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Abstract: Containerization has done the magic where software deployment is concerned, as it has provided a mechanism through
which applications can be easily packaged, distributed and managed. Docker and Kubernetes allow developers to package applications
into lightweight standalone environments with all the necessary dependencies, thus guaranteeing applications work the same way in
all environments. This is particularly important in large-scale systems, where scalability, reliability, and portability issues become
essential in fulfilling the needs of today's organizational settings. But here, containerization brings some specific issues for Java
applications. It is a classic example of enterprise-grade systems. These are as follows: Memory management and allocation, which
appear poor, bigger start up time, and other related optimization problems which are found in every running Java application since
Java and the JVM are resource hungry. The same factors may affect JVM running Java workloads more severely in limited resource
settings such as containers, resulting in poor performance and high operational costs.

This paper examines ways through which Java applications can be tuned with the aim of enhancing the performance of
containers at the minimum cost of resources. Some of them are JVM tuning, such as heap sizing and choosing the right garbage
collectors, and auto scaling utilized by Kubernetes to optimize resources, such as container image size by modularity. This paper uses
profiling tools, benchmarking processes, and experimental validation as part of a systematic method to analyze and solve these
problems. Specific details reveal dramatic gains in system relevancy factors including, but not limited to, startup time, output rate,
response time, and memory load. Targeted at developers and DevOps, who attempt tasking Java-based applications to modern cloud-
native environments, the incoming work presents a response to challenges resulting from containerization. Moreover, best practices
for future improvements, which include considering the usage of serverless deployment and other JVMs, like GraalVM, as the
tendencies of modern deployment approaches' development are provided.
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1. Introduction

Containerization has become one of the most significant and innovative technologies in software development and
deployment in a modern and ever-growing world. Containers based on technologies like docker and orchestrated with technologies
like kubernetes are a light, reliable and portable approach to delivering value-added applications with dependencies. [1-4] These
enhancements have made the deployment of current applications change in today's way across development and production modes
while controlling for homogeneity and extensibility. Java continues to be one of the most popular programming platforms for
developing large-scale, high-intensity applications because it is robust, platform-independent and backed up by a strong support base
of developers. Despite this, when it comes to running Java workloads in containers, organizations face headaches such as memory
overhead, suboptimal GC, slow application starts, and resource sharing. It is of great importance that such challenges be addressed in
containerized ecosystems to get the best out of containerized ecosystems regarding resource consumption and costs.

Docker makes containers much easier to create and control, while Kubernetes is a solution to control and manage the
application based on containers. These technologies bring agility, scalability, and operations efficiency within organizations. But, this
tuning of applications in Java, which run in the container, depends on JVM performance, the memory limit of the Java applications
and the container in which it is installed. These questions are some of the issues addressed in this paper that seeks to articulate through
analyzing optimization strategies on Java applications in Docker and Kubernetes. This study's goals include exposing performance
inefficiencies, improving resource utilization, reducing container tent sizes, and finding beneficial orchestration approaches.

1.1. Evolution of Software Containers

Container software has become significant over the past two decades and is now among the most standard application
deployment methods. Previous solutions used Virtual Machines (VMs), where isolation was combined with high overhead due to their
paperweight approach and duplicate operating systems. Containers were seen as a lighter approach using the host OS kernel whilst
keeping the application and its dependencies separate. Docker 2013 popularized containerization through the creation of a packaging
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and deployment toolset. Containers can start up in minutes and use far fewer resources than virtual machines but have the same clone-
like environment as Development, Test and Production.

The output and utilization of containers have been again improved through orchestration platforms such as Kubernetes.
Kubernetes is the container orchestration tool that automates deployment, scalability/availability, protection and resource utilization.
The pairing of Docker for client application packaging and Kubernetes as an orchestration layer is now considered the industry
standard for new-fangled distributed systems.

1.2. Why Enterprise JAVA Applies

Java remains one of the go-to languages for building enterprise applications for decentralized computing platforms because it
is platform-independent, reliable, scalable, and employs a rather strong ecosystem. This versatility placed it firmly among industries
requiring increased business logic and high-transaction processing, such as banking, e-commerce, health, and telecommunications.
The WORA characteristic of Java permits application developers to produce applications that can be run on any device and any
operating system without any alterations. Furthermore, implementation frameworks, including Spring Boot, Hibernate, and the Java
Enterprise Edition, make coding big applications easy.

However, Java applications are traditionally heavy and suffer from long start-up times, big memory consumption, and
unsuitable garbage collectors for environments with restricted resources. When the matter concerns the Java application's operation in
a container, these problems become critical, resulting in CPU pinch, memory leak, and GC pause. The challenge of tuning Java
applications to run on containers is that organizations must ensure they retain all the performance, reliability, scalability, and cost-
optimization that businesses depend on in modern IT environments.

1.3. Motivation: Performance tuning of Docker with Java and Kubernetes

The reason for enhancing Java applications in Docker and Kubernetes mainly results from the growth in the implementation
of microservices and cloud-native services. Microservices promote an approach that suggests that big complex applications should be
split into tiny services, each encapsulated and run in containers. Although this enhances scalability and flexibility, the overhead of
running multiple containers, most of which are Java-based, becomes a real resource hog, which balloons the costs of running the
container.

Java applications in containers face challenges such as:

¢ Memory Management Issues: There are differences within container response since they set constraints of resources that are
quite a challenge to the JVMmemory settings. For instance, ineffective garbage collection may lead to latency, delay, or
OutOfMemoryErrors.

e Startup Time: Compared with other Java applications, Java applications may have longer startup times, impacting auto-scale
and orchestration.

e Container Size: Old-style Java Runtime Environments (jrees) are a part of large containers that are typical for applications.

e Resource Allocation: This is possible through incorrect or, at times, malicious request specifications and limits set in
Kubernetes that result in resource competition or misuse.

To overcome these challenges, the optimization of Java applications for containerized environments might include JVM
tuning, improving the modularity of Java (using JDK 9+), an attempt to reduce the size of the containers and making the best use of
Kubernetes' resource management abilities. It is paramount to optimize to achieve reliability, cost efficiency, and more efficiency in
the current cloud-native microservice environment.

2. Literature Survey

In this section, the findings of scholarly and professional literature, as well as current best practices in the context of
containerized Java applications performance optimization, are discussed. [5-8] The key areas of interest include the core performance
characteristics of the Java workloads, the opportunity and the challenge of containers, and an overview of how kubernetes manage
resource constraints. The discussion also involves a comparison with other similar studies to show areas of research negligence and
limitation.

2.1. About Java Performance Problems

This is because Java applications are primarily characterized by their reliability, portable nature, as well as the possibility to
scale up, yet the execution of such applications is bound to be slowed down considerably when the applications in question are run in
containerized environments that can be severely and severely limited in terms of the resources at their disposal. GC overheads, JVM
memory issues, class loading, and JVM startup time become significant issues of concern in Xen virtualization.
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2.1.1. The overhead of Garbage Collection (GC)

The Java Virtual Machine (JVM) business largely depends upon Garbage Collection (GC) to supervise memory by
eliminating non-utilized objects. However, GC can pose problems for operational systems, and it is most notable for applications
running in lightweight containers that have restricted RAM and computational power. Long GC pauses lead to increased maximum
latency and reduced application throughput,’ hindering one's ability to meet performance goals necessary for real-time/mission-critical
applications. To address these problems, new garbage collectors like G1GC, ZGC, and Shenandoah have been developed, but
determining the proper GC approach for containerized workloads is important.

2.1.2. VM Memory Inefficiency

By default, the JVM deals with the total amount of memory available in the underlying system. However, in recent times,
when people have restricted memory usage in containerized environments, this type of behavior has led to inefficiencies. If the
allocated JVM heap is more than the defined container memory limit, then the container gets OOM or terminated. Some of them
include the allocation of final heap sizes options commonly referred to as (-Xmx), the initial Java heap sizes (-Xms), and the GC
tuning to stop JVM from overcommitting resources on its memory allocation technique.

2.1.3. Class Loading and Startup Times

Java applications are well known for their long start time because of the dynamic class loading and initialization of classes
and their dependencies. This issue becomes important where containers are often created and destroyed, which is typical of
microservices architectures and auto-scaling. This has been a big problem that software engineers have been working to solve to help
the execution of Java code at a faster rate and consume less memory as well; frameworks like AOT (Ahead-of-Time) Compilation,
Micronaut and Quarkus have been engineered to solve this problem by making the startup time to be faster and the memory used to be
less.

2.2. Containerization and Java
Containerization has offered many advantages when it comes to Java applications' deployment but has also presented a set of
unique issues concerning performance decline and resource scarcity.

2.2.1. The Advantages of the Containerized Deployments for Java

e Portability: Containers include an application and all of its dependencies within the same entity, and the usage enables a
standardized environment across the different stages (development, testing, production).

e Scalability: Containers can be easily cloned and are highly portable, which is great for microservices-based Java architectures
that can be scaled horizontally.

e Resource Isolation: Containers generally offer improved program practical resource performance control and allocation of
CPU, memory as well as 1/0, which avoids conflicts.

e Ease of Deployment: Even for Java applications, packaging and deployment becomes easier through the utilization of
products like Docker that help to speed up delivery and, at the same time, reduce configuration costs.

2.2.2. Research on the Decline of Container Efficiency
Many papers have been surveyed on the effects of containerization on Java execution time. Key findings include:
e Resource Overheads: When running Java applications in Containers, you will experience CPU throttling and additional RAM
usage because of container limitations and wrong configurations of the JVM.
e Garbage Collection Delays: GC pauses make things worse on configurations with limited memory per container, which in
turn brings more latency.
e Cold Start Issues: In microservices architectures, often container startups are expected and may increase startup latency,
implying the system's response time and scalability.

However, these issues show that different types of workloads and application architectures are searching for ways to increase
efficiency while utilizing the benefits of different containers and their deployment.

2.3. Kubernetes and Resource Constraints

Kubernetes is an effective high-level manager of containerized applications in computer-distributed systems. As it does
create tools enabling shell programming to automate distribution, scaling, and resource management, it also brings concerns about
resource scarcity and efficient resource utilization.

2.3.1. Existing Orchestration Tools
Kubernetes offers a variety of tools to manage resources efficiently, such as:
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e Resource Requests and Limits: Kubernetes offers two methods of addressing the issue of sharing resources between
containers: both usable CPU and memory can be described with requests/limits.

e Horizontal Pod Autoscaler (HPA): Automatically adjusts the pods based on the CPU or memory utilization Pre-Defined
levels.

e Vertical Pod Autoscaler (VPA): It dynamically alters the specification of and, thereby, the resources they demand/that are put
on the pods while they are running.

o Node Affinity and Taints: Kubernetes offers ways of allocating pods to given nodes according to the sets of resources or
other application needs.

2.3.2. Challenges in Kubernetes
Despite these capabilities, Kubernetes introduces certain challenges:
e Resource Limits: If resource limits are set up improperly, it can result in resource rivalry, slow CPU usage, or operating out
of memory, OOM. Distribution of resources appropriately is crucial so that an organization does not equip itself with a
resource it does not use adequately.
e Horizontal Scaling: Java applications' horizontal scaling comes at the rather high cost of long startup times as well as the
optimization of the container images for deployment overhead.
e  Auto-Scheduling: Compared to the Java applications, the Kubernetes scheduling mechanism may make choices that are not
optimal for the Java applications when there are circumstances such as high GC costs or high memory utilization.
Considerations for it: Their design is quite open and general, so plant configurations are corrected for optimum performance.

3. Methodology

This section provides a comprehensive proposal of a systematic approach to Java application tuning in the containerized
environment, performance profiling, JVM parameters tuning, recommendation of optimized Docker images, and optimization of
resource usage in the Kubernetes environment. The outline of the optimization process is presented in the form of a stepwise
algorithmic workflow to facilitate developers. [9-13] The methodology involves tools, techniques and strategies that will solve various
challenges Java applications experience in resource-limited containerized environments.

3.1. Java Application Profiling

Java application profiling is the initial and the most important step in detecting the application's performance issues like real
CPU usage, threads' conflicts, and GC pauses. This means that profiling tools help open the veil into application behavior and give
developers a clear picture of which sections require attention.

3.1.1. Tools for Profiling
e JVisualVM: An open-source Java monitoring tool that offers a profile of applications in real-time and at very low weight. It
also enables visualization of heap structures, thread activities and Garbage Collector performance.
e Java Flight Recorder (JFR): A simple, low-overhead tool that is included in the JDK that logs specified performance
parameters such as CPU usage, garbage collection, thread performance, etc.
o Prometheus and Grafana: Prometheus gathers and processes statistics (CPU, memory, GC) on hundreds of hosts, and Grafana
provides graphics on top of these statistics in the form of customizable galleries.

3.1.2. Profiling Workflow

e Test the Java application in a containerized environment.

e | recommend using JVisualVM or JFR in order to monitor the CPU usage, to find out the most used methods and to
investigate thread conflicts.

e Record and analyze GC pauses and inspect heap memory in order to determine if the Alzheimer API eliminates those
inefficiencies.

e  With Prometheus, we collect and analyze performance details in real-time and visualize trends in Grafana.

e Record results for reference when making JVM and container enhancements.

3.1.2. Key Metrics to Monitor:

GC Pause Time (latency)

Thread States (Blocked, Runnable, Waiting)
CPU Utilization

Heap Memory Consumption

Startup Time
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3.2. JVM Optimization

Java Virtual Machine is significant in managing application performance. Tuning JVM parameters can lead to better memory
usage, reduce response time and increase the rate of finished tasks in application conditions. This is the area of tuning the parameters
and selecting the Garbage Collector (GC).

3.2.1. Parameter Tuning for Memory
e Heap Size Configuration: The heap size should be set depending on the resource limit of the container. For example, use -
Xmx and -Xms options. This prevents over-commitment of memory resources and is also good for GC, as it turns out.
e Stack Size: A lot of applications have numerous threads; therefore it is necessary to optimize thread stack sizes (-Xss) to
enhance the consumption of memory.
e Metaspace Tuning: JVM Metaspace parameters should be properly configured in order to avoid overcommitment of the
JVM.

3.2.2. Garbage Collector Selection
The selection of the GC strategy causes differences in terms of application latency and throughput. Modern GCs include:
e GI1GC (Default in JDK 9+): Scales well and has low latency for most purposes.
e ZGC: Ultra-low pause GC is designed for heaps that are up to terabytes large; hence, it is good for large heaps.
e Shenandoah: Low-pause GC that can decrease pause times for even big heaps; it is perfect for latency-critical programs.

3.3. Optimizing Docker for Java
Choosing the right image format is critical to minimize client container size, short "First Boot Time", and optimal use of OS
resources. This section also provides methods for limiting the size of container images and JARSs.

3.3.1. Techniques to Minimize Docker Image Size
3.3.1.1. Multi-Stage Builds: This should be complemented by the multi-stage Docker builds, which reduce the number of unnecessary
artifacts in the final container image.
e Stage 1: Develop the application having depended on it.
e Stage 2: The base image should contain only the most lightweight JDK version (for example, the OpenJDK Slim), and it has
to be copied only from the JAR file for execution.

3.3.1.2. Jib: A hub of container images that allows for the engineering of payloads without the need for a Dockerfile. Jib directly
constructs optimized images, is compatible with Maven and Gradle, and supports layered images for fast deployment.

3.3.1.3. Base Image Optimization: Choose light base images such as:
e OpenJDK Slim: Less in size, and they have a dependency on other tasks.
e Alpine Linux: Thin image with the added cost of more compatibility checks.

3.3.1.4. Modular Java with JDK 9+: Java also refers to a modular system that became available starting with JDK 9: it exclude
unnecessary modules to use only necessary ones, thereby decreasing the sizes of the loaded JAR files and the overall runtime.
Table 1: Comparison of Docker Image Sizes

Base Image Image Size Optimization
OpenJDK 11 Slim 120 MB Minimal Java modules
OpenJDK with Full JRE 350 MB Default includes all modules
OpenJDK + Multi-Stage Build 85 MB Optimized with Jib

3.4 Kubernetes Resource requests
It is always important to have resources, especially within the Kubernetes environment, so as to avoid the occurrence of
resource rivalry.

3.4.1. Resource Limitation and Setting the Resource Demands
e Resource Requests: Identify the minimum CPU harness and the minimum memory harness that should be given to the
application.
e Resource Limits: Set the command that describes the maximum resource that can be consumed by a container to avoid
resource over-subscription.
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3.4.2. Horizontal Pod Autoscaler (HPA)
Kubernetes' HPA scales the number of pods relevant to the usage of resource utilization data (either CPU or memory).
Example configuration;

apiVersion: autoscaling/v2
kind: HorizontalPodAutoscaler
metadata:
name: java-app-hpa
Spec:
scaleTargetRef:
apiVersion: apps/vl
kind: Deployment
name: java-app
minReplicas: 2

3.4.3. Pod Affinity and Anti-Affinity

For load balancing, the affinity rules can place pod specifications across the nodes depending on the availability of individual
nodes and resource utilization constraints. Affinity carries out the process that subsequent pods cannot be scheduled on one node to
enhance reliability.

Algorithm: Optimize_Java_Containers
Input: Java Application, JVM Settings, Dockerfile, Kubernetes Config
Output: Optimized Deployment

Step 1: Profile the Java Application using JVisualVM or JFR to identify CPU,
memory, and GC bottlenecks.
Step 2: Fine-tune JVM parameters:

a) Configure heap sizes ("-Xms", "-Xmx") and thread stack sizes.

b) Select the optimal Garbage Collector (G1GC, ZGC, or Shenandoah).
Step 3: Optimize the Dockerfile:

a) Use multi-stage builds to reduce container size.

b) Leverage modular JDKs (JDK 9+) to minimize JAR size.
Step 4: Configure Kubernetes resources:

a) Set CPU/memory requests and limits.

b) Implement Horizontal Pod Autoscaler (HPA) for dynamic scaling.

¢) Use affinity/anti-affinity rules for workload distribution.
Step 5: Deploy the optimized application in Kubernetes.
Step 6: Monitor performance metrics using Prometheus and Grafana.
Step 7: Iterate the process until performance goals (latency, throughput, resource
efficiency) are achieved.

3.5. Algorithmic Representation
The following algorithm outlines the systematic process of optimizing Java applications for containerized environments.

3.6. Optimizing Java for Containerized Environments: Docker and Kubernetes Workflow

resources:
requests:
memory: "512Mi"
cpu: "500m"
limits:
memory: "1024Mi"
cpu: "1"
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Figure 1: Optimizing Java for Containerized Environments: Docker and Kubernetes Workflow

3.6.1. Monitoring and Analysis

Testing and analysis should be used in Java application monitoring to identify and improve their behavior in containers. The
metrics analyses include CPU, memory and GC pauses directly pulled from the Java Virtual Machine or JVM at intervals by tools like
Prometheus. [14,15] Such metrics are uncovered using tools like Java Flight Recorder (JFR) and JVisualVM that enable one to detect
some of the issues, such as thread contention and memory inefficiencies. Gathering the data, developers use Grafana to compare it,
track changes, and identify trends in order to adhere to appropriate resource usage. This phase forms a feedback loop, thus constantly
indicating where improvements are possible to enhance the system's performance and ensure that resource application is as
anticipated.

3.6.2. Docker Environment

It concentrates on creating streamlined container images for Java applications with a Docker environment. Thanks to base
images like OpenJDK Slim and tools like Jib or multi-stage builds, developers can reduce container image size, thus enhancing the
time of deployment and resource consumption. Additionally, the application size significantly decreases since Java features such as
Project Jigsaw in JDK 9+ let programmers ensure that only needed software components are loaded. The containerized Java
applications, which are optimized, create a similar environment during DEVELOPMENT, TESTING, and PRODUCTION. This step
helps in the mostly containerized environment where resources are scarce to help start the Java application efficiently.

3.6.3. Kubernetes Environment

Containerization and Orchestration, specifically in Java applications, is well solved with the help of Kubernetes. Simple
parts, such as the Scheduler, work with algorithms for CPU and RAM requests and for setting resource quotas. The Horizontal Pod
Autoscaler (HPA) enables scaling of applications in response to real-time CPU and memory utilization to maintain optimum
throughput at high loads. At the lowest level, in Kubernetes, these correspond to Pods, which execute tuned JVM configurations (e.g.,
individualized garbage collectors and heap settings) in addition to the Java application. With Kubernetes, resources are optimally
deployed, and workloads are better balanced to achieve the best performance and availability of the applications.

3.6.4. Load Testing

During load testing, it is possible to check the performance and scalability of Java applications under the conditions of loads'
imitation. In order to stress testing, there are applications like the Apache JMeter, which generates simultaneous requests to the
application and measures other essential factors such as latency, throughputs and resources consumed. These tests mimic actual use
cases, and help arrive at conclusions that consist of areas of a program that cause significant lags. They also help determine the
scalability of an application running on Kubernetes. Load testing information is fed into the Monitoring and Analysis phase, where
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tools like Prometheus and Grafana display the effect of load on resource usage to assist the developer in adjusting the system for
improved implementation.

4. Mathematical Model

This section presents lengthy mathematical formulations for modeling resources, objectives and measurement of the
performance of Java applications hosted in containers such as Docker and Kubernetes. [16-20] Resource utilization is measured, and
consumption is reduced to the most efficient levels possible.

4.1 Resource Allocation Model
The resource allocation model is specified to operationalize CPU and RAM and ensure that the Java application deployed in
a container runs effectively when bounded by Kubernetes resources.

4.1.1. Definitions

e CPU Request (Rp,): The minimum CPU resources requested by a container.

e Memory Request (Rmem): The minimum memory resources requested by a container.

e  CPU Limit (CPUjmi): The maximum CPU resources allocated to a container.

e Memory Limit (MEMini): The maximum memory resources allocated to a container.

The first goal is to eliminate resource wastage through optimization of the associated CPU time and memory by aligning the
proposed utilization with that of the application.

4.1.2. Resource Waste (W)
Resource waste can be defined as the difference between the allocated limits and the actual resource usage:
chu = CI:’Ulimit_ CPUused and Wmem = I\/IE'\/IIimit_ MEMused

Here:

o  CPUq: Actual CPU usage by the application.

o  MEMy.q: Actual memory usage by the application.
The total resource waste (W) is the sum of CPU and memory waste:

W= chu"’ Wmem = (CPUIimit - CPuused) + (MEMIimitf MEMused)

4.1.3. Objective Function
The goal is to minimize W, subject to the conditions:
1. chuS CPUusedS CI:’Ulimit
2. RmemS MEMusedS I\/IEMIimit
Mathematically, this can be expressed as:
Minimize W = (CPUIimit - CPUused) + (MEMIimit_ MEMused)
SUbjeCt to chu < CPUused < CPUIimitv RmemS MEMused < IVIEMIimit
Optimization of resources ensures that one department does not use most of the resources required by other departments to ensure the
smooth running of the application.

4.2. Optimization Metrics
Besides allocating resources, Java applications' performance in containerized environments can be measured by such
parameters as latency and throughput, as well as resource intensity.

4.2.1. Latency (L)
Latency can be described in terms of the total time an application takes to address a request. The purpose is to reduce lag (L)
L= Tresponse - Trequest
Where:
o Tresponse: Timestamp when the response is sent.
o Trequest: Timestamp when the request is received.
Reducing latency involves optimizing Garbage Collection (GC) pauses, JVM startup times, and container scheduling delays.

4.2.2. Throughput (T)
Throughput measures the number of requests successfully processed by the application per unit time (t). The objective is to maximize
throughput (T):
Number of Requests Processed
t
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Optimizing throughput involves minimizing CPU bottlenecks, ensuring efficient memory usage, and reducing thread
contention.

4.2.3. Resource Utilization (UUU)
Resource utilization quantifies how efficiently the allocated CPU and memory resources are being used. It is calculated as the
ratio of used resources to allocated limits.
1. CPU Utilization (Ugp,)

UCPU = CPUused
"~ CPUlimit
2. Memory Utilization (Umem)
U _ MEMused
MeMm = MEMlimit
The total resource utilization (Uyy) is the average of CPU and memory utilization:
U = Ucpu+Umem
total —

2

4.2.3. Ideal Resource Utilization
The goal is to achieve resource utilization close to 100%, where the allocated resources are fully used without over-
provisioning. Mathematically:
Uepo=1 and Upen™

5. Results and Discussion

This section describes how the methods of this research were applied to superimpose the optimization on containerized Java
programs. The findings are analyzed in relation to benchmarks identified through various performance indicators, with pre and post-
optimization comparisons made. Thus, tables and graphs are used to capture improvements that have improved the existence of online
travel sites.

5.1. Experimental Setup
5.1.1. Platform
These experiments were carried out on a Kubernetes cluster set in a Docker environment. The cluster consisted of:
e Nodes: 4 nodes with 4 vCPUs and 8 GB RAM per node.It.
e Orchestrator: Kubernetes version 1.24.
e  Container Runtime: Docker version 24.x.
e Application: A Spring Boot Java application, which is a stackless, microcontainerized application.

5.1.2. Tools
To ensure accurate measurements and monitoring, the following tools were utilized:
e Grafana and Prometheus: If performance monitoring during application execution is desired, write down the results of
operations, for example, CPU, memory, and activity of Garbage Collection (GC).
e Apache JMeter: Tool for testing the capacity of an application under end-user conditions by attempting to make a large
number of requests simultaneously to determine its throughput, response time and latency.

5.1.3. Testing Scenarios
e Baseline: The application is deployed using default configuration settings for JVM, Dockerization and Kubernetes.
e Optimized: Application using the guidelines — running application was fine-tuned for JVM such as G1GC and using
optimized Docker image for the application; Kubernetes resource configurations were also adjusted, and, additionally, the
Autoscaling was fine-tuned.

5.2. Performance Metrics
The optimization techniques were evaluated against the following key performance metrics:
5.2.1. GC Pause Times
Garbage Collection (GC) pauses are a major cause of high application latencies. Optimizations, including choosing the
G1GC and proper heap sizes, cut down the pause time and improve the application flow.

5.2.2. Application Startup Times

Minimizing the application's startup time is a major concern for microservices and the autoscale nature of environments. The
features implemented were modular JAR packaging (based on JDK 9+), multi-stage Docker builds, and JVM hotspots pre-warming.
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5.2.3. CPU and Memory Utilization

Resource requests and limits were characterized and maximized to reduce ineffectiveness whilst scheduling through
Kubernetes Horizontal Pod Autoscaler (HPA) enhanced CPU and active memory consumption. This made better sense since it
ensured a much closer correlation between resources that had been budgeted and those that were actually utilized at the viewpoint.

5.3. Discussion

5.3.1. Startup Time Improvement

The 50% reduction in startup time is attributed to:
e  Multi-stage Docker builds eradicated all the unrequired dependencies in the construction process.
o JDK 9+ - Based or Modular JAR packaging to support lightweight runtime environments.

It is especially beneficial in an autoscaled environment where quick creation of new pods is desirable.

5.3.2. Optimising Garbage Collection

GC optimizations targeted at pausing attained a sixtieth percent reduction in the pause times, meaning that the application can
now process a greater number of requests faster. It was crucial in achieving the objective of balancing the throughput and low latency
for the workload at hand when the collector was switched to G1GC.

5.3.3. Enhanced Resource Utilization

We observed a general performance growth of 38.5% in CPU usage, and 25% less memory usage was found. This shows that
optimized resource allocation (proportional to the Kubernetes resource limits and requests) results in increased contributions of
allocated and used resources.

5.3.4. Increased Throughput

The new optimized application yielded improved measures of throughput by 80%, thus illustrating increased capability to
handle higher loads. This was because of less contention of threads with lock and lower GC overheads while scaling was smooth with
K8s' HPA.

5.3.5. Kubernetes Configuration and its Effects
The application's Kubernetes deployment benefited from:
o Efficient scaling: In other words, applying HPA to having the right pod number from utilization rate perspectives.
o  Affinity rules: The other unique challenge that a well-designed P2P architecture has to address includes;
e Pod resource limits: This is a good way of avoiding instances of resource contention whereby two or more processes compete
for the same system resource.

6. Conclusion

This paper proposes an advocacy and detailed strategy for managing Java applications in containerization technologies like
Docker and Kubernetes. The key approaches are JVM tuning, which involves choosing the best garbage collectors and heap settings,
container image tuning with the help of multi-stage builds, and complex modulized JDK, pod, and Kube API configurations like HPA
and pod association rules. All of these techniques together led to improvements in most critical performance parameters such as
startup times, garbage collection, system throughput, and the utilization of the available system resources.

The results of the experiments suggest that the proposed strategy can ensure optimal instrumentation and calibration of Java
applications to achieve maximal performance without significant resource consumption. The findings detailed herein will be beneficial
to developers and system architects who are working on enhancing Java application performance in contemporary distributed systems.
In the future, there will be opportunities for serverless platforms and Al-based heuristic optimization to improve the ability of Java
apps that are containerized to scale, be cheaper, and be more variable.

6.1. Future Improvements

As for further development of techniques for improving Java applications for containerized setups, several avenues could be
investigated. One major direction is the interaction with serverless environments, which may include AWS Lambda or Google Cloud
Functions to improve scalability and cost optimization. Serverless architectures shift the management responsibility of infrastructure
off of developers, though further tuning of Java for a serverless platform still suffers cold-start latency problems with specific JVM
optimizations. Another possible direction is associated with the search for other possible JVMs, for example, GraalVM, which has
better performance in terms of start time, a small amount of memory consumption, and the ability to compile native images. The
parameters provided by GraalVM proved most beneficial when it comes to microservices executing in resource-limited containers, as
they allowed for notable performance improvements. Moreover, activities such as JVM tuning and auto resource provisioning for
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Kubernetes can be implemented through the Reinforcement learning technique under Al optimization. Through workload profiling, Al
systems can make reactive and contextually aware key changes that better the intelligence level of the systems in contrast with dumb
laymen configurations, enabling smarter and far better deployment.

Reference

1.

2.
3.

10.
11.

12.
13.

14.

15.

16.

17.
18.

19.

20.

Steven, P. (2019). Leveraging Containerization in QA: Best Practices for Docker and Kubernetes. Revista de Inteligencia
Artificial en Medicina, 10(1), 268-275.

Krochmalski, J. (2017). Docker and Kubernetes for Java Developers. Packt Publishing Ltd.

Vasavada, N., & Sametriya, D. (2021). Cracking Containers with Docker and Kubernetes: The definitive guide to Docker,
Kubernetes, and the Container Ecosystem across Cloud and on-premises (English Edition). BPB Publications.

Sayfan, G. (2018). Mastering Kubernetes: Master the art of container management by using the power of Kubernetes. Packt
Publishing Ltd.

Koskinen, M., Mikkonen, T., & Abrahamsson, P. (2019, November). Containers in software development: A systematic
mapping study. In International conference on product-focused software process improvement (pp. 176-191). Cham: Springer
International Publishing.

Chiba, T., Nakazawa, R., Horii, H., Suneja, S., & Seelam, S. (2019, June). Confadvisor: A performance-centric configuration
tuning framework for containers on kubernetes. In 2019 IEEE International Conference on Cloud Engineering (IC2E) (pp.
168-178). IEEE.

Assign Memory Resources to Containers and Pods, Kubernetes, online. https://kubernetes.io/docs/tasks/configure-pod-
container/assign-memory-resource/

Shekhar, S. (2019). Improving Kubernetes Container Scheduling using Ant Colony Optimization (Doctoral dissertation,
Dublin, National College of Ireland).

Dziurzanski, P., Zhao, S., Przewozniczek, M., Komarnicki, M., & Indrusiak, L. S. (2020). Scalable distributed evolutionary
algorithm orchestration using Docker containers. Journal of Computational Science, 40, 1010609.

Shirazi, J. (2003). Java performance tuning. "O'Reilly Media, Inc.".

10 best practices to build a Java container with Docker, Snyk, online. https://snyk.io/blog/best-practices-to-build-java-
containers-with-docker/

Marinilli, M. (2002). Java deployment. Sams Publishing.

Hamzeh, H., Meacham, S., & Khan, K. (2019, November). A new approach to calculate resource limits with fairness in
kubernetes. In 2019 First International Conference on Digital Data Processing (DDP) (pp. 51-58). IEEE.

Java 21 Docker Optimization: 5 Best Practices for Faster, Secure Containers, Medium, online.
https://medium.com/@soyjuanmalopez/java-21-docker-optimization-5-best-practices-for-faster-secure-containers-
9325ad82d007

Nisbet, A., Nobre, N. M., Riley, G., & Lujan, M. (2019, April). Profiling and tracing support for Java applications. In
Proceedings of the 2019 ACM/SPEC International Conference on Performance Engineering (pp. 119-126).

Nathan, S., Ghosh, R., Mukherjee, T., & Narayanan, K. (2017, April). Comicon: A co-operative management system for
docker container images. In 2017 IEEE International Conference on Cloud Engineering (IC2E) (pp. 116-126). IEEE.

JVM Kubernetes: Optimizing Kubernetes for Java Developers, pretius, online. https://pretius.com/blog/jvm-kubernetes/
Medel, V., Tolosana-Calasanz, R., Bafiares, J. A., Arronategui, U., & Rana, O. F. (2018). Characterizing resource
management performance in Kubernetes. Computers & Electrical Engineering, 68, 286-297.

PANOZZO, S. Go microservices runtime optimization in Kubernetes environment: the importance of garbage collection
tuning.

Nagaraj Parvatha (2021): This research article explores optimizing containerized Java applications within Kubernetes,
focusing on JVM tuning, resource allocation, and Kubernetes-native tools like horizontal pod autoscaling.

44



