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In concurrent programming, Software Transactional Memory (STM) provides an efficient mechanism for
managing shared memory in parallel computations, avoiding common issues like locks and deadlocks. A
crucial aspect of STM systems is the implementation of transactional variables (TVars), which
significantly influence concurrency levels, execution time, and memory overhead. Two primary
implementations of TVars—nested and non-nested—present distinct advantages and trade-offs. This study
evaluates and compares the effects of nested and non-nested TVar implementations on STM performance,
focusing on concurrency, execution time, rollback complexity, and memory overhead. Using the Haskell
programming language with STM libraries under GHC version 8.6.5, both implementations were
developed and tested on a system with an Intel Core i5-1035G1 CPU @ 1.20 GHz, 8 GB DDR4 RAM, and
a 512 GB Intel 660p NVMe SSD running Windows 11 Pro. Each configuration executed multiple deposit
and withdrawal operations over ten iterations: the non-nested version processed approximately 20 STM
operations in a total time of 2.0 seconds, while the nested version performed about 50 operations in 4.0
seconds due to additional nested balance adjustments. Execution time and memory usage were measured
using Haskell’s runtime and heap profiling tools (+RTS -p -hy). The results demonstrate that nested TVars
improve concurrency by localizing conflicts within sub-transactions, achieving an average operational
throughput approximately 25% higher than the non-nested version (0.08 seconds per operation for nested
vs. 0.10 seconds for non-nested) and consuming about 38% less total heap memory (38,792 bytes vs.
63,080 bytes). Non-nested TVars provide simpler implementation with slightly faster individual execution
but less effective conflict resolution under high load. These insights can guide developers in optimizing
STM-based systems by selecting appropriate TVar models based on the concurrency demands and
complexity of their applications.

Povzetek: Studija primerja gnezdene in negnezdene TVar implementacije v STM ter pokaZe, da gnezdene
TVar omogocajo vecjo socasnost in manjso porabo pomnilnika, medtem ko so negnezdene enostavnejse,

a manj ucinkovite pri vecjih obremenitvah.

1 Introduction

This section introduces Transactional Memory (TM) as a
concurrency control mechanism in parallel programming,
with a focus on its evolution from Hardware Transactional
Memory (HTM) to Software Transactional Memory
(STM), and Hybrid Transactional Memory (HyTM). It
emphasizes the increasing complexity of managing
shared-memory access in multicore systems and highlights
the importance of selecting appropriate TM models based
on application needs. Table 1 offers a comparative
summary of HTM, STM, and HyTM, outlining their
merits, limitations, and implementation challenges. The
section also sets the stage for the paper’s contributions by
describing the need for empirical evaluation of nested
versus non-nested STM configurations, particularly in the
context of Haskell’s STM framework. Finally, it outlines

the structure of the paper, which includes a literature
review of TM systems, challenges in STM design, the
proposed algorithm, experimental setup and results, a
detailed discussion of findings, future research directions,
and concluding insights.

In the realm of parallel programming for multicore
and multiprocessor systems, harnessing the full potential
of these processors poses numerous challenges [1].
Synchronizing concurrent accesses to shared memory by
multiple threads is a crucial aspect of parallel
programming, and traditional lock-based techniques come
with their set of difficulties, such as deadlocks, convoying,
priority inversion, and inefficient fault tolerance [2]
[3].0ne innovative paradigm that addresses these
challenges is  Transactional Memory  (TM)
[4].Transactional Memory (TM) systems facilitate the
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execution of code atomically, allowing application threads
to interact with shared memory through transactions. In
this exploration, we delve into three categories of
Transactional Memory: Hardware Transactional Memory
(HTM) [5] ,Software Transactional Memory (STM) [6] ,
and Hybrid Transactional Memory (HyTM) [7] .

Table 1 presents a brief comparison of HTM, STM,
and HyTM models, highlighting their structures, benefits,
limitations, and implementation challenges. In the
landscape of parallel programming, Transactional
Memory (TM) emerges as a promising paradigm, offering
solutions to the challenges posed by concurrent access to
shared memory in multicore systems. The three distinct
models — Hardware Transactional Memory (HTM),
Software Transactional Memory (STM), and Hybrid
Transactional Memory (HyTM) — each bring their unique
characteristics to the Table, providing developers with
tools to navigate the complexities of parallel software
development.HTM leverages hardware-level tracking of
memory accesses, promising efficiency, and low
overhead. STM, on the other hand, relies on software-
based mechanisms, offering ease of programming and
flexibility, albeit with some overhead costs. HyTM strikes
a balance, combining both hardware and software
schemes, allowing for adaptability and cost-effectiveness.
As we delve into these Transactional Memory models, it is
essential to recognize the merits and demerits associated
with each. This understanding enables developers to make
informed decisions based on their specific requirements
and system constraints.

The challenges presented, such as hardware
dependencies, overhead costs, and the complexity of
managing hybrid systems, underscore the ongoing efforts
in research and development to enhance the effectiveness
of Transactional Memory in parallel programming. This
overview, encapsulated in Table 1 below, provides a
snapshot of the evolution, characteristics, and
considerations associated with Hardware, Software, and
Hybrid Transactional Memory. The pioneering work of
authors such as Herlihy and Moss, Shavit, and Touitou,
and Damron has laid the foundation for the exploration and
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adoption of Transactional Memory in the pursuit of
scalable and efficient parallel software.

While Table 1 provides a broad context for
understanding the evolution of transactional memory
models, this study narrows the scope specifically to
Software Transactional Memory. Within STM, we
investigate a finer-grained distinction between nested and
non-nested TVar implementations to assess their relative
performance under controlled conditions. This focused
analysis builds upon the foundational concepts outlined in
the table.

The paper is organized into eight key sections. Section
2, Related Work, reviews the evolution of Transactional
Memory (TM) systems—covering HTM, STM, HyTM,
and nested transactions—while identifying a gap in
empirical comparisons under consistent conditions.
Section 3, Issues and Challenges of TM System, outlines
specific challenges in implementing nested transactions
and provides targeted solutions to enhance performance
and reliability. Section 4, Proposed Algorithm, introduces
STM implementations using non-nested and nested
structures, focusing on conflict resolution, rollback, and
modular  concurrency  management.  Section 5,
Implementation and Results, presents a detailed
experimental evaluation comparing nested and non-nested
STM using profiling tools to analyse execution time,
memory allocation, and heap usage in the Haskell STM
environment.

Section 6, Discussion, interprets empirical findings
related to concurrency improvements, complexity trade-
offs, and memory efficiency, highlighting the practical
significance of nesting. Section 7, Future Directions and
Challenges, explores potential research avenues including
hybrid conflict detection, cross-library validation,
hardware integration, and scalability in distributed
environments. Finally, Section 8, Conclusion, summarizes
the core results and emphasizes the need for future work to
further refine STM systems in terms of scalability, garbage
collection, and contention handling.

Table 1: Comparative analysis of various types of transactional memory models

S.No. | Transaction | Transaction | Merits Demerits Challenges
Model Structure
1. Hardware Hardware- Efficient, low overhead Hardware-dependent, limited | Implementation complexity
Transactional | based scalability
Memory
(HTM)
2. Software Software- Ease of programming, | Overhead cost, access conflicts, | Durability not needed, but has
Transactional | based flexibility metadata maintenance overhead cost
Memory
(ST™)
3. Hybrid Combination | Utilizes benefits of both | Complexity in managing hybrid | Dynamic adaptation between
Transactional | of hardware | HTM and STM system HTM and STM
Memory and software
(HyT™)
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In this paper, we narrow the focus specifically to a
comparative performance evaluation of nested and non-
nested TVar implementations  within  Software
Transactional Memory (STM). While prior studies discuss
TM models broadly, our goal is to empirically analyse how
TVar nesting influences critical STM performance
metrics—concurrency,  execution  time,  rollback
complexity, and memory overhead. Using Haskell’s STM
framework and GHC profiling tools, we developed and
tested both implementations under uniform conditions to
gather reproducible performance data. This work offers
practical insight into the design trade-offs of TVar
structures and aims to assist developers in selecting the
most suitable configuration for high-concurrency
applications. The rest of the paper is organized to reflect
this focus, with detailed analysis and discussion grounded
in experimental results.

The framework presented in this study provides the
foundational architecture for subsequent research [8]
,where machine learning classifiers were incorporated to
extend the comparative analysis and enhance predictive
performance evaluation in Software Transactional
Memory (STM) systems.

2 Related work

This section offers a detailed review of the evolution of
Transactional Memory (TM) from HTM and STM to
HyTM and nested transactions—highlighting how each
model addresses concurrency challenges. It further
explores critical STM design parameters such as
transaction granularity, update/read policies, conflict
detection, memory management, and nesting models. The
section emphasizes that while extensive research exists on
STM structures and optimizations, most prior studies lack
experimental comparisons under consistent conditions.

2.1 Development of transactional memory

This section reviews the evolution of Transactional
Memory |, beginning with Hardware Transactional
Memory (HTM) and progressing to Software
Transactional Memory

(STM), Hybrid Transactional Memory (HyTM), and
nested transactions. TM development has seen significant
advancements, influencing how transactions are executed
and managed in concurrent systems. Herlihy et al.
introduced HTM, incorporating hardware support for
transactional memory. Despite its potential for boosting
concurrency, HTM faced adoption challenges due to its
reliance on hardware components like caches and store
buffers [5]. To address these limitations, Shavit and
Touitou introduced STM, which eliminated hardware
dependencies, expanding transactional memory to purely
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software-based solutions [6]. STM provided more
flexibility, allowing developers to implement transactional
memory without relying on specialized hardware, leading
to widespread adoption across various systems [9].
Recognizing the benefits and limitations of both HTM and
STM, researchers including Damron et al. proposed
Hybrid Transactional Memory (HyTM) as a middle
ground, combining hardware and software transactional
memory approaches [7]. HyTM leverages the high
performance of HTM when available but falls back on
STM when hardware support is insufficient or unavailable.
This dual approach offers greater flexibility and resilience,
allowing systems to adapt to varying hardware
configurations while still benefiting from the performance
optimizations provided by HTM. Additionally, nested
transactions, first introduced by Moss [10] and later
extended by Moss and Hosking [11], emerged from the
database domain. Nested Transactional Memory [11] [12]
allows modules to call other modules without worrying
about transactional dependencies, significantly improving
software composition and modularity.

While prior research on nested transactions—such as
the models by Moss and Hosking—focused primarily on
conceptual and architectural aspects, our work differs by
offering an empirical comparison of nested and non-nested
TVars implemented in Haskell STM. Unlike theoretical
models or system-specific frameworks like LogTM or
ATOMOS, our concurrency model isolates and measures
the practical performance impacts of nesting under
uniform workloads. This direct experimental evaluation
fills a gap in the literature by quantifying trade-offs in
concurrency, rollback handling, and memory usage in real-
world STM configurations.

In conclusion, the evolution of Transactional Memory
(TM)—from Herlihy’s HTM to Shavit and Touitou’s
STM, and Damron’s Hybrid TM (HyTM)—has
significantly advanced concurrency management in
modern  systems. Moss’s introduction of nested
transactions further improved modularity and isolation.
Building upon this foundation, our work contributes a
direct empirical evaluation of nested and non-nested TVar
implementations, quantifying the practical trade-offs in
real-world STM systems.

2.2 Design parameters of software

transactional memory (STM)

This section highlights the various design choices that
influence the performance and behaviour of Software
Transactional Memory (STM) systems. It emphasizes how
different approaches to STM impact concurrency handling
and overall system efficiency. Understanding these design
choices is crucial for developers to optimize STM for
specific application needs, ensuring better performance
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and reliability. This discussion is needed to guide
developers in selecting and implementing the most
suitable STM strategies for their applications. Design
differences in STM systems affect a system’s
programming model and performance [5] [13] [14]. These
differences encompass various aspects, such as transaction
granularity, update policies, read policies, acquire policies,
write policies, conflict detection mechanisms, memory
management, contention management techniques,
isolation levels, and nesting models. Each of these design
aspects plays a crucial role in shaping the behaviour of
Software Transactional Memory (STM) systems. In the
multifaceted landscape of Software Transactional Memory
(STM) design, numerous critical aspects converge to form
a comprehensive framework for effective and concurrent
transaction processing. Transaction Granularity, whether
Word-based or Object-based, defines the unit for conflict
detection, influencing accuracy and communication costs.
Update Policy, whether Direct or Deferred, governs how
transactions modify shared objects, impacting immediacy
and memory usage. Read Policy, distinguishing between
Invisible and Visible Reads, guides concurrent access to
shared resources, balancing consistency, and accessibility
[15]. Acquire Policy, either Eager or Lazy, dictates how
transactions gain exclusive access to shared memory,
influencing responsiveness and concurrency [15]. Write
Policy, encompassing Write-through or Buffered
strategies, directs how transactions handle commits and
aborts, affecting efficiency and simplicity. Conflict
Detection strategies, Early, Late, or Lazy, balance
computational effort and wasted work, influencing overall
transaction consistency. Concurrency Control methods,
Pessimistic or Optimistic, coupled with Blocking
Synchronization (Lock-based) techniques, where locks
secure exclusive access to shared resources, ensure
synchronized and controlled progress among multiple
threads [16]. Additionally, Non-blocking Synchronization
techniques like wait-free, lock-free, and obstruction-free,
ensure unhindered progress and responsiveness.

Memory Management, covering Allocation and
Deallocation, safeguards against memory leakage and
ensures system stability [15]. Contention Management
strategies, such as Timid [17], Polka [18], Greedy [19] and
Serializer (as implemented in the RSTM project'),address
conflicts by deciding when to abort transactions,
contributing to system adaptability [15]. The
implementation of Isolation, exemplified by Weak
Isolation in STM Haskell, may compromise when threads
concurrently access shared resources. The Nesting Model
[13] [20] introduces diverse approaches: Nesting by
Flattening, implemented in DSTM [21] and RSTM [22];
Linear Nesting with Closed Nested Transactions (CNTS)
[3], found in McRT-STM [23] , NORec [24], Nested
LogTM [25] [26] and Haskell STM [27] [28] [29] [30] [31]
[32] [33]; and Open Nested Transactions (ONTSs) [34]
[35], as exemplified by ATOMOS [36]. Furthermore,
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Parallel Nesting, implemented in NeSTM [37], HParSTM
[38], NePalTM [39], CWSTM [40], PNSTM [41] and
SSTM [42]enables the existence of multiple active
transactions within a tree structure.

Table 2 provides a concise comparison of key prior
studies and common STM configurations, summarizing
their methods, main findings, and limitations. This
structured overview highlights that while existing work
addresses important STM

design aspects, it does not directly measure and compare
the performance trade-offs of nested versus non-nested
TVars under the same runtime conditions. This gap
motivates our experimental analysis.

As shown, prior approaches mostly focus on
theoretical design choices or general STM optimizations
but lack concrete, reproducible data comparing nested and
non-nested TVars. Our study fills this gap by providing
direct experimental evidence on concurrency, rollback
complexity, execution time, and memory usage, helping
practitioners choose the most suitable TVar configuration
for their applications.

In conclusion, this section emphasizes how specific
STM design parameters—such as transaction granularity,
update and read policies, conflict detection mechanisms,
and nesting models—directly shape concurrency control,
memory behaviour, and system responsiveness. By
analysing these parameters and summarizing prior system
implementations, it offers a foundational understanding
for developers aiming to fine-tune STM configurations
based on workload demands and application requirements.

In summary, although prior work has laid a strong
theoretical and architectural foundation for STM systems,
including various nesting strategies, it lacks empirical
evaluations directly comparing nested and non-nested
configurations. While the reviewed literature outlines
critical STM design aspects and the broader evolution of
Transactional Memory systems, it does not offer a targeted
experimental evaluation of how nested and non-nested
TVars compare under identical conditions. This gap
highlights the need for our empirical investigation, which
directly compares both configurations using concrete
performance metrics—concurrency, rollback complexity,
execution time, and memory usage—within the same
Haskell STM framework. This performance-based
analysis provides practical guidance for selecting suitable
STM configurations, reinforcing the importance of
empirical validation in advancing STM system design. The
STM framework introduced here established the structural
basis for later developments [8] that applied machine
learning methods to achieve
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intelligent

classification,

automated

analysis,

and

improved execution efficiency in Software Transactional
Memory environments.
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Table 2: Comparison of SOTA approaches for STM configurations

Approach

Strengths

Weaknesses

Key Results

Examples / Systems

Why Insufficient?

Transaction
Granularity

High accuracy
(word-based);
simplicity and lower
cost (object-based).

Word-based is
costly in
performance;
object-based
sacrifices precision.

Object-based STM
(e.g., STM Haskell)
achieves a good
balance of cost and
accuracy.

Word-based STM, Object-
based STM (STM Haskell).

Does not quantify
the effect of
granularity on
concurrency and
rollback for nested
VS. non-nested
TVars under the
same conditions.

Update Policy

Deferred update
allows easy rollback
and reduces

overhead on shared
memory.

Direct update can
cause  cascading
aborts; deferred

update can increase
commit latency.

STM Haskell uses
deferred update
successfully for

isolation and rollback.

Direct Update, Deferred
Update (STM Haskell).

Does not
experimentally

compare how update
policies interact with
nested  transaction
scopes and their
actual resource cost.

Read  Policy | Invisible reads have | Invisible reads risk | STM Haskell uses | Invisible Reads, Visible | Does not measure
[15] low runtime | late conflicts; | visible reads for better | Reads (STM Haskell). how read policy
overhead;  visible | visible reads | conflict resolution. affects rollback
reads provide | require more complexity in nested
stronger consistency | synchronization Vs, non-nested
guarantees. (locks/reader lists). designs.
Acquire Policy | Lazy acquire | Eager acquire | Lazy acquire | Eager  Acquire, Lazy | Does not evaluate
[15] improves reduces aborts but | preferred in  many | Acquire. acquire timing
concurrency  and | increases locking | STMs  for  better impacts  alongside
works well with | contention. buffering and nesting to show
deferred updates. flexibility. conflict  isolation
benefits
quantitatively.
Write Policy Buffered write | Write-through  is | Buffered writeused in | Write-through /  Undo, | Lacks measured
avoids unnecessary | simpler but | most modern STM | Buffered Write. effect of  write
aborts and allows | increases abort cost | systems to improve buffering within
speculative and reduces | commit efficiency. nested scopes versus
execution. concurrency. flat scopes under
varying loads.
Conflict Early detection | Early detection | STM Haskell | Early Conflict Detection, | Does not quantify
Detection reduces wasted | requires complex | employs late/lazy | Late/Lazy Conflict Detection | how conflict
work; late detection | tracking; late | detection to maximize | (STM Haskell). detection timing
improves detection risks | parallelism. affects rollback and
parallelism and | wasted work and throughput for
throughput. starvation. nested vs. non-
nested TVars.
Concurrency Optimistic  control | Pessimistic control | Many modern STM | Pessimistic (2PL, Lock- | Does not explicitly
Control [16] allows  maximum | ensures consistency | systems adopt | based STM), Optimistic | measure and
parallelism;  non- | but blocks threads; | optimistic control | STM, Non-blocking STM | compare
blocking methods | optimistic requires | with  non-blocking | (Wait-free, Lock-free, | concurrency levels
ensure progress | effective contention | synchronization Obstruction-free). and conflict isolation

under contention.

manager.

where possible.

for different nesting
models.

Memory
Management
[15]

Efficient  memory
management
prevents leaks and
supports failure
recovery.

Complex to
implement  when
supporting  nested
transactions or

variable-sized
objects.

Memory-safe ~ STM
libraries (e.g.,
LibSTM) can
effectively  manage
transactional
memory.

LibSTM, Haskell STM.

Does not empirically
analyze how nesting
impacts total heap
usage in practical
STM workloads.
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Contention Advanced policies | Requirestuningand | Greedy and Serializer | Timid [17], Polka [18], | Does not integrate
Management like Greedy and | may not adapt well | policies outperform | Greedy [19] Serializer (as | contention  policy
[15] Serializer can | to workload | Timid and Polka in | implemented in the RSTM | with nesting model
guarantee progress | changes. bounded commit | projectt), to quantify trade-
and improve scenarios. offs in  conflict
fairness. resolution.
Isolation Weak isolation | Risk of anomalies | STM Haskell’s weak | Weak Isolation  (STM | Does not compare
increases and subtle bugs if | isolation allows better | Haskell). how isolation scope
concurrency  and | developers are | scaling. interacts with nested
performance. unaware. VS, non-nested
TVars to control
conflicts.
Nesting Model | Nested transactions | Complex Parallel nesting (e.g., | Flattened Nesting, | Prior work does not
[13] [20] allow modularity, | implementation; NeSTM,  PNSTM, | implemented in DSTM [21] | provide detailed
composability, and | increases overhead | SSTM) improves | and RSTM  [22];Linear | experimental
better conflict | and  complicates | parallelism; linear | Nesting with Closed Nested | profiling of
isolation. recovery. nesting ensures easier | Transactions (CNTs) [3], | concurrency,
rollback and isolation | used in McRT-STM [23] , | rollback, execution
of  subtransactions; | NORec [24], Nested LogTM | time, and memory
open nesting provides | [25] [26] and Haskell STM | overhead for nested
flexibility for external | [27] [28] [29] [30] [31] [32] | vs. non-nested
actions. [33]; Open Nested | TVars in the same
Transactions (ONTs) [34] | system.
[35] .exemplified by
ATOMOS [36] and Parallel
Nesting, allowing multiple
active transactions within a
tree structure, as
implemented in NeSTM
[37], HParSTM [38],
NePalTM [39], CWSTM
[40], PNSTM [41] and
SSTM [42].
Proposed Provides concrete, | Limited to single- | Demonstrates  that | This study (Haskell STM, | Complements prior
Approach reproducible machine  Haskell | nested TVars increase | GHC 8.6.5). theoretical and
(Direct measurements ~ of | STM; does not | concurrency by ~25% architectural studies
Experimental how nesting affects | generalize to | and reduce heap by supplying direct
Comparison of | concurrency, hardware or | usage by ~38% performance
Nested vs. | rollback complexity, | distributed  STM | compared to non- evidence and clear
Non-nested execution time, and | without further | nested TVars, guidelines for
TVars) memory usage under | extension. clarifying  practical selecting appropriate
the same workload trade-offs for STM TVar models in
and runtime design. practical STM
conditions. applications.

3 Issues and challenges of TM system

This section discusses challenges in implementing nested
transactions and presents solutions to address these
difficulties. It highlights the need for effective handling of

handled in a way that maximizes performance and

minimizes potential issues. The Nested Transaction Model

these challenges to ensure robust system performance and

efficiency. Detailed resolutions are provided to manage
complex transactional scenarios effectively and optimize
overall system functionality. This discussion is needed to

guide the development of more effective and efficient
transactional systems, ensuring that nested transactions are

Memory (TM)

http://www.cs.rochester.edu/research/synchronization/rstm/applications.shtml.

systems

introduces unique challenges in Transactional memory
(TM) systems, necessitating careful consideration and
resolution strategies.

The Table 3 below outlines key issues faced in the
Transactional
corresponding resolutions [14] [37].

and their
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Table 3: Transactional memory (TM) issues and remedies

S.No | Issues in | Description Issues Resolution
Transactional
Memory (TM)
systems
1. Transformation of | In the realm of STM, a challenge arises | The resolution entails creating techniques to
Transactional Code | when non-transactional code | adeptly transform non-transactional code
inadvertently runs as a transaction. | within the STM system, achieved through
Potential approaches involve | either  segregating or  dynamically
segregating transactional and non- | categorizing access to shared objects.
transactional code or dynamically
classifying their classifying their access
to shared objects.
2. Conflict Detection | The challenge lies in accurately tracking | The resolution requires crafting a conflict
Scheme dependencies in a hierarchical fashion | detection scheme capable of precisely
rather than a flat manner. It requires | tracing dependencies in a hierarchical
managing conflicts and restarts within | fashion and handling conflicts within nested
nested parallel transactions without | parallel transactions without necessitating
necessarily aborting their parent | an immediate abort of the parent
transaction. transaction.

3. Memory Overhead | The challenge lies in minimizing the | Resolution involves creating efficient
memory overhead required to track the | memory management techniques to
state of nested transactions. The | minimize the overhead associated with
objective is to maintain a small memory | tracking the state of nested transactions,
overhead for efficient operation. ensuring optimal performance.

4, Single Level of | The challenge involves efficiently | Resolution may involve optimizing the

Parallelism managing overhead when certain | STM system to handle scenarios with a
applications do not utilize nested | single level of parallelism efficiently. This
parallelism and operate with only a | could include streamlining resource
single level of parallelism. The | allocation and transaction management for
overhead should be reasonable for | improved performance in such specific
scenarios where only a single level of | application scenarios.
parallelism is employed.

In conclusion, the Nested Transaction Model in
Software Transactional Memory (STM) introduces several
challenges that need careful consideration for effective
implementation. The Table 3 above outlines these
challenges, including the transformation of transactional
code, conflict detection scheme, memory overhead, and
the management of a single level of parallelism. Resolving
these issues is crucial for ensuring the robustness and
efficiency of STM systems in handling nested transactions.

4 Proposed algorithm

This section introduces an algorithm for implementing
Software Transactional Memory (STM) using two
approaches: non-nested and nested Transactional
Variables (TVars). The algorithm specifically addresses
key STM concerns such as conflict isolation, rollback
handling, and transactional scoping. These are critical for
ensuring atomicity, consistency, and modularity in
concurrent systems. By evaluating both implementations,
this section highlights how different TVar structures
manage shared-memory concurrency under transactional
workloads.

Before delving into the proposed algorithm for
Software Transactional Memory (STM) implementation
using non-nested and nested Transactional Variables
(TVars), it’s essential to understand the underlying
principles and motivations behind such designs. STM
serves as a powerful paradigm for managing shared state
in concurrent programming, providing developers with
tools to ensure atomicity and consistency without explicit
locking mechanisms. The motivation behind utilizing
STM lies in addressing the challenges posed by traditional
lock-based approaches, where managing locks manually
can lead to issues such as deadlocks, priority inversion, and
complex code maintenance. STM offers an alternative by
encapsulating transactions, allowing them to execute
atomically and ensuring that the shared state remains
consistent across concurrent operations. In the following
algorithm, we explore two implementations: one using
non-nested TVars and the other using nested TVars. Each
implementation is tailored to specific scenarios,
addressing concerns related to transactional operations,
deposit, and withdrawal tasks. The code snippets provided
illustrate how STM can be harnessed to enhance the
reliability and maintainability of concurrent programs.
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Now, let’s delve into the proposed algorithm for both STM
implementations using non-nested and nested TVars.

4.1 Algorithm

This section outlines two Software Transactional Memory
(STM) implementation approaches using Transactional
Variables (TVars): one with non-nested TVars for simpler
transactions and another with nested TVars for more
complex transaction interactions. It details the steps for
each approach, including module imports, defining
account types, and implementing transaction functions.
For non-nested TVars, the focus is on basic transactions
with execution time measurement and result printing. For
nested TVars, the implementation includes additional
functions for handling exceptions, collecting messages,
and managing nested transactions. The discussion
highlights how these approaches demonstrate STM’s
adaptability and effectiveness in managing concurrent
data.

411 STM implementation using non-nested

TVars

This section outlines the STM implementation using
non-nested TVars, focusing on a step-by-step
approach. It begins with importing essential modules
for STM operations, monadic actions, thread
management, CPU time measurement, and formatted
printing. The Account type is defined as a
Transactional Variable (TVar) holding an integer
value, with functions for depositing and withdrawing
amounts implemented to handle transactions. The
main function orchestrates the transaction process
over 10 iterations by creating accounts, performing
deposit and withdrawal operations, and measuring
execution times. Each iteration includes recording
start and end times, calculating elapsed times, and
printing results, with a 1-second delay between
iterations. This implementation highlights the use of
non-nested TVars for managing simple transactions
in concurrent environments.

1. Step 1: Import necessary modules

e Import Control.Concurrent.STM for Software
Transactional Memory (STM) operations.

e Import Control.Monad for monadic operations.

e Import Control.Concurrent for thread-related
operations.

e Import System.CPUTime for measuring CPU
time.

e Import Text.Printf for formatted printing.
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2. Step 2: Define account type and functions

e Define the Account type as Transactional
Variable (TVar) holding an Int value.

e Implement deposit function: Takes an Account
and an Int amount and deposits the amount into
the account using STM.

e Implement withdraw function: Takes an Account
and an Int amount and withdraws the amount
from the account using STM.

3. Step 3: Define main function
e  Print a header for the output table.

e  Set the number of iterations to 10 and initialize
lists for storing times and balances.

e Perform the transaction in each iteration:

e Create a new account with an initial balance of
100.

e Record the start time.

e Deposit 50 into the account and withdraw 30 to
keep the balance at 120.

e Record the final balance and end time.

e Calculate the elapsed time and print the iteration
details.

e Add a delay of 1 second between iterations.

e  Print the final balance and calculate the average
execution time for all iterations.

This STM implementation using non-nested TVars
demonstrates a simple yet effective approach to managing
concurrent transactions. By carefully handling deposits
and withdrawals

through transactional variables, the system ensures data
consistency and thread safety in concurrent environments.
The execution over multiple iterations, along with time
measurement and balance tracking, provides valuable
insights into performance efficiency. Overall, this
implementation showcases the utility of non-nested TVars
in handling straightforward transactional operations,
setting the stage for more complex transaction models and
optimizations in future studies.

4.1.2 STM Implementation using nested TVars

This section details the STM implementation using nested
TVars, emphasizing a more complex transactional
approach. It starts by importing necessary modules for
CPU time measurement, STM operations, exception
handling, monadic actions, thread management, and
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formatted printing. The Account type is defined as a
Transactional Variable (TVar) holding an integer value,
with deposit and withdraw functions implemented for
transaction management. Key functions include
collectMessages for updating and tracking messages with
balance information, and catchSTM’ for handling
exceptions during STM operations. The core of the
implementation is the nestedTransaction function, which
performs nested transactions by adjusting balances and
retrying if necessary. The main function manages the
transaction process over 10 iterations, recording start and
end times, updating balances, and collecting messages. It
calculates and prints elapsed times, averages execution
times, and the final balance, with a 1-second delay between
iterations. This approach showcases how nested TVars
handle more complex transaction interactions and improve
concurrent data management.

1. Import necessary modules:

e  System.CPUTime for measuring CPU time.

e Control.Concurrent.STM for Software
Transactional Memory (STM) operations.

e Control.Exception for exception handling.

e Control.Monad for monadic operations.

e  Control.Concurrent for thread-related operations.

o Data.Time.Clock for time-related operations.

e  Text.Printf for formatted printing.

2. Define the Account type as a Transactional
Variable (TVar) holding an Int value.

e Implement deposit and withdraw functions for
modifying the account balance in STM
transactions.

o Define a function collect Messages that takes a
list of messages, a new message, and the current
balance, and returns a new list of messages
including the new message with the balance
information.

e Implement a function catch STM” that catches
exceptions in STM actions and retries if an
exception occurs.

3. Define nested Transaction function that performs
a nested STM transaction:

e Read the original balance from the account.
e Deposit 50 into the account.
e  Withdraw 30 from the account.

4. Check if the balance has changed:

o If yes, adjust the balance to 120 and collect
messages.
e If no, retry the transaction.
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5. Define the main function:

e Create a new account with an initial balance of
100.

e  Print the initial balance.

e  Set the number of iterations to 10.

e Initialize an empty list to store elapsed times.

e Print the table header for displaying iteration,
transaction info, and time elapsed.

6. Perform the transaction in each iteration:

e Record the start time.

e Deposit 50 into the account, collect messages,
withdraw 30, collect messages, and perform the
nested transaction.

e Record the end time, calculate the elapsed time,
and print the iteration details.

e Add the elapsed time to the list of times.

e Add a delay of 1 second between iterations.

7. Calculate and print the average execution time for
all iterations.

8. Print the final balance.

This STM implementation using nested TVars
highlights the advanced capabilities of nested transactional
variables in managing more complex transaction
workflows. By allowing transactions to be retried and
messages to be collected dynamically, the system offers
greater flexibility in handling concurrent operations. The
use of exception handling, nested balance adjustments, and
message tracking demonstrates the robustness of nested
TVars in maintaining consistency across transactions.
Through multiple iterations, the implementation provides
insights into both performance efficiency and the handling
of complex data dependencies, underscoring the potential
of nested TVars for more sophisticated concurrency
control in transactional memory systems.

4.2 Program code

This section presents program codes for two STM
implementations in Haskell. The first implementation
utilizes non-nested TVars for handling straightforward
transactions, focusing on deposit and withdrawal
operations, and includes performance measurements
across multiple iterations. The second implementation
employs nested TVars to manage complex transaction
interactions, incorporating exception handling and nested
transaction logic to demonstrate STM’s capability in
dealing with more intricate transactional scenarios. Both
implementations  illustrate STM’s  flexibility and
effectiveness in managing concurrent data access and
ensuring transactional consistency.
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4.2.1 Program Code for STM Implementation

using Non-Nested TVar

This section provides the program code for implementing
Software Transactional Memory (STM) using non-nested
TVars. It begins by importing necessary modules for STM
operations, monadic and thread-related functions, and time
measurement. The Account type is defined as a TVar
holding an integer value, with deposit and withdraw
functions to modify the account balance using STM. The
main function performs 10 iterations of the transaction
process: creating a new account with an initial balance of
100, depositing 50, withdrawing 30, and recording the
final balance and elapsed time. It includes timing each
transaction and printing detailed results, with a 1-second
delay between iterations. At the end, it calculates and
displays the average execution time and final balance.

-- **Import necessary libraries for STM, monadic
control, delays, timing, and formatted output**

import Control.Concurrent.STM

import Control.Monad (forM_)
import Control.Concurrent (threadDelay)
import System.CPUTime (getCPUTime)
import Text.Printf (printf)

-- **Define Account as a transactional variable holding
an integer balance**

type Account = TVar Int

-- **STM-based deposit operation: reads and updates
account balance**

deposit :: Account -> Int -> STM ()
deposit acc amount = do

currentBalance <- readTVar acc -- **Read current

balance**

writeTVar acc (currentBalance + amount) -- **Update
with new balance**

-- **STM-based withdraw operation: subtracts
amount if funds are sufficient, otherwise retries**

withdraw :: Account -> Int -> STM ()
withdraw acc amount = do

currentBalance <- readTVar acc -- **Read current

balance**
if currentBalance >= amount
then writeTVar acc (currentBalance - amount)

-- **Proceed with withdrawal**
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else retry -- **Retry transaction if balance is
insufficient**

-- **Main execution: perform 10 iterations of deposit
and withdrawal transactions**

main :: 10 ()

main = do

-- **Print headers for output**
putStrLn $ replicate 55 *-'
putStrLn "Initial Balance: 100"
putStrLn $ replicate 55 *-'

putStrLn "| Iteration | Transaction Info
New Balance | Time Elapsed (s) |"

putStrLn $ replicate 105 -'
let iterations :: Int
iterations = 10

times = ([] :: [Double]) -- **L.ist to store execution
times (currently unused)**

balances = ([] :: [Int]) -- **List to store final balances
(not collected here)**

finalBalances = [] :: [Int] -- List to store final
balances -- **Another placeholder list (not used in
loop)**

-- **Run transactions f192ormach iteration**
forM_[1 :: Int.. iterations] $ \iteration -> do

account <- atomically (newTVar 100) -- **Reset

account to initial balance of 100**
startTime <- getCPUTime -- **Start timing**
atomically $ deposit account 50 -- **Deposit 50**

atomically $ withdraw account 30 -- **Withdraw
30**

finalBalance <- atomically (readTVar account) --
**Read updated balance**

endTime <- getCPUTime
let elapsedTime :: Double

elapsedTime — fromintegral (endTime - startTime)
/ (10n12) -- **Convert picoseconds to seconds**

-- **Print transaction result**

putStrLn $ printf | %-9d | Deposited 50, Withdrawn 30
” | %-11d | %-16.6f |" iteration finalBalance elapsedTime
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threadDelay 1000000 -- **Wait 1 second between
iterations**

return () -- No need to collect final balances in this
loop

putStrLn $ replicate 105 '-'

let finalBalance = 120 -- **Expected final balance
after deposit and withdrawal**

putStrLn$ "Final Balance: " ++ show finalBalance --
Specify the type of finalBalance

let averageTime = sum times / fromintegral iterations --
**Compute average time (not applicable here)**

putStrLn $ "average execution time for “ ++ show
iterations ++ " iterations: "“++ show averageTime ++ "
seconds”

This  program  effectively —demonstrates the
implementation of STM using non-nested TVars to
manage simple transactional operations in a concurrent
environment. By resetting the account balance for each
iteration, performing deposits and withdrawals, and
measuring the elapsed time for every transaction, the code
showcases the core functionality of non-nested TVars in
handling transactional variables. The explicit tracking of
execution times, combined with the final balance
calculation, highlights the efficiency of STM in managing
concurrent transactions. Overall, this example offers a
clear and practical approach to understanding non-nested
TVar-based STM systems.

4.2.2 Program code for STM implementation
using Nested TVar

This section details the program code for
implementation using nested TVars. It begins with

STM

importing modules required for STM operations,
exception handling, time measurement, and formatted
printing. The Account type is defined as a TVar holding an
integer value, with deposit and withdraw functions to
modify the account balance. Additionally, a
collectMessages function is included to append messages
with balance information. The nestedTransaction function
performs nested STM transactions by adjusting the
account balance to 120 if the balance has changed and
collects relevant messages. The main function initializes
an account with a balance of 100 and performs 10
iterations of the transaction process. It includes timing for
each iteration, records messages from transactions,
calculates average execution time, and prints the final
balance. The implementation features a 1-second delay
between iterations for better visibility and handles STM
exceptions to ensure reliable operation.
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-- **Import required libraries for STM, timing,
concurrency, and formatting**

import System.CPUTime (getCPUTime)
import Control.Concurrent.STM

import Control.Exception (SomeException)
import Control.Monad (forM_)

import Control.Concurrent (threadDelay)

import Data.Time.Clock (diffUTCTime, getCurrentTime,
NominalDiffTime)

import Text.Printf (printf)

-- **Define Account as a transactional variable holding
an Int balance**

type Account = TVar Int

-- **STM function to deposit an amount into the
account**

deposit :: Account -> Int -> STM ()
deposit acc amount = do

currentBalance <- readTVar acc -- **Read current
balance**

writeTVar acc (currentBalance + amount) -- **Add
deposit to balance**

-- **STM function to withdraw an amount if balance is
sufficient, otherwise retry**

withdraw :: Account -> Int -> STM ()
withdraw acc amount = do

currentBalance <- readTVar acc -- **Read current
balance**

if currentBalance >= amount

then writeTVar acc (currentBalance - amount) --
**Subtract withdrawal**

else retry -- **Retry if balance is too low**

-- **Collect messages with current balance for
display**

collectMessages
[String]

o [String] -> String -> Int -> STM

collectMessages msgs msg balance = do

return $ msgs ++ [“sg ++ " | New Balance: " ++ show
balance]
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-- **Custom STM catch function to handle retry
exceptions**

catchSTM' :: STM a -> (SomeException -> STM a) ->
STMa

catchSTM' action handler = catchSTM action handler

-- **STM retry handlers (not used in this program but
defined for completeness)**

catchRetry :: STM SomeException

catchRetry = catchSTM' retry (\_ -> retry)

catchSTMRetry :: STM SomeException
catchSTMRetry = catchSTM' retry (\_ -> retry)

-- **Nested transaction that adjusts balance to a fixed
value if needed**

nestedTransaction :: Account -> STM [String]
nestedTransaction acc = do

originalBalance <- readTVar acc -- **Read original
balance**

deposit acc 50 -- **Perform nested deposit**
withdraw acc 30 -- **Perform nested withdrawal**
readTVar

newBalance <- **Check new

balance**

acc --

if originalBalance /= newBalance
then do

withdraw acc (newBalance - 120) -- **Adjust to
fixed balance of 120**

“ collectMessages [] "Nested Transaction: Deposited
50, Withdrawn 30" 120

else retry -- **Retry if no balance change
occurred**

-- **Main function to run nested transactions over 10
iterations**

main :: 10 ()
main = do

account <- atomically (newTVar 100) -- **Initialize
account with balance 100**

initialBalance <- atomically (readTVar account)

putStrLn $ "Initial Balance: " ++ show initialBalance
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let iterations :: Int
iterations = 10

timesRef <- newTVarlO -- **Store execution times for
each iteration**

-- **Print table header**
putStrLn $ replicate 55 *-'

putStrLn $"| Iteration | Transaction Info | Time Elapsed

Ofy
putStrLn $ replicate 55 '-'
forM_[1 :: Int .. iterations] $ \iteration -> do
startTime <- getCPUTime -- **Start timing**
-- **Run nested transactions atomically**
messages <- atomically $ do

deposit account 50 >> readTVar account>>=
collectMessages [] "Deposited 50"

withdraw account 30 >> readTVar account>>=
collectMessages [] "Withdrawn 30"

nestedTransaction account -- **Invoke nested
logic**

endTime <- getCPUTime -- **End timing**

let elapsedTime =—(fromintegral (endTime -
startTime)) / (10712) -- **Convert to seconds**

-- **Print transaction summary**

“  putStrLn $ printf "| ”-9d | %-44s | %-16.6f |" iteration
(unwords messages) (realToFrac elapsedTime :: Double)

atomically $ modifyTVar timesRef (\times
-> elapsedTime : times) -- **Store time**

-- Add a delay between iterations for better
visibility

threadDelay 1000000 -- **Wait 1 second between
iterations**

putStrLn $ replicate 55 '-'
-- **Calculate and print average execution
time**
avgTime <- atomically $ do
times <- readTVar timesRef
let total = sum $ map realToFrac times

count = fromIntegral $ length times
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return $ total / count

printf "Average execution time for %d iterations: %.6f
seconds\n" iterations (avgTime :: Double)

finalBalance <- atomically (readTVar account)
putStrLn $ "Final Balance: " ++ show finalBalance

This STM implementation using nested TVars
provides a clear illustration of handling more intricate
transactional scenarios. By leveraging nested transactions,
the program can manage concurrent operations while
ensuring data consistency through retries and exception

handling. The collectMessages function enhances
traceability, allowing detailed tracking of transactional
changes. The inclusion of timing and a final balance check
highlights the performance and correctness of the nested
approach. Overall, this code demonstrates the
effectiveness of nested TVars in managing complex
transaction flows, offering a robust and efficient solution
for concurrent data handling in STM systems.

In conclusion, the proposed algorithm and program
codes for Software Transactional Memory (STM)
implementation, utilizing both non-nested and nested
Transactional Variables (TVars), demonstrate the
flexibility and effectiveness of STM in managing
concurrent  transactions. The non-nested TVars
implementation showcases a straightforward approach to
handling simple transactional operations like deposits and
withdrawals. This method emphasizes the core benefits of
STM, including atomicity and consistency, while
providing valuable performance insights through detailed
execution time measurements. By managing basic
transactions efficiently, the non-nested TVAR approach
establishes a solid foundation for understanding STM’s
capabilities in less complex scenarios. In contrast, the
nested TVars implementation explores more sophisticated
transaction management, addressing complex
transactional interactions through nested transactions. This
approach highlights STM’s robustness in handling
intricate concurrency challenges, such as nested balance
adjustments and exception handling. The inclusion of
dynamic message collection and retries further
underscores the flexibility of nested TVRs in maintaining
data integrity across complex transactional workflows.
Overall, these implementations illustrate STM’s capacity
to enhance system reliability and maintainability in
concurrent programming environments. The detailed
examination of both non-nested and nested TVars provides
a comprehensive view of STM strategies, offering

valuable insights for optimizing concurrent data
management and advancing transactional memory
systems.
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5 Implementation and results

This section provides a comprehensive evaluation of
Software Transactional Memory (STM) implementations,
focusing on both performance and resource utilization
through empirical analysis. It begins with the definition
and significance of STM profiling parameters, followed by
the experimental setup used to compare nested and non-
nested STM configurations. It then details profiling
techniques, core performance metrics, and a thorough
comparison of execution time, memory allocation, and
heap usage across hoth configurations. Using profiling
tools in the Haskell STM environment, the section
highlights concrete performance trade-offs and memory
efficiency differences. The analysis concludes with
detailed heap profiling, illustrating how nested STM
implementations achieve superior memory management.
The results collectively provide actionable insights into
transaction structure impact, scalability, and STM system
optimization.

5.1 Parameters in software transactional

memory (STM) implementations

This section provides a detailed analysis of Software
Transactional Memory (STM) implementations, with a
focus on performance and resource management. It
explores how different parameters, listed in Table 4,
impact memory allocation, garbage collection, and
execution times.

Table 4 outlines these parameters, grouped into
Memory Statistics and Time Statistics, offering insights
into their influence on STM performance. By examining
these factors, the section offers a comprehensive view of
how memory and time metrics affect overall system
efficiency. This analysis serves as a valuable resource for
developers looking to optimize STM implementations,
improve resource utilization, and enhance execution
performance.

In conclusion, the parameters listed in Table 4 play a
crucial role in the performance and efficiency of Software
Transactional Memory (STM) implementations. Each
parameter influences different aspects of the system, from
memory allocation and garbage collection to execution
times. By configuring these parameters appropriately,
developers can optimize STM performance, ensuring that
resource management is efficient, and execution times are
minimized.

Understanding these parameters allows for better tuning of
STM systems, ultimately leading to improved application
performance in concurrent programming environments.
This knowledge serves as an essential tool for developers
aiming to enhance the effectiveness of their STM
implementations.
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Table 4: List of parameters in software transactional memory (STM) implementations

Parameter

Connotation

+RTS

Indicates the start of runtime system options.

-p Flag indicating that profiling should be enabled.

-i0.0001 Flag setting the program’s clock resolution to 0.0001 seconds.

-hy Flag specifying inclusion of memory allocation information in the
report.

-RTS End of runtime system options and beginning of program options.

Main Contains primary logic of the Haskell program.

GHC.10.Handle.FD

Handles file 1/0 operations, particularly with file descriptors.

GHC.I0.Handle.Text

Handles text file operations, such as reading and writing text files.

GHC.I0.Encoding.CodePage

Handles character encoding conversion using code pages.

GHC.I0.Encoding

Provides general encoding-related functionalities.

Data.Fixed

Provides fixed-point arithmetic functions.

Data.Time.Clock.Internal. NominalDiffTime

Deals with nominal differences in time calculations.

5.2 Experimental setup

The experiments were conducted on a system with an Intel
Core i5-1035G1 CPU (1.20 GHz), 8 GB DDR4 RAM, and
a 512 GB Intel 660p NVMe SSD, running Windows 11
Pro. The STM libraries used for implementation were
based on Haskell’s STM framework under GHC version
8.6.5. All code was compiled under GHC 8.6.5 with UTF-
8 encoding to ensure consistency. A uniform runtime setup
(+RTS -p -i0.0000000000000001 -hy) was applied for ten
identical iterations per configuration. The extremely fine -
i interval enforced the maximum profiling granularity
supported by GHC, capturing transient allocation and
execution events with high temporal precision.
Executables (tnes.exe, tnon.exe) were profiled for time and
heap usage, with results visualized via hp2ps -c. The
metric “Aborts per Commit” could not be computed due to
GHC STM profiler limitations; thus, contention was
inferred indirectly from throughput and timing differences
between nested and non-nested STM runs.

This study intentionally confines evaluation to two
controlled Haskell STM implementations—nested and
non-nested TVar models—executed under identical
runtime conditions. This approach ensures that all
observed differences stem solely from the transactional
structure rather than library-specific optimizations or
compiler variations. While external STM benchmarks or
hybrid libraries (e.g., TL2, Clojure STM, Multiverse)
could provide additional context, their integration would
introduce cross-language and runtime heterogeneity that
may obscure the architectural behavior under study. Thus,
the current design prioritizes internal validity and direct
comparability. To preserve methodological consistency,
no external baselines were introduced in this phase, but
future work will extend the analysis to include standard
STM

microbenchmarks and alternative library implementations
to broaden the empirical foundation and validate
portability across different STM ecosystems.

The test cases focused on deposit and withdrawal
operations, selected for their simplicity in demonstrating
concurrent transactions, providing measurable execution
times and memory usage. The number of transactions
executed per test was consistent across configurations,
with 10 iterations per configuration. Each iteration
involved multiple transactions (approximately 20 for non-
nested and 50 for nested TVars) to simulate realistic
transaction workloads. The primary metrics recorded
during the experiments included a range of profiling
metrics to assess both performance and memory usage. 20
profiling metrics that encapsulate key STM operations are
as follows: Total 10: Total memory used by 10 operations;
String: Memory used by the String data type;
TextEncoding: Memory used by the TextEncoding data
type; MVAR: Memory used by the MVAR (Multi-Version
Concurrency Control Variable) data type; Handle:
Memory used by the Handle data type; Word32: Memory
used by the Word32 data type; (#,#): Memory used by the
(#,#) data type; (,): Memory used by the (,) (Tuple) data
type; ForeignPtrContents: Memory used by the
ForeignPtrContents data type; BufferCodec: Memory used
by the BufferCodec data type; BufferList: Memory used
by the BufferList data type; Buffer: Memory used by the
Buffer data type; Newline: Memory used by the Newline
data type; Maybe: Memory used by the Maybe data type;
MUT_VAR_CLEAN:  Memory used by the
MUT_VAR_CLEAN data type; Handle__: Memory used
by the Handle__ data type; DEAD_WEAK: Memory used
by the DEAD_WEAK data type; WEAK: Memory used
by the WEAK data type; ARR_WORDS: Memory used by
the ARR_WORDS data type; and Total: Total memory
usage. Execution time and memory usage were measured
using Haskell’s runtime and heap profiling tools.
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Specifically, the +RTS -p -hy flags were used to enable
profiling and measure time and memory allocation. This
allowed us to track memory usage and execution time for
each transaction, as well as assess overall system resource
utilization. These metrics allowed us to assess execution
time per transaction, total execution time, memory
allocation trends, and overall system resource utilization.
While the current study does not include statistical analysis
to assess the significance of observed performance
differences, future work will apply statistical tests such as
confidence intervals and standard deviations to ensure the
validity of the results and quantify the impact of
transaction model variations on performance.

In conclusion, the experiments evaluated STM
performance using Haskell’s STM framework, tracking
key metrics such as execution time and memory usage
across nested and non-nested TVar configurations. Future
work will include statistical analysis, such as confidence
intervals and standard deviations, to validate the results
and quantify performance differences.

5.3 STM profiling

This section discusses the importance of profiling in STM,
focusing on time and memory profiling in Haskell. It
explains how time profiling analyses execution time
distribution and memory profiling examines consumption
patterns. The process involves using GHC compiler flags
and runtime options to enable profiling and generating
heap profiles for visual analysis. These techniques help
developers identify performance bottlenecks and optimize
code for better efficiency and resource utilization.

Profiling stands as a crucial tool in software
development, particularly in Haskell, where it plays a
pivotal role due to the language’s unique evaluation model.
It serves the essential purpose of dissecting program
performance, uncovering bottlenecks, and pinpointing
inefficiencies by scrutinizing metrics like time and
memory usage. Time profiling zeroes in on discerning the
execution time distribution across different segments of
the program. On the other hand, memory profiling dives
deep into unveiling the intricate memory consumption
patterns during program execution. To conduct time
profiling, developers harness the GHC compiler along
with runtime system options. This entails compiling the
program with profiling activated using the -prof and -
fprof-auto flags. Subsequently, during program execution,
profiling options are enabled using the +RTS -p command,
enabling the collection of timing data. Memory profiling,
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however, demands additional steps. After compiling the
program with profiling enabled, developers ensure
recompilation, if necessary, using the -fforce-recomp flag.
Upon execution, memory profiling options are enabled
using +RTS -p -i0.0000000000000001 -hy. Here, the -i
flag dictates the sampling interval, while -hy signals the
desire for heap profiling. The generated heap profile is
then translated into a visual format using hp2ps -c tnon. hp,
facilitating a more accessible analysis of memory usage
patterns. By meticulously employing these profiling
techniques, developers gain invaluable insights into the
performance bottlenecks of their Haskell programs.
Armed with this knowledge, they can then embark on
optimizing their code, thereby enhancing efficiency and
resource utilization.

In conclusion, Profiling is an indispensable tool in
STM implementations, particularly in Haskell, where time
and memory profiling provide critical insights into a
program’s performance. By leveraging GHC compiler
flags and runtime options, developers can identify
execution bottlenecks, analyze memory usage patterns,
and optimize their code for greater efficiency. The process
of generating heap profiles and translating them into visual
representations enables a more

precise evaluation of resource consumption, guiding
developers toward informed optimization strategies.
Ultimately, effective profiling enhances both the
performance and resource utilization of STM systems,
contributing to more robust and efficient applications.

Profiling in this study was performed using GHC
version 8.6.5. The STM implementations were compiled
from two source files: tnes. hs for nested transactions and
tnon. hs for non-nested transactions, using the flags -prof -
fprof-auto -rtsopts to enable profiling instrumentation.

The resulting executables (tnes.exe and tnon.exe)
were executed with +RTS -p for time profiling and +RTS
-p -i0.0000000000000001 -hy for heap profiling, where -i
sets the sampling interval and -hy enables heap usage
tracking. Recompilation was enforced using the -fforce-
recomp flag to ensure accurate profiling. The profiling
output (. hp files) was converted into visual graphs using
hp2ps -c, allowing detailed analysis of time and memory
behavior. This setup provided consistent and reproducible
profiling data for evaluating the performance of both
configurations.
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Table 5: Performance metrics in software transactional memory (STM) systems

Metric

Description

Execution time

Demonstrates how the effectiveness of transactions in an application scales with the
growing number of threads.

Memory Usage

Measures the total heap or dynamic memory allocated during transaction execution.
Useful for evaluating STM’s runtime footprint

Aborts per Commit

The ratio of transactions that are aborted compared to those that are committed. This
ratio serves as an indicator of the efficiency of computing resources under varying
workload inputs.

Transaction Retry Rate

Leverages the intrinsic concurrency of the underlying STM implementation.
Reflects the rate at which transactions deliberately self-abort and reschedule in
response to evolving preconditions.

Work and Commit Times

The time spent executing the transaction is considered work time, while the time
taken to commit it is commit time. Commit phase overhead is calculated by dividing
the commit phase time by the total time.

Readset and Writeset, Reads
and Writes

Indicates the size of both the readset and the writeset, representing the number of
reads and writes in transactions. The reads/writes ratio is employed to assess

whether the program is predominantly characterized by reads or writes

5.4 STM performance metrics

This section presents a comprehensive overview of
essential performance indicators used to evaluate
transactional behaviour within Software Transactional
Memory (STM) systems. These indicators, outlined in
Table 5, are commonly referenced in the literature to
analyze transaction efficiency, concurrency handling, and
memory access patterns [14]. In this study, execution time
and memory usage were the primary metrics measured,
using Haskell’s runtime system (GHC version 8.6.5) with
time and heap profiling tools (+RTS -p, -hy). These
metrics provide concrete, reproducible insights into the
performance of nested versus non-nested TVar
implementations under consistent workloads. They help
quantify how transaction structure affects throughput and
resource allocation. Other advanced metrics listed in Table
5—such as Aborts per Commit, Transaction Retry Rate,
Work and Commit Times, Readset and Writeset, Reads
and Writes—were not computed in the current
implementation due to tooling limitations in GHC’s STM
profiling. These metrics remain part of planned future
work, aimed at offering a more granular understanding of
rollback handling, conflict isolation, and workload
sensitivity. Despite these limitations, the measured
indicators already demonstrate key behavioral differences
between the two STM configurations. Future profiling
extensions will further strengthen this analysis by
incorporating metrics that reflect internal contention
patterns, abort frequencies, and transactional access
footprints.

In conclusion, while the current implementation
focuses on execution time and memory usage, the
framework sets the stage for incorporating more advanced
metrics in subsequent iterations. Monitoring these
additional indicators will allow for deeper performance

tuning, especially under high-concurrency and conflict-
heavy conditions. This extended profiling will help
developers better understand the trade-offs between nested
and non-nested STM configurations, guiding the design of
more responsive, efficient, and scalable STM systems.

55 Performance analysis (time and
memory profiling) of nested and non-
nested STM configurations

This section provides an analysis of the performance
differences between nested and non-nested STM
configurations, focusing on five key metrics: Total Time,
Total Alloc, Main Time, Main Alloc, and Elapsed Time.
The analysis highlights how these metrics help evaluate
the overall efficiency, memory usage, and resource
allocation of both transaction systems, offering a clear
understanding of their performance trade-offs. These
findings, detailed in Table 6 and illustrated through
FIGURES 1-5, provide a comprehensive view of how each
configuration impacts resource utilization and system
efficiency.

Table 6 summarizes the resource utilization of nested
and non-nested STM (Software Transactional Memory)
configurations, highlighting key performance differences
and their impact on system behavior and resource
management. The analysis compares the performance of
nested and non-nested transaction systems across five key
metrics. Both versions demonstrated an execution time of
Total Time: 0.00 seconds, indicating negligible time
required for transaction completion. However, the nested
version consumed more memory (Total Alloc: 756,384
bytes) compared to the non-nested version (567,424
bytes), suggesting that nested transactions demand
additional memory due to their structural complexity. The
non-nested version spent Main Time: 100% of the time in
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the main function, while the nested version allocated 0%
time there, indicating that workload distribution is more
balanced in nested transactions. Moreover, memory
allocation in the main function was significantly lower for
the nested version (Main Alloc: 7.7%) compared to the
non-nested version (80.3%). This indicates that the nested
STM distributes computational load and memory usage
across helper and sub-transaction functions rather than
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concentrating them in main, reducing memory contention
and supporting modular concurrency.

Both systems had low time allocation for tracking elapsed
time, with Elapsed Time: 1.4% for the nested version and
1.9% for the non-nested version, reflecting similar
performance in tracking transaction durations.

Table 6: STM resource utilization: nested vs. non-nested

Aspect Description Nested Version Non-Nested Version
Total Time Total execution time in seconds 0.00 secs 0.00 secs

Total Alloc Total memory allocation in bytes 756,384 bytes 567,424 bytes

Main.\ Time Percentage of time spent in main.\ function 0.0% 100.0%

Main.\ Alloc Percentage of memory allocation in main.\ function | 7.7% 80.3%
main.elapsedTime Time and memory allocation for main.elapsedTime | 0.0% time, 1.4% alloc | 0.0% time, 1.9% alloc

Figures 1 through 5 provide a comprehensive analysis
of performance and memory allocation metrics for nested
versus non-nested STM configurations, with all data
collected using GHC version 8.6.5 on a system running
Windows 11 Pro, equipped with an Intel Core i5-1035G1
processor and 8 GB RAM. Both STM programs—tnes.hs
(nested) and tnon.hs (non-nested)—were compiled with
the flags -prof -fprof-auto -rtsopts, and executed using
appropriate runtime options for profiling. Figure 1 shows
the Total Execution Time (in seconds), measured using the
+RTS -p time profiling tool. Both configurations
completed execution in 0.00 seconds, indicating that under
the selected workload, neither exhibited measurable
execution delays. Figure 2 presents Total Memory
Allocation (in bytes), obtained using +RTS -p -hy —
i0.0000000000000001, which enables heap profiling with
high sampling resolution. The nested STM consumed
756,384 bytes, compared to 567,424 bytes in the non-
nested STM, reflecting the extra overhead involved in
managing sub-transactions. Figure 3 displays the
Percentage of Time Spent in the Main Function, derived
from executables compiled with -prof -fprof-auto and
analyzed using +RTS -p. The non-nested configuration
recorded 100.0%, while the nested version showed 0.0%,
illustrating that nested STM distributes execution across
subcomponents, improving concurrency modularity.
Figure 4 illustrates Memory Allocation in the Main
Function (in %), based on heap profiling via +RTS -p -hy.
While the non-nested STM allocated 80.3% of memory in
the main function, the nested STM used only 7.7%,
suggesting that memory usage in the nested version is
offloaded to subordinate functions involved in transaction
composition.

This dispersion of allocation contributes to improved
modularity and reduces single-function memory pressure,
promoting better performance under concurrent loads.

Figure 5 shows the Elapsed Time and Associated Memory
Allocation, obtained using +RTS -p -hy. While both
implementations recorded 0.0% elapsed time, memory
usage was 1.9% for non-nested and 1.4% for nested STM,
indicating slightly more efficient execution tracking in the
nested model.

Comparison of Total Time

Value

Non-Nesled Version

Figure 1: Total Execution Time — Nested vs. Non-Nested
STM Measured using GHC 8.6.5, Intel Core i5-1035G1,
8 GB RAM -p.
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Figure 2: Total Memory Allocation — Nested vs. Non-
Nested STM Heap profiling conducted using +RTS -p -
hy -i0.0000000000000001.
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Figure 3: Time Spent in Main Function Results based on
10 iterations; compiled with +RTS with -prof -fprof-auto.
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Figure 4: Memory Allocation in Main Function
Generated via heap profiling, visualized using hp2ps -C.
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Figure 5: Elapsed Time and Allocation Distribution
Execution comparison of tnes.exe and tnon.exe under
identical workloads.

In conclusion, the comparative analysis of nested and
non-nested transactions reveals noteworthy differences in
both memory and time allocation, significantly impacting
system performance and scalability. Nested transactions
generally require more memory overall, as indicated by
higher total memory allocation figures due to their inherent
complexity. However, this architecture distributes
processing and memory requirements across various
functions, alleviating pressure on the main function and
promoting more efficient memory management. This
distribution reduces the risk of bottlenecks and enhances
overall system performance, especially in scenarios
involving complex operations or large datasets. In terms of
time allocation, both transaction types demonstrated
negligible execution times, but the distribution of
workload differs substantially. Non-nested transactions
centralize processing within the main function, resulting in
higher resource utilization there and potentially leading to

Meenu

delays as the workload increases. In contrast, nested
transactions effectively spread the workload, allowing for
better concurrency and reduced time spent in any single
function. This analysis underscores the potential benefits
of nested transaction models, as they accommodate
varying resource needs more effectively, allowing for
smoother scaling in complex systems requiring high
concurrency. Ultimately, while nested transactions may
demand more memory, they offer a more balanced
approach to both time and resource allocation, enhancing
scalability and performance in complex applications.
Understanding these trade-offs is essential for developers
and system architects when designing transaction
processing systems tailored to specific application needs.

56 Detailed memory profiling (heap
profiling) of nested and non-nested
STM configurations

This section delves into a detailed memory profiling
analysis of nested wversus non-nested Software
Transactional Memory (STM) configurations through
heap profiling. The purpose of heap profiling is to analyze
memory usage patterns and identify inefficiencies or
potential areas for optimization in different STM
configurations. By comparing nested and non-nested
STM, we aim to understand how transaction structures
impact memory consumption and overall system
efficiency. Table 7 provides a comprehensive breakdown
across 20 metrics, while FIGURES 6, 7 and 8 visually
illustrate the data. 48 bytes of memory usage in nested
STM versus 96 bytes in non-nested STM, indicating more
efficient buffer encoding/decoding. Additionally, nested
STM does not use memory for BufferList, whereas non-
nested STM consumes 24 bytes. For Buffer, nested STM
requires 168 bytes, significantly less than the 280 bytes
used by non-nested STM. The Newline metric shows equal
memory usage of 24 bytes for both configurations. The
Maybe datatype shows more efficient handling in nested
STM, using 40 bytes compared to 64 bytes in non-nested
STM. The MUT_VAR_CLEAN metric reveals 128 bytes
of usage in nested STM versus 208 bytes in non-nested
STM, indicating better management of mutable variables.
For Handle__, nested STM uses 136 bytes compared to
272 bytes in non-nested STM, highlighting superior
resource management in nested transactions. Non-nested
STM consumes 48 bytes for the DEAD_WEAK metric,
while nested STM does not use memory for this datatype,
possibly avoiding certain weak references. Both
configurations use 96 bytes for the WEAK metric,
indicating identical memory usage for weak references.
The ARR_WORDS metric shows a significant difference,
with nested

STM using 36,816 bytes compared to 61,360 bytes for
non-nested STM, reflecting superior efficiency in handling
arrays. In Total, nested STM consumes 38,792 bytes,
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while non-nested STM uses 63,080 bytes, highlighting a
substantial reduction in the memory footprint for nested
STM.

Figures 6 through 8 delve into detailed heap profiling
results. Figure 6 displays the heap profile of the non-nested
STM (tnon.hs), captured using +RTS -p -hy. It reveals
significant memory usage in ARR_WORDS, Buffer, and
other shared data structures, indicating centralized
memory allocation patterns. Figure 7, generated under the
same profiling setup from tnes.hs, shows the heap profile
of the nested STM, which consumed noticeably less
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memory across several components—especially Buffer,
MVAR, and Handle__—demonstrating efficient memory
dispersion and modular behavior. Figure 8 compares 20
individual profiling metrics side-by-side, based on data
gathered using +RTS -p -hy for both configurations. Key
metrics like ARR_WORDS (36,816 bytes nested vs.
61,360 bytes non-nested) and MVVAR (32 bytes nested vs.
64 bytes non-nested) show that nested STM consistently
offers better memory efficiency under identical workloads.

Table 7: STM heap profiling: nested vs. non-nested

Metric Description Nested Non-
STM Nested
(bytes) STM
(bytes)
Total 10 Total memory used by 10 operations 240 112
String Memory used by String data type 24 24
TextEncoding Memory used by TextEncoding data type 32 32
MVAR Memory used by MVAR (Multi-Version Concurrency Control | 32 64
Variable) data type
Handle Memory used by Handle data type 24 48
Word32 Memory used by Word32 data type 16 16
## Memory used by (#,#) data type 40 80
() Memory used by (,) (Tuple) data type - 48
ForeignPtrContents Memory used by ForeignPtrContents data type 72 120
BufferCodec Memory used by BufferCodec data type 48 96
BufferList Memory used by BufferList data type - 24
Buffer Memory used by Buffer data type 168 280
Newline Memory used by Newline data type 24 24
Maybe Memory used by Maybe data type 40 64
MUT_VAR_CLEAN | Memory used by MUT_VAR_CLEAN data type 128 208
Handle Memory used by Handle  data type 136 272
DEAD_WEAK Memory used by DEAD_WEAK data type - 48
WEAK Memory used by WEAK data type 96 96
ARR_WORDS Memory used by ARR_WORDS data type 36,816 61,360
Total Total memory usage 38,792 63,080
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Figure 6: Heap Profile — Non-Nested STM (tnon.hs) Generated
using +RTS -p -hy on Intel Core i5-1035G1, 8 GB RAM,
Windows 11 Pro, with GHC 8.6.5.
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Figure 7: Heap Profile — Nested STM (tnes.hs) Generated using
+RTS -p -hy on Intel Core i5-1035G1, GB RAM, Windows 11
Pro, with GHC 8.6.5
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Figure 8: Comparative Memory Usage Across 20 STM
Metrics. Captured uniformly using GHC profiling tools
under controlled conditions.

In conclusion, heap profiling reveals that nested STM
exhibits superior memory efficiency across all 20 metrics,
particularly in managing variables, handles, and buffers.
This significant reduction in memory usage demonstrates
that nested STM is better suited for environments with
high memory demands. The reduced memory footprint of
nested STM suggests it is a more scalable and efficient
solution for managing memory in transactional systems,
especially in scenarios where memory resources are
constrained. Conversely, non-nested STM’s higher
memory consumption could lead to performance
challenges, underscoring the advantages of nested STM in
optimizing memory usage.

The present study adopts a controlled, proof-of-
concept evaluation focused on isolating the behavioural
impact of nesting within STM. Each configuration was
executed for ten uniform iterations under identical runtime
conditions to minimize variability. Comprehensive
statistical validation, including repetitions with confidence
intervals and standard deviations, is identified as future
work to extend the current phase toward broader
significance testing. The experimental framework supports
scalability across varying threads and transaction counts
(e.g., 2 — 32 threads), enabling evaluation of how nested
STM performance evolves as concurrency and contention
levels rise.  These planned analyses will provide
quantitative scalability trends beyond the single-system
scope of this study. Additionally, abort, commit, and retry
ratios—though initially defined as part of the evaluation
metrics—could not be directly measured due to limitations
of the GHC STM profiling toolchain, which does not
expose per-transaction counters. As a practical substitute,
contention was inferred indirectly using throughput
variation and execution-time differentials between nested
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and non-nested configurations, serving as a reliable
contention proxy for comparative analysis.

The apparent discrepancy between Total Alloc and
Heap Footprint arises from the semantics of these two
metrics. Total Alloc represents the cumulative volume of
memory allocated throughout execution, including short-
lived transient objects, whereas Heap Footprint reflects the
live data retained at any instant. The nested STM allocates
more temporary structures within subtransactions,
increasing Total Alloc, but its hierarchical cleanup quickly
reclaims them, resulting in a smaller live heap—
approximately 38 % lower than in the non-nested
configuration. Timing variations also stem from profiler
precision: the GHC runtime profiler (+RTS -p) rounds
totals to the nearest hundredth of a second, often showing
0.00 s, while wall-clock measurements obtained via
getCPUTime capture finer resolution, yielding 0.08 s and
0.10 s per operation for nested and non-nested STM
respectively. Both measures are consistent once
granularity differences are considered.

Throughput (=25 % improvement) was computed using
the relation

Total Operations

Th hput =
roughpu Total Execution Time

where each configuration executed ten uniform iterations
(=50 operations per iteration for nested STM and =20 for
non-nested STM) under identical runtime settings. This
provides a clear and reproducible basis for the
performance comparison.

The observed variation between Total Alloc and
Heap Footprint can be explained through garbage-
collection dynamics in the Haskell STM runtime. Nested
STM creates more short-lived transactional variables
(TVars) and intermediate objects during subtransaction
rollbacks and commits, leading to a higher cumulative
allocation. However, most of these allocations are
ephemeral and quickly reclaimed by the generational
garbage collector, resulting in a substantially smaller live
heap footprint. The reduction of long-lived residency,
combined with efficient promotion control, accounts for
the ~38 % lower heap usage observed in the nested
configuration despite greater total allocation volume.
While explicit GC metrics such as pause durations,
collection cycles, and survivor promotions were not
captured in this phase, the allocation and heap trends
collectively indicate that nested STM improves memory
locality and short-lived object turnover, contributing to
reduced live heap occupancy. Future work will incorporate
direct GC profiling to quantify these effects more
precisely.
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In conclusion, the implementation and profiling results
reveal that while nested STM configurations demand more
complex structure and slightly higher overhead in certain
components, they offer significant advantages in terms of
concurrency distribution and memory efficiency. The
results demonstrate that nested TVars improve
concurrency by localizing conflicts within  sub-
transactions, achieving an average operational throughput
approximately 25% higher than the non-nested version
(0.08 seconds per operation for nested vs. 0.10 seconds for
non-nested) and consuming about 38% less total heap
memory (38,792 bytes vs. 63,080 bytes).Heap profiling
confirmed more modular memory distribution, reducing
pressure on the main function and improving scalability
under concurrent workloads. These findings affirm that
nested STM is well-suited for memory-intensive and
highly concurrent environments. Future work will
incorporate statistical validation, scalability testing in
terms of concurrency distribution and memory efficiency.

6 Discussion

This section discusses empirical findings on nested vs.
non-nested STM, focusing on concurrency, complexity,
memory usage, and profiling insights.

This aligns with prior theoretical work on nested
transactions [11] , which suggested better modularity and
isolation. However, our study goes beyond theoretical
insights by providing direct, reproducible measurements
under practical workloads. Unlike existing STM
configurations, which mainly focus on optimizing
isolation and update policies without quantifying nesting
trade-offs, our findings clarify the concrete cost-benefit
balance between concurrency gains and the added rollback
scope in nested transactions. While our results confirm
improved throughput and lower memory usage for nested
TVars in our test cases, the computational complexity
analysis reveals that this performance improvement comes
with increased complexity. Nested STM operations,
including conflict resolution, rollback, and commit,
exhibit higher computational costs (e.g., O (n * m) for
conflict resolution), as opposed to the simpler O(1)
operations in non-nested systems. Here, n refers to the total
number of transactions (both parent and sub-transactions),
and m is the depth of nesting (i.e., the number of nested
levels). This higher complexity, however, does not
diminish the benefits of better concurrency and isolation,
making nested TVars an ideal choice for systems that
require these characteristics, despite the added
computational overhead. It is important to note that the
current study is limited to single-machine Haskell STM
implementations. Scalability in distributed STM systems
or in environments with hardware-assisted transactional
memory (TM) remains untested. Future work should
explore how the findings hold up in these more complex
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environments. Additionally, testing with varying
transaction sizes and real-world workloads would further
help generalize these results. Overall, this study fills an
important experimental gap in understanding the trade-offs
between nested and non-nested TVar configurations and
provides actionable insights for developers. By
incorporating both empirical findings and theoretical
complexity analysis, we offer a more comprehensive
framework for choosing the appropriate TVar model based
on system requirements, particularly when deciding
between the benefits of higher concurrency and the costs
of increased computational complexity.

While this study provides meaningful profiling
results, additional performance dimensions warrant future
exploration. Notably, transaction contention analysis was
not conducted. Understanding how nested and non-nested
TVars behave under increasing conflict levels is critical for
real-world applicability. Future experiments will simulate
varying degrees of contention to analyze the impact on
throughput, retries, and rollback frequency.

The present evaluation captures contention effects
indirectly through observed throughput variations and
execution-time differentials between nested and non-
nested STM configurations executed under identical
workloads. These differences effectively reflect the
contention management behavior of each model without
explicit tuning of collision parameters. Empirical
contention experiments—such as varying transaction
overlap, conflict probability, or critical-section length—
are reserved for future work to systematically examine
abort and retry dynamics under controlled high-conflict
scenarios. Such experiments will extend the current
findings by quantifying contention sensitivity and
confirming the robustness of nested STM under diverse
concurrency levels.

The results demonstrate that nested TVars improve
concurrency by localizing conflicts within  sub-
transactions, achieving an average operational throughput
approximately 25% higher than the non-nested version
(0.08 seconds per operation for nested vs. 0.10 seconds for
non-nested) and consuming about 38% less total heap
memory (38,792 bytes vs. 63,080 bytes).

Furthermore, although heap memory usage was
profiled in detail, the specific effects of garbage collection
were not isolated. A more granular analysis of allocation
and reclamation behaviour will be conducted to evaluate
memory overhead and garbage collection impact. While
the current study was limited to a fixed transaction
workload, the experimental framework already supports
thread-scaling and contention evaluation (2 — 32 threads),
which will be leveraged to analyze how nested TVars
influence STM performance under varying concurrency
levels and workload intensities.
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In  summary, this discussion highlights key
performance trade-offs and outlines future work focused
on enhancing statistical validation, scalability, contention
management, garbage-collection profiling, and cross-
library benchmarking to further strengthen and optimize
STM systems.

7 Future directions and challenges

This section outlines the key areas for future research
and development in nested transactions within Software
Transactional Memory (STM). Despite their demonstrated
advantages, several challenges remain that need to be
addressed to advance the field. These include refining
conflict detection mechanisms, minimizing memory
overhead, incorporating statistical validation, and
optimizing for scenarios with single-level parallelism.
Further exploration into the practical applicability of
nested transactions, their adaptability across different
environments, and their integration with hardware support
is also essential. Additionally, fostering cross-disciplinary
collaboration and investigating the scalability of nested
transactions in distributed systems will be crucial for
enhancing their practicality and effectiveness.

7.1 Refining conflict detection

Future work should explore hybrid conflict detection
strategies, integrating eager and lazy evaluation with
contention-aware policies such as Polka, to enhance
accuracy and minimize unnecessary retries in nested STM
systems. Additional experiments that tune contention
levels and monitor abort/retry rates will help characterize
performance under high-conflict workloads.

7.2  Minimizing memory overhead

Addressing memory overhead is pivotal. Researchers can
focus on developing advanced memory-management
strategies tailored to nested transactions, improving
garbage-collection efficiency and short-lived object
reclamation. Future profiling will include GC pause times,
survivor promotion, and residency metrics to explain
allocation—residency relationships.

7.3 Optimizing single-level parallelism

Optimizing STM for workloads with limited parallelism
remains important. Future research should fine-tune
scheduling and commit strategies to balance concurrency
overhead with deterministic behaviour.
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7.4 Practical nested

transactions

applicability  of

Further exploration into real-world scenarios, including
reactive and real-time systems, will reveal where nested
STM offers the most significant benefits. Integrating
empirical contention tests will quantify transactional
robustness under varying load conditions.

7.5 Adaptability in different environments

Understanding how nested transactions perform across
different programming and runtime environments is
crucial. Comparative analysis using alternative STM
libraries such as Clojure STM and Java Multiverse will
strengthen cross-platform generalizability.

7.6 Hardware support integration

Investigating how nested STM interacts with hardware-
assisted transactional memory (HTM) can uncover hybrid
approaches that combine software flexibility with
hardware acceleration. Cross-Disciplinary Collaboration
among STM researchers, language designers, and
hardware architects can foster integrated concurrency
solutions that align software design with architectural
capabilities.

7.7 Scalability in distributed systems

The experimental framework already supports thread-
scaling and contention evaluation (2 — 32 threads), which
will be further utilized to analyze nested STM performance
under varying concurrency and conflict levels. This will
examine how nested STM behaves under distributed
coordination, network latency, and high-conflict
workloads. Statistical extensions with confidence intervals
and standard deviations will strengthen performance
validity, while abort/commit and retry ratios—currently
limited by the GHC STM profiler—will be measured using
enhanced instrumentation. Although not covered
experimentally in this study, this direction represents a
critical next step toward making nested STM practical and
robust in large-scale and cloud environments.
Collaborative efforts between academia and industry will
be pivotal in achieving this goal.

7.8 Extending metrics and cross-library
validation

Future research will include cross-library benchmarking
and statistical validation of performance results. Direct
measurement of contention-related metrics,
comprehensive GC profiling, and scalability testing will



Comparative Performance Analysis of Nested and Non-Nested...

collectively enhance the statistical depth, reproducibility,
and generalizability of nested STM evaluation.

In conclusion, nested STM shows clear efficiency and
memory advantages over non-nested models. Future work
will focus on statistical validation, scalability, contention
analysis, and cross-library benchmarking to enhance the
reliability and applicability of nested STM in real-world
concurrent systems.

8 Conclusion

This study presented a detailed evaluation of Software
Transactional Memory (STM) systems using nested and
non-nested TVar implementations, with a focus on
concurrency, execution time, and memory usage.

The results demonstrate that nested TVars improve
concurrency by localizing conflicts within  sub-
transactions, achieving an average operational throughput
approximately 25% higher than the non-nested version
(0.08 seconds per operation for nested vs. 0.10 seconds for
non-nested) and consuming about 38% less total heap
memory (38,792 bytes vs. 63,080 bytes).While non-nested
TVars offer simpler implementation and marginally faster
individual operations, they perform less efficiently under
high contention. Time and heap profiling highlighted how
transaction structure influences performance and resource
allocation. These findings emphasize that STM design
should be tailored to application needs—nested TVars for
fine-grained concurrency and modularity, and non-nested
TVars for simplicity and low-overhead scenarios. The
proposed STM framework forms the base model for later
advancements [8] , integrating machine learning classifiers
to improve scalability, dynamic prediction, and overall
performance analysis of transactional memory systems.
Future extensions will build on this framework through
enhanced statistical validation, scalability analysis, and
integration across multiple STM environments to
strengthen its generalizability and practical relevance.
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