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1. Introduction

In recent decades, technological advancements such 
as the Internet, cloud computing, and mobile applications 
have profoundly reshaped the banking sector. These innova-
tions have transformed financial services, enhancing conve-
nience, accessibility, and user experience. Studies exploring 
e-banking convergence across EU countries [1] and digital 
transformation in Romania [2] highlight the broad impact of 
these developments on the banking industry. Among these 
advancements, mobile banking has emerged as a corner-
stone of digital transformation, providing a seamless and 
always-available interface to meet the growing demand for 
faster and more accessible financial services.

The rapid adoption of mobile banking has significantly 
altered the financial landscape, enabling customers to per-
form transactions, manage accounts, and access various 
services without relying on physical bank branches. In Indo-
nesia, for instance, mobile banking usage increased by 48 % 
in 2022, reaching 23 million users by late 2023, as evidenced 
in one of Indonesia’s most growing banking. This growth 
underscores the vital role of mobile banking in modern finan-
cial ecosystems. However, it also reveals pressing challenges 
in managing the backend systems that support these appli-
cations, particularly concerning resource consumption and 
system performance under heavy demand.

While research on mobile banking systems has often 
focused on scalability and security [3], there remains a 

critical gap in addressing the efficiency of backend sys-
tems, especially within microservices architectures. Stud-
ies on performance-efficient core banking systems based 
on microservices architecture [4] further underscore these 
challenges. Research on system performance in urban land 
planning databases [5] highlights similar concerns, empha-
sizing the need for robust solutions in handling large-scale, 
resource-intensive applications. As user volumes continue to 
grow, issues such as high CPU and memory usage can lead to 
performance bottlenecks, slower transaction processing, and 
diminished user satisfaction. These issues, observed across 
various technological implementations, demonstrate the 
need for further research into improving backend efficiency.

2. Literature review and problem statement

A study on JDK frameworks, including GraalVM Com-
munity and Enterprise Editions, used DaCapo benchmarks 
on Java 8 and Java 11 to evaluate performance and found 
GraalVM Enterprise Edition to excel in many scenarios [6]. 
However, this study did not consider GraalVM’s applicabil-
ity to Spring Boot or complex service-oriented systems like 
mobile banking, which are characterized by high transaction 
volumes and strict latency requirements.

Another study focused on open-source projects and tested 
GraalVM on Java 11, showcasing its superior performance 
across benchmarking environments [7]. Despite its contribu-
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tions, the study lacked a targeted analysis of mobile banking 
applications, ignoring the interplay between software perfor-
mance and hardware configurations critical to Indonesian 
banking systems.

Research on GraalVM Native Image explored Rapid Type 
Analysis and Points-To Analysis in microservice frameworks 
like Spring [8]. Although it provided valuable technical in-
sights, it did not address practical use cases such as mobile 
banking, leaving a gap in understanding its relevance to re-
al-world applications.

Studies on Open Banking Architecture highlighted the ef-
ficiency of microservices over monolithic systems through load 
testing but excluded GraalVM from their scope [4]. This omis-
sion limits the applicability of these findings to the performance 
optimization of banking applications in Indonesia.

An evaluation of frameworks such as Spring Boot, Micronaut, 
and Quarkus analyzed startup performance, resource consump-
tion, and compilation time [9]. While informative, this study over-
looked GraalVM’s role in optimizing Spring Boot applications 
within the context of Indonesia’s mobile banking sector.

Research on GraalVM as a modern virtual machine empha-
sized its high performance and cross-language interoperabili-
ty [10]. However, the study failed to investigate its use in Spring 
Boot microservices or its ability to handle high transaction 
volumes typical of mobile banking systems.

Other analyses have focused on GraalVM’s debugging 
capabilities and advanced performance optimizations, such 
as ahead-of-time compilation and heap pre-population [11]. 
Despite these contributions, their relevance to mobile bank-
ing and Spring Boot contexts remains unexplored.

A study on resource-analysis tools demonstrated the 
potential for identifying software performance bottlenecks 
caused by misconfigurations [12]. While impactful, it did not 
assess GraalVM’s role in addressing such bottlenecks in bank-
ing applications.

Similarly, a study on runtime microservices placement 
mechanisms showed significant resource savings and per-
formance improvements [13]. However, it did not incorporate 
GraalVM, leaving questions about its potential benefits for 
banking systems unanswered.

Previous studies demonstrate unresolved issues that may 
stem from the fundamental trade-offs between performance 
optimization and resource overhead, practical integration chal-
lenges, or limitations in benchmarking real-world applications:

1. Practical difficulties in integrating GraalVM with widely 
used frameworks like Spring Boot.

2. Insufficient evaluation of GraalVM’s performance in 
high-demand systems like mobile banking.

3. Trade-offs between GraalVM’s advantages in startup 
time and its higher memory consumption.

A way to overcome these challenges lies in conducting a 
targeted evaluation of GraalVM’s applicability to specific use 
cases. This study addresses this need by comparing GraalVM 
and JVM in Spring Boot microservices under realistic condi-
tions. This analysis contributes to optimizing performance 
for high-demand mobile banking applications, which require 
rapid initialization, efficient CPU usage, and scalable re-
source management.

The rapid growth in mobile banking users has posed signif-
icant challenges for server infrastructure, particularly in man-
aging rising transaction volumes while maintaining fast, secure 
services. Banks face critical issues with long microservice start-
up times and high resource consumption specifically CPU and 
memory usage. Slow startups can delay the availability of essen-

tial services, raising the risk of downtime, while high resource 
usage can create performance bottlenecks, further straining 
system efficiency. This not only jeopardizes seamless transac-
tion processing but also escalates operational costs and affects 
the bank’s ability to meet real-time customer expectations.

All these factors underscore the necessity of conducting a 
study to address two key questions:

1. Identifying solutions to maintain system efficiency and 
performance is critical to managing the rapid growth of mo-
bile banking application users, particularly in handling large 
transaction volumes.

2. Accelerating microservice startup times to align with 
zero-downtime service goals is essential for improving ser-
vice quality and enhancing the user experience in mobile 
banking applications.

3. The aim and objectives of the study

The aim of this study is to evaluate the performance 
improvements of GraalVM compared to JVM within Java 
Spring Boot microservices, particularly in a mobile banking 
environment where transaction speed and resource efficien-
cy are critical for ensuring a seamless user experience. 

To achieve this aim, the following objectives are accom-
plished:

– to measure and compare the startup times of micros-
ervices running on GraalVM and JVM to evaluate potential 
improvements in application responsiveness;

– to analyze CPU usage under various load scenari-
os (low, medium, and high) to assess whether GraalVM pro-
vides better CPU efficiency compared to JVM;

– to examine memory consumption across different load 
conditions to evaluate GraalVM’s memory management and 
resource allocation compared to JVM.

4. Materials and methods

The object of this study is the performance differences 
between the Java Virtual Machine (JVM) and Graal Virtu-
al Machine (GraalVM) in Java Spring Boot microservices. 
By focusing on critical metrics such as application startup 
time, CPU usage, and memory consumption, the study aims 
to understand the impacts of these runtime environments 
under varying user load scenarios. This evaluation provides 
insights into the suitability of each runtime environment for 
optimizing microservice performance.

This study uses a quasi-experimental design to evalu-
ate performance differences between the Java Virtual Ma-
chine (JVM) and Graal Virtual Machine (GraalVM) in Java 
Spring Boot microservices. Chosen for its suitability in con-
trolled yet realistic environments, this approach ensures reli-
able comparisons between the two runtime environments. The 
methodology, illustrated in Fig. 1, includes problem identifi-
cation, literature review, requirement analysis, GraalVM im-
plementation, testing, data collection, hypothesis testing, and 
conclusion, providing a systematic framework for the analysis.

This study tests the following hypotheses for perfor-
mance differences in Java Spring Boot microservices running 
on GraalVM versus JVM:

1. Application startup time hypothesis:
– H0: there is no significant difference in application 

startup time between GraalVM and JVM;
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– H1: GraalVM significantly reduces application startup 
time compared to JVM.

2. Application CPU usage hypothesis:
– H0: GraalVM imple-

mentation does not produce 
a significant difference in 
the CPU usage of Java Spring 
Boot applications compared 
to JVM;

– H1: GraalVM imple-
mentation produces a signif-
icant difference in the CPU 
usage of Java Spring Boot ap-
plications compared to JVM.

3. Application memory 
consumption hypothesis:

– H0: GraalVM imple-
mentation does not produce 
a significant difference in 
the memory usage of Java 
Spring Boot applications 
compared to JVM;

– H1: GraalVM implemen-
tation produces a significant 
difference in the memory us-
age of Java Spring Boot appli-
cations compared to JVM.

This structured ap-
proach ensures a comprehensive evaluation of the impact 
of GraalVM on mobile banking microservices, enabling the 
derivation of insights into its performance and resource uti-
lization.

The following assumptions were made to maintain the 
validity and reliability of the study:

1. This study uses a quasi-experimental design to eval-
uate performance differences between the Java Virtual 
Machine (JVM) and Graal Virtual Machine (GraalVM) in 
Java Spring Boot microservices. Chosen for its suitability in 
controlled yet realistic environments, this approach ensures 
consistent testing conditions and reliable comparisons. The 
methodology, illustrated in Fig. 1, includes problem identi-
fication, literature review, requirement analysis, GraalVM 
implementation, testing, data collection, hypothesis test-
ing, and conclusion, providing a systematic framework for 
the analysis.

2. Controlled testing conditions closely replicate re-
al-world deployment scenarios for microservices.

3. Docker containers are used to create isolated environ-
ments, minimizing external influences on performance results.

4. Performance metrics (application startup time, CPU us-
age, and memory consumption) accurately represent the run-
time environments’ behavior under the defined load scenarios.

To streamline the research process and focus on key as-
pects, the following simplifications were adopted:

1. The study focuses on three critical performance metrics: 
application startup time, CPU usage, and memory consumption.

2. Testing is conducted under three predefined user load 
scenarios:

a) low load: 100 users;
b) medium load: 300 users;
c) high load: 600 users.
3. Three microservices – mobile-service, casa-service, 

and profile-service – were selected for their relevance to mo-
bile banking operations.

4. Standardized resource allocations were applied within 
Docker containers, assuming minimal variability from the 
host machine.

Experimental setup.
The experimental environment was configured to ensure 

consistency and reproducibility across all tests. Docker con-
tainers were utilized to isolate the runtime environments for 
both JVM and GraalVM microservices. Each microservice 
was deployed in a container with specific resource con-
straints, simulating real-world deployment scenarios:

1. Resource constraints.
Controlling resource allocation is essential to isolate 

the effects of runtime environments. In this research, the 
resource constraints were carefully chosen to mimic the lim-
itations typically encountered in a production environment, 
ensuring the results are relevant and practical for real-world 
applications. Each container was assigned specific CPU and 
memory constraints to ensure consistent conditions:

a) CPU allocation: each container was limited to 
0.9 CPU cores;

b) memory allocation: maximum heap size 1,536 MB, and 
initial heap size 256 MB.

These constraints ensured that the runtime environ-
ment’s performance could be isolated without interference 
from host machine variability.

2. Host machine specifications.
Although Docker provides isolated environments, the 

underlying hardware can influence container performance. 
The experiments were conducted on a host machine with the 
following specifications:

a) processor: Apple M1 Pro;
b) memory: 16 GB RAM;
c) operating system: Sonoma 14.6.1.
These specifications ensured sufficient resources for run-

ning multiple containers simultaneously while maintaining 
reliability.

3. Software and testing tools.
The following software and tools were employed to create 

and measure the experimental environment:

Fig. 1. Research methodology
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3. 1. Java Spring Boot Framework.
Java Spring Boot Framework version 3.2.0 was used to 

develop scalable and production-ready microservices. As high-
lighted in [5], Spring Boot simplifies development with features 
like embedded servers, automatic configuration, and dependen-
cy management, allowing developers to focus on business logic. 
Its compatibility with microservices and cloud architectures 
makes it ideal for scalable and secure applications.

3. 2. Docker.
Docker version 24.0 was used to containerize the runtime 

environments for JVM and GraalVM. As discussed in [4], Dock-
er exemplifies container technology designed to implement the 
“Single Service Instance per Container” pattern. This pattern 
was chosen for its ability to dynamically manage resource us-
age, such as CPU and memory, while ensuring efficient resource 
utilization. Additionally, it provides faster application build 
times and startup compared to traditional virtual machines, 
making it ideal for creating isolated and reproducible testing 
conditions.

3. 3. Java Virtual Machine.
OpenJDK Version 17 served as the baseline runtime envi-

ronment. The Java Virtual Machine (JVM), as highlighted in 
prior research [14], is an abstract computing engine that enables 
the execution of Java programs and other languages compiled 
into Java bytecode. It offers hardware and OS independence, 
ensuring portability across platforms, and provides features 
like small code size and robust security mechanisms to prevent 
malicious code from impacting users. These characteristics 
make JVM a reliable foundation for running scalable and secure 
applications.

3. 4. GraalVM.
GraalVM CE Version 21.0 was evaluated for its advanced 

runtime optimizations. GraalVM, developed by Oracle [10], is 
a polyglot virtual machine supporting multiple languages like 
Java, JavaScript, and Python. It provides Just-In-Time (JIT) and 
Ahead-Of-Time (AOT) compilation, native image generation, 
and cross-language interoperability. Built on Java HotSpot VM, 
it enhances performance and flexibility, making it ideal for tasks 
requiring high responsiveness and efficient resource usage.

3. 5. Apache Jmeter.
Apache JMeter version 5.5 was used as a performance 

testing tool to simulate varying user loads and measure system 
responsiveness. Developed by the Apache Software Foundation 
[15], JMeter is an open-source tool that evaluates web applica-
tion performance by generating high user loads and measuring 
server responsiveness. Its ability to simulate diverse testing 
scenarios helps identify bottlenecks and optimize application 
scalability and responsiveness.

3. 6. Monitoring tool.
Grafana was used as a monitoring tool to visualize and an-

alyze real-time performance metrics such as CPU and memory 
consumption during the tests.

Performance metrics.
To evaluate the performance differences between the Java 

Virtual Machine (JVM) and Graal Virtual Machine (GraalVM), 
the study focused on three key metrics that are critical to as-
sessing the efficiency and effectiveness of microservices in re-
al-world scenarios. Each metric was carefully measured under 
identical testing conditions across varying user loads (100, 300, 
and 600 virtual users):

1. Application startup time.
Application startup time refers to the duration required for 

a microservice to initialize and become fully operational. This 
metric is crucial for understanding the responsiveness of run-

time environments. Shorter startup times contribute to reduced 
downtime and improved user experience, making this metric 
particularly significant in systems adhering to a zero-downtime 
operational model.

The startup time was recorded for each microservice (mo-
bile-service, casa-service, and profile-service) under both JVM 
and GraalVM environments using automated logs generated 
during container initialization.

2. Application CPU usage.
CPU usage measures the average amount of processing 

power consumed by the microservices under different load con-
ditions. This metric provides insights into the efficiency of each 
runtime environment in managing computational tasks. Lower 
CPU usage indicates higher efficiency, enabling the system 
to handle more requests or maintain operations with reduced 
hardware requirements.

CPU usage was monitored in real time using Grafana, 
which aggregated data collected by system monitoring tools 
integrated with the Docker environment.

3. Application memory consumption.
Memory consumption refers to the amount of memory 

utilized by the microservices during operation. This metric is 
critical for understanding the resource demands of JVM and 
GraalVM under varying user loads. Efficient memory man-
agement is essential for optimizing infrastructure costs and 
ensuring system stability, particularly in environments with 
limited resources.

Memory usage was monitored using Grafana and Docker 
container statistics during the tests. Metrics included average 
memory consumption during steady-state operation under all 
load scenarios.

Testing scenarios.
The testing scenarios are designed to replicate real-world 

conditions and evaluate the performance of microservices under 
controlled and reproducible conditions. Fig. 2 illustrates the ar-
chitecture and methodology used to test the microservices and 
collect performance data.

In this setup, Apache JMeter simulates concurrent user 
requests, representing typical user interactions with the applica-
tion. These requests are processed by the microservices, which 
handle various banking operations such as user authentication, 
account management, and transaction processing. The microser-
vices were deployed in isolated Docker containers with uniform 
resource constraints to ensure consistency in runtime compar-
isons. Performance data, including CPU usage, memory con-
sumption, and application startup time, was collected in real-time 
using Grafana and microservice logs for subsequent analysis.

The core of this evaluation focused on three critical micros-
ervices, detailed below:

1. Mobile service: this microservice supports the initializa-
tion of the splash screen and the rendering of the home screen. 
It handles critical UI components and real-time updates, ensur-
ing a seamless and responsive experience for end users as they 
access the application.

2. Casa service: manages account-related operations, includ-
ing balance inquiries and transaction histories. This service is 
resource-intensive due to frequent database queries and high 
transaction volumes.

3. Profile service: handles user authentication and profile 
management, ensuring secure access to the application and 
protecting sensitive user data.

Each microservice was deployed in Docker containers 
configured with predefined resource constraints to standard-
ize the runtime environment for JVM and GraalVM.
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The performance of these microservices was then tested 
under varying conditions to evaluate their scalability and 
responsiveness, as detailed below.

To simulate real-world conditions, the microservices were 
subjected to three different load scenarios using Apache JMe-
ter. These scenarios represented varying levels of user demand:

1. 100 users (low load).
This scenario established a baseline for application start-

up time, CPU usage, and memory consumption. It provided 
insights into GraalVM’s efficiency under minimal traffic, fo-
cusing on its ability to handle basic operational requirements.

2. 300 users (medium load).
Simulating a more typical usage pattern, this scenario 

assessed system performance under moderate traffic. It al-
lowed an evaluation of GraalVM’s resource optimization ca-
pabilities in a steady operational state, reflecting conditions 
closer to real-world usage.

3. 600 users (high load).
Designed to test the system’s limits, this high-load scenario 

simulated peak traffic conditions that could occur during peri-
ods of intense demand. It provided insights into how GraalVM 
manages extreme loads and resource allocation under stress.

Statistical analysis.
To validate the findings and assess the significance of 

performance differences between JVM and GraalVM, statis-
tical analysis was conducted on the collected data. This en-
sured that the observed differences were not due to random 
chance and provided robust insights into the impact of the 
runtime environments on the tested microservices.

Before applying statistical tests, the normality of the data 
was evaluated to determine the appropriate statistical meth-
od. The Shapiro-Wilk test was used to assess whether the 
performance metrics (application startup time, CPU usage, 
and memory consumption) followed a normal distribution. 
This step was critical in choosing between parametric and 
nonparametric tests for hypothesis testing:

1. Paired Sample T-Test.
The Paired Sample T-Test [16], also called the dependent 

t-test, compares two means from related samples, such as 
the same subjects under different conditions. By assuming 
normally distributed differences, it controls variability and im-
proves statistical sensitivity. A p-value below the significance 
level (e.g., 0.05) indicates a significant difference, leading to 
rejection of the null hypothesis.

2. Wilcoxon Signed Rank Test.
Nonparametric analysis is used when data lacks a normal 

distribution or its distribution is unknown, offering flexibil-
ity for various scenarios [17, 18]. The Wilcoxon Signed Rank 

Test, a nonparametric alternative to the paired t-test, com-
pares paired samples by ranking differences and computing a 
test statistic. It is ideal for non-normal data, providing robust 
results without strict parametric assumptions.

To ensure the reliability and accuracy of the experimental 
results, several validation steps were undertaken. The testing 
environment was standardized by deploying all microservices 
in isolated Docker containers with identical resource con-
straints. Performance metrics were monitored using Grafana 
and corroborated with microservice logs to ensure consistency 
and completeness of the collected data. Statistical analysis 
methods, including both parametric and nonparametric tests, 
were carefully chosen based on the normality of the data, 
ensuring that the analysis aligned with the underlying data 
distribution. Additionally, all tests were conducted multiple 
times under each load condition to minimize the impact of 
anomalies and ensure reproducibility. These measures collec-
tively validate the robustness of the experimental design and 
provide confidence in the conclusions drawn from the study.

5. Performance outcomes of GraalVM and JVM in 
mobile banking microservices

5. 1. Evaluating startup time enhancements of mi-
croservices on GraalVM and JVM

5. 1. 1. Startup time observations
This section evaluates the differences in application start-

up times between GraalVM and JVM for the mobile-service, 
profile-service, and casa-service.

Fig. 3 presents the startup times for the three ser-
vices (mobile-service, casa-service, and profile-service) run-
ning on JVM. This data demonstrates the baseline perfor-
mance before implementing GraalVM.

Fig. 4 shows the startup times for the same services after 
transitioning to GraalVM, highlighting the impact of the new 
runtime environment.

The startup time data was collected by measuring the time 
it took for each service to initialize in both JVM and GraalVM 
environments over ten trials. The results for each trial are pre-
sented in Fig. 1–3. On average, GraalVM showed a significant 
reduction in startup time for all services:

1. Mobile-service.
GraalVM reduced the startup time of the mobile-service by 

an average of approximately 25 seconds compared to JVM. This 
improvement, while small in absolute terms, represents a signif-
icant percentage reduction relative to the overall startup time of 
the service. The reduction is particularly impactful in high-fre-

Fig. 2. Testing architecture illustrating the flow of user requests and performance monitoring
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quency deployment scenarios, where cumulative time savings 
across multiple instances can enhance system efficiency and 
reduce operational downtime. This makes GraalVM a favorable 
choice for microservices that require rapid initialization, such as 
the mobile-service.

2. Casa-service.
For the casa-service, GraalVM 

demonstrated an average improvement 
of 27 seconds in startup time. Given 
the critical nature of casa-service oper-
ations in handling core transactional 
workloads, even small reductions in 
startup time contribute to overall sys-
tem performance. Faster initialization 
allows quicker recovery during system 
updates or restarts, aligning well with 
the zero-downtime operational objec-
tives of modern microservices architectures. This improvement 
highlights GraalVM’s ability to optimize resource-intensive 
services efficiently.

3. Profile-service.
The profile-service achieved an average startup time im-

provement of 27 seconds with GraalVM compared to JVM. 
This faster startup time ensures that user-facing services are 
available more quickly, which is crucial for maintaining a 
seamless user experience in mobile banking applications. In 
scenarios involving frequent scaling or service redeployment, 
such performance improvements can significantly enhance 
the perceived responsiveness of the system, directly contrib-
uting to improved customer satisfaction.

5. 1. 2. Statistical validation of startup time im-
provements

To confirm the significance of the observed reductions 
in startup times, a paired sample t-test was conducted. This 
analysis compared the startup times for each service on JVM 
and GraalVM. The test results are summarized in Table 1.

The analysis supports rejecting the null hypothesis (H0) 
and accepting the alternative hypothesis (H1) for all three ser-
vices. GraalVM reduced startup times by an average of 
25.09 milliseconds for the mobile-service, 26.78 millisec-
onds for the casa-service, and 27.07 milliseconds for the 
profile-service. These reductions are statistically signifi-
cant, with p-values well below 0.001. The confidence inter-
vals further validate the reliability of these improvements, 
demonstrating that GraalVM consistently enhances startup 
performance.

5. 2. Analyzing CPU efficiency of GraalVM and 
JVM across varied load conditions

5. 2. 1. CPU usage trends under different load sce-
narios

This section evaluates the CPU usage of GraalVM and 
JVM under three different user loads: 100, 300, and 600 us-
ers. The comparison aims to assess whether GraalVM offers 
efficiency improvements in resource utilization compared 
to JVM. The results are summarized in Table 2.

Table 2

Average CPU usage for all user loads

Users
Mobile-service Profile-service Casa-service
JVM GraalVm JVM GraalVm JVM GraalVm

100 0.8678 0.7798 0.7829 0.8569 0.9864 0.9448
300 0.840 0.805 0.5815 0.6816 0.8335 0.9116
600 0.8669 0.8018 0.6918 0.7066 0.7951 0.9101

Table 2 compares average CPU usage across user 
loads (100, 300, and 600 users) for the mobile-service, pro-
file-service, and casa-service running on JVM and GraalVM. 
The following observations are noted:

1. Low load scenario (100 users).
At 100 users, GraalVM demonstrated lower CPU usage 

compared to JVM for the mobile-service (0.8678 and 0.7798) 
and casa-service (0.9864 and 0.9448). However, the pro-
file-service showed slightly higher CPU usage with 
GraalVM (0.8569) compared to JVM (0.7829).

2. Medium load scenario (300 users).
For 300 users, GraalVM consistently exhibited reduced 

CPU usage across the mobile-service (0.840 and 0.805) 
and profile-service (0.5815 and 0.6816). In the casa-ser-
vice, GraalVM consumed slightly more CPU resourc-
es (0.8335 and 0.9116), indicating varying performance de-
pending on service workload.

Fig. 3. Application startup times for services running 	
on Java Virtual Machine
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Fig. 4. Application startup times for services running on 
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Table 1

Paired sample t-test results for Spring Boot application startup time

Micro services
Mean 
differ-
ence

Standard 
deviation

Standard 
error mean

Confidence interval
t-value df p-valueLower 

bound
Upper 
bound

Mobile-service 25.090 0.622 0.197 24.645 25.536 127.499 9 5.7057×10−16

Profile-service 27.069 0.718 0.227 26.556 27.582 119.296 9 1.0378×10−15

Casa-service 26.782 1.337 0.423 25.825 27.738 63.334 9 3.0773×10−13
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3. High load scenario (600 users).
Under heavy load, GraalVM showed no significant im-

provement in CPU usage for the mobile-service (0.8669 
and 0.8018) and got slightly higher usage for the profile-ser-
vice (0.6918 and 0.7066) and casa-service (0.7951 and 0.9101).

5. 2. 2. Statistical analysis of CPU usage
To validate these findings, the Wilcoxon signed-rank 

test was conducted to assess the significance of CPU usage 
differences between GraalVM and JVM. The test results are 
summarized for each load condition:

1. Low load scenario (100 users).
Table 3 shows the Wilcoxon signed-rank results for 100 us-

ers. For the mobile-service, GraalVM demonstrated lower 
CPU usage in most cases, with a rank sum of 45 for lower CPU 
usage compared to JVM. The profile-service and casa-service, 
however, showed relatively balanced rank sums, indicating no 
consistent differences between the two environments.

Table 4 provides the statistical summary for the 100-user 
scenario. While the mobile-service showed a statistically 
significant difference in CPU usage (z-value=–2.460, p-val-
ue=0.014), the direction of the difference indicates that 
GraalVM often used more CPU than JVM, contradicting 
expectations of improved efficiency. For the profile-ser-
vice (p-value=0.471) and casa-service (p-value=0.235), no 
statistically significant differences were observed, indicating 
no clear CPU advantage for GraalVM.

For the mobile-service, the null hypothesis (H0) is 
rejected as the p-value (0.014) indicates a statistically 
significant difference in CPU usage. However, the rank 

sums show that JVM often used less CPU than GraalVM, 
suggesting that JVM is more efficient for this service un-
der low load. 

For the profile-service and casa-service, the null hypoth-
esis cannot be rejected (p-values=0.471 and 0.235), and the 
rank sums do not strongly favor either GraalVM or JVM, 
indicating comparable performance between the two.

2. Medium load scenario (300 users).
Table 5 presents the Wilcoxon signed-rank results for 

CPU usage at 300 users. For the mobile-service, the rank 
sum where GraalVM used more CPU than JVM was 26, 
whereas the rank sum where GraalVM used less CPU 
was 205, indicating that GraalVM generally consumed less 
CPU for this service under medium load. In contrast, for 
the profile-service and casa-service, the rank sums strong-
ly favored JVM, with GraalVM consistently using more 
CPU. Both services had a rank sum of 231 where GraalVM 
used more CPU and a rank sum of 0 where GraalVM used 
less CPU, suggesting that JVM performed better for these 
services under medium load.

Table 6 provides the statistical summary for the 300-
user scenario. The mobile-service showed a statistical-
ly significant difference in CPU usage (z-value=–3.123, 
p-value=0.002), indicating a measurable difference be-
tween GraalVM and JVM. For the profile-service and 
casa-service, the z-values were –4.052 (p-value=0.00005) 
for both, confirming statistically significant differences 
in CPU usage. However, the rank sums suggest that these 
differences favor JVM, as GraalVM consistently used more 
CPU than JVM for these two services.

Table 3

CPU usage Wilcoxon signed rank results for 100 virtual users

Microservices GraalVm<JVM Rank Sum (GraalVm<JVM) GraalVM>JVM Rank Sum (GraalVm>JVM) Ties Total

Mobile-service 9 45 12 186 0 21

Profile-service 16 136 5 95 0 21

Casa-service 8 124 11 66 0 21

Тable 4

CPU usage statistical summary for 100 virtual users

Microservices z-value p-value

Mobile-service –2.460 0.014

Profile-service –0.721 0.471

Casa-service –1.188 0.235

Table 5

CPU usage Wilcoxon signed rank results for 300 virtual users

Microservices GraalVm<JVM Rank Sum (GraalVm<JVM) GraalVM>JVM Rank Sum (GraalVm>JVM) Ties Total

Mobile-service 17 205 4 26 0 21

Profile-service 0 0 21 231 0 21

Casa-service 0 0 21 231 0 21

Table 6

CPU usage statistical summary for 300 virtual users

Microservices z-value p-value

Mobile-service –3.123 0.002

Profile-service –4.052 0.00005

Casa-service –4.052 0.00005
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For the mobile-service, the null hypothesis (H0) is re-
jected (p-value=0.002), indicating a significant difference 
in CPU usage between GraalVM and JVM. The rank results 
suggest that GraalVM often used less CPU than JVM for this 
service under medium load.

For the profile-service and casa-service, the null hypoth-
esis is also rejected (p-value=0.00005 for both). However, the 
rank results show that GraalVM consistently used more CPU 
than JVM for these services, indicating that JVM was 
more efficient under medium load for these particular 
microservices. These findings highlight service-spe-
cific differences in CPU usage between GraalVM and 
JVM at medium load.

3. High load scenario (600 users).
Table 7 presents the Wilcoxon signed-rank results 

for CPU usage at 600 users. For the mobile-service, 
the rank sum where GraalVM used less CPU than 
JVM was 78, while the rank sum where GraalVM 
used more CPU than JVM was 153. 

This indicates that GraalVM often consumed more CPU 
than JVM under high load for this service. Similarly, for the 
profile-service, the rank sum where GraalVM used less CPU 
was 81, while the rank sum where GraalVM used more was 150, 
showing a similar trend. For the casa-service, the rank sum 
where GraalVM used more CPU was 231, with no cases where 
GraalVM used less CPU than JVM (rank sum=0), indicating 
that JVM consistently used less CPU for this service.

Table 8 provides the statistical summary for the 600-user 
scenario. For the mobile-service and profile-service, the 
p-values were 0.191 and 0.229, respectively, indicating no 
statistically significant differences in CPU usage between 
GraalVM and JVM. However, for the casa-service, the z-val-
ue was –4.050 (p-value=0.00005), indicating a statistically 
significant difference in CPU usage. The rank results show 
that this difference favored JVM, with GraalVM consistently 
using more CPU.

For the mobile-service and profile-service, the null hy-
pothesis (H0) cannot be rejected (p-values=0.191 and 0.229), 
as there were no statistically significant differences in CPU 
usage between GraalVM and JVM. 

For the casa-service, the null hypothesis is reject-
ed (p-value=0.00005), indicating a significant difference in 
CPU usage. The rank results suggest that JVM consistently 
outperformed GraalVM in terms of CPU efficiency for this 
service under high load. These findings suggest that under 
high load conditions, JVM generally performed better or 
similarly to GraalVM in terms of CPU usage.

5. 3. Comparative analysis of memory consumption 
in GraalVM and JVM under different loads

5. 3. 1. Memory usage observations 
This section evaluates the memory consumption of 

GraalVM and JVM under three different user loads: 100, 
300, and 600 users. The comparison aims to assess whether 
GraalVM offers improvements in memory efficiency com-
pared to JVM. The results are summarized in Table 9.

Table 9 presents the average memory consumption for 
three services (mobile-service, profile-service, and casa-ser-
vice) under varying user loads (100, 300, and 600 users) when 
running on JVM and GraalVM. The following observations 
summarize the results:

1. Low load scenario (100 users).
At 100 users, GraalVM exhibited consistently high-

er memory consumption compared to JVM across all ser-
vices. For the mobile-service, GraalVM consumed an average 
of 241.4048 MB, significantly more than JVM’s 154.0767 MB, 
suggesting that GraalVM incurs additional memory over-
head under low traffic. Similarly, for the profile-service, 
GraalVM used 216.4286 MB, compared to 145.6524 MB 
for JVM, indicating a substantial difference. The casa-ser-
vice showed the most pronounced disparity, with GraalVM 
consuming 275.0505 MB, nearly double JVM’s memory usage 
of 150.3090 MB. These results suggest that under low load 
conditions, JVM is more memory-efficient across all services.

2. Medium load scenario (300 users).
For 300 users, GraalVM continued to consume more mem-

ory than JVM across all services, although the magnitude of 
the differences was less than in the low-load scenario. The mo-
bile-service showed a moderate gap, with GraalVM consum-
ing 192.3571 MB, compared to JVM’s 172.2514 MB. For the 
profile-service, GraalVM’s memory usage was 182.9048 MB, 
which was higher than JVM’s 164.2295 MB, but the difference 
was less pronounced. In the casa-service, GraalVM con-
sumed 200.3333 MB, while JVM used 167.5210 MB, showing a 

consistent but smaller gap. These find-
ings indicate that while GraalVM’s 
memory usage is still higher under 
medium load, the differences are less 
substantial than at lower traffic levels.

3. High load scenario (600 users).
Under high load conditions with 

600 users, the memory consump-
tion differences between GraalVM 
and JVM became more pronounced, 
particularly for the casa-service. For 
the mobile-service, GraalVM con-
sumed 201.9048 MB, compared to 
JVM’s 165.4314 MB, reflecting a 
noticeable increase. The profile-ser-
vice followed a similar pattern, with 
GraalVM consuming 239.0476 MB 

Table 7

CPU usage Wilcoxon signed rank results for 600 virtual users

Microservices GraalVm<JVM Rank Sum 
(GraalVm<JVM) GraalVM>JVM Rank Sum 

(GraalVm>JVM) Ties Total

Mobile-service 4 78 17 153 0 21
Profile-service 6 81 15 150 0 21
Casa-service 0 0 21 231 0 21

Table 8

CPU usage statistical summary for 600 virtual users

Microservices z-value p-value
Mobile-service –1.308 0.191
Profile-service –1.204 0.229
Casa-service –4.050 0.00005

Table 9

Average memory consumption for all user loads

Users
Mobile-service Profile-service Casa-service
JVM 
(MB)

GraalVm 
(MB)

JVM 
(MB)

GraalVm 
(MB)

JVM 
(MB)

GraalVm 
(MB)

100 users 154.0767 241.4048 145.6524 216.4286 150.3090 275.0505
300 users 172.2514 192.3571 164.2295 182.9048 167.5210 200.3333
600 users 165.4314 201.9048 193.6714 239.0476 198.4733 591.3810
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versus JVM’s 193.6714 MB. However, the most striking dif-
ference was observed in the casa-service, where GraalVM’s 
memory consumption spiked to 591.3810 MB, almost three 
times JVM’s 198.4733 MB. These results suggest that as 
traffic increases, GraalVM’s memory usage escalates signifi-
cantly, particularly for resource-intensive services like the 
casa-service, whereas JVM demonstrates greater stability in 
memory consumption.

5. 3. 2. Statistical validation of memory consump-
tion differences

The Wilcoxon signed-rank test was used to evaluate the dif-
ferences in memory consumption between GraalVM and JVM 
across three load scenarios: low (100 users), medium (300 users), 
and high (600 users). The results are summarized below:

1. Low load scenario (100 users).
Table 10 shows the Wilcoxon signed-rank results for 

memory consumption under a low load of 100 users. For 
all three services – mobile-service, profile-service, and ca-
sa-service – GraalVM consistently consumed more memory 
than JVM. The mobile-service had a rank sum of 231 for 
GraalVM>JVM, with no cases where GraalVM consumed 
less memory (GraalVM<JVM=0) or tied with JVM. Simi-
larly, the profile-service and casa-service followed the same 
pattern, with rank sums of 231 for GraalVM>JVM and no 
instances of GraalVM<JVM. These results confirm a con-
sistent trend of higher memory usage by GraalVM across all 
services under low load conditions.

Table 11 provides the statistical summary for the 100-
user scenario. The results reveal statistically significant 
differences in memory consumption across all services. For 
the mobile-service, the z-value was –4.029, with a p-value 
of 0.00005. The profile-service exhibited a z-value of –4.052, 

also with a p-value of 0.00005, while the casa-service showed 
a z-value of –4.043, with the same p-value. The rank results 
from Table 10 confirm this trend, as GraalVM>JVM had a 
rank sum of 231 for all services, and there were no instances 
of GraalVM consuming less memory than JVM.

The rank results in Table 10 directly align with the sta-
tistical findings in Table 11, showing that GraalVM consis-
tently consumed more memory than JVM in all cases. The 
rejection of the null hypothesis (H0) for all services confirms 
statistically significant differences in memory consumption. 
The rank sums further emphasize that JVM demonstrated 
superior memory efficiency under low load conditions.

2. Medium load scenario (300 users).
Table 12 shows the Wilcoxon signed-rank results for 

memory consumption under a medium load of 300 users. 
For the mobile-service, the rank sums indicate that GraalVM 
consumed more memory than JVM in most cases, with a 
rank sum of 205 for GraalVM>JVM compared to 26 for 
GraalVM<JVM. Similarly, in the profile-service, the rank 
sum for GraalVM>JVM was 195, while GraalVM<JVM had 
a rank sum of 36, suggesting a general trend of higher mem-
ory usage by GraalVM. For the casa-service, all instances 
showed GraalVM consuming more memory than JVM, with 
a rank sum of 231 for GraalVM>JVM and no cases where 
GraalVM used less memory.

Table 13 provides the statistical summary for the 300-user 
scenario. The mobile-service had a z-value of –3.123 and a 
p-value of 0.002, indicating a statistically significant difference 
in memory consumption between GraalVM and JVM. The 
profile-service also showed a statistically significant differ-
ence, with a z-value of –2.789 and a p-value of 0.005. Finally, 
the casa-service demonstrated the most significant difference, 
with a z-value of –4.043 and a p-value of 0.00005.

Table 10

Memory consumption Wilcoxon signed rank results for 100 virtual users

Microservices GraalVm<JVM Rank Sum (GraalVm<JVM) GraalVM>JVM Rank Sum (GraalVm>JVM) Ties Total
Mobile-service 0 0 21 231 0 21
Profile-service 0 0 21 231 0 21
Casa-service 0 0 21 231 0 21

Table 11

Memory consumption statistical summary for 100 virtual users

Microservices z-value p-value
Mobile-service –4.029 0.00005
Profile-service –4.052 0.00005
Casa-service –4.043 0.00005

Table 12

Memory consumption Wilcoxon signed rank results for 300 virtual users

Microservices GraalVm<JVM Rank Sum (GraalVm<JVM) GraalVM>JVM Rank Sum (GraalVm>JVM) Ties Total
Mobile-service 4 26 17 205 0 21
Profile-service 8 36 14 195 0 21
Casa-service 0 0 21 231 0 21

Table 13

Memory consumption statistical summary for 300 virtual users

Microservices z-value p-value
Mobile-service –3.123 0.002
Profile-service –2.789 0.005
Casa-service –4.043 0.00005
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For all three services, the null hypothesis (H0) is re-
jected, as the p-values indicate statistically significant 
differences in memory consumption. The rank sums in 
Table 12 highlight that GraalVM consistently consumed 
more memory than JVM in most cases under medium load 
conditions. 

This trend was particularly pronounced for the casa-ser-
vice, where all observations favored GraalVM using more 
memory than JVM. These results suggest that JVM is more 
memory-efficient than GraalVM when managing medium 
traffic levels.

3. High load scenario (600 users).
Table 14 shows the Wilcoxon signed-rank results for 

memory consumption under a high load of 600 users. For the 
mobile-service and casa-service, GraalVM consistently con-
sumed more memory than JVM, with rank sums of 231 for 
GraalVM>JVM and no cases where GraalVM consumed less 
memory (GraalVM<JVM=0). The profile-service showed 
a slight variation, with GraalVM>JVM having a rank sum 
of 216, while GraalVM<JVM had a rank sum of 15, indi-
cating some instances where JVM used more memory than 
GraalVM, though the majority of cases still favored GraalVM 

consuming more memory.
Table 15 provides the statistical summary for the 600-

user scenario. The mobile-service had a z-value of –4.030, 
with a p-value of 0.00005, indicating a statistically signifi-
cant difference in memory consumption between GraalVM 
and JVM. The profile-service also showed a significant 
difference, with a z-value of –3.507 and a p-value of 0.0004. 
Similarly, the casa-service demonstrated a statistically 
significant difference, with a z-value of –4.043 and a p-val-
ue of 0.00005.

Table 15

Memory consumption statistical summary for 600 virtual users

Microservices z-value p-value

Mobile-service –4.030 0.00005

Profile-service –3.507 0.0004

Casa-service –4.043 0.00005

For the mobile-service and casa-service, the rank results 
from Table 14 confirm that GraalVM consistently consumed 
more memory than JVM in all instances under high load 
conditions. 

For the profile-service, while the null hypothesis (H0) is 
rejected due to the significant p-value, the rank sums indi-
cate that GraalVM consumed more memory than JVM in 
most cases, though there were a few instances where JVM 
consumed more memory. Overall, these findings suggest that 
JVM remains more memory-efficient than GraalVM, even 
under high traffic conditions.

6. Discussion of the performance differences between 
GraalVM and JVM in Java microservices

This study demonstrates notable differences between 
GraalVM and JVM in startup time, CPU usage, and memory 
consumption, revealing both advantages and trade-offs with 
practical implications for Java Spring Boot microservices. 
GraalVM consistently achieved faster application startup 
times, outperforming JVM by 25–27 milliseconds across all 
tested microservices as detailed in Table 1. This improvement 
can be explained by GraalVM’s Ahead-of-Time (AOT) com-
pilation, which reduces runtime overhead by precompiling 
applications into native executables. Fig. 3, 4 illustrate these 
results, with GraalVM showing a marked advantage in ini-
tialization speed. Faster startup times benefit microservices 
requiring minimal downtime. Compared to similar studies, 
the findings reinforce GraalVM’s strengths in startup time 
improvements and its suitability for use cases where rapid 
initialization is critical.

While GraalVM demonstrated advantages in start-
up times, its impact on CPU usage revealed a nuanced 
relationship depending on services and load levels. At 

100 users, Table 2 shows that 
GraalVM reduced CPU usage 
for mobile-service compared 
to JVM, with 0.7798 ver-
sus 0.8678. The statistical 
significance in Table 4, with 
a p-value of 0.014, confirms 
the impact, while the rank re-
sults in Table 3 indicate a pre-
dominantly positive outcome. 
There were 9 instances where 

GraalVM used less CPU than JVM with a rank sum of 45, 
and 12 instances where GraalVM used more CPU with a 
rank sum of 186, suggesting a marginal increase in CPU 
usage in some cases. For profile-service and casa-service, 
the p-values of 0.471 and 0.235 indicate no statistically 
significant differences at this load.

At 300 users, the impact of GraalVM becomes more 
evident across all services. Table 6 highlights statistically 
significant impacts with a p-value of 0.002 for mobile-service 
and less than 0.0001 for profile-service and casa-service. The 
rank results in Table 5 confirm that mobile-service benefits 
from GraalVM using less CPU than JVM in 17 instances 
with a rank sum of 205, although there are 4 instances where 
GraalVM used more CPU with a rank sum of 26. However, 
profile-service and casa-service show consistent increases 
in CPU usage by GraalVM, with all 21 instances indicating 
GraalVM used more CPU than JVM and a rank sum of 231 
for each, indicating a clear negative impact for these services 
at this load.

At 600 users, the performance of GraalVM varies sig-
nificantly. For mobile-service and profile-service, Table 8 
shows no statistically significant differences with p-values 
of 0.191 and 0.229. The rank results in Table 7, however, 
reveal mixed outcomes for mobile-service, with 4 instances 
where GraalVM used less CPU than JVM with a rank sum of 
78 and 17 instances where GraalVM used more CPU with a 
rank sum of 153. Profile-service exhibits a similar trend, with 
6 instances where GraalVM used less CPU than JVM with a 
rank sum of 81 and 15 instances where GraalVM used more 
CPU with a rank sum of 150, indicating a moderate negative 
impact. For casa-service, the p-value of less than 0.0001 and 

Table 14

Memory consumption Wilcoxon signed rank results for 600 virtual users

Microservices GraalVm<JVM Rank Sum 
(GraalVm<JVM) GraalVM>JVM Rank Sum 

(GraalVm>JVM) Ties Total

Mobile-service 0 0 21 231 0 21

Profile-service 5 15 16 216 0 21

Casa-service 0 0 21 231 0 21
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rank results with 21 instances of GraalVM using more CPU 
than JVM and a rank sum of 231 confirm a consistently 
negative impact, with GraalVM using more CPU in all cases.

These findings underscore the variability in GraalVM’s 
CPU usage impacts. While GraalVM offers efficiency im-
provements under specific conditions, particularly for mo-
bile-service at lower loads, it exhibits higher CPU usage in 
resource-intensive services like casa-service, especially at 
higher loads. This variability highlights the importance of 
evaluating workload characteristics and service demands 
when deploying GraalVM to ensure optimal performance.

Memory consumption further adds to this complexity, 
as GraalVM consistently required more memory than JVM 
across all user loads and services. Table 9 highlights these 
differences, showing significant increases in memory usage 
for GraalVM compared to JVM. For example, in the casa-ser-
vice under a 600-user load, memory usage increased from 
198.47 MB on JVM to 591.38 MB on GraalVM, representing 
the most significant difference observed. Similarly, in the 
profile-service, memory usage rose from 193.67 MB on JVM 
to 239.05 MB on GraalVM under the same load.

The Wilcoxon Signed Rank results in Tables 10, 12, 14 
confirm that GraalVM consistently used more memory 
than JVM, with all instances showing GraalVM>JVM across 
all services and load levels. This finding is further supported 
by the statistical analyses in Tables 11, 13, 15, which show 
significant differences in memory consumption for all micro-
services, with p-values well below 0.01 across all scenarios.

These results can be attributed to GraalVM’s aggressive 
resource allocation strategy, which prioritizes computation-
al performance and optimization over memory efficiency. 
While this strategy may enhance speed and throughput, it 
results in notably higher memory consumption, particularly 
under high-load scenarios. For instance, mobile-service, 
which exhibited a smaller difference at lower loads, still 
saw memory consumption rise from 165.43 MB on JVM to 
201.90 MB on GraalVM under a 600-user load.

These findings suggest that GraalVM is better suited 
for scenarios that prioritize computational performance 
and efficiency over resource conservation. While the higher 
memory consumption may not be a concern for systems with 
sufficient resources, it presents a significant trade-off in 
resource-constrained environments. Additionally, these re-
sults contribute to a broader understanding of the trade-offs 
involved, as previous studies have often overlooked memory 
consumption in their evaluations of runtime environments 
like GraalVM. 

By addressing the challenge of improving startup times, 
the study aligns with the objectives outlined. GraalVM’s 
AOT compilation effectively reduces initialization delays, 
providing a solution to the problematic aspect of maintain-
ing system efficiency during rapid user growth. However, 
the trade-offs in memory consumption suggest that this 
solution partially addresses the issue, leaving room for 
further optimization. Compared to similar studies, the re-
sults provide a more detailed understanding of GraalVM’s 
balance of benefits and drawbacks, emphasizing the im-
portance of aligning its adoption with specific microservice 
requirements.

By addressing the challenge of improving startup times, 
the study highlights GraalVM’s AOT (Ahead-of-Time) com-
pilation, which effectively reduces initialization delays, as 
corroborated by previous research [6], demonstrating signifi-
cant startup time improvements in similar Java-based micro-

services. This provides a viable solution to the problematic 
aspect of maintaining system efficiency during rapid user 
growth. However, consistent with findings in other stud-
ies [7], our analysis shows that while startup performance 
improves, there are notable trade-offs in memory consump-
tion, particularly under high-load conditions.

Compared to prior work emphasizing GraalVM’s efficien-
cy in CPU usage under medium loads [9], our study extends 
this understanding by providing a more granular analysis 
across low, medium, and high-load scenarios. The trade-offs 
in memory consumption highlighted in earlier research [4] 
align with our findings, suggesting that while GraalVM of-
fers advantages in CPU efficiency, its adoption requires care-
ful consideration of specific resource constraints and service 
demands. The results contribute to the broader discourse by 
presenting a detailed understanding of GraalVM’s balance 
of benefits and drawbacks, emphasizing the importance of 
aligning its adoption with the unique requirements of Java 
microservices. Future research could further explore strate-
gies to mitigate the observed memory trade-offs, building on 
the foundation provided by recent studies [8].

Despite its contributions, this study has limitations that 
must be considered. The findings are specific to three micro-
services and may not generalize to other application types 
or workloads. Environmental factors such as hardware and 
network configurations, although controlled here, could 
significantly affect reproducibility in real-world scenarios. 
The focus on user loads of 100, 300, and 600 excludes ex-
treme or highly variable conditions, leaving questions about 
performance scalability unanswered. Moreover, the absence 
of compute- or I/O-intensive tasks limits the generalizability 
of these findings to broader application types. An additional 
limitation is GraalVM’s higher memory consumption, which 
could lead to increased infrastructure costs, a factor not 
analyzed in detail. The statistical results in Tables 10, 12, 14 
reinforce this observation, showing consistently higher mem-
ory usage with GraalVM under all tested scenarios. Fur-
thermore, the manual adjustments required for configuring 
GraalVM, such as modifying logging frameworks and meta-
data for reflection, add complexity to its adoption in produc-
tion environments.

These limitations suggest several avenues for future re-
search. To provide a more holistic evaluation, future studies 
could explore additional performance metrics, such as laten-
cy, throughput, and energy consumption. Testing broader 
workloads, including data-intensive and real-time streaming 
applications, would help assess GraalVM’s versatility across 
diverse use cases. Optimization techniques, such as fine-tun-
ing garbage collection and memory allocation, could mitigate 
its high memory consumption, enhancing its applicability 
in resource-constrained deployments. Scaling the study to 
include larger datasets and multi-region deployments would 
also offer valuable insights into GraalVM’s potential in dis-
tributed systems. Finally, automation tools to streamline 
GraalVM’s configuration could reduce its complexity, mak-
ing it a more accessible choice for developers.

By addressing these aspects, this study contributes to 
a nuanced understanding of GraalVM’s practical benefits 
and trade-offs. Future research building on these findings 
can offer actionable recommendations for optimizing Java 
Spring Boot microservices in dynamic and demanding 
environments, paving the way for improved performance 
and resource management in modern microservice archi-
tectures.
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7. Conclusions

1. GraalVM significantly improved application startup 
times across all microservices, with average reductions of 25–
27 seconds. The paired sample T-test validated these results, 
showing statistically significant differences with p-values 
below 0.001. The observed mean differences were 25.090 sec-
onds for mobile-service, 27.069 seconds for profile-service, 
and 26.782 seconds for casa-service. These findings indicate 
that GraalVM is particularly effective in scenarios requir-
ing rapid initialization, such as frequent redeployments or 
dynamic scaling, providing a clear advantage over JVM in 
improving application responsiveness.

These findings highlight GraalVM’s advantage in scenar-
ios requiring rapid initialization, such as frequent redeploy-
ments or dynamic scaling.

2. CPU usage analysis using the Wilcoxon Signed 
Rank Test revealed varying performance patterns between 
GraalVM and JVM across different load conditions:

a) low load (100 users): GraalVM exhibited marginally 
lower CPU usage in mobile-service, with a significant dif-
ference observed (z-value=–2.460, p-value=0.014). How-
ever, no significant differences were found for profile-ser-
vice (p-value=0.471) and casa-service (p-value=0.235);

b) medium load (300 users): JVM outperformed 
GraalVM across all services, with significant differences de-
tected in profile-service and casa-service (z-value=–4.052, 
p-value=0.00005). Mobile-service also showed a significant 
advantage for JVM (z-value=–3.123, p-value=0.002);

c) high load (600 users): JVM maintained superior CPU 
efficiency, particularly in casa-service (z-value=–4.050, 
p-value=0.00005). Differences in mobile-service and pro-
file-service under high load were not statistically significant.

These findings indicate that while GraalVM offers 
competitive CPU performance under low and medium 
loads in specific contexts, JVM consistently demonstrates 
superior efficiency under high-load scenarios, especial-
ly in CPU-intensive services such as casa-service. The 
detailed rank values and statistical summaries provide 
further insight into the comparative performance of the 
two runtimes.

3. Memory usage analysis across various load scenarios 
for mobile-service, profile-service, and casa-service revealed 
that GraalVM consistently utilized significantly more memo-
ry compared to JVM. The findings, validated by the Wilcoxon 
Signed Rank Test, are summarized as follows:

a) low load (100 users): GraalVM exhibited substan-
tially higher memory consumption across all services, 
with mobile-service consuming 241.4048 MB compared 
to JVM’s 154.0767 MB, profile-service using 216.4286 MB 

compared to JVM’s 145.6524 MB, and casa-service utiliz-
ing 275.0505 MB compared to JVM’s 150.3090 MB. The 
statistical analysis confirmed significant differences in all 
cases (z-values≤–4.029, p-values=0.00005);

b) medium load (300 users): GraalVM’s memory con-
sumption remained significantly higher, with mobile-service 
at 192.3571 MB compared to JVM’s 172.2514 MB, profile-ser-
vice at 182.9048 MB versus JVM’s 164.2295 MB, and ca-
sa-service at 200.3333 MB compared to JVM’s 167.5210 MB. 
Statistical significance was observed across all services 
(z-values≤–3.123, p-values≤0.002);

c) high load (600 users): the difference in memory 
usage was most pronounced under high-load conditions. 
GraalVM used 201.9048 MB versus JVM’s 165.4314 MB for 
mobile-service, 239.0476 MB versus JVM’s 193.6714 MB for 
profile-service, and a dramatic 591.3810 MB versus JVM’s 
198.4733 MB for casa-service. All differences were statisti-
cally significant (z-values≤–4.030, p-values≤0.00005).

These results underscore GraalVM’s strategy of upfront 
memory allocation, which enhances application responsive-
ness at the cost of increased memory consumption. While 
this characteristic can be beneficial in scenarios prioritizing 
speed, the higher memory overhead may pose challenges in 
resource-constrained environments.
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