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Abstract: This paper provides a comprehensive 
literature review on the memory management 
challenges and advancements in Java for real-time 
applications. Real-time systems, which demand 
predictable, low-latency performance, face unique 
difficulties when using Java, primarily due to its 
reliance on garbage collection (GC) and automatic 
memory handling, which introduce unpredictable 

pauses. This review synthesizes research on Java's 
memory management limitations and explores 
enhancements, such as the Real-Time Specification for 
Java (RTSJ), alternative GC strategies, and JVM tuning 
techniques, that help mitigate these issues. By 
consolidating findings from various studies, this paper 
offers an in-depth understanding of current solutions 

and emerging trends aimed at improving Java’s 
suitability for real-time systems, highlighting key 
strategies like scoped memory, escape analysis, and 
memory pooling. 

 

Index Terms - Java memory management, real-time 

systems, garbage collection, low-latency applications, 

RTSJ. 
 

I.  INTRODUCTION  

 

Java’s flexibility, platform independence, and 

extensive ecosystem have made it widely adopted 

across industries, from embedded systems to 

finance and telecommunications. However, its use 

in real-time systems, which demand precise timing 

and predictability, presents challenges. Real-time 

systems require guaranteed, timely responses, but 

Java’s reliance on garbage collection (GC) 

introduces unpredictability. GC, while simplifying 

memory management, can disrupt timing with 

pauses, making it unsuitable for low-latency, 

deterministic behavior required in real-time 

applications. 

   The core issue lies in Java’s memory model, 

where objects are allocated on the heap and 

periodically cleared by GC. Standard GC 

algorithms, like Concurrent Mark-Sweep (CMS) 

and Garbage-First (G1), focus on throughput, not 

timing, leading to unpredictable pauses. To address 

these challenges, the Real-Time Specification for 

  

 

 

Java (RTSJ) was developed, introducing features 

like scoped memory, no-heap real-time threads  

(NHRT), and immortal memory, which allow 

critical tasks to run without GC interference. 

Alternative GC algorithms, such as Shenandoah 

and ZGC, along with JVM optimizations like 

escape analysis and memory pooling, also show 

promise in reducing latencies. 

 
II. RELATED WORKS 

 

 Real-Time Specification for Java (RTSJ) 

Bollella, G., Gosling, J., Brosgol, 

B.,Dibble, P., Furr, S., & Turnbull, (2000). 
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This work established RTSJ, introducing 

scoped memory and no-heap real-time 

threads to improve predictability and 

reduce garbage collection interference in 

real-time applications. 

 

 

 A Real-Time Garbage Collector with Low 

Overhead and Consistent Response Times. 

Bacon, D. F., Cheng, P., & Rajan(2003). 

This paper introduces a concurrent, 

incremental garbage collector, designed to 

minimize latency and improve response 

times in real-time systems by performing 

GC concurrently with application threads. 

 

 Escape Analysis and Stack Allocation 

Techniques 

Paleczny, M., Vick, C., & Click,  (2001). 

This research presents escape analysis in 

the Java Hotspot compiler, allowing 

temporary objects to be allocated on the 

stack instead of the heap, reducing GC 

burden and latency. 

 

 Shenandoah and Z Garbage Collectors: 

Low-Latency Solutions for Java 

Yang, C., & Malewicz, G. (2019). 

This study examines Shenandoah and ZGC, 

two concurrent garbage collectors that 

minimize GC pause times, improving 

Java’s performance for low-latency, real-

time applications. 

 

III. JAVA’S MEMORY MANAGEMENT OVERVIEW 

 

Java’s memory model consists of two main 

regions: the stack and the heap. The stack stores 

method calls and local variables, while the heap 

manages dynamic memory allocation for objects. 

Java employs garbage collection (GC) to automate 

memory management, relieving developers from 

manual oversight. However, this convenience 

introduces periodic pauses during memory 

reclamation, which can hinder responsiveness and 

complicate the requirements of real-time systems. 

Research by Jones et al. highlights the trade-offs 

associated with Java’s GC model, emphasizing the 

necessity for optimization techniques to enhance 

predictability and reduce latency in time-sensitive 

applications. 

 Types of Garbage Collection 

To address the latency challenges of Java’s 

memory management, several garbage collection 

strategies have emerged: 

 Stop-the-World Collectors: Traditional 

collectors, like the Serial GC, perform 

memory reclamation in a single-threaded 

manner, causing significant pauses that are 

unsuitable for real-time applications. 

 Incremental Garbage Collection: This 

approach breaks the GC process into 

smaller steps, interleaving collection tasks 

with application execution. While it 

reduces pause durations, Jones et al. notes 

that it still introduces timing 

unpredictability. 

 Concurrent Mark-Sweep (CMS) Collector: 

CMS allows most garbage collection to 

occur concurrently with application 

threads, significantly reducing pauses. 

However, it can lead to memory 

fragmentation, as discussed by Bacon et al. 

(2003), potentially causing unpredictable 

latencies during high memory demand. 

 Garbage-First (G1) Collector: G1 divides 

the heap into regions and collects memory 

concurrently, aiming to balance throughput 

and latency. Although it reduces stop-the-

world pauses, it still requires short pauses 

for tasks like compaction, which can create 

latency spikes (Pizlo et al., 2010). 

 Shenandoah and Z Garbage Collectors 

(ZGC): These modern collectors operate 

almost entirely concurrently, aiming for 

stop-the-world pauses of less than 10ms. 

Yang & Malewicz (2019) highlight ZGC's 

effectiveness with large heaps, while 

Shipilёv et al. (2018) showcase 

Shenandoah’s suitability for low-latency 

applications. However, both collectors may 

still introduce minor, unpredictable 

latencies, presenting challenges for hard 

real-time systems. 

Although these garbage collection mechanisms 

significantly reduce pause times, they do not 

eliminate them entirely, and variations remain, 

underscoring the need for continued advancements 

in memory management techniques for Java in 

hard real-time environments. 

 

IV. CHALLENGES IN JAVA MEMORY 

MANAGEMENT FOR REAL-TIME APPLICATIONS 

 

Despite advancements in garbage collection 

techniques, Java’s memory management model 

poses inherent challenges for real-time 

applications. The unpredictability of garbage 

collection pauses can interfere with precise timing 

requirements, making Java less suitable for 

systems that require strict real-time constraints. 

Real-time applications demand deterministic 

behavior to ensure tasks complete within defined 

time limits, but Java’s reliance on dynamic heap 
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memory allocation and periodic garbage collection 

introduces non-deterministic elements. Studies 

such as *Baker et al. (2022)* emphasize that even 

minimal GC pauses in latency-sensitive systems 

can impact performance, leading to missed 

deadlines and degraded reliability. 

 Multithreading and Synchronization 

Overhead 

Java’s multithreading capabilities add to    

the complexity of memory management in 

real-time systems. Real-time applications 

often rely on multithreading for improved 

concurrency; however, managing shared 

memory across threads requires 

synchronization mechanisms, such as 

locks, to ensure thread safety. This 

synchronization overhead can introduce 

unpredictable latencies, as threads wait for 

access to shared resources. Research on 

Java’s memory model suggests that 

synchronization requirements may hinder 

consistent timing, as the coordination of 

concurrent threads in memory access can 

add variability to execution times, 

impacting the system's ability to meet strict 

real-time performance demands. 

 

V. JAVA REAL TIME SYSTEM (JRTS) EXTENSIONS 

 

The Real-Time Specification for Java (RTSJ) 

provides enhancements designed to make Java 

more viable for real-time applications by offering 

specialized memory areas that avoid traditional 

garbage collection. These areas include scoped 

memory, no-heap real-time threads (NHRT), and 

physical and immortal memory areas. This section 

compiles key findings from research exploring 

each of these RTSJ extensions and their effects on 

Java’s memory management in real-time systems. 

 Scoped Memory 

Scoped memory, as outlined by RTSJ, 

provides a garbage collection-free memory 

area for temporary data, helping to avoid 

GC delays and support predictable real-

time execution. Bollella et al. (2001) found 

that scoped memory allows objects to be 

allocated outside the heap, ensuring they’re 

automatically deallocated when the scope 

exits, which minimizes latency impact. 

Corsaro and Cytron (2003) further showed 

that scoped memory is especially useful in 

periodic tasks with predictable memory 

needs, eliminating GC delays. However, 

managing nested scopes can be complex 

and may lead to issues with memory leaks 

if not handled carefully. 

 

 No-Heap Real-Time Threads (NHRT) 

No-Heap Real-Time Threads (NHRT) are 

designed to improve real-time performance 

by isolating specific threads from the 

garbage-collected heap, preventing GC 

pauses from affecting their execution. 

Wellings and Bollella (2004) show that 

NHRTs are ideal for tasks with strict timing 

needs, as they avoid GC-induced latency. 

Nilsen and Schoeberl (2013) note that 

NHRTs work well for high-priority tasks, 

like control loops and low-latency network 

operations. However, NHRTs can be 

limited by their lack of heap access, 

requiring careful data-sharing methods, 

such as copy-in and copy-out, which may 

add some overhead. 

 Physical and Immortal Memory Areas 

RTSJ introduces immortal and physical 

memory areas to support stable, predictable 

memory allocation in real-time 

applications: 

 Immortal Memory : Objects in immortal 

memory persist for the entire runtime 

without being garbage-collected. Dibble 

and Burns (2002) found it useful for long-

lived data like configuration settings, 

though excessive use can lead to memory 

saturation, requiring careful manual 

management to avoid exhaustion. 

 Physical Memory : This memory type 

allows specific allocations (e.g., DMA or 

locked cache) for hardware-interfacing 

tasks. Schoeberl et al. (2008) showed its 

benefits in embedded systems needing fast, 

consistent memory access, without GC-

related delays. 

These RTSJ memory options enhance 

Java's real-time performance by providing 

predictable memory control, though they 

demand careful design to fully capitalize on 

their advantages in real-time systems. 

 

VI. ALTERNATIVE GARBAGE COLLECTION 

STRATEGIES FOR LOW-LATENCY JAVA 

APPLICATIONS 
 

In real-time systems, minimizing garbage 

collection (GC) interference is essential to 

achieving low-latency performance. Researchers 

have proposed various alternative garbage 

collection strategies, including incremental and 

concurrent garbage collection techniques and 

region-based memory management approaches, 

to address Java’s latency concerns in time-sensitive 

environments. This section compiles insights from 
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studies on each of these strategies and evaluates 

their efficacy in real-time Java applications. 

 Incremental and Concurrent Garbage 

Collection 

Incremental and concurrent garbage 

collection techniques reduce disruptive 

pauses by dividing GC tasks or overlapping 

them with application execution: 

 Incremental GC: Breaks collection into 

small tasks, reducing long pauses but 

introducing frequent short ones, suitable for 

moderate real-time needs (Jones and Lins, 

1996). 

 Concurrent GC: Runs GC phases alongside 

applications, as with CMS, improving 

latency but potentially causing memory 

fragmentation over time (Bacon et al., 

2003). 

 Z Garbage Collector (ZGC): Maintains 

pauses under 10 ms with concurrent tasks, 

ideal for low-latency soft real-time 

applications, though minor timing 

variances may challenge strict real-time 

needs (Shipilёv, 2018). 

These techniques mitigate traditional GC 

pauses, benefiting low-latency applications 

but are less suitable for strict, hard real-time 

demands. 

 Region-Based Memory Management 

Region-based memory management (also 

known as region-based allocation) is a 

memory management technique that 

allocates memory into specific regions or 

“pools,” which are then deallocated 

collectively, rather than collecting 

individual objects through a garbage 

collector. This method minimizes the 

overhead associated with garbage 

collection by ensuring that memory is 

deallocated in predictable chunks, 

effectively bypassing the need for frequent 

GC activity. 

 Region Allocation Benefits: Research by 

Aiken (2003) indicates that region-based 

memory management enables more 

predictable performance in real-time 

applications, as entire regions can be 

cleared in a single operation when no 

longer needed. This collective deallocation 

reduces the frequency and duration of GC 

events, preventing unpredictable 

interruptions in the application’s execution. 

Aiken’s findings further suggest that 

region-based management works well in 

applications with predictable memory 

usage patterns, where memory can be 

allocated and cleared in bulk, such as in 

high-frequency trading or embedded 

control systems. 

 Real-Time Applications and Predictability: 

Studies by Cheng (2020) show that region-

based memory management is highly 

effective for applications that require strict 

determinism, as it eliminates GC-related 

latency variances. Their research 

demonstrates that by allocating memory 

within predefined regions, applications 

avoid both the need for complex object 

tracing and the unpredictability of garbage 

collection pauses. However, region-based 

allocation requires developers to manage 

memory usage carefully, as improper 

region design can lead to memory wastage 

or early exhaustion, particularly in 

applications with complex or highly 

dynamic memory allocation needs. 

 Limitations and Challenges: Region-based 

memory management is not without 

limitations. Findings by Bacon and Cheng 

(2004) emphasize that it lacks flexibility in 

situations where applications require 

frequent object creation and destruction in 

a more random or unpredictable pattern, as 

such scenarios do not lend themselves to 

bulk allocation and deallocation. 

Additionally, researchers point out that 

managing dependencies between regions 

can become complex, particularly in 

applications with nested or multi-phase 

real-time tasks. 

Region-based memory management presents a 

viable alternative to traditional GC in real-time 

applications where predictable timing and low-

latency performance are critical. By removing the 

need for ongoing object tracing and collection, 

region-based memory management can offer a 

more deterministic approach to memory handling 

in real-time Java applications, provided the 

memory usage pattern is compatible with bulk 

allocation strategies. 

In summary, incremental and concurrent garbage 

collection techniques, alongside region-based 

memory management, represent leading 

approaches to managing memory in low-latency 

Java applications. While concurrent GC options 

like CMS and ZGC reduce latency to an extent, 

region-based memory management is often the 

preferred choice in environments with stringent 

real-time requirements due to its predictability and 

reduced GC overhead. 
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VII. PRACTICAL OPTIMIZATION TECHNIQUES 

FOR REAL-TIME JAVA MEMORY MANAGEMENT 

 

To enhance Java’s memory management for real-

time applications, researchers and practitioners 

have explored practical optimization techniques 

that directly address memory allocation and 

garbage collection overhead. This section reviews 

methods such as memory pooling and object reuse , 

manual memory management approaches, and 

JVM tuning techniques. These techniques aim to 

optimize memory handling in ways that reduce 

latency and improve predictability, making Java 

more viable for time-sensitive applications. 

 Memory Pooling and Object Reuse 

Memory pooling and object reuse reduce 

the need for frequent allocations, thus 

easing the load on Java’s garbage collector: 

 Memory Pooling: This technique involves 

creating a pool of pre-allocated objects that 

can be reused, cutting down on memory 

fragmentation and GC pressure. Wilson et 

al. (1992) found it particularly useful for 

applications with high volumes of short-

lived objects, as it provides ready-to-use 

memory, reducing allocation overhead and 

latency. 

 Object Reuse: Reusing existing objects 

instead of creating new ones further 

reduces GC frequency, especially in 

repetitive operations. Detlefs et al. (2004) 

showed that object reuse minimizes GC 

cycles and related pauses, improving 

predictability and responsiveness. 

These approaches work well for stable, 

repetitive workloads but may be less 

effective in applications with highly 

variable memory needs. 

 Manual Memory Management 

Approaches 

Manual memory management combines 

Java’s automatic memory handling with 

selective manual control, enhancing 

predictability for real-time applications: 

 Hybrid Memory Management: This 

approach allows developers to pre-allocate 

and reuse critical objects, bypassing the 

garbage collector to reduce GC frequency. 

Frampton et al. (2005) show its value in 

applications with predictable memory 

needs, like avionics, where pre-allocated 

objects remain available without GC 

interruptions. 

 Scoped Memory and RTSJ Extensions: 

Scoped memory in RTSJ offers structured, 

GC-free memory regions for real-time 

tasks, allowing manual memory 

management outside the heap. Research by 

Bollella and Gosling (2000) indicates that 

scoped memory supports predictable, 

uninterrupted performance in time-

sensitive Java systems. 

While effective, manual memory 

management requires careful planning to 

avoid leaks, making it suitable for 

applications with stable memory usage 

patterns. 

 JVM Tuning for Real-Time Systems 

Optimizing the JVM configuration is 

essential for enhancing memory 

management in real-time applications. 

JVM tuning involves adjusting parameters 

like heap size and GC settings to improve 

responsiveness by minimizing GC 

interruptions. 

 Heap Size Adjustment: A larger heap 

reduces GC frequency by allowing more 

objects to be stored before collection. 

However, larger heaps may result in longer 

GC pauses. A balanced, moderate heap size 

is often ideal for real-time needs, as noted 

by Paleczny et al. (2001). 

 Garbage Collection Configuration: 

Selecting low-latency collectors, such as 

ZGC or Shenandoah, can reduce pause 

times. Shipilёv et al. (2018) found ZGC 

keeps pauses under 10 ms, while 

Shenandoah’s concurrent compaction 

minimizes stop-the-world phases, making 

it well-suited for applications with soft real-

time requirements. 

 GC Intervals and Parameter Tuning: Fine-

tuning parameters like `GC Time Ratio`, 

`Max GC Pause Millis`, and `Initiating 

Heap Occupancy Percent` allows better 

control over GC frequency and pause 

duration. Cheng and Blelloch (2001) 

highlight these adjustments as crucial in 

high-latency-sensitive applications, like 

trading and robotics. 

In conclusion, techniques such as memory 

pooling, manual memory management, and 

JVM tuning help reduce latency and 

enhance predictability in Java real-time 

systems. The choice of technique depends 

on the application’s memory usage, latency 

tolerance, and workload predictability, 

underscoring Java's adaptability for time-

sensitive environments. 
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VIII. COMPARATIVE ANALYSIS OF REAL-TIME 

MEMORY MANAGEMENT TECHNIQUES IN JAVA 

 

This section compares various memory 

management techniques in Java for real-time 

systems, each with strengths and limitations 

depending on latency tolerance, workload 

predictability, and implementation complexity. 

 

 

 

 

 Memory Pooling and Object Reuse 

Strengths: 

 Reduced GC Load: Wilson et al. (1992) and 

Detlefs et al. (2004) show that pooling and 

reuse reduce GC frequency, improving 

predictability in high-churn environments 

like gaming. 

 Predictability: Ideal for applications with 

repetitive memory needs, as pooling 

reduces allocation/deallocation overhead. 

Limitations: 

 Limited Flexibility: Challenging to use in 

applications with unpredictable memory 

needs. 

 Memory Fragmentation: Requires careful 

management to avoid fragmentation over 

time. 
 

 

 

 

 

 

 Manual Memory Management 

Strengths: 

 Fine-Grained Control: Frampton et al. 

(2005) found that hybrid memory 

management helps avoid GC in critical 

paths. 

 Scoped Memory: RTSJ’s scoped memory 

provides predictable memory handling, 

valuable in strict timing environments like 

avionics (Bollella and 

Gosling, 2000). 

 

 

 

 

Limitations: 

 Complex Implementation: Adds 

development complexity and risk of 

memory leaks. 

 Limited Portability: RTSJ-based solutions 

are not universally compatible across 

JVMs. 
 

 

 Incremental and Concurrent Garbage 

Collection 

Strengths: 

 Reduced Pause Times: Shipilёv et al. 

(2018) report that concurrent GCs, like 

ZGC, reduce stop-the-world time, 

improving latency. 

Table1. Real-time memory management techniques 
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 Suitable for Soft Real-Time: Beneficial for 

applications tolerating small latencies, e.g., 

streaming. 

Limitations: 

 Unpredictable Under Heavy Load: 

Concurrent GCs may still introduce delays 

under heavy workloads. 

 Resource Intensive: May consume 

additional CPU, unsuitable for resource-

constrained systems. 

 Region-Based Memory Management 

Strengths: 

 Minimal GC Interference: Region-based 

memory minimizes GC for applications 

with predictable memory patterns (Cheng 

et al., 2020). 

 Bulk Deallocation: Effective for precise 

timing needs, such as in robotics. 

Limitations: 

 Complex Implementation: Requires major 

architectural adjustments to support custom 

memory management. 

 Limited Flexibility: Less effective for 

dynamic allocations. 

 JVM Tuning for Real-Time Systems 

Strengths: 

 Customizable Performance: Cheng and 

Blelloch (2001) highlight that JVM tuning 

enables configuration adjustments without 

altering code. 

 Adaptability: Provides cost-effective 

improvements for various real-time needs, 

from soft to periodic real-time applications. 

Limitations: 

 Time-Consuming: Requires extensive 

testing and can vary across hardware 

setups. 

 Limited GC Control: Reduces but does not 

eliminate GC pauses, limiting its use in 

hard real-time systems. 

Each approach offers valuable tools for real-time 

Java, and the right choice depends on specific 

application  

 

 

requirements for latency, predictability, and 

implementation complexity. 

 
IX. CONCLUSION 

 

In conclusion, the research demonstrates that real-

time memory management in Java is best 

approached through a combination of tailored 

techniques, each contributing unique benefits to 

meet varying real-time demands. Memory pooling 

and object reuse excel in applications with 

predictable, repetitive tasks, while manual memory 

management, particularly scoped memory, 

provides granular control for latency-sensitive 

operations. Incremental and concurrent garbage 

collection, along with advanced options like the Z 

Garbage Collector, help mitigate GC interruptions, 

offering substantial benefits in soft real-time 

contexts. Finally, JVM tuning allows flexible 

adaptation across diverse real-time requirements 

without structural changes to code. 

 

Each technique has its limitations, and the choice 

of strategy must be guided by the application’s 

specific needs, including tolerance for latency, 

resource constraints, and predictability of 

workloads. This comparative analysis provides a 

foundation for understanding how each memory 

management technique can be applied effectively 

within the constraints of real-time systems. The 

findings emphasize that achieving optimal 

performance in real-time Java applications requires 

a carefully balanced, often hybrid approach, 

tailored to align with the unique demands of each 

application environment. 

 

Moving forward, continued research and 

development in real-time memory management 

techniques will be essential as Java applications 

increasingly intersect with critical systems 

requiring stringent performance standards. Future 

work may explore the integration of emerging 

technologies, such as machine learning and 

adaptive memory management systems, to further 

enhance real-time capabilities. By remaining 

proactive in evaluating and implementing these 

advanced strategies, developers can better equip 

their applications to handle the evolving challenges 

posed by complex, time-sensitive environments. 
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