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Containerized Spring Boot microservices frequently encounter
performance limitations arising from inefficient JVM memory
allocation, blocking concurrency models, and suboptimal resource
configuration. This paper presents a comprehensive analysis of
optimization strategies for Java-based microservices running on Spring
Boot and Java 17, emphasizing adaptive memory management,
thread-pool tuning, and reactive resource handling. The study
examines dynamic heap-sizing techniques that align JVM memory
parameters with container constraints to reduce garbage-collection
frequency and prevent allocation failures. Off-heap memory
approaches, including Netty and native allocation, are evaluated for
their ability to lower heap pressure in high-throughput I/O workloads.
Concurrency optimization is addressed through queuing-theory-based
sizing of fixed and cached thread pools to minimize contention and
improve throughput in traditional blocking execution models. The
analysis extends to data-access layers, where reactive database
connectivity (R2ZDBC) and dynamic connection-pool tuning algorithms
are applied to reduce thread waiting time and tail latency. Additional
improvements include JPA query and pooling optimizations, Tomcat
connector configuration, Spring Boot tuning practices, and Docker
image refinements that reduce startup time and memory footprint. The
combined evaluation provides a unified framework for enhancing
responsiveness, scalability, and resource efficiency in cloud-native
Spring Boot microservices.
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1. INTRODUCTION

Containerized

leading to oversized heap allocations,
elevated garbage collection activity [3], [4],

Boot .
00 and out-of-memory termination events [5].

microservices have become a foundational
pattern for cloud-native systems. Yet, their
performance often degrades due to
inefficiencies in JVM memory handling,
blocking concurrency models, and misaligned
resource allocation. When deployed within
virtualized environments, Java processes may
misinterpret container resource limits [1], [2],

These issues intensify in high-throughput
workloads  where thread contention,
connection pool saturation, and I/O
bottlenecks directly influence latency and
throughput across the distributed architecture

[6].
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Performance limitations  extend
beyond memory behavior into the
concurrency and data access layers. The
thread per request
commonly used in Spring Boot [7], [8]
introduces contention and thread exhaustion
during high concurrency periods, while
misconfigured  connection pools and
inefficient JPA queries contribute to increased
tail latency [6].
magnified in distributed systems where
microservices must operate predictably under
fluctuating workloads and constrained
resource boundaries. Addressing these issues

requires coordinated optimization across the

execution model

These bottlenecks are

JVM, application runtime, and data access
stack.

This paper presents a unified
optimization framework for Spring Boot
microservices running on Java 17, focusing on
adaptive memory configuration, off-heap
strategies, and queuing theory based thread
pool tuning [9], [10]. The work evaluates
reactive resource handling through R2DBC
[11], [12], [13], examines connection pool
behavior, and incorporates container level
refinements that align resource usage with
operational constraints [14]. By integrating
these multi layer techniques, the study
demonstrates how to mitigate performance
degradation and improve the responsiveness
cloud

and efficiency of native Java

microservices.

2. BACKGROUND AND SYSTEM
ARCHITECTURE
2.1 Container Awareness in Java 17

Java 17 provides improved
container awareness by reading CPU and
memory quotas exposed through cgroup
interfaces, particularly under the
/proc/self/cgroup hierarchy [1], [2].
When Spring Boot microservices run
inside containers, the JVM uses these
values to infer available resources and
adjust heap sizing heuristics. Incorrect
interpretation of these limits can cause
the JVM to allocate heap regions that
exceed the container’s actual memory
budget, resulting in elevated garbage

2.2

2.3

24

collection activity [3], [4] or out of
memory termination [5].
The Reactive Paradigm

The transition from the
traditional thread per request model to
non-blocking  I/O  has  reshaped
concurrency management in Spring Boot
applications [7], [8]. Servlet based
workloads rely on fixed worker pools
that can become saturated under high
concurrency, while reactive frameworks
such as Spring WebFlux and R2DBC
employ event-driven pipelines that
reduce thread usage and avoid blocking
operations [12], [13]. This shift introduces
new considerations for back pressure
handling [11], connection lifecycle
management, and memory allocation
patterns, requiring evaluation of
performance behavior across both
blocking and reactive execution models.
Domain Workload Characteristics and
Industry Constraints

Microservices in financial and
healthcare systems exhibit workload
patterns  that  directly
optimization strategies. CPU bound
services, such as real time pricing
engines and risk calculations, demand
predictable
latency requirements, while memory
intensive behavior often emerges in

influence

execution under strict

healthcare services processing large
clinical documents or FHIR based
interoperability events. These domain
specific constraints reinforce the need for
tuning approaches that ensure consistent

performance under fluctuating
workloads and high concurrency
demands.

Performance Anti-Patterns

Several recurring anti-patterns
contribute to performance degradation
in Spring Boot microservices. Oversized
thread pools increase context switching
and memory pressure [8], while
misconfigured HikariCP pools lead to
connection starvation or
queuing [6], [15]. Excessive object
allocation, often caused by inefficient
serialization or JPA entity handling,

excessive
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3.1

3.2

elevates garbage collection overhead [3],
[4]. Blocking calls embedded within
reactive pipelines undermines the
benefits of non-blocking execution, and
reliance on default Spring Boot auto
configurations frequently results in
resource settings that are misaligned
with container constraints [14]. These
issues highlight the need for a structured
optimization framework that addresses
performance holistically across the
runtime stack.

3. ADAPTIVE JVM MEMORY
MANAGEMENT

Container Aware Heap Sizing

The deployment of Spring Boot
microservices in elastic environments
requires heap sizing strategies that adapt
to container level resource constraints
[14]. Traditional use of Xmx and Xms
establishes fixed memory boundaries
that do not align with dynamic resource
throttling performed by Linux control
groups. Java 17 introduces automatic

container detection and percentage
based heap sizing using
MaxRAMPercentage and
MinRAMPercentage  [1], [2]. These

parameters allow the heap to scale
proportionally  with the memory
assigned to the container, preserving
25% to 30% headroom for metaspace,
code cache, and native stack usage.
Dynamic heap sizing approaches that
adjust memory allocation based on
observed load patterns further reduce
the overhead associated with heap
expansion during bursty traffic. Under
constrained memory, the JVM increases
garbage collection frequency to reclaim
space [4], and if the container limit is
reached before collection occurs, the
operating system may terminate the
process [5]. Aligning heap heuristics
with therefore
essential for maintaining stability in
multi-tenant environments.
Off-Heap Memory Strategies
High-throughput microservices
frequently rely on off-heap memory to

container quotas is

3.3

reduce pressure on the managed heap
and improve I/O  performance.
Frameworks such as Netty allocate direct
buffers outside the JVM heap, enabling
efficient data transfer with the operating
system and reducing garbage collection
overhead [4]. Monitoring off-heap usage
through parameters

MaxDirectMemorySize  is
because excessive native allocation can

such as
necessary

exhaust container memory without being
reflected in standard heap metrics [5].
off-heap strategies introduce trade offs
that include fragmentation risks and
debugging
particularly in long running services
with high allocation rates. Despite these
challenges, pooled direct buffers remain
an important optimization that provides
predictable performance under high I/O
load.
Garbage Collection Tuning

Garbage
significantly influences the performance
of Spring Boot microservices operating
under constrained memory. The G1
garbage collector, enabled by default in
Java 17, balances pause time goals with
overall throughput by adjusting young
generation sizing and
marking phases [3]. Tuning parameters
such as MaxGCPauseMillis allow the
runtime to target specific
requirements, although lower pause
targets may reduce throughput due to
more frequent collection cycles [4].
Region sizing through G1HeapRegionSize
affects the handling of large objects,
which can otherwise lead to premature
promotion and fragmentation.
Workloads that process large healthcare

increased complexity,

collection behavior

concurrent

latency

documents or financial datasets may
benefit from larger region sizes to reduce
the frequency of full collection events.
Additional tuning through
InitiatingHeapOccupancyPercent  enables
earlier concurrent marking and prevents
the heap from reaching saturation during
periods of elevated allocation [4].
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4.1

4.2

4. CONCURRENCY AND
THREAD POOL
OPTIMIZATION

Traditional Threading Models
Concurrency management in
Spring  Boot  microservices  has
historically relied on the thread per
request model implemented by servlet
containers such as Tomcat [7]. The
connector configuration, governed by
parameters such as maxThreads and
acceptCount, determines how incoming
requests are queued and dispatched. In
CPU bound workloads, such as
cryptographic signing or healthcare data
parsing, thread
increases context switching overhead
and reduces effective throughput [8]. In
I/O bound workloads, threads frequently
block on network or database operations,
causing the worker pool to saturate even

excessive creation

under moderate concurrency. The thread
per request model exhibits inherent
limitations when microservices operate
under  bursty
downstream dependencies
variable latency, which necessitates a
more adaptive strategy that aligns thread
with  specific
characteristics.
Queuing Theory Based Thread Pool
Sizing

Thread pool
improved by applying principles from
queuing theory to model request arrival
rates, service times, and expected wait
times. Little’'s Law provides the
foundational relationship L = AW, where
L is the average number of concurrent
requests is the product of the A arrival
rate, and W is the average residence time
[9]. This relationship enables estimation
of the minimum number of active

traffic or when

introduce

allocation workload

sizing can be

threads required to sustain a target
service level without unbounded queue
growth. Kingman’'s formula further
refines this analysis by approximating
queue wait times under variable arrival
and service distributions, demonstrating
that wait times increase sharply as
utilization approaches total capacity [10],

4.3

5.1

[6]. Comparative evaluation shows that
fixed thread pools provide predictable
behavior under steady load and protect
against exhaustion,
cached pools offer rapid scaling during
bursts but risk unbounded thread
growth and increased memory pressure.
Structured Concurrency Conceptual
Overview
Although
concurrency is not formally integrated
into the Java platform, emerging patterns
within ExecutorService provide
conceptual groundwork for its adoption
architectures  [16].
concurrency emphasizes

resource while

structured

in microservice
Structured
grouping related tasks within a defined
lifecycle,  which  improves  error
propagation, cancellation behavior, and
observability. Microservices that rely on
parallel task data
aggregation can benefit from these
patterns by ensuring that child tasks are

execution for

managed cohesively and that failures are
surfaced predictably rather than leaving
orphaned threads. While
implementations in Java 17 rely on
CompletableFuture and custom executor

current

hierarchies, this conceptual model
provides a foundation for future
enhancements aimed at reducing

operational complexity and improving
the reliability of
programming.

concurrent

5. REACTIVE DATA ACCESS

AND CONNECTION
MANAGEMENT
Non-Blocking 1/O and  Reactive
Execution

Reactive execution in Spring
Boot represents a shift from the servlet
based thread-per-request model to an
event loop architecture designed for I/O
intensive workloads [7]. In traditional
Spring MVC applications, each request
occupies a dedicated thread that remains
idle while waiting for responses from
downstream systems. Spring WebFlux
replaces this model with a small number
of event loop threads that register
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5.2

5.3

callbacks and continue processing other
tasks, enabling higher concurrency with
fewer threads [12]. Backpressure
mechanisms allow consumers to signal
their processing capacity, preventing
overload when upstream components
generate data faster than it can be
consumed [11]. This behavior is
particularly relevant in healthcare
interoperability workloads, where bursts
of clinical data can saturate blocking

architectures and increase memory
pressure.
R2DBC vs J]DBC

For microservices to fully realize
the benefits of non-blocking I/O, the
entire persistence stack must be non-
blocking. Reactive Relational Database
Connectivity serves as the non-blocking
alternative to the legacy JDBC
specification, which is inherently
synchronous [13]. Unlike JDBC, which
dedicated
connection, R2DBC utilizes a stream
oriented approach that allows for high
concurrency data access with a minimal
thread footprint. This is particularly
advantageous for read heavy workloads,
such as real-time financial dashboards,
where numerous concurrent queries can
be executed without the overhead of

requires a thread per

context switching between hundreds of
blocked threads [8].
complex write heavy workloads with
heavy reliance on JPA or Hibernate
features like lazy loading or dirty
checking, the overhead of the reactive
transition may outweigh the throughput
gains. Organizations must therefore
evaluate the specific performance
characteristics of their workload before
migrating from the mature, feature rich
JDBC ecosystem to the more specialized
R2DBC drivers.
Advanced Connection Pool Tuning
Connection management
remains a central factor in microservice
performance, regardless of whether the
application uses JDBC or R2DBC.
HikariCP sizing can be informed by
queuing theory to align pool capacity

However, for

54

with expected arrival rates and service
times [6], [9], [10], [15]. Parameters such
as minimumldle,
and connectionTimeout influence how
the pool behaves under varying load
conditions [15]. Insufficient pool capacity
leads to connection starvation and
increased latency, while excessive pool
size may overwhelm the database or
increase memory consumption. High

maximumPoolSize,

latency networks extend the duration for
which connections remain occupied,
increasing the importance of fail fast
timeouts that prevent unbounded queue

growth [6]. Preventing connection
leakage is essential, since leaked
connections reduce effective pool

capacity and can cause cascading failures
during peak demand. Aligning pool
configuration with workload behavior
helps maintain predictable performance
in distributed environments.
Practical Limitations of Reactive
Frameworks

Although reactive architectures

provide scalability  benefits, they
introduce  challenges  that  have
influenced adoption in enterprise
microservices.  Debugging  reactive
pipelines is more complex than
debugging traditional servlet based
applications, since asynchronous

execution fragments stack traces and
obscures the logical flow of control.
Developers must understand publishers,
subscribers, schedulers, and
backpressure semantics, which increases
the learning curve and complicates
maintenance. Tooling support for
profiling and tracing reactive workloads
remains less mature, and many
application performance
platforms provide limited visibility into
event-driven execution paths. The
persistence ecosystem also presents
constraints, as R2DBC drivers vary in
maturity and lack the comprehensive
ORM capabilities available in JDBC
based frameworks. These factors

contribute to adoption  in

monitoring

slower
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organizations that prioritize operational
predictability and established tooling.

6. PERSISTENCE LAYER
OPTIMIZATION

6.1 JPA Query Optimization

Query performance remains a
central factor in the efficiency of Spring
Boot microservices that rely on JPA and
Hibernate [7]. JDBC batching, configured
through the batch_size property, reduces
database round trips by grouping
multiple DML operations into larger
units of work. Effective batching requires
support from the underlying database
driver and is influenced by identifier
generation strategies, since identity
based generators trigger immediate
inserts that prevent batching. Sequence
based generators and pooled optimizers
allow Hibernate to pre allocate
identifiers and restore batching behavior,
which is beneficial for a high volume
financial and clinical data ingestion.
Addressing the N+1 select pattern is
equally important, as repeated lazy
loading of associated entities increases
latency and database load. Techniques
such as @EntityGraph and explicit join
fetches enable controlled eager loading
when required by specific business
operations. DTO projections further
improve performance by selecting only
the necessary fields and avoiding the
overhead of entity state tracking, which
reduces memory consumption and
eliminates unnecessary dirty checking in
read oriented workloads [3], [4].

6.2 JPA and Hibernate Pooling and Caching

The persistence context
influences both memory utilization and
execution behavior [7]. The first level
cache ensures entity identity within a
transaction, but can grow significantly
during a long running operations,
making periodic flushing and clearing
necessary in batch oriented workloads.
The second level cache provides shared
storage for frequently accessed reference
data, such as financial instrument
metadata or clinical code sets, and can

reduce database load when paired with
appropriate  concurrency strategies.
Entity lifecycle management also affects
memory footprint, since managed
entities remain in the persistence context
until explicitly detached or until the
transaction  completes.  Transaction
boundaries influence connection reuse
and the size of the persistence context,
with shorter transactions reducing
memory pressure and improving
connection turnover [3], [4]. Avoiding
patterns that extend the persistence
context beyond the service layer, such as
the Open Session in View approach,
helps prevent unnecessary connection
retention and reduces the risk of pool
exhaustion [7], [15]. Aligning caching
strategies, transaction design, and entity
lifecycle management with workload
characteristics contributes to predictable
and scalable persistence behavior.

7. SPRING BOOT AND
EMBEDDED SERVER
OPTIMIZATION

7.1 Spring Boot Runtime Tuning

Spring Boot applications
introduce runtime overhead due to
extensive  auto-configuration  and
classpath scanning [7]. Reducing this
overhead requires the selective exclusion
of unused auto configured components,
since each unnecessary module increases
bean creation and memory consumption.
Lazy  initialization  provides an
additional optimization by deferring
bean instantiation until first use, which
reduces startup time and lowers initial
memory pressure in microservices that
do not require all components to be
active immediately. Actuator
configuration also influences runtime
behavior, as exposing all management
endpoints increases processing overhead
and may introduce security
considerations [7]. Restricting Actuator
exposure to essential health and
telemetry endpoints maintains
observability while minimizing
operational impact.
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7.2 Tomcat Connector Optimization

The embedded Tomcat server
manages incoming HTTP traffic through
connector level parameters that influence
concurrency and request queuing [7].
Settings such as maxThreads and
acceptCount  determine
requests can be processed concurrently
and how many are queued during
saturation.  Increasing  maxThreads
benefits I/O bound workloads but may
reduce throughput for CPU bound
workloads due to increased context
switching and memory usage [8]. Keep-
affects
performance, since longer keep-alive
durations reduce connection churn but
increase the number of idle connections

how many

alive  configuration  also

retained by the server. These connector
behaviors interact with downstream
resource pools, particularly database
connection pools, where mismatched
sizing can lead to connection starvation
and elevated latency [6]. Coordinating
connector  thread
application thread pools and database
connection pools ensures balanced
resource utilization and reduces the
likelihood of cascading bottlenecks
across the request processing pipeline.

capacity ~ with

8. CONTAINER
DEPLOYMENT
OPTIMIZATION

AND

8.1 Docker Image Refinement

Containerized

benefit
optimization strategies that reduce build
time, startup latency, and memory
consumption. Layered JAR packaging
separates application
dependencies, and resources into distinct

Spring  Boot

microservices from image

classes,

layers, allowing container build systems
to reuse unchanged components across
deployments and improving CI and CD
efficiency [17]. Multi stage Docker builds
further refine the artifact by isolating the
build environment from the runtime
environment, producing smaller and
more secure images [17]. Base image

8.2

9.1

selection also influences runtime
characteristics. Open]DK images on
Alpine Linux reduce size but may
introduce compatibility issues due to the
musl library, while Distroless images
provide a minimal runtime footprint by
including only the components required
for execution. This reduction in non-heap
memory usage and attack surface
contributes to faster startup times and
lower resource consumption in container
orchestrators.
Resource Requests and Limits

Container resource
configuration directly affects JVM
behavior and microservice stability. CPU
thread execution
through kernel level scheduling quotas,
and aggressive throttling can increase
garbage collection activity and elongate
response times even when average
utilization appears moderate  [4].
Memory limits determine the maximum

limits influence

heap and native memory available to the
application, and insufficient headroom
increases the likelihood of termination by
the container runtime [5]. Aligning
memory requests and limits with JVM
heap sizing strategies, including the use
of MaxRAMPercentage, ensures that the
runtime operates within predictable
boundaries  [1], [2].
mechanisms depend on stable resource
allocation to avoid oscillating scale
decisions triggered by performance
variability under constrained resources
[14]. Coordinating resource limits with
application level tuning helps maintain
consistent throughput and reduces the
risk of cascading failures during peak
demand.

Autoscaling

9. CASE STUDY AND
EXPERIMENTAL RESULTS

Experiment Setup

The evaluation
consisted of a Java 17 Spring Boot
microservice designed to simulate a
high-load transaction processing system.
The service executed a mixture of read
and write operations against a relational

environment
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9.2

9.3

database and exposed synchronous
HTTP endpoints to emulate diverse
transaction flows. The deployment ran
within a containerized environment with
resource limits enforced to ensure
repeatable measurements [2]. Two
workload models were examined. The
first used synthetic request patterns with
uniform arrival rates to establish baseline
behavior, while the second incorporated
domain specific
including burst oriented request patterns
and variable sized payloads. Baseline
measurements were collected using
default Spring Boot configurations [7]
and static JVM heap settings, which were
then compared against the adaptive

and container

characteristics,

concurrency, memory,
level optimizations described in earlier
sections.
Metrics and Measurement Approach
Performance was evaluated
using P99 latency, throughput measured
in transactions per second, and CPU and
memory across  the
application and database layers. P99
latency captured tail behavior under
load, while throughput measurements
quantified the system’s ability to sustain
high concurrency. CPU and memory
utilization provided insight into the
efficiency of the runtime and container

utilization

configurations. Measurements were
aggregated across multiple test iterations
to reduce variance and ensure that
observed results reflected stable system
characteristics. The analysis also
examined the impact of queuing theory
based thread pool sizing [6] and adaptive
heap allocation strategies [1], [4] on
overall system behavior.

Findings and Performance Gains

The experimental results
demonstrated measurable
improvements across all evaluated

metrics. Adaptive heap sizing reduced
P99 latency by approximately one third
during high concurrency periods by
lowering the frequency of full garbage
collection events [3], [4]. Throughput
increased significantly when thread pool

9.4

sizing was aligned with expected arrival
rates and service times [9], reducing
context  switching overhead and
stabilizing CPU utilization [8]. Container
level including layered
image structures [17] and coordinated
resource limits [2], [14], contributed to
faster startup times and more predictable

refinements,

memory usage. Across both synthetic
and domain specific workloads, the
combined produced
consistent gains in throughput and

optimizations

reductions in tail latency, with the most
pronounced improvements observed in
burst oriented request patterns [10].
Workload Analysis

The impact of the optimization
framework varied across workload
types. In burst heavy simulations,
reduced queuing delays and improved
concurrency management enabled the
system to maintain low P99 latency at
more than twice the baseline load [6].
Workloads involving larger payloads
exhibited
efficiency due to reduced container

improvements in memory
overhead and more predictable garbage
collection behavior [4], which increased
pod density within the same resource
envelope [14]. These results indicate that
coordinated  tuning
application, persistence, and container
layers provides benefits across diverse
workload patterns, with the magnitude

across the

of improvement influenced by request
size, arrival variability, and downstream
latency characteristics.

10. FUTURE AND EMERGING
TRENDS

10.1 Project Loom and Virtual Threads

Project Loom introduces a
lightweight threading model intended to
simplify Java concurrency by providing
virtual threads that operate
independently of operating system
thread scheduling [16]. Early preview
builds indicate that virtual threads may
allow applications to support very large
numbers of concurrent tasks with
significantly lower memory overhead
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than traditional platform threads. This
advancement promises to enable a return
to simpler, synchronous programming
styles achieving the high
throughput benefits previously only
possible through non-blocking reactive
pipelines.

while

10.2 Native Compilation and GraalVM

Native compilation through
GraalVM continues to gain attention as a
means of reducing startup time and
memory consumption for Java based
[18]. Ahead of time
compilation produces a

binary with a smaller runtime footprint,

microservices
standalone

which is relevant for serverless and scale
to zero environments where rapid cold
start behavior is essential. Experimental
efforts such as Spring Native provide the
foundation  for
compilation into mainstream Spring Boot
workflows [7], although trade offs
remain related to reflection, dynamic

integrating native

class loading, and framework
compatibility.
10.3 JVM Roadmap and Low Latency
Innovations
The JVM roadmap includes

several initiatives aimed at improving
latency, interoperability, and memory
management. Project Panama focuses on
a foreign function and memory API
intended to streamline interaction with
native libraries and reduce the overhead
associated with JNI [19]. Discussions
around Generational ZGC explore
extending the low pause characteristics
of ZGC with generational awareness to
efficiency

workloads

for allocation
[20].  These
reflect a continued

improve
intensive
developments
emphasis on reducing latency and
enhancing the performance
characteristics of Java based systems.
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