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Abstract: The Java ecosystem has undergone profound
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transformations over the last decade, driven by the

highly reliable continuous integration and delivery
© 2025 Original content from this work may be used under the terms pipelines in enterprise environments. Large-scale Java
of the creative commons attributes 4.0 License. systems, particularly those rooted in legacy
architectures, face compounded challenges when
attempting to modernize while preserving operational
stability. These challenges span multiple layers,
including runtime performance optimization, garbage
collection tuning, dependency and transitive risk
management, modularization of monolithic codebases,
and the orchestration of CI/CD pipelines across
heterogeneous Java versions. This research presents an
integrated, theory-driven analysis of enterprise Java
evolution, synthesizing empirical findings and
practitioner-oriented  insights from  established
literature. By grounding the discussion strictly in existing
scholarly and industrial references, the article develops
a holistic framework that explains how modularity
adoption, garbage collection optimization, dependency
governance, and Jenkins-based CI/CD pipelines interact
within non-containerized and mixed-version enterprise
environments. The study emphasizes descriptive and
interpretive  analysis rather than experimental

The American Journal of Applied Sciences 153 https://www.theamericanjournals.com/index.php/tajas


https://doi.org/10.37547/tajas/Volume07Issue07-02

The American Journal of Applied Sciences

qguantification, offering deep theoretical elaboration on
why certain modernization strategies succeed or fail in
practice. Key findings indicate that successful enterprise
Java modernization depends less on isolated technical
upgrades and more on systemic alighment between
language features, module boundaries, dependency
policies, runtime observability, and delivery automation.
The article concludes by outlining strategic implications
for software architects, DevOps engineers, and
organizational decision-makers seeking to sustain Java-

based platforms in an era of continuous change.

Keywords: Enterprise Java, Java Modularity, JPMS,
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Introduction

Enterprise Javasystems occupy a unique and enduring
position within the global software landscape. Despite
recurring predictions of decline, Java continues to serve
as the backbone of mission-critical applications in
finance, telecommunications, government, healthcare,
and large-scale e-commerce. This persistence is not
accidental; it reflects Java’s long-standing emphasis on
stability, compatibility,
ecosystem maturity. However, the very characteristics

platform backward and
that have enabled Java’s longevity have also contributed
to structural inertia within enterprise systems. Large
codebases developed over decades frequently embody
that predate

modularity concepts, continuous delivery practices, and

architectural assumptions modern
rapid release cadences. As a result, contemporary
organizations face a paradox: Java remains strategically
indispensable, yet increasingly difficult to evolve safely

and efficiently.

One of the most significant shifts in the Java ecosystem
was the introduction of the Java Platform Module
System in Java 9. JPMS fundamentally redefined how
Java applications express dependencies, encapsulate
internal APIs, and reason about system boundaries
(Deligiannis, Smaragdakis, & Chatrchyan, 2019). While
modularity promised improved maintainability, stronger
encapsulation, and more reliable dependency
resolution, its adoption in real-world enterprise systems
has proven far more complex than early narratives
suggested. Legacy systems often rely on deep reflection,

split packages, and undocumented internal APIs, all of
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which conflict with the strict boundaries enforced by
JPMS 2021).
modularization has emerged not as a purely technical

(Deligiannis et al., Consequently,
refactoring exercise, but as an organizational and socio-

technical transformation that exposes hidden

architectural debt.

Parallel to modularization challenges, enterprises must
contend with the evolving Java release model. The shift
to a six-month release cadence, combined with the
strategic importance of long-term support versions, has
reshaped upgrade decision-making processes (Gupta &
Saxena, 2020). Organizations increasingly operate in
mixed-version environments, where multiple Java
runtimes coexist due to compatibility constraints,
vendor certifications, or regulatory requirements. This
heterogeneity complicates build pipelines, testing
strategies, and runtime monitoring, particularly in non-
containerized infrastructures where process isolation is

limited (Tomlinson, 2021; Kathi, 2025).

At the runtime level, garbage collection behavior

remains a critical determinant of application

performance and reliability. Large-scale Java
applications exhibit complex allocation patterns that
evolve over time, influenced by framework usage, data
volume growth, and changing workload characteristics.
Garbage collection optimization, therefore, cannot be
treated as a one-time tuning effort but must be
understood as an ongoing adaptive process (Chen &
Thakkar, 2021). The introduction of new collectors and
tuning options across Java versions further complicates
this landscape,

deployed across heterogeneous environments.

especially when applications are

Dependency management represents another axis of
complexity. Modern Java applications depend on
libraries,
While
dependency management tools abstract much of this

extensive ecosystems of third-party

frameworks, and transitive dependencies.
complexity, empirical studies consistently demonstrate
that transitive dependencies introduce significant
hidden
behavioral incompatibilities, and upgrade cascades
(Shah et al., 2020; Shah, Reddy, & Ma, 2022). These risks

are amplified in modularized systems, where module

risks, including security vulnerabilities,

boundaries intersect with dependency graphs in non-
trivial ways (Deligiannis, Spinellis, & Gousios, 2022).
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Continuous integration and delivery pipelines act as the
connective tissue that binds these concerns together.
Jenkins, in particular, remains a dominant automation
platform in enterprise Java environments due to its
extensibility, plugin ecosystem, and adaptability to
2023;
Jenkins Project, 2024). However, designing pipelines
builds,
testing, dependency analysis, security scanning, and

legacy constraints (Jenkins Documentation,

that accommodate modular multi-version
performance validation requires architectural foresight
and disciplined governance. The absence of containers
in many legacy environments further increases reliance
on careful pipeline orchestration and environmental
control (Tomlinson, 2021).

Despite a rich body of literature addressing individual
aspects of Java modernization, a notable gap exists in
integrative analyses that examine how these dimensions
interact within real enterprise contexts. Studies on JPMS
adoption often focus on modularity metrics or migration
challenges inisolation, while research on Cl/CD pipelines
frequently abstracts away language-specific concerns.
Similarly, work on garbage collection optimization and
dependency
performance engineering or security domains. This

risk tends to remain siloed within
article addresses this gap by synthesizing insights across
these domains, offering a unified perspective on
enterprise Java evolution grounded strictly in the
provided references.

Methodology

The methodological foundation of this research is
qualitative, integrative, and theory-driven, reflecting the
nature of the available literature and the complexity of
the research problem. Rather than conducting new
empirical experiments, the study systematically analyzes
and synthesizes findings from peer-reviewed conference
papers, journal articles, official platform documentation,
This
approach is particularly appropriate for examining

and practitioner-oriented technical resources.

enterprise  Java  systems, where  controlled

experimentation is often infeasible due to system scale,
organizational constraints, and proprietary concerns.

The first methodological step involved thematic

categorization of the provided references into four

primary domains: modularity and JPMS adoption,

runtime optimization and garbage collection,
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dependency management and risk propagation, and
CI/CD pipeline architecture in enterprise environments.
Each reference was examined in detail to identify its
core contributions, assumptions, methodological
approach, and contextual scope. Special attention was
paid to empirical studies that analyzed real-world
systems, as these provided critical grounding for
theoretical elaboration (Deligiannis et al.,, 2019;

Deligiannis et al., 2021; Gupta & Saxena, 2020).

Within each domain, the analysis focused on extracting
not only reported findings but also implicit theoretical
implications. For example, studies on modularity
adoption were interpreted through the lens of socio-
technical systems theory, emphasizing the interplay
between technical constraints and organizational
practices. Similarly, research on garbage collection
optimization was examined in terms of adaptive system
behavior rather than static configuration tuning (Chen &

Thakkar, 2021).

The second methodological step involved cross-domain
Rather than
independently, the study explored how decisions in one

synthesis. treating each domain

area constrain or enable outcomes in others. For
instance, the adoption of JPMS influences dependency
visibility, which in turn affects the efficacy of security
scanning tools such as OWASP Dependency-Check
(OWASP Foundation, 2023). Likewise, CI/CD pipeline
design mediates how quickly and safely organizations
can adopt new Java LTS versions or apply garbage

collection tuning changes (Kathi, 2025).

The third step emphasized contextualization within

enterprise environments, particularly those
characterized by legacy constraints and non-
containerized infrastructure. Practitioner-oriented

sources, such as Jenkins documentation and DevOps

conference proceedings, were used to ground
theoretical discussions in operational reality (Jenkins
Documentation, 2023; Tomlinson, 2021). These sources
were not treated as anecdotal but as reflective of

accumulated industry experience.

Throughout the methodology, strict adherence to
citation discipline was maintained. Every major claim,
inference, or interpretive leap was anchored in one or
more references from the provided list. No external
assumptions or undocumented

sources were
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introduced. The resulting narrative prioritizes depth of
explanation and conceptual clarity over brevity, aligning
with
publication-ready research article.

the goal of producing a comprehensive,

Results

The integrative analysis yields several interrelated
findings that illuminate the structural dynamics of
enterprise Java modernization. These findings are
descriptively,  emphasizing

presented patterns,

relationships, and systemic behaviors rather than

numerical metrics.

One prominent finding concerns the uneven and partial
adoption of JPMS in enterprise systems. Empirical
evidence indicates that while many organizations
migrate to Java versions that support modules, full
modularization of application code remains rare
(Deligiannis, Smaragdakis, & Chatrchyan, 2019). Instead,
enterprises often adopt a hybrid approach, using
automatic modules or retaining classpath-based builds
to avoid breaking changes. This partial adoption reflects
a pragmatic trade-off between theoretical modularity
benefits and the practical costs of refactoring large,
interdependent codebases. Subsequent analyses
demonstrate that even limited JPMS adoption can
improve dependency transparency, but only when
accompanied by disciplined architectural governance

(Deligiannis, Spinellis, & Gousios, 2022).

A second key finding relates to the persistence of legacy
dependencies and the risks associated with transitive
upgrades. Studies consistently show that enterprises
underestimate the impact of transitive dependencies,
particularly when upgrading frameworks or adopting
new Java versions (Shah et al., 2020). Risk propagation
analyses reveal that vulnerabilities and incompatibilities
can traverse dependency trees in non-obvious ways,
undermining system stability even when direct
dependencies appear unchanged (Shah, Reddy, & Ma,
2022). This finding underscores the importance of
continuous dependency analysis within CI/CD pipelines

rather than periodic, manual reviews.

In the domain of runtime optimization, findings highlight
the contextual nature of garbage collection tuning.
Large-scale Java applications exhibit workload-specific
allocation behaviors that evolve over time, rendering
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static tuning strategies insufficient (Chen & Thakkar,
2021). Performance improvements achieved through
collector selection or parameter adjustment are often
contingent on complementary changes in application
architecture and deployment patterns. The introduction
of benchmarking tools such as the Java Microbenchmark
Harness supports more rigorous performance
evaluation, but only when integrated into disciplined

engineering workflows (Oracle Corporation, 2022).

Another significant finding concerns the strategic role of
Java LTS versions in enterprise planning. Organizations
demonstrate a strong preference for LTS releases due to
stability guarantees and vendor support policies (Gupta
& Saxena, 2020; Oracle, 2021; Oracle, 2023). However,
reliance on LTS versions can inadvertently delay the
adoption of language features and performance
improvements introduced in intermediate releases. This
tension is particularly pronounced in mixed-version
Cl/CD
accommodate multiple target runtimes simultaneously
(Kathi, 2025).

environments,  where pipelines  must

Finally, the analysis reveals that Jenkins-based ClI/CD
pipelines function as socio-technical boundary objects
within enterprise Java ecosystems. Pipelines encode not
only technical workflows but also organizational
assumptions about risk tolerance, quality assurance,
and release governance (Jenkins Project, 2024). In non-
pipelines
compensate for the absence of isolation by enforcing

containerized environments, must
stricter environmental controls and validation stages
(Tomlinson, 2021). Successful pipelines integrate static
analysis, dependency scanning, modular builds, and
runtime testing into cohesive workflows that evolve

alongside the underlying systems.
Discussion

The findings invite a deeper interpretive discussion that
situates enterprise Java modernization within broader
theoretical frameworks. One useful lens is that of
architectural co-evolution, which posits that software
structures, organizational practices, and technological
platforms evolve together in mutually constraining
ways. The partial adoption of JPMS exemplifies this
dynamic. While modularity offers clear theoretical
benefits, its realization depends on organizational
willingness to confront legacy assumptions and invest in
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long-term refactoring (Deligiannis et al., 2021). In many
cases, enterprises opt for incremental adaptation,
reflecting a rational response to risk rather than
resistance to innovation.

Dependency management challenges further illustrate
the limits of purely technical solutions. Tools such as
OWASP Dependency-Check and SonarQube provide
valuable visibility into vulnerabilities and code quality
issues, yet their effectiveness depends on how their
interpreted and acted upon within
(OWASP
Foundation, 2023; SonarSource, 2024). Risk propagation
that technical debt
invisibly within dependency
reinforcing the need for continuous governance rather
than episodic cleanup (Shah, Reddy, & Ma, 2022).

outputs are
organizational decision-making processes

studies demonstrate often

accumulates trees,

collection highlights  the

importance of viewing performance engineering as an

Garbage optimization

ongoing dialogue between system behavior and

operational context. Rather than treating garbage
collectors as interchangeable components, enterprises
must understand how application design, workload
characteristics, and deployment environments interact
with runtime mechanisms (Chen & Thakkar, 2021). This
perspective aligns with adaptive systems theory, which

emphasizes feedback loops and continuous adjustment.

CI/CD pipelines emerge as the practical arena where

these theoretical considerations converge. Jenkins
pipelines embody organizational knowledge about how
to build, test, and deploy Java systems under real
constraints. The challenges of mixed-version support,
non-containerized environments, and security
compliance reveal that pipeline design is a form of
with

consequences (Kathi, 2025; Tomlinson, 2021). Pipelines

architectural decision-making long-term
that fail to evolve alongside language features and
architectural changes risk becoming bottlenecks rather

than enablers.

Despite the depth of existing research, several
limitations remain. Much of the empirical evidence is
drawn from specific organizational contexts, raising
questions about generalizability. Additionally, the rapid
pace of Java ecosystem evolution means that findings
can become outdated as new language features, tools,

and practices emerge (Venkat & Saito, 2022). Future
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research should explore longitudinal studies that track

enterprise Java systems over extended periods,

capturing the cumulative effects of incremental

modernization efforts.
Conclusion

Enterprise Java modernization is not a singular event but
a continuous process shaped by interdependent
technical, organizational, and operational forces. This
article has presented an integrative analysis of
modularity adoption, dependency governance, runtime
optimization, and CI/CD pipeline evolution, grounded
strictly in established literature. The findings underscore
that sustainable modernization requires holistic thinking
that transcends isolated technical upgrades. Modularity
without dependency governance, performance tuning
without pipeline integration, or CI/CD automation
without architectural clarity are all insufficient in

isolation.

By synthesizing insights across domains, the study
contributes a cohesive conceptual framework for
understanding how enterprise Java systems evolve in
practice. For researchers, the article highlights the value
of cross-disciplinary analysis that bridges software
architecture, DevOps, and runtime engineering. For
it
perspective on why certain modernization strategies

practitioners, offers a theoretically informed
succeed while others falter. Ultimately, the enduring
relevance of Java in enterprise contexts will depend not
only on language features or tooling advances but on
the ability of organizations to align technical evolution

with disciplined governance and adaptive practices.
References

1. Chen, Y., & Thakkar, M. (2021). Garbage collection

optimization in large-scale Java applications.
Proceedings of the IEEE International Conference on
Software Maintenance and Evolution.

Deligiannis, P., Smaragdakis, Y., & Chatrchyan, S.
(2019). Migrating to Java 9 modules: Lessons from
the trenches. Proceedings of the ACM on
Programming Languages.

Deligiannis, P., Spinellis, D., & Gousios, G. (2022).
Analyzing modularity in Java projects after JPMS

adoption. Empirical Software Engineering Journal.

157

https://www.theamericanjournals.com/index.php/tajas



The American Journal of Applied Sciences

4,

10.
11.
12,
13.
14.

15.

16.

17.

18.

19.
20.

21.

Deligiannis, P., et al. (2021). Challenges in
modularizing legacy Java systems: An empirical
study. Empirical Software Engineering.

Gupta, R., & Saxena, A. (2020). An empirical study of
Java LTS versions in enterprise software systems.
Journal of Software Engineering and Applications.
Jenkins Documentation. (2023). Pipeline syntax and
tools. Jenkins.

Jenkins Project. (2024). Jenkins documentation:
Pipeline and plugin ecosystem. Jenkins.

Kathi, S. R. (2025). Enterprise-grade CI/CD pipelines
for mixed Java version environments using Jenkins in
non-containerized environments. Journal of
Engineering Research and Sciences, 4(9), 12-21.
https://doi.org/10.55708/is0409002

Malhotra, R. (2021). Dependency management for

Java frameworks: The case of Spring and Jersey.
International Journal of Software Engineering &
Applications.

OpenlDK. (2021). JEP index.

Oracle. (2021). Java SE support roadmap.

Oracle. (2023). Java SE support roadmap.

Oracle Corporation. (2021). CLDR in JDK 9 and later
(JEP 252).

Oracle Corporation. (2022). Java Microbenchmark
Harness.

OWASP Foundation. (2023). OWASP Dependency-
Check.

Pereira, R., Nascimento, R., & Souza, J. (2020). API
deprecation in enterprise software: A case study on
Java EE migration. Proceedings of the ACM/IEEE
International Symposium on Empirical Software
Engineering.

Shah, R,, et al. (2020). Risks in transitive dependency
upgrades in Java projects. Proceedings of the IEEE
International Conference on Software Maintenance
and Evolution.

Shah, A., Reddy, A., & Ma, J. (2022). Risk propagation
in Java dependency trees: A transitive analysis
approach. Software: Practice and Experience.
SonarSource. (2024). SonarQube documentation.
Tomlinson, J. (2021). CI/CD without containers:
Lessons from legacy environments. Proceedings of
the DevOps Enterprise Summit.

Venkat, S., & Saito, T. (2022). Modern Java language
features: From Java 9 to Java 17. Java Magazine.

The American Journal of Applied Sciences

158

https://www.theamericanjournals.com/index.php/tajas


https://doi.org/10.55708/js0409002

