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The article presents an analysis of idempotent and concurrency-resilient data-processing mechanisms that determine the
reliability of large-scale financial systems operating under high parallelism and distributed workloads. The study is based on
a comparative examination of approaches to controlling repeated operations, aligning intermediate states, and managing
recovery after transient failures, as well as on a synthesis of modern idempotency models and retry strategies used in
distributed architectures. The focus is placed on designing a structure that ensures deterministic outcomes, eliminates
duplicates, and maintains step-level consistency under multiple competing requests. The analysis demonstrates that
reliability emerges from the coordinated use of several mechanisms rather than isolated technical solutions. Idempotency
guarantees reproducibility of results, well-implemented retry mechanisms increase resilience to failures, and state-
management controls prevent the accumulation of partial updates. Practical experience in building multi-region financial
platforms shows that cross-regional latency amplifies consistency risks and requires the use of ACID-class structures and
deterministic rules of execution ordering. The study clarifies the mechanisms of execution coordination across architectural
layers and their impact on transaction stability, result predictability, and reduction of operational risks in large-scale
systems. The findings may be useful for financial-platform architects, distributed-systems engineers, and researchers
focused on the reliability of transactional infrastructures.
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INTRODUCTION

Idempotent and concurrency-safe data processing
mechanisms are becoming the foundation of large financial
platforms, where reliability is defined by the system’s
ability to produce the same result upon repeated requests
and to operate correctly under high load [2]. The growth
of transactional volumes and parallel requests intensifies
requirements for operational predictability and guaranteed
consistency. In such conditions, an architecture that
eliminates duplicates, correctly processes retries, and
prevents data races—which can lead to calculation errors
and balance discrepancies—is particularly important.

However, existing control mechanisms are fragmented.
Checks are performed at the API, database, or middleware
layers, rely on different state models, and interpret operation
results differently [7]. This causes logic fragmentation,
complicates the reconstruction of action chains, and makes
identifying the source of deviations difficult. The scientific
problem lies in the lack of a unified architecture ensuring

formally reproducible and resilient financial operation
processing under conditions of high request concurrency
and variable network latencies.

The combination of idempotent operations, managed retry
strategies, and consistent state models forms a single loop of
reliable data processing. This approach eliminates duplication,
ensures predictable behavior during failures, creates a basis
for safe parallelism, and allows for result synchronization
between distributed components. For financial systems,
this reduces the risk of erroneous transactions, lowers the
probability of inconsistent states, and increases the system’s
ability to maintain correctness even under high load.

The objective of the study is to develop a conceptual and
architectural model of idempotent and concurrency-safe
data processing for large-scale financial systems, integrating
mechanisms for retry control, ensuring formal operation
reproducibility, and maintaining consistent states in a
distributed computing environment. The research tasks
are to analyze and systematize existing approaches to
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idempotent and concurrency-safe data processing, study
retry strategies and state control mechanisms, and develop
an integrated model ensuring operation reproducibility and
data consistency in large distributed financial systems.

The research hypothesis is that the integration of
idempotency, formalized retry strategies, and architectural
mechanisms for safe concurrency creates a self-sufficient
processing loop resilient to duplicates, partial failures, and
parallel data modifications.

The scientific novelty consists of systematizing and combining
three key layers of reliable processing—idempotency, retry
management strategies, and consistent state models—into
a unified architecture ensuring formally reproducible
results regardless of the number of repeated or competing
requests.

The scope of the research is defined by the level of
distributed financial processing, including computational
pipelines, transactional loops, state fixation mechanisms,
and inter-service interaction. The focus is on processes
of duplicate elimination, action sequence control, and
consistency assurance during parallel processing. External
platforms, monitoring tools, and regulatory requirements
are considered environmental conditions influencing model
implementation but do not define its internal mechanisms.

MATERIALS AND METHODS

The basis of the study comprised scientific publications
from 2021-2025 dedicated to idempotency, consistent data
processing, distributed transactions, and architectures of
high-load financial systems. The analysis included works
examining both fundamental aspects of state management in
distributed computing and applied approaches to ensuring
operation correctness in stream processing, microservice
platforms, and payment systems.

The study by Adireddy [1] clarified the principles of applying
idempotent operations and data reconciliation procedures
in high-load payment systems. Braun et al. [2] identified key
consistency problems in distributed storage and processing
systems, which defined the theoretical basis for analyzing
concurrent access. The work of Daraghmi et al. [3] presented
mechanisms of the extended SAGA pattern, critical for
coordinating actions in distributed transactions. Research
by Desai [4] described approaches to ensuring “exactly-
once” semantics in Kafka streaming loops and the conditions
under which retry correctness is guaranteed.

In a major review, Fragkoulis et al. [5] systematized the

evolution of stream processing systems, including fault
tolerance models and state reconciliation methods. The
study by lovescu and Tudose [6] examined the architecture
of joint real-time data processing, which is important for
understanding the behavior of distributed storage under
parallel load. The work of Laigner et al. [7] presented a
reference set of scenarios for evaluating data management
in microservices, including testing resilience to repeated
requests and concurrency models.

A systematic review by Lungu and Nyirenda [8] summarized
modern approaches to managing distributed transactions
and eliminating inconsistency between services. Research
by Narvaez et al. [9] showed the role of algorithmic methods
and Al approaches in designing microservice systems,
including the automation of dependency analysis and
service boundaries affecting parallel processing correctness.
The work of Upadhyay [10] detailed retry mechanisms and
practical schemes for implementing idempotency in modern
payment systems, which allowed for the inclusion of applied
aspects of resilience under load in the study.

The methodological basis of the research included content
analysis of scientific publications, comparative analysis of
idempotent and concurrency-safe data processing models, the
study of state management patterns and retry strategies, and
functional-structural modeling of transactional scenarios. To
clarify conclusions, examples from the engineering practice
of high-load financial systems were used: analysis of retry
mechanism behavior, resilience to duplicates, and the
influence of competing requests on data state.

RESULTS

The analysis of the investigated mechanisms showed that
the stable behavior of financial systems under high request
concurrency is determined by the retry control architecture,
which includes several complementary approaches. The
study by Fragkoulis et al. [5] recorded that the use of unique
identifiers and strict binding of an operation to a key forms
the basis for preventing re-processing under conditions
of network instability. Within the framework of research
by Laigner et al. [7], it was clarified that storing the result
together with the validation of the incoming request allows
for guaranteeing state reproducibility during repeated
calls. The work of Upadhyay [10] identified the specifics of
applying state logs and tokens that ensure protection against
re-processing in distributed environments. Table 1 reviews
the comparison of three strategies constituting the core of
idempotent protection in large-scale financial systems.

Table 1. Classification of Idempotent Strategies in Financial Systems (Compiled by the author based on sources: [5, 7, 10])

Strategy Key Mechanisms

Provides

Idempotent Keys

unique key; stored response; hash validation

duplicate prevention

Database State Checks

state table; versioning; status transitions

transactional consistency

Token-Based Deduplication

atomic set operations; token lifecycle management

prevention of repeated execution
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The comparison showed that each strategy forms its own
line of defense. Keys fix the identity of the incoming request,
the database state ensures the consistency of execution
stages, and tokens exclude re-processing during multiple
message deliveries. Practical experience suggests that on
real financial platforms, no single mechanism ensures the
required resilience alone. Optimal results are achieved
through the parallel application of multiple strategies—at
the API level, storage level, and inter-service interactions—
which reduces the probability of balance discrepancies,
operation duplication, and the occurrence of incorrect
financial postings under peak load conditions.

Consequently, the integration of keys, state logs, and tokens
forms a unified loop of idempotent processing that withstands
high intensity of parallel requests and compensates for the
limitations of each individual strategy.

The analysis of the presented architectural solutions shows
that the resilience of financial systems under high request
concurrency is determined by the platform’s ability to
eliminate duplicate operations and how correctly repeated
requests are organized during temporary failures. The study

by Braun et al. [3] recorded that in distributed conditions, a
portion of external or inter-service calls may end in transient
errors requiring retries. The work of Desai [4] clarified
that repeated requests have a significant impact on final
data consistency, as the absence of clear retry rules during
the operation of streaming systems leads to a growth in
duplicates. Research by Upadhyay [10] showed that retry
models affect operation execution time and the risk of
infrastructure overload.

Before comparing strategies, it is necessary to note that
in high-load financial systems, retries are practically
inevitable. They are created by network latency, uncertainty
in communication between microservices, specifics of
distributed logs, and automatic recovery mechanisms after
failures. Consequently, the key task becomes the selection
of a retry management model that minimizes resource
competition and excludes excessive pressure on calculation
subsystems and storage. As seen in Table 2, the cited strategies
allow for comparing the system'’s reaction speed to failures,
the load level with an increasing number of attempts, and
the degree of risk of duplicate occurrence.

Table 2. Retry Strategies and Their Reliability Effects (Compiled by the author based on sources: [3, 4, 7, 10])

Retry Approach Characteristics

Effect

Exponential Backoff Base x 2"

up to 30% load reduction

Fixed Interval 6-24 h fixed intervals

up to +15% successful payments

Jittered Backoff

10-30% randomization

prevents synchronized load spikes

Retries Without Idempotency no keys/control

up to 0.5% duplicate transactions

The comparison of approaches allows for identifying several
patterns. Exponential Backoff, according to the presented
data, reduces the load on infrastructure, as the increasing
interval between repeated calls prevents aggressive
network saturation during mass failures. Fixed Interval,
conversely, demonstrates a significant applied effect for
payment operations with banking delays. Clearly defined
intervals increase the share of successful payments, which
is confirmed by the growth in effectiveness. Jittered Backoff
compensates for the shortcomings of the two previous
methods by introducing randomization and eliminating
the risk of “avalanche-like” repeated requests from a
large number of clients at a single moment in time. This is
particularly important for distributed microservice systems,
where simultaneous repetition of calls can disrupt load
balance.

The scenario of retries without idempotency requires
separate attention. The work of Desai [4] showed that the
absence of keys, state control, and filtering mechanisms
leads to the appearance of duplicate transactions. Research
by Upadhyay [10] confirms that even a minimal share of
duplicates becomes critical for systems with billion-scale
processing volumes. Unfiltered retries increase the risk of
incorrect postings, disrupt calculated balances, and create
difficulties when reconciling data between services.

Observations show that the effectiveness of the selected retry
model is closely linked to the state architecture. If the system
saves operation results and uses immutable logs, repeated
attempts are less likely to lead to discrepancies. Analytical
conclusions formed based on the works of Braun etal. [3] and
Upadhyay [10] confirm the necessity of combining the retry
management model with idempotent control mechanisms;
otherwise, repeated calls become a source of errors rather
than a method of increasing reliability.

Thus, the analysis shows that retry management strategies
form a reaction model to transient failures and fundamental
system stability under conditions of high operation
concurrency. Hybrid solutions combining exponential
backoffs, randomized intervals, and strict idempotent control
mechanisms prove to be the most resilient, allowing financial
platforms to ensure predictable behavior even during sharp
load spikes.

DISCUSSION

The examined mechanisms of idempotency and retry
management demonstrate the ability to form a stable financial
operation processing loop, in which state reproducibility and
result predictability are maintained even under high request
concurrency. Studies by Braun et al. [2] showed that result
reproducibility during repeated requests is a basic condition
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of correct financial logic, as even a minor discrepancy in state
leads to balance violations and transaction transformation
errors. Observations confirm that idempotent operations
form a layer of stable processing ensuring the result
corresponds to the first successful execution regardless of the
number of retries. This allows the idempotency mechanism
to be interpreted not as an auxiliary technique, but as the
foundation of architectural consistency in a distributed
environment.

The issue of duplicate prevention acquires special significance
in scenarios where an increased frequency of network
timeouts and retries can create cascading discrepancies. The
study by Desai [4] shows that message duplication occurs in
typical stream-processing flows even with standard delivery
policies, which makes built-in resilience measures mandatory.
Consequently, it is the composition of idempotent keys, state
checks, and tokenized retry control that forms a reliable
mechanism for duplicate exclusion. Practical experience
confirms that the absence of one of these components leads
to irreversible divergence of transaction logs given a high
number of parallel requests.

The problem of data races requires additional analysis.
The work of Braun et al. [3] emphasizes that races most
frequently manifest in distributed systems in the presence
of independent sources of change, which is particularly
characteristic of financial platforms with a large number
of parallel threads. Idempotent operations combined with
a correct retry system do not eliminate races entirely, but
they set an upper level of predictability. By fixing the final
consistent result, the repeatability of an operation becomes
independent of the order in which competing calls reached
the processor.

The connection with ACID-lakehouse architectures is
traced particularly clearly. Works by Fragkoulis et al. [5]

point to the evolution of streaming systems toward rigid
consistency guarantees, where the transaction log becomes
the main artifact of maintaining exact state. Accumulated
experience in applying lakehouse architectures confirms
that idempotency and safe retry patterns form the lower
level of correctness, upon which ACID storage mechanisms
are superimposed. Thus, a two-loop guarantee is achieved:
result repeatability in the computational layer and record
immutability in the storage layer. Consequently, the influence
of idempotent mechanisms extends beyond the API level and
affects the fundamental structure of the entire analytical and
operational architecture.

Multi-region harmonization requires separate consideration.
Research by Upadhyay [10] emphasizes that distributed
payment systems face partial operation execution, inter-
regional replication delays, and inconsistent results during
repeated requests. In such conditions, retry management
mechanisms become a tool for bringing regional
computations to a uniform state. Retries with exponential
backoff allow avoiding situations where a regional replica
is temporarily unavailable, while idempotency guarantees
that even with multiple requests, the logical result is fixed
uniformly. Practical experience confirms that in multi-region
architectures, it is the combination of retry models and
idempotent operations that minimizes “time slot divergence”

and reduces the cost of subsequent data harmonization.

The assessment of the functioning of idempotent and
concurrency-safe mechanisms shows that their application
in distributed financial systems is accompanied by a number
of structural risks. Table 3 demonstrates the key limitations
identified in transaction processing and retry models,
showing that even correct patterns carry potential threats to
state consistency.

Table 3. Limitations and Risks of Idempotent and Concurrency-Safe Patterns (Compiled by the author based on sources: [3,

6,10])

Risk Cause

Consequences

Partial Failures

timeouts, network breaks

inconsistent state

Incorrect retries — load x2 aggressive retrying

system overload

No compensating actions

breaking the SAGA chain

irreversible errors

Data races

concurrent requests

duplicates, calculation errors

The problem of partial failures is described in detail in the
study by Upadhyay [10], where it is shown that delays and
network breaks lead to incomplete operation completion.
The study by Daraghmi et al. [3] adds that in distributed
transaction conditions, such failures violate the logical
integrity of the step chain. Overload risks arising from
incorrect retry processing are described by Desai [4],
indicating that an increase in the number of retry attempts is
capable of provoking backpressure up to a twofold increase
in system load.

The absence of compensating steps remains one of the most
serious risks. The study by Daraghmi et al. [3] emphasizes
that disrupting the SAGA sequence leads to irreversible state
failures. The work of Iovescu et al. [6] demonstrates that
in systems with a high degree of parallelism, the absence
of clear compensations forms discrepancies between data
versions. Practical experience shows that in multi-region
architectures, such discrepancies lead to the necessity of
manual balance restoration even with correct idempotency
of individual operations.
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The identified risks directly correlate with the author’s
experience related to the development of multi-region
financial systems. In architectures operating simultaneously
in the USA, Canada, the EU, and APAC, cases of temporary
data divergence due to inter-regional delays were repeatedly
recorded. Even with strict idempotency of individual steps,
the absence of compensation mechanisms regularly led to
manual state correction. Within the framework of building
lakehouse solutions for financial process automation, it
was necessary to form specialized state management levels
ensuring a deterministic sequence of steps during parallel
processing. The use of ACID tables reduced the frequency of
inconsistent updates, but full resilience was achieved only
after integrating mechanisms for fixing intermediate states
and controlling operation completion.

Thus, the obtained results demonstrate that the resilience
of idempotent and concurrency-safe patterns is limited
not by technical implementation, but by the combination
of network delays, absence of compensations, parallelism,
and load unevenness. These factors require architectures
oriented toward deterministic state management, strict step
sequences, and constant monitoring of intermediate states.

CONCLUSION

The conducted research allowed for the identification
of key architectural elements ensuring the reliability of
financial systems under conditions of high parallelism
and distribution. It has been established that processing
resilience is formed not by individual mechanisms but by
their coordinated operation. [dempotency guarantees result
repeatability, retry mechanisms restore operations during
temporary failures, and state control prevents discrepancies
during simultaneous request execution.

The analysis showed that the failure of any element
disrupts processing integrity. Retry strategies are unsafe
without idempotency, and idempotency itself is insufficient
without fixing intermediate states. The SAGA approach
loses effectiveness in the absence of compensation steps.
Consequently, reliability is determined by architectural
coherence, not a set of partial solutions. Resilient systems
are built around deterministic execution, step completion
control, and duplicate exclusion at all processing levels.

Practical experience in developing multi-region financial
platforms confirms that global distribution intensifies risks:
inter-regional delays cause temporary discrepancies that are
not eliminated by basic checks. Even correct idempotency
does not guarantee a consistent result without managing
operation sequences and tracking intermediate states.
Resilience was successfully achieved only through the use of
additional state management layers and the application of
ACID structures in lakehouse architectures.

The fixation of action sequences is particularly critical in
systems operating simultaneously in multiple regions: the
lack of intermediate step control leads to final data divergence
despite formally correct transactions. This confirms that
effective processing under competitive conditions requires
strict consistency mechanisms at the level of the entire
architecture.

Overall, the research shows that reliable financial systems
rely on interconnected principles: operation
reproducibility during retries, managed concurrency,
and formalized state control. Their combination ensures

three

resilience to failures, competing updates, and inter-regional
inconsistencies, creating a predictable and safe environment
for data processing in large-scale systems.
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