSecOps—proactively identifying
and rectifying vulnerabilities at an early stage when remediation costs are minimal, automat-
ing security assessments to mitigate human error, and establishing comprehensive incident

response mechanisms—significantly diminish the probability of a breach and its associated
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financial repercussions. Investing in these activities has transcended mere security consider-
ations; it has become a prudent financial strategy to alleviate one of the most substantial and

expensive hazards confronting contemporary organizations (KALYAN, 2025).

Average breach cost (USD millions)

$5.0M

$3.5M

2020 2021 2022 2023 2024 2025
$3.86M $4.24M $4.35M $4.45M $4.88M $4.44M

Figure 3: Global Average Cost of a Data Breach (2020-2025)

2.4.2 The Demand for Increased Development Velocity

The ability to innovate rapidly and continuously deliver new products and value to clients is a
crucial determinant of a company’s success in today’s intensely competitive digital economy.
The term “Developer Velocity* refers to an organization’s capacity to transform ideas into
high-quality software that yields economic success, often serving as an indicator of market
leadership. This connection is supported quantitatively by research conducted by McKinsey
and Company using their Developer Velocity Index (DVI) (Marandi, Bertia & Silas, 2023).
According to the report, businesses with developer velocity in the top quartile generate their
income four to five times quicker than those in the worst quartile. Additionally, the overall
shareholder returns of these high-performing companies are sixty percent higher, and their
innovation scores are fifty-five percent higher. Additionally, these companies do better in
terms of people management, brand perception, and customer happiness. Within particu-
lar sectors and industries, similar trends persist. For instance, during the same time period,
revenue growth for software companies in the top quartile was nearly twice as quick as that
of other software companies. While average revenue fell in the other quartiles, top-quartile
enterprises in retail and financial services experienced positive revenue growth. Although
all industries are affected by the relationship between Developer Velocity and business per-
formance, it should come as no surprise that more technologically sophisticated businesses,
such as software (of course), discrete manufacturing, and financial services, have higher DVI
ratings overall (Marandi, Bertia & Silas, 2023).

This need for speed is directly opposed by conventional, gate-based security solutions. Rigid
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approval procedures, manual security inspections, and late-stage penetration tests are major
bottlenecks in the software delivery pipeline that hinder innovation and a company’s capac-
ity to adapt to changes in the market. This conflict is explicitly addressed by DevSecOps.
Security can keep up with development by integrating automated security checks and bal-
ances into the CI/CD process. A mature DevSecOps ecosystem is fundamentally established
on the core factors highlighted by McKinsey for enhanced Developer Velocity: robust prod-
uct management, a culture of psychological safety, superior tools, and efficient personnel
management. DevSecOps should be regarded as an essential business facilitation strategy
rather than merely a security procedure. It provides the architecture that allows businesses
to achieve the necessary developer velocity for market leadership without jeopardizing the

security and resilience essential for protecting their consumers and brand.

2.4.3 The Evolving Regulatory and Compliance Landscape

The third significant factor contributing to the adoption of DevSecOps is the world regulatory
environment that is becoming highly complex and challenging. Companies now need to find
their way through an ever-thickening maze of international, national and industry-specific
laws, including the General Data Protection Regulation (GDPR) in Europe, the Payment
Card Industry Data Security Standard (PCI DSS) of financial transactions and the Health
Insurance Portability and Accountability Act (HIPAA) of healthcare. In the past, proving ad-
herence to these requirements has required a lot of resources and frequently involved manual

evidence collection, semi-annual audits, and copious amounts of documentation (Zeeshan,
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2020). DevSecOps uses the idea of Compliance as Code to address these issues. With
this method, regulatory requirements are converted into executable, automated validations
that are seamlessly incorporated into the Continuous Integration/Continuous Deployment
(CI/CD) pipeline. For example, an automated system that checks the code for weak encryp-
tion techniques and stops the build if any are found can enforce a PCI DSS requirement to
use robust cryptography. There are various benefits to this approach: It increases auditability
by creating a thorough and unchangeable history of checks, tests, and deployments; it guar-
antees ongoing compliance by comparing every code change to regulatory standards; and it
boosts productivity by lowering the manual labor and expenses usually related to compli-
ance procedures and audits (Kummarapurugu, 2022. It is anticipated that this strategy will
become more significant, especially in view of changing legislation. For instance, it is ex-
pected that the Cyber Resilience Act (CRA) of the European Union will codify a number
of DevSecOps principles into legislation. The CRA requires that manufacturers actively fix
vulnerabilities throughout the product lifetime and that all products with a digital component
supplied in the EU adhere to the security by design and security by default principles. Due to
these restrictions, the implementation of DevSecOps approaches is mandated for market par-
ticipation rather than merely serving as a strategic benefit (Singhal, Gunawat & Singh, n.d.
The integration of regulatory compliance into the DevSecOps architecture revolutionizes or-
ganizational security. Security, once regarded as a cost center, is now perceived as a value
driver that accelerates development and facilitates compliance. Security executives may ar-
ticulate concepts like as ROI, competitive advantage, and business enablement in a manner
appealing to senior leadership when they own a robust DevSecOps program. While market
and financial factors have historically been discretionary, the evolving legal landscape ne-
cessitates adherence to DevSecOps guidelines for operating a business in an interconnected
environment. In the absence of a DevSecOps approach, fulfilling the CRA’s mandates for
security by design and ongoing vulnerability management at size and pace becomes chal-

lenging, rendering manual processes insufficient (Chinnam, 2024).

2.5 The Future of DevSecOps: The Rise of Artificial Intelligence

The second aspect of DevSecOps development is the use of Artificial Intelligence (AI) and
Machine Learning (ML). The modern state of DevSecOps is based on the automation of
clear-cut security checks that are rule-based. The Al is likely to rise this paradigm to a
reactive and detective stance to a proactive, predictive and even self-healing position. By
utilizing the power of Al to process large volumes of data, detecting intricate trends and
training on new ones, organizations may develop a more agile and responsive security layer
as part of their development cycle and respond to threats with speed and volume that would

otherwise be impossible without Al
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2.5.1 Al-Powered Threat Detection and Analysis

Static signatures and rules are used by many conventional automated security solutions to
identify known vulnerabilities. This reactive strategy works well for threats that have al-
ready been seen, but it is unable to detect zero-day assaults, minute irregularities, or complex
compromises that deviate from established patterns (such as signature gaps). By facilitating
dynamic, context-aware detection, artificial intelligence (Al) and machine learning (ML)
provide a way around these restrictions. Al systems can learn the characteristics that dif-
ferentiate benign from malevolent behavior by training models on massive corpora, such
as source code repositories, network traffic logs, and threat intelligence feeds. After then,
runtime activity is monitored by behavior-based and anomaly detection algorithms, which
highlight departures from taught baselines. They could identify odd API call patterns, unex-
pected data access flows, or a container contacting an infrequently visited external endpoint,
for instance. According to empirical research, Al-based anomaly detection can uncover new
risks that signature-based systems overlook with high precision and recall rates (Goswami,
2024). Al can power predictive threat intelligence, which foresees assaults before they hap-
pen, going beyond simply identifying anomalies. To determine which open-source libraries
are most likely to include unknown vulnerabilities, models may, for example, rank them ac-
cording to risk, taking into account variables like update frequency, code complexity, and
maintainers’ reputation (as examined in predictive analytics in CTI) (Oye, Peace & Owen,
2024). By analyzing application architectures and data flows, artificial intelligence (Al) can
also help with threat modeling by spotting possible attack routes or brittle trust boundaries
that human analysts might miss. By shifting security systems from a reactive to a proac-
tive posture, such adaptive, context-sensitive detection enables enterprises to identify threats

earlier, lower risk exposure, and improve resilience (Akhtar & Duijster, 2021).

2.5.2 Automated Remediation and Self-Healing Systems

The end product of DevSecOps is to create a closed-loop process that not only identifies
security vulnerabilities but automatically resolves them on its own. This concept cannot be
achieved without Al since it would be impossible to have self-healing systems that would
help to mitigate risks with minimum human intervention. The distinction between the nu-
merous applications of Al in this field is also wide. Although generative Al has gained a lot
of publicity, its probabilistic and often unpredictable outcomes render it less suitable to mis-
sion critical security operations. Deterministic Al, however, is more applicable to automated
compliance and remediation work, which requires high accuracy and auditability due to its
predictability, reliability and repeatability by using structured rules, logic and knowledge
graphs (Ismail et al., 2025). Another use case is intelligent incident response. The Al can re-

duce the Mean Time to Respond (MTTR) to security incidents in the production environment
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significantly. Al-based Security Orchestration, Automation, and Response (SOAR) systems
have the ability to correlate and aggregate alerts across multiple monitoring systems, and ap-
ply machine learning to determine the root cause, and deploy automated response playbooks
(block malicious IP addresses at the network edge, quarantine a compromised container, or
patch a vulnerability found in all systems) that are implemented automatically. Recent stud-
ies have shown that SOAR and Al could be applied to transform fixed response processes
into dynamic and adaptable workflows that will enhance the precision and pace of the re-
mediation processes (Paulraj et al., 2025). By automating the identification and remediation
of threats, Al enables businesses to deal with security concerns on an unprecedented scale
and rate that cannot be achieved with manual processes. This forms the basis of proactive
self-healing infrastructures that is capable of delivering unending defense besides improving

organizational resilience (Aramide, 2025).
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3 Integration of DevSecOps into the SDLC

This section addresses Research Question 1 ( RQ1 ) by examining how DevSecOps prac-
tices are integrated across different stages of SDLC. It discusses security injection points,

toolchain automation, and the organizational changes to enable continuous security.

3.1 Injection Points Across SDLC Stages

To promptly discover and mitigate vulnerabilities, it is essential to integrate certain method-
ologies into security at various phases of the SDLC (Software Development Life Cycle).
Threat modelling, which systematically evaluates and prioritizes risks before implementa-
tion, is among the most effective methods during the specification and design phases. Frame-
works like as STRIDE provide structured guidelines for analyzing areas of attack and design
vulnerabilities, making threat modelling a crucial “shift-left* security strategy (Haba et al.,
2019). SAST (Static Application Security Testing) is a crucial component of the build pro-
cess since it analyzes source code or binaries without executing them. SAST technologies
assist developers in identifying security vulnerabilities, such as injections flaws or inadequate
cryptography, through automated code reviews. Adoption maybe constrained by factors for
example, tools’ usability and false positives, underscoring the necessity of meticulous in-
tegration into constant pipelines(Zhang & Kameda, 2022). SCA (Software Composition
Analysis), addressing the growing reliance on open-source thirt party components. It serves
as a supplementary techniques to SAST(Statitc Application Security Testing). SCA aids en-
terprises in recognizing problematic dependencies by generating a SBOM(Software Bill of
Materials) and contrasting it with databases of known vulnerabilities. The imnportance of
SCA is underscored by recent research, especially on the concealed risks associated with
transitive dependencies(Wabi et al., 2024). Infrastructure as Code (IaC) scanning guaran-
tees that cloud resource setup templates don’t introduce systemic vulnerabilities between the
Build and Deploy phases. [aC scanning is a crucial component of safe deployment pipelines
since automated analysis can identify configuration errors like exposed storage buckets or
too liberal identity policies prior to their provisioning (Seth et al., 2025). Runtime Appli-
cation Self-Protection (RASP) offers an adaptive protection mechanism after programs are
put into production by keeping an eye on their behavior in real time and stopping dangerous
activity like illegal network requests or unusual file access. Research indicates that RASP
enhances pre-deployment security controls by providing a crucial layer of runtime resilience
(L. Zhao et al., 2023).
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3.2 Toolchain and Automation Landscape

SAST (Static Application Security Testing) tools analyze source code without actually run-
ning it in order to identify the vulnerabilities at the beginning of the deployment cycle. Tools
like SonarQube demonstrate how open-source solutions can be integrated into CI/CD in-
frastructures, despite studies showing that SAST tools often have false positives and limited
usability when expanded across large projects. Even while commercial systems like Check-
marx enhance detection by providing data flow analysis, taint analysis, and incremental scan-
ning, their higher cost as well as inntegration complexity usually prevent them from being
widely adopted by corporations. Because modern applications heavily rely on open-source
components, Software Composition Analysis (SCA) has grown in importance. Due in large
part to variations in vulnerability databases and analysis methodologies, research shows that
different SCA tools give significantly varied vulnerability results for the same projects (Im-
tiaz, Thorn & Williams, 2021). This variation emphasizes how crucial it is to maintain
internal vulnerability intelligence or combine several SCA techniques. By probing active
applications, Dynamic Application Security Testing (DAST) tools like OWASP ZAP sim-
ulate the viewpoints of an attacker. Although open-source solutions are popular, empirical
research shows that DAST tools require professional configuration to accomplish substantial
automation since they may detect underlying logic problems and generate large percentages
of false positives (Qadir et al., 2025). Proof-based exploitation, which lowers false positives
by explicitly assessing vulnerabilities, increases precision in commercial scanners. Infras-
tructure as Code (IaC) scanning is essential for finding deployment template misconfigu-
rations prior to provisioning in cloud-native settings. According to recent research on IaC
“security smells,” automated scanners may identify persistent configuration flaws in a vari-
ety of technologies, including Terraform and Kubernetes, and when incorporated into CI/CD
pipelines, they can drastically lower risk (Saavedra & Ferreira, 2022). Finally, API keys, the
security of tokens, and the automated workflows also depends on secrets management. So
research is emphasizing the importance of automated rotation, auditability, along with cen-
tralized policy enforcement as the pillars of management of security secret in the contexts of
CI/CD although practice is dominated by industry solutions such as AWS Secrets Manager
and HashiCorp Vault (Wadhams, Izurieta & Reinhold, 2024).

3.3 Cultural and Process Change Management

Continuous vulnerability scanning refers to the habit of testing applications in an automatic
and repeated manner to identify security vulnerabilities during the entire SDLC. Such au-
tomation is essential to the process of sustaining the speed of development as well as en-
hancing security posture. The effectiveness of Static Application Security Testing (SAST)

that examines the source code without running it has been demonstrated to be strong to
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detect particular categories of coding bugs, including injection vulnerability or the use of
unsafe cryptographic algorithms. Nevertheless, one thing that has remained a particular is-
sue with SAST is its false-positive rate; when developers are bombarded with non-sensitive
or inaccurate alerts regularly, they can experience alert fatigue and start ignoring the output
of the tool in question, which will reduce its usefulness (Gelman et al., 2023). Dynamic
Application Security Testing (DAAST) which is used to test a running application whether
there are vulnerabilities or not is an effective tool because it can detect issues that SAST
cannot detect during its operation i.e. authentication problems or server misconfigurations.
Comparative studies of the tools will often find the tools to be complementary, with DAST
able to validate the exploitability of some of the vulnerabilities identified by SAST. A more
recent method Interactive Application Security Testing (IAST) is a better improvement of
both in that an agent within the application being tested monitors code execution. This gives
the context that is required to confirm vulnerabilities with a high degree of accuracy and the
exact line of code, which reduces the number of false positives significantly and gives the
developer more actionable information (Haba et al., 2019). The other vital automated testing
technique used in contemporary pipelines is fuzzing that entails subjecting an application
to malformed or random data with the aim of exposing vulnerabilities in stability and se-
curity. Fuzzing will specifically be useful in identifying memory corruption bugs or denial
of service vulnerabilities that could otherwise not be detected by other scanning techniques
(Klooster et al., 2022). Coverage-guided fuzzing tools can be incorporated into the CI/CD
process to enable continuous and automated detection of these deep and often-overlooked

defects and leave the application better equipped in cases of unexpected inputs.
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4 Security Impact

This section continues addressing Research Question 1 ( RQ1 ) by analysing the security
impact of DevSecOps practices, including shift-left mechanism, continuous vulnerability

scanning, and threat-modelling improvement across the SDLC.

4.1 Proactive “Shift-Left” Practices

This approach is built on the principle that it is far more effective and less costly to prevent
security defects than to remediate them after deployment. Empirical evidence validating this
shift is often captured by tracking the stage at which vulnerabilities are first detected. Studies
and industry reports consistently show that in mature DevSecOps environments, the majority
of flaws are identified in the “pre-commit* stage that is, on the developer’s local machine or
during the automated build process, rather than in the ”post-release* stage during production
(Sonatype, 2022). This migration of discovery from right to left on the SDLC timeline is the

single most critical security impact of DevSecOps (Feio et al., 2024).

The Mean Time To Detect (MTTD) is a key measure of this effect. It shows how long it usu-
ally takes to find a security flaw after it has been introduced. In traditional models, MTTD
can be dangerously high because security testing might only happen once a quarter or once
a year. This leaves vulnerabilities open to exploitation for a long time. DevSecOps cuts
MTTD from months or weeks to minutes by adding automated security scanners directly to
the developer’s Integrated Development Environment (IDE) and the Continuous Integration
(CI) pipeline(Gopinath, 2023). This huge cut in the detection window greatly lowers the or-
ganization’s overall risk by making sure that vulnerabilities are identified and flagged almost

immediately as they are written.

4.2 Continuous Vulnerability Scanning and Automated Testing

Continuous vulnerability scanning is the practice of automatically and repeatedly testing
applications for security flaws throughout the entire SDLC. This automation is critical for
maintaining development velocity while improving security posture. The efficacy of Static
Application Security Testing (SAST) which analyses source code without executing it, has
been shown to be high for identifying specific classes of coding errors, such as injection flaws
or the use of insecure cryptographic functions. However, a persistent challenge with SAST
is managing its false-positive rate; if developers are constantly inundated with non-critical or
incorrect alerts, they may develop alert fatigue* and begin to ignore the tool’s output, thus

undermining its effectiveness (Haba et al., 2019).
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Dynamic Application Security Testing (DAST) tests a running application for vulnerabili-
ties. It is effective because it can find runtime problems that SAST cannot, like authentica-
tion problems or server misconfigurations. Research that compares the tools usually finds
that they work well together because DAST can confirm that some vulnerabilities found by
SAST can be exploited. Interactive Application Security Testing (IAST) is a newer method
that improves on both of these by using an agent inside the running application to watch
code execution. This gives the context needed to confirm vulnerabilities with a high level of
accuracy and find the exact line of code, which greatly lowers the number of false positives
and gives developers feedback that they can use (Piskachev, Becker & Bodden, 2023).

Another essential automated testing technique in modern pipelines is fuzzing which involves
bombarding an application with malformed or random data to uncover stability and security
issues. Fuzzing is particularly effective at finding memory corruption bugs or denial-of-
service vulnerabilities that other scanning methods might miss. The integration of coverage-
guided fuzzing tools into the CI/CD process allows for the continuous and automated dis-
covery of these deep, often-overlooked flaws, making the application more resilient against

unexpected inputs (Klooster et al., 2022).

4.3 Threat Modelling Risk Management

Threat modeling is an organized method of risk management under the DevSecOps paradigm
that helps teams recognize, evaluate, and rank possible security risks early in the software
development process. A lightweight, collaborative, and iterative activity, this methodology
is gradually being transferred to Agile methodologies, replacing the previous document-
centric, heavyweight procedure (Liu et al., 2023). The possibility that security would be
neglected during quick development cycles can be decreased by including threat modeling
into Agile workflows, which allow security considerations to change continually alongside
system developments. This integration is further facilitated by modern technologies. Open-
source systems, for instance, now permit threat-modelling-as-code, in which threat models
are kept as version-controlled artifacts in repositories to guarantee that they are regularly
updated and in line with the changing state of the application (Zhang & Kameda, 2022). By
integrating security analysis straight into the DevSecOps pipeline, this method guarantees
openness and maintainability. Integrating threat modeling with Agile backlogs is another
way that it may be used practically. Findings can be reframed as “abuser stories* or backlog
items rather than being standalone reports that document threats. This way, development

teams can see them and prioritize them alongside functional requirements (Shostack, 2014).
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Product owners can direct the allocation of resources to the most important security tasks
by using structured rating systems like DREAD (Damage, Reproducibility, Exploitability,
Affected Users, Discoverability) or comparable scoring techniques. In addition to being in
line with Agile principles, this combination of risk assessment and backlog management
guarantees that security issues are methodically taken into account during planning and im-

plementation.
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5 Efficiency Impact

This section answers Research Question 2 ( RQ2 ) by evaluating how DevSecOps affects
development efficiency, including deployment frequency, cycle time, defect density, and de-

veloper productivity.

5.1 Cycle Time Deployment Frequency

A primary efficiency impact of a mature DevSecOps culture is the measurable improvement
in software delivery performance, best captured by the DORA (DevOps Research and As-
sessment) metrics. These metrics, popularised by the book Accelerate and the annual State of
DevOps Report, provide a scientifically validated framework for measuring the effectiveness
of a technology organization. Two of the most critical metrics in this framework are Deploy-
ment Frequency (how often an organization successfully releases to production) and Lead
Time for Changes (the amount of time it takes a commit to get into production) (DevOps
Research and Assessment (DORA), 2021). Contrary to the traditional belief that adding se-
curity processes introduces friction and slows down delivery, empirical research indicates
that elite-performing organizations, those with the highest deployment frequency and lowest
lead times, are significantly more likely to have integrated security practices throughout their

development process.

An academic analysis published in the proceedings of the International Conference on Soft-
ware and System Processes confirms this, finding that security practices, when automated
and shifted left, correlate positively with deployment pipeline speed by reducing the need
for lengthy, manual, late-stage security reviews that cause unpredictable delays. Therefore,
integrated security gates, by providing fast, automated feedback, prevent the accumulation of
security debt and eliminate the fire drills that cripple cycle time, thus acting as an accelerator

for software delivery.

5.2 Defect Density and Rework Reduction

Defect density and related rework are significantly reduced when security is incorporated
into the development lifecycle, which radically changes how security issues are addressed.
An “escaped defect* is one that is only found once the software is live in production. flaw
density is the number of verified vulnerabilities per unit of code. Developers must halt their
current work, context-switch into unfamiliar code, and push emergency patches through
lengthy testing and release cycles when security flaws are discovered late in the lifecycle
by external or centralized security teams, which results in expensive rework. One of De-

vSecOps’ main advantages, according to a systematic review and empirical investigation, is
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Figure 5: CI/CD cycle

early vulnerability discovery and mitigation, which lessens the need for post-release repairs
and defect injection (Kathiresan, 2022). DevSecOps techniques, on the other hand, incorpo-
rate security tests (such as SAST, SCA, and dependency scanning) into CI/CD pipelines to
ensure that security vulnerabilities are discovered nearly instantly after commit. The authors
of an empirical DevSecOps case study noted that teams utilizing continuous security testing
identified vulnerabilities early and proactively, turning many possible “escaped defects* into
standard bug fixes with no interruption (Feio et al., 2024). This shift-left approach improves
software quality and engineering velocity by significantly lowering the number of escaped
defects and reducing the amount of rework required to a fraction of what would be required

in a post-release fix scenario.

5.3 Developer Productivity Sentiment

The way security is included into the engineering process has a significant impact on de-
veloper attitude and productivity. In this context, productivity includes maintaining ~flow
state,” minimizing cognitive burden, and promoting developer well-being in addition to the
quantity of code produced. It is well recognized that interruptions and excessive mental ef-
fort impair concentration, raise the likelihood of mistakes, and increase frustration(Meyer

et al., 2019). Security adds cognitive overhead and causes friction when it is implemented
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as a distinct, laborious process using new or isolated technologies. In contrast, an advanced
DevSecOps methodology minimizes interruption by integrating automated security checks
(such as dependency scanning and static analysis) straight into developers’ current opera-
tions. However, using too many different tools might cause ’tool fatigue,” in which de-
velopers are overloaded with context switching and warning noise. According to empirical
research, usability is weakened by tool overload, while satisfaction and trust are preserved
by well-integrated, precise, and minimum feedback systems(Rajapakse, Zahedi & Babar,
2022).
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6 Compliance Impact

This section answers Research Question 3 ( RQ3 ) by explaining how DevSecOps supports
regulatory compliance through automated controls, compliance-as-code, and continuous au-

diting capabilities.

6.1 Mapping DevSecOps Artefacts to Regulations

A defining feature of a mature DevSecOps practice is its ability to automatically generate a
rich trail of digital artifacts, which are immutable, time-stamped records that serve as high-
fidelity evidence for auditors. This stream of evidence provides a direct mapping to the
specific control requirements of major international regulations, transforming compliance
from a periodic, manual scramble into a continuous, automated function. For the ISO 27001
standard, for example, the control A.12.1.2 ("Change Management*) is directly addressed
by the inherent nature of Git-based workflows; every pull request, peer review approval and
merge commit creates an unchangeable record of what was changed, why it was changed, by
whom, and who approved it. Similarly, the control A.14.2.1 ("Secure Development Policy*)
is evidenced not by a static document, but by the tangible output of SAST and IaC scanning
tools within the pipeline which prove that the policy is being actively and consistently en-
forced on every single code change. This mapping becomes even more granular with specific
industry regulations. The Payment Card Industry Data Security Standard (PCI DSS) 4.0 con-
tains numerous requirements that are directly satisfied by DevSecOps artefacts. Requirement
6.3.2 which mandates the management of vulnerabilities in bespoke and third-party software,
is addressed by the routine generation of a Software Bill of Materials (SBOM) by Software
Composition Analysis (SCA) tools; this SBOM provides a complete inventory of all libraries
and their known vulnerabilities. Requirement 11.3.2, calling for regular internal vulnerabil-
ity scanning, is satisfied by the integration of authenticated DAST scans into the CI/CD
pipeline, with the scan reports serving as auditable proof. Even stringent authentication re-
quirements, like 8.6.1°s mandate for secure credential management, are evidenced by the use
of secrets management vaults, whose access policy configurations and audit logs can be pro-
vided to auditors (PCI Security Standards Council, 2023). In legally mandated frameworks
such as the US Health Insurance Portability and Accountability Act (HIPAA), DevSecOps
provides crucial evidence for the Security Rule. The Technical Safeguard 164.312(b) (" Au-
dit Controls*) requires mechanisms that record and examine activity in systems contain-
ing electronic Protected Health Information (ePHI). The comprehensive and immutable logs
from CI/CD pipelines, cloud provider APIs and runtime security tools directly fulfill this re-
quirement. Furthermore, the ”Access Control* standard in 164.312(a)(1) is proven through

Infrastructure as Code (IaC) files and policy-as-code reports, which demonstrate that access
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to ePHI is restricted based on user roles and that these configurations are version-controlled
and automatically enforced. Finally, looking towards the future with regulations like the EU
Cyber Resilience Act (CRA), DevSecOps practices are becoming a prerequisite for market
entry. The CRA’s emphasis on lifecycle security and vulnerability management is directly
supported by the entire DevSecOps toolchain, from the mandatory creation of an SBOM to
the continuous vulnerability scanning that provides the necessary data for the vulnerability

handling processes required under Article 10 of the act (European Commission, 2022).

6.2 Automated Compliance and Continuous Auditing

Automated compliance operationalises regulatory frameworks by translating their require-
ments into executable code, thereby transforming auditing from a periodic, manual process
into a continuous, real-time activity. This shift is primarily enabled by a category of tools
that support ”compliance-as-code.* Chef InSpec is a prominent open-source framework in
this domain that excels at attestation auditing the actual state of running systems. Its power
lies in its readable syntax which allows compliance personnel and developers to collabo-
rate on writing tests. Complementing attestation tools are policy enforcement engines like
the Open Policy Agent (OPA) which focus on prevention. OPA functions as a decoupled,
general-purpose policy engine that can be integrated at critical decision points in the cloud-
native ecosystem. Its most impactful use case is often as a Kubernetes Admission Controller.
Here, before any resource is created or modified in the cluster, the Kubernetes API server
sends the request to OPA for validation. OPA evaluates the request against a set of policies
written in its declarative language, Rego. A policy might state, for example, that all container
images must come from a trusted corporate registry and must not have any critical vulnera-
bilities identified by a recent scan. If a developer attempts to deploy a pod that violates this
policy, OPA will instruct the API server to reject the request, preventing a non-compliant
state from ever occurring. As detailed in a study on cloud-native governance, this preven-
tative approach is profoundly more effective than traditional detect-and-remediate cycles,
ensuring that the production environment is perpetually “audit-ready on commit* because

non-compliant changes are programmatically blocked from being deployed in the first place.
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7 Challenges and Limitations

7.1 Organisational and Cultural Barriers

The biggest ‘friction’ for adopting DevSecOps successfully are not technical challenges,
but organizational and human nature. One of the biggest hurdles around driving change is
breaking established resistance patterns developed through decades of working in silos. De-
velopment, security, and Operations same teams / requirements for Development, Security
and Operations teams of yore evolved with incompatible mission statements, metrics or key
performance indicators (dev team is measured by how fast code hits prod, ops team is tasked
to keep your software stable in the face of failure, security measures their success by lack
thereof). The effect is the development of a very strong organization silo, where there’s a
“not my job” attitude: developers don’t want to take on more tasks and they feel that they
do not need someone who restricts them in their freedom to develop (the security) and the
reverse-side of this attitude—security does not want let go from gatekeeper-role as they must
ensure full control. That there are antibodies in organizational culture aligns with an excerpt
from an academic paper on DevOps transformations that I refer to in the Software Quality
Journal which states “Without a change in incentives, or shared vision driven by senior lead-
ership, these cultural antibodies will work against” the very collaborative model (and shared
ownership) model of DevSecOp. The resistance can be strongest in middle management,
where project managers used to be traditional may feel that automatic, fluid project gover-
nance and compliance are a loss of control and power. To add to this cultural strain is an
overwhelming and severe skills shortage. The perfect DevSecOps practitioner is a T-shaped
professional who is highly specialized in one field (such as development) and broad, work-
ing in other areas (such as cloud infrastructure and security). Nevertheless, these people are
very few and costly to employ. It is not just a problem of recruiting more security personnel,
but rather of training whole teams. Developers should be taught to think like an attacker
and apply security tools, whereas security professionals should be taught to code, learn APIs
and adopt automation. The reports provided by industries such as the ISACA continuously
indicate a growing disparity between the demand and supply of professional with these hy-
brid skills (ISACA, 2024). This skills shortage compels organisations to stay in expensive
and time consuming in-house training programmes that in most cases are crippled by the un-
availability of qualified trainers. Lastly, despite the willing participants and upskilling plan,
the DevSecOps programmes often fail to take off because of poorly defined or maintained
budgets. The monetary investment involved is great and even exceeds the cost of licens-
ing commercial security tools. It covers the large engineering hours required to construct
and support a custom-integrated toolchain, the initial and continuing expenses of extensive

training of both technical and non-technical personnel and the usually unmeasured cost of
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a reduced initial productivity as teams go through the learning curve of new processes and
tools. Lack of long term committed funding will result in the situation where a programme
is introduced with a lot of enthusiasm but withers away as soon as the first budgetary re-
view cycle has taken place leaving behind a trail of half implemented tools and disappointed

teams.

7.2 Technical Gaps and Toolchain Pitfalls

Although DevSecOps relies greatly on automation, the tooling also creates its own techni-
cal issues that can hinder efforts. Most commonly reported is the excessive false positives
generated by Static Application Security Testing (SAST) tools and a desperate case of alert
fatigue. Within the daily tide of low-priority and/or false vulnerability warnings, this over-
whelming noise-to-signal ratio makes it hard for developers to make sense out of any of these
alerts. North Carolina State University anecdotal evidence demonstrated that developers do
not recall SAST alerts nor spend time on them, - this causes psychological burden, which
eventually leads to non-trust and abandonment of tools (Aloraini et al., 2019).This desen-
sitisation is risky - and driving the alarm fatigue which comes when all the noise is taken
into account, but which leaves us with a false impression of security in an application that
is actually not so secure. The other major technical trap is the so-called tool sprawl and
the resulting complexity of the DevSecOps toolchain. To achieve a left shift, organisations
may end up having many point solutions to various security tasks a SAST scanner, a DAST
scanner, an SCA tool, an IaC scanner, a container scanner and others without a consistent
integration plan. This results in a fractured and overlapping ecosystem with tools potentially
giving conflicting reports and making developers more confused instead of giving clear and
actionable advice. According to an article in ACM Queue, this complicated chain manage-
ment, making sure that data moves between tools and that findings are deduplicated, is in
itself an enormous engineering problem (Manchana, 2024). This complexity does not only
add to the maintenance overhead it also creates new security blind spots. The excessive de-
pendence on such automated chain may cause teams to overlook security practices that tools
are not very effective at, such as the detection of business logic weaknesses (e.g., an authori-
sation vulnerability in a multi-step financial transaction) or the identification of new patterns
of attack that combine multiple low-severity vulnerabilities. The automation can be as good
as the rules it is provided with and it can not substitute the critical thinking that is required

to perform a thorough threat modelling and manual penetration testing.

7.3 Legacy Systems and Scalability Issues

The concepts of DevSecOps that are successful in cloud-native systems have their deepest

roots challenged by the application to legacy systems and large, heterogeneous enterprises.
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It is challenging to attempt retrofitting DevSecOps practices into a large, tight-knit mono-
lithic application. The build and test cycles of monoliths can be so long that they can take
hours and the core DevSecOps principle of a fast, automated scan of each code commit
is utterly unrealistic. Further, lack of modularity is riskier when patching a shared library
that the vulnerability was discovered in and may have unexpected ripple into the rest of the
larger application, and so extensive regression testing is not only costly and required. These
legacy systems are written using tools and programming languages that are often obsolete
and against which little or no security perspectives are available that could lead to the use
of current tools that would allow that effective automatic scanning is virtually impossible
without human intervention as also explored in the literature on software architecture mod-
ernization (S. Hassan, Bahsoon & Kazman, 2020). These challenges are compounded when
in hybrid on-prem/cloud environments, where businesses have to deal with a fragmented se-
curity posture across disparate technology stacks. A security policy that’s easy to specify
and concretely enforce as code in a public cloud service (for example, an AWS IAM policy)
may not map directly to anything meaningful in a legacy on-premises data centre running on
bare metal or proprietary virtualization. This disconnect creates a “seam” between the two,
where security holes and policy enforcement become uneven. Maintaining a singular secu-
rity posture and standardised DevSecOps pipeline across these wildly different landscapes
requires investing heavily in abstraction layers and bespoke tooling which many companies
find difficult to resource efficiently. Finally, in even the best-endowed organizations scaling
is a barrier. DevSecOps tends to be successful in small “pockets of excellence” or on some
high-visibility greenfield projects, and the ability to scale efforts universally across a whole
company with hundreds or thousands of development teams is daunting. And if you don’t
have a strong decentralized platform engineering team that can provide this “paved road”,
and a standardized set of pre-configured, easy to use tools/templates/conventions around
CI/CD, each team will need to wheel the wheel for themselves. This is why programs of
DevSecOps result in inconsistent roll-out, wasted effort, and the failure to reach the trans-
formative cultural and security uplift that they promised. Instead those changes patchwork
their way through a couple of showcase teams rather than cantering smoothly through every

corner of an organisation.
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8 Best Practices and Frameworks

8.1 Reference Architectures and Maturity Models

Undertaking a DevSecOps transformation without a structured framework is a high-risk en-
deavor that often leads to wasted resources, and all too often results in random acts of security
done for political cover, wasted resources and perpetual stagnation. To address it, over the
years several industry and government organizations have created reference architectures and
maturity models. These are great point-in-time guideposts that give a roadmap that helps all
organizations navigate their way towards structured, coherent and quantifiable security im-
plementations. A reference architecture provides a model or pattern that defines the system
requirement, the need of the components and their interactions, as well as security mecha-
nisms to be existing in these. On the other hand, a maturity model offers an instrument to
measure an organization’s current ability and a plan for how that capability could be grad-
ually improved. By embracing these frameworks, organizations can tap into the wisdom of
the crowd, measure themselves against accepted norms and establish a shared vocabulary
for every employee (from engineers to executives) to talk about and get in sync on soft-
ware security strategy. In this segment, we will perform a detailed analysis of four popular
frameworks: NIST Secure Software Development Framework (SSDF); OWASP Software
Assurance Maturity Model (SAMM), Supply-chain Levels for Software Artifacts (SLSA),
and Cloud Security Alliance (CSA) DevSecOps blueprints and translate their abstract con-

cepts into pragmatic milestones.

About the NIST SSDF The NIST Secure Software Development Framework (SSDF) (orig-
inally called the NIST Special Publication 800-218) is a collection of high-level, outcome-
based practices. Its main objectives are the promotion of a shared vocabulary and a sound
foundation for developing secure software, with direct reactivity to U.S. executive orders
seeking to reinforce national cybersecurity. SSDF is intentionally non-prescriptive about
which tools, technologies or development practices to use; rather, it presents a set of desired
outcomes that organizations can achieve in their own way with their current processes and
tech stack (Souppaya, Scarfone & Dodson, 2022). It is structured into four thematic areas of
practice that correspond to the lifecycle stages of a secure development program. The PO is
the initial starting point: Prepare the Organization (PO) sets up the basics. This also includes
methodology like PO. 1 - Specify Security Requirements Requires you to define policies for
SD and PO. 2: Role and Responsibilities The implementation of this States that staff should
be properly trained and equipped to conduct security functions. A second group, Protect the

Software (PS), is concerned with protecting all parts of the software against reverse engi-
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neering and unauthorized access (e.g., PS practices). 3: Protect All Code from Unauthorized
Read and Write — This is the type of code that gets checked into version control systems with
strong access controls in place. The largest and third category, Produce Well-Secured Soft-
ware (PW), covers the primary development content demanded of an organization to embed
security into its product. This includes practices like PW. 4: Prescribe Design Software to
Satisfy Security Requirements This is the home of threat modeling and security architec-
ture. 5: The examination and analysis of code This requires the use of vehicle automated
static analysis (SAST) tools or manual peer review to identify problems prior to compilation.
The last one, Respond to Vulnerabilities (RV), deals with the fact that vulnerabilities will be
discovered after your project’s release. Practices such as RV. 1: Discovery and Analysis of
Vulnerabilities and RV. 3: Remediate ‘Vulnerabilities’ require organizations to define a pro-
cess for hardening of vulnerabilities by receiving reports on vulnerabilities, triage based on
the risk and rolling out patches to end-users quickly. The translation of the SSDF into deliv-
erable tasks thus consists in mapping its activity-driven practices to technical actions. Such
as in order to meet practice PW. 8: Test Executable Code, an organization may establish the
following goals: First, deploy a basic DAST scanner with which applications in staging can
be tested at least weekly. The next goal would be to make this DAST scanner an integral
part of the CI/CD pipeline to automatically trigger when a deploy succeeds so everything
can be tested on the staging environment. Another step closer to full maturity would com-
bine DAST with IAST agents, enabling high-fidelity results and delivering developers more
precise and impactful feedback that is embedded directly into the daily development flow so

that bad outcomes no longer get baked in.

Just as the NIST SSDF gives us the “what”, so does OWASP’s Software Assurance Maturity
Model (SAMM) provides us with the “how”. SAMM is an open framework to help organiza-
tions formulate and implement a strategy for software security that is tailored to the specific
risks facing the organization. It’s specifically designed to be flexible, so organisations are
empowered to define their own unique security roadmaps based on their risk tolerance, cul-
ture, and business goals. One of the fundamental aspects of SAMM is that there’s no special
sauce to secure software and it instead offers a framework for self-assessment, as well as
chapter-oriented improvement, which makes it one of the most popular models currently
available. To provide a structure for the science, the model is based on five fundamental
business functions that form the heart of software development: Governance Design Imple-
mentation Verification Operations And each of these roles is further deconstructed into three
security practices, resulting in 15 unique areas of focus. The ’Verification* business func-
tion, for instance, comprises the practices of ”Architecture Assessment,* “Requirements-

driven Testing,* and ”Security Testing.*
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The best thing about SAMM is that it sets three levels of maturity for each of the fifteen
security procedures. This detailed framework helps an organization figure out what it can do
and make a realistic, step-by-step plan on how to get better. As an example of the ”Verifi-
cation* function, let’s look at the ”Security Testing* practice. The company is undertaking
basic automated testing at Maturity Level 1, which is usually done on the go. This could
suggest that developers sometimes use an open-source DAST scanner on their apps. To get
to Maturity Level 2, the company needs to include automated security testing for both cus-
tom code and third-party components in the CI/CD pipeline. This will make sure that testing
happens automatically and on a regular basis. Lastly, the business has to adopt advanced
methods that support developers automatically, such as IAST, which gives developers real-
time, high-accuracy results and a feedback loop that uses the findings of security testing to
improve the threat modeling and design processes. The steps to putting SAMM into action
have their own set of goals that can be worked on. A SAMM assessment is the first step for
an organization. This entails talking to stakeholders to find out how well the organization
is performing in each of the fifteen practices. This results in a scorecard that clearly visu-
alizes strengths and weaknesses. From there, the organisation can set pragmatic targets for
instance, a goal to raise all practices from Level O or 1 to a consistent Level 2 over the next
18 months—and build a concrete project plan to achieve them. An academic case study of
a large financial institution published in the Journal of Systems and Software demonstrated
how this cyclical process of assessment, target-setting and implementation drove a sustained

and measurable improvement in the company’s security posture over several years.

While NIST SSDF and OWASP SAMM provide broad frameworks for application security,
the Supply-chain Levels for Software Artifacts (SLSA) framework offers a more focused
and urgently needed solution to a specific problem: securing the software supply chain.
SLSA (pronounced “’salsa®) is a security framework that provides a checklist of standards
and controls to prevent tampering, improve artifact integrity and secure the packages and
infrastructure involved in software development and deployment. Its development was heav-
ily influenced by Google’s internal security practices and accelerated by the recent wave of
high-profile supply chain attacks, such as the SolarWinds incident which demonstrated the
devastating potential of compromising the build process itself(Tamanna et al., 2024). SLSA’s
goal is to protect against the risk that an artifact a user consumes is not the one the developer

intended to create, a risk that traditional application security testing often overlooks.

SLSA is structured as a series of four ascending levels, each providing increasing guarantees
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about the integrity of a software artifact. The build process must be fully scripted or auto-
mated for SLSA Level 1, and it must also create provenance. Provenance is metadata that
tells you how, when, and where an artifact was made. It includes information like the source
code revision and build script that were utilized. This first level makes sure that there is a ba-
sic amount of auditability. An organization must use a version-controlled source repository
and a hosted build service that creates verified provenance in order to reach SLSA Level 2.
This stops tampering by making sure that the final artifact comes from the build service and
not a developer’s possibly compromised local machine, and that the provenance it creates is
reliable. SLSA Level 3 adds on this by mandating that the build platform itself be hardened
to a higher quality. This protects against cross-build contamination and makes sure that the
provenance provided is thorough and can be checked. This level makes it easier to believe
that the build environment is safe. Lastly, SLSA Level 4, the highest level of assurance,
mandates that all modifications to the source code and build process be reviewed by two
people and that the build process be hermetic. A hermetic build makes sure that all build
requirements are clearly stated and obtained from reliable sources. This makes sure that the

build is always the same and can be repeated.

It’s clear what needs to be done to put SLSA into action at every stage. A business would
need to get to SLSA 1 on all of its most critical projects before it could begin its journey. This
entails making scripts for each step of the build process and setting up the CI/CD pipeline to
make sure everything is correct. The next thing you need to do is move all of your builds to
a hosted build service that you can trust, like Google Cloud Build or GitHub Actions. After
that, create it so that it can make signed, validated provenance that meets SLSA 2. After
that, more work would be done to make the building’s infrastructure safer. For example,
you may come closer to SLSA 3 by using temporary build runners and limiting network
access. SLSA gives businesses a clear and prioritized strategy to minimize their risk of be-
ing attacked through one of the most critical and quickly changing threat vectors in modern

software development.

The Cloud Security Alliance (CSA) provides a set of highly practical and architecturally
focused blueprints for implementing DevSecOps, with a specific emphasis on cloud-native
environments. Rather than a formal maturity model, the CSA’s contributions are better un-
derstood as a collection of reference architectures, control mappings and best-practice guides
that translate DevSecOps theory into concrete cloud implementation patterns. Given that a
vast majority of modern development occurs within public cloud ecosystems, the CSA’s work

is particularly relevant as it directly addresses the unique security challenges and opportu-
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nities presented by providers like AWS, Azure and GCP (Cloud Security Alliance, n.d.).
The CSA’s guidance is often structured around what they term the “’Six Pillars of DevSec-
Ops, which include aspects like collective responsibility, automation and continuous inte-

gration and delivery.

The essence of the CSA’s guidance is frequently described as a reference architecture for a
secure CI/CD pipeline. This architecture describes each phase of the pipeline and indicates
which security controls and cloud-native tools apply to that area. For example, during the
Pre-Commit stage, CSA suggests leveraging IDE plugins and Git pre-commit hooks to look
for secrets or do initial static code analysis at the developer’s workstation. In Build, the
architecture includes slotting in stronger SAST scanning, adding SCA for third-party depen-
dencies and an SBOM. For the Test phase, in CSA blueprint, it is defined to apply DAST
and IAST scanners against apps in the ephemeral test environments on cloud. Among others,
IaC is the primary responsibility of the CSA. The architecture Above: The above architec-
ture highlights the requirement for IaC scanning tools (such as Checkov or Terrascan) to be
embedded into your pipeline to find any misconfigurations of Terraform or CloudFormation

templates before they are pushed to production.

Taking the blueprints of CSA and transforming them into practical milestones is about im-
plementing these suggested architectural patterns, on a step-by-step basis. The initial goal
for a company could be to introduce the ”Pre-Commit* checks (to provide fast feedback on
the developer level). Another milestone would be to mature the “Test* stage by deploying
a DAST scanner that hits your dynamic staging environment in the cloud. Another next-
level checkpoint is to use cloud-native security services in the pipeline. For instance, post
application deployment, the pipeline might initiate an API call to a Cloud Security Posture
Management (CSPM) solution such as AWS Security Hub or Azure Defender for Cloud to
validate the deployed resources adhere to organizational security and compliance best prac-
tices. The work of the CSA provides a priceless cloud-centric focal point for companies to
develop secure DevSecOps, and one that goes beyond abstract principles so they can capi-

talise on everything that today’s cloud has to offer.

8.2 Best Practices for Effective Implementation

Frameworks and maturity models give you the structure and where you are headed (the
end visual) but they don’t get you there. The path from a traditional, siloed entity to high-
performing DevSecOps can be full of landmines. The success of DevSecOps is based in a

bundle of very practical-based guidelines built on experiences to address the human, pro-
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cess and strategic aspects of this massive shift. It is important to mention that these are not
theoretical ideals but rather come from the combined experience of other early adopters and
industry trailblazers through trial and error. This section encapsulates that practical wisdom
with a practical roadmap, emphasizing four key principles: start small to prove value au-
tomate policy to make security the default and easy path track an integrated set of DORA
and security KPIs to measure what matters and relentlessly cultivate a culture of blameless

learning and shared responsibility.

The temptation to launch a massive, enterprise-wide "DevSecOps initiative* is strong, but
this ’big bang* approach is almost always this approach is highly likely to fail. It creates
enormous complexity, invites widespread resistance and fails to deliver tangible results in a
reasonable timeframe, causing it to lose momentum and funding. A far more effective strat-
egy, as documented in numerous case studies, is to begin with a single, well-chosen pilot
project or ’lighthouse* team. This team should be one that is culturally receptive to change
and is working on a project of moderate, but not critical, importance. This approach creates
a safe, low-risk environment to experiment, learn and inevitably make mistake. The primary
goal of this pilot is to achieve and broadcast a “quick win* a demonstrable success story
that can be used to build credibility and secure buy-in from other teams and, crucially, from

senior leadership.

This initial success facilitates the adoption of the ”paved road* approach, a concept pop-
ularised by platform engineering teams at companies like Netflix and Spotify. Instead of
forcing a set of tools and processes onto every team (a “push strategy), a central plat-
form team builds a secure, easy-to-use and well-supported development platform the “paved
road.* This platform comes with security pre-integrated: a CI/CD pipeline with built-in SCA
and SAST scanning, base container images that are already hardened and streamlined access
to secrets management. The first milestone is to identify the pilot team and select one or two
high-impact, low-friction security controls to implement, such as secrets scanning or SCA,
as these provide immediate, clear value. The next milestone is to measure the pilot team’s
performance and create an internal case study: “Team X adopted automated security scan-
ning and was able to release their feature 20 percent faster because they spent zero time on
last-minute security fire drills.” This tangible evidence is the most powerful tool for scaling

the initiative across the organisation.

A core tenet of DevSecOps is to seamlessly integrate security into the developer workflow in

a way that is as frictionless as possible. The best way to do this is to make security the easiest
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option and policy automatic. This idea is more than just using scanners. It wants to create a
development environment where the default settings are safe. This helps programmers think
more clearly and lowers the risk of making mistakes. Policy-as-Code (PaC) is the main way
to do this. One of the things you need to do is make sure that your security, compliance, and
operational policies are clear and can be followed over time. These rules are then automati-
cally put into action at important times during the lifecycle. Open Policy Agent (OPA) or a
similar tool can help you put up a policy that says no container can be deployed in a Kuber-
netes cluster if it is set up to run as the root user or if it comes from a public repository that
you don’t trust. This check happens automatically at the API level, so you get feedback right
immediately that you can’t modify. Making the safe route the easy way is a strong cultural
tool. Numerous scholarly studies support this hypothesis regarding usable security. It shows
that security measures only work if they fit with the users’ main responsibilities and work-
flows. To meet this guideline, businesses should use a ”warn-then-enforce* method when
they adopt new rules. When a new policy is first put in place, it is in “audit* or "warn* mode,
which means it doesn’t do anything. If developers don’t follow the rules, their pipeline logs
will show warnings for a few weeks. This will give them time to learn the rule and fix their
code without having to stop working. After this period of socializing, the policy will only go
into “enforce* mode, which indicates that the build will fail. This slow deployment makes it
much easier for developers to work together and agree on new security standards instead of

fighting over them.

To justify the significant investment in a DevSecOps transformation and to steer it effec-
tively, it is essential to track DORA metrics alongside integrated security KPIs. Relying
solely on traditional security metrics, such as the sheer number of vulnerabilities found, can
be misleading and can even create perverse incentives (e.g., rewarding a team for finding
thousands of low-impact flaws). The DORA metrics Lead Time for Changes, Deployment
Frequency, Change Failure Rate and Mean Time to Restore Service are widely regarded as
the most effective measures of an engineering team’s overall performance. By tracking these
velocity and stability metrics, an organisation can empirically demonstrate that its security
investments are not hindering, but are in fact enabling, faster and more reliable software de-

livery.

The most essential guideline for success is to relentlessly foster a culture of blameless learn-
ing and shared responsibility. All the automated tools and advanced frameworks in the world
will fail if the underlying human culture is one of fear, blame and distrust. The foundation

of this culture is psychological safety, a concept extensively researched by Amy Edmond-
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son of Harvard Business School which describes a shared belief that the team is safe for
interpersonal risk-taking. In a psychologically safe environment, an engineer feels safe to
say I made a mistake* or ’I don’t know how to fix this vulnerability* without fear of being
shamed, punished, or blamed (Edmondson, 2011). Without this safety, vulnerabilities will
be hidden, near-misses will go unreported and valuable learning opportunities will be lost.

The most powerful ritual for building this culture is the practice of the blameless post-
mortem. When a security incident or a significant failure occurs, the team convenes not
to find a scapegoat, but to understand the systemic causes that allowed the failure to hap-
pen. The language is intentionally shifted from "Who made the error?* to ”"What parts of
our process, tooling, or assumptions were flawed that led to this outcome?*“ As detailed in
Google’s influential books on Site Reliability Engineering (SRE), the output of a blameless
post-mortem is a set of actionable improvements to the system itself, ensuring that the same
class of error cannot be repeated(Beyer et al., 2016). This strategy turns every setback into a
positive lesson. The Security Champions program makes this culture of shared responsibil-
ity even stronger. Security champions are developers that want to know more about security
and get extra training and tools. They work with development teams as interpreters and am-
bassadors to deliver security advise that fits the circumstance, promote best practices, and
teach coworkers how to utilize the security tools. They help the security team get better at
their jobs and build a movement from the ground up where every developer feels like they

are responsible for the security of their product. They don’t work for the cops.
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9 Future Directions and Research Gaps

With DevSecOps transitioning from just being a novel concept to actually becoming some-
thing many businesses are implementing, there’s also more development in how the concept
is evolving thanks to disruptive technology and realizing where it now stands in its abili-
ties. The future of DevSecOps will not merely be a linear continuation of current trends but
instead be shaped by emerging skills and new threat landscapes as well as the urgency to ad-
dress areas where its principles have not been fully extended. As we discuss in this chapter,
the future is bright for such a transformation, with multiple different innovations emerging
out of both industry and academia to drive software development towards security. ~We
are going to explore three main dimensions: where and how Al will be a force multiplier
in security; the oncoming seismic shift cryptography has to make for quantum computing,
which is going to have a huge impact on everyone’s lives; and then this wide-open field of

un-DevSecOps-ed historically under-researched areas.

9.1 Al-Augmented Security and Code Remediation

The emergence of powerful Large Language Models (LLMs) represents arguably the most
significant near-term disruption to the DevSecOps landscape, promising a future of Al-
augmented security where intelligent automation enhances and accelerates human capabili-
ties. One of the most prominent applications is in automated patch proposal and code reme-
diation. Tools powered by models similar to OpenAI’s Codex, such as GitHub Copilot, are
already capable of suggesting fixes for vulnerabilities identified by SAST scanners. Instead
of merely flagging a potential SQL injection flaw, these Al assistants can propose a corrected
code snippet that utilizes parameterized queries, effectively automating the remediation step.
A preliminary study by a team at Stanford University demonstrated that such models can
successfully fix a non-trivial number of common vulnerabilities, suggesting a future where
security flaws are repaired almost as quickly as they are detected(Ullah et al., 2024). Another
critical application is in intelligent alert triage, a direct response to the pervasive problem of
alert fatigue. Rather than presenting developers with a raw, unprioritised list of hundreds of
potential findings from various scanners, an Al-driven system can correlate and contextualise
these alerts. By synthesising data from SAST, DAST and SCA tools and cross-referencing
this information with the application’s architecture and business context, for instance, iden-
tifying that a medium-severity vulnerability exists in a public-facing, payment-processing
microservice, the Al can generate a highly prioritised and actionable list of the most crit-
ical risks, allowing security and development teams to focus their limited resources where
they matter most. Despite the immense promise, the integration of Al into DevSecOps is

in its infancy and there are profound empirical research gaps that temper the current hype.
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Firstly, there is a distinct lack of rigorous, large-scale benchmarking for the security and
correctness of Al-generated code and repairs. While some studies, such as the analysis of
GitHub Copilot, have shown that these models can inadvertently introduce new and subtle
security flaws, there is no standardized framework for evaluating their performance against
a diverse set of real-world vulnerabilities and codebases(X. Wang & W. H. Wang, 2022).
Future research must establish comprehensive standards to assess not just the Al’s ability
to fix a known mistake but also its propensity to produce unforeseen adverse outcomes or
additional, larger vulnerabilities. Second, we still don’t know what the long-term impact
on the abilities of developers and the security culture will be. A relevant research question
for an extended investigation is if excessive reliance on Al for security functions acts as a
cognitive crutch, potentially undermining developers’ security expertise and critical thinking
abilities over time. To ensure that Al serves as a tool for augmentation rather than a substi-
tute for human knowledge, it is essential to comprehend the interaction between individuals
and computers. Finally, there hasn’t been enough research on adversarial Al in a DevSecOps

scenario.

9.2  Quantum-Safe DevSecOps and Emerging Cryptography

On the horizon, a game-changing threat is the arrival of fault-tolerant quantum computers.
Such a quantum computer, using Shor’s algorithm, could break the majority of public-key
cryptosystems (and schemes), including RSA and Elliptic Curve Cryptography (ECC) which
are widely utilized in modern digital security solutions, e.g., for message encryption with
TLS or code-signing certificates(Chen et al., 2016). The task of moving the world’s digital
infrastructure to an entirely new set of quantum resistant algorithms - a discipline called Post-
Quantum Cryptography (PQC) - is enormous. The shift left is not just a technical challenge
— it’s fundamentally a DevSecOps challenge and will require significant transformation in
software development pipelines and practices for the next ten years. The U.S. National Insti-
tute of Standards and Technology (NIST) has already chosen the first round of standardized
PQC algorithms, including CRY STALS-Kyber for key exchange and CRYSTALS-Dilithium
for digital signatures, which proves that the transition is now in full swing. The first es-
sential is building pipeline support for PQC and crypto agility. Crypto agility refers to the
flexible handling of cryptographic algorithms by a system, allowing it to change between dif-
ferent cryptographic algorithms without significant changes in its architecture. DevSecOps
pipelines need to account for this transformation. “This in turn involves writing new tools
and automated tests to scan for and inventory legacy cryptography, with automatic flagging
of any use of now-vulnerable RSA or ECC primitives throughout the codebase and infras-
tructure configuration.” Second, new PQC algorithms have different performance behaviour
as well as a much larger key and signature size, which can affect the application latency

and network latency. Pipelines will need a new set of automated performance and regres-
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sion tests to verify PQC implementations, which safeguard against intolerable degradation
of the user experience. A paper at the Post-Quantum Cryptography conference (PQCrypto)
describes the significant engineering effort of integrating these new primitives into proto-
cols and applications, underscoring the importance of sound automated testing (Crockett,
Paquin & Stebila, 2019). Quantum-safety must be extended beyond said code and through-
out the entire software supply chain. The security of package managers, version control
systems, and container registries depends on digital signatures to verify the source and va-
lidity of artifacts. How the transition to PQC-based supply chain signing schemes will occur
as RSA/ECC-based signatures degrade in secure strength. This includes adjusting CI/CD
pipelines to incorporate new tools for creating and validating quantum-resistant signatures
(possibly based on CRYSTALS-Dilithium). The SLSA model, in particular, which provides
recommended practices to secure the software supply chain, will have to be revised to require
PQC signatures for higher assurance levels. This shift is massive and requires coordination
across the entire open-source and commercial software ecosystem, and DevSecOps pipelines
will be a central mechanism through which this migration will be orchestrated and validated

as a critical domain for future engineering work (and academic research).

9.3 Under-Researched Domains

A lot of huge, cloud-native IT businesses are talking about DevSecOps, but not all of its ideas
and approaches have been used or examined equally, thus there are still some significant ar-
eas that haven’t been looked into. One of the most glaring omissions is that there aren’t any
studies going on right now about how to switch to DevSecOps. Most of the academic case
studies and industry reports that are presently out there are only short-term pictures of the
issues and benefits of an adoption process over a period of 6 to 18 months. These studies
are helpful, but they don’t indicate how changes in culture and procedures happen over time.
There is an immediate need for longitudinal research that monitors organizations over a pe-
riod of three to five years or more. Such research could examine more profound questions:
Does the initial enthusiasm and improvement in security metrics persist over time, or does
the culture gradually revert to prior practices? How do DevSecOps toolchains vary over time
as new tools come out and old ones become obsolete? As developers get stronger at secu-
rity, what happens to the role of the central security team? You need to be able to answer
these questions to truly evaluate the long-term viability and true total cost of ownership of
a DevSecOps model. Another thing that hasn’t been looked at enough is how small and
medium-sized businesses (SMEs) employ DevSecOps. Most of the literature is about ma-
jor firms like Netflix, Google, and big banks that have a lot of money, a lot of specialized
skill, and the ability to hire whole teams to focus on platform engineering. SMEs, on the
other hand, live in quite distinct worlds. They have very tight budgets, can’t afford to lose

output during a complicated change, and don’t have easy access to security professionals.
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They can’t always leverage DevSecOps methodologies and toolchains from major compa-
nies directly. There is a major gap in research and development when it comes to building
DevSecOps frameworks that are lightweight, cheap, and highly automated that are built just
for small and medium-sized organizations (SMEs). Future research should focus on iden-
tifying the primary barriers to adoption within this critical economic sector and developing
pragmatic, “good-enough” security solutions that provide a basic level of security assurance
without requiring a significant upfront expenditure. Finally, DevSecOps in Edge Comput-
ing and the Internet of Things (IoT) is still a new and hard area. DevSecOps best practices
that work well in the public cloud’s resource-rich and homogenous environment don’t work
well in the IoT/Edge world. There are a lot of different types of hardware and software in
this field, and the devices have limited CPU, memory, and power. The devices also have
to deal with sophisticated interactions with the real environment. IEEE Access published
an academic review that says we need a new way to defend IT security over the whole IoT
lifetime. It is also important to do research on specialized DevSecOps processes for these
kinds of scenarios. This means making lightweight containerization and static analysis tools
for embedded systems, making secure and reliable over-the-air (OTA) update systems that
can patch millions of deployed devices, and making automated testing frameworks that fix
the physical-to-digital security holes that IoT systems have. A significant focus for future
research is establishing a connection between the cloud-based DevSecOps model and the

constrained resources at the edge.
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10 Conclusion

This thesis answered the three research questions by examining DevSecOps through the
lenses of security, efficiency, and compliance. RQ1 was addressed through an analysis of
security integration across the SDLC( Section 3-4 ), RQ2 through evaluation of efficiency
metrics ( Section 5 ), and RQ3 through the study of automated compliance mechanisms (
Section 6 ).

This review shows that DevSecOps is a necessary evolution, not an optional add on. Modern
release speed broke the old security gate. The only sustainable answer is to put security into
the pipeline and the team’s daily work. Security must be automated, codified and measured.
Culture must shift to shared ownership. These ideas repeat across the chapters and connect
to one result. Teams can ship faster and safer at the same time. The evidence across the work
is consistent. Moving security left reduces the time to detect and fix defects. It turns severe
late rework into quick local fixes. It lowers escaped defects and risk exposure. Tooling helps,
but culture makes it stick. IDE checks, pre commit hooks, SAST, SCA, DAST and IAST add
layers. IaC and Policy as Code make secure defaults normal. Secrets management prevents
simple but costly errors. Together these controls give fast and reliable feedback. Efficiency
gains follow the same logic. Automated gates remove long manual reviews. Pipelines pre-
vent audits. DORA metrics improve when security is built in, not bolted on. Developers
keep flow because checks run where they work. Operations gains stability from standard
images and hardened baselines. Security gains scale by teaching the pipeline to enforce pol-
icy every time. Compliance also changes shape. Evidence is born in the pipeline. SBOMs,
logs, scan reports and policy decisions form an immutable trail. Audits shift from snapshots
to continuous assurance. The mapping to ISO 27001, PCI DSS, HIPAA and the CRA be-
comes concrete. “Compliance as code” turns rules into tests. It prevents violations before
deployment and proves status on demand. The review does not hide the hard parts. Cul-
ture change is slow. Skills are scarce. Tool sprawl creates noise. Legacy systems resist fast
scans and small batches. Hybrid estates need careful policy mapping. The answer is to start
small, show value and scale with a paved road. Warn then enforce policies ease adoption.
Shared metrics align speed and safety. Blameless learning keeps people engaged. The future
section highlights a new frontier. Al can detect anomalies, prioritize risk and propose fixes.
It can also create new risks. Data poisoning, false positives and blind trust can hurt teams.
Human oversight remains essential. Quantum threats will require crypto agility and supply
chain upgrades. SMEs and IoT need lighter patterns and new research. In short, this review
defines why DevSecOps matters, how it works and what results to expect. It offers a map
from theory to practice. It links culture, tools and policy to measurable outcomes. It shows

how to integrate security into the value stream. It sets a research agenda for Al, quantum
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safe pipelines and under served domains. The message is clear. Make security continuous.
Make it visible. Make it everyone’s job. That is how modern software becomes fast, resilient

and trustworthy.
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