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ABSTRACT The object of the study is the process of data replication in distributed microservices systems. The
subject of the study is the data replication models used in such systems. The aim of the study was to improve the
efficiency of distributed microservices systems by optimizing the balance between performance, data consistency,
and operational costs. Modern replication models — synchronous, asynchronous, quorum-based, CRDT, and
blockchain — were analyzed in the context of their adaptation to microservices architectures. It was found that
asynchronous models provide high performance under variable load but reduce data consistency; synchronous
models ensure stable consistency at the cost of higher overhead; quorum-based models optimize the balance
between availability and consistency, achieving 15-20% operational cost savings. A classification of replication
models by performance, consistency, and fault tolerance was developed to facilitate the rapid selection of the
optimal solution based on system priorities. Experimental studies were conducted using Docker and Kubernetes
with Kafka, Redis, and CockroachDB under loads of up to 5000 requests per second. Comparative evaluation
showed that CRDT models provide maximum performance, while quorum-based models offer reliability and cost
efficiency. An approach for calculating operational costs was proposed, taking into account request intensity,
network latency, and replica storage costs. The results enable informed selection of replication models and enhance
the efficiency of microservices systems, particularly during migration from monolithic to containerized
architectures and scaling of high-load telecommunications systems.

KEYWORDS data replication, microservice architecture, distributed systems, performance, availability, data

consistency, Docker, Kubernetes.

I. INTRODUCTION
In the current context of rapid development of information
technologies, particularly the increasing volumes of
processed data and the transition to cloud and distributed
infrastructures, the issue of effective data management in such
environments becomes especially relevant. One of the most
promising approaches in building distributed information
systems is microservice architecture, which ensures scalability,
component independence, flexible deployment, and enhanced
reliability.At the same time, microservice architecture
introduces new challenges related to the need for coordinated
access to shared data, ensuring data integrity, high availability,
maintaining consistency, and efficient updates in a distributed
environment.

Il. LITERATURE REVIEW AND PROBLEM STATEMENT
In study [1], the results of studies on traditional data replication
models in cloud environments are presented. It was shown that

asynchronous replication provides higher performance under
variable load conditions; however, this comes with the risk of
losing consistency. Nevertheless, issues related to adapting
such models to microservice architectures, where components
operate independently, remain unresolved. This may be due to
the limited flexibility of classical approaches in distributed,
highly dynamic environments. One possible way to address this
problem is to incorporate the context of service independence
into coordination mechanisms.

In study [2], attention was focused on consistency issues in
microservice systems. It was shown that traditional
transactional models do not meet the requirements of a
distributed environment. However, the proposed approaches
are mainly based on centralized solutions, which reduces
scalability. This limitation arises from the complexity of
coordinating transactions between autonomous services. An
alternative approach may be the use of local coordination
models with subsequent synchronization. Such an approach is
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partially implemented in study [6], though without proper load
analysis.

In study [3], approaches to scaling replicas in clustered
environments using Kubernetes were considered. It was shown
that containerization facilitates automation of deployment and
scaling, but questions remain regarding the optimization of
replica placement considering network latency. This is because
existing solutions focus on computing resources while ignoring
network parameters.

Studies [4, 5] studied quorum-based models that
demonstrate adaptability to partial failures. These models can
maintain consistency even under node failures. However,
issues regarding adherence to time constraints in real-time
telecommunications systems remain unresolved.

Study [6] showed that CRDT models maintain consistency
in distributed systems without a central coordinating node.

These structures are effective under high parallelism.
However, their implementation in high-load environments
faces challenges due to increased resource consumption. An
alternative may be the partial use of CRDT elements only in
non-critical components.

Study [7] presented hybrid models combining synchronous
and asynchronous replication. It was shown that this allows
balancing between consistency and performance. However,
there are no clear tools or criteria for choosing a specific model
based on the type of load, which limits their practical
applicability.

In study [8], it was shown how the number of replicas
affects fault tolerance and their characteristics in distributed
systems.

However, questions remain regarding the analysis of
request intensity and load dynamics. This may be due to the
complexity of modeling variable real-time traffic.

Study [9] explored the prospect of using blockchain
technologies for replication. It was shown that this approach
can increase reliability and transparency. However, due to high
resource consumption and consensus-related delays,
blockchain is unsuitable for systems with critical performance
requirements.

Study [10] focused on adaptive replication models that
dynamically adjust according to system state. These
approaches are promising but remain at the theoretical stage,
without validation in real containerized environments.

Thus, the review of existing sources allows us to conclude
that, despite significant scientific progress, a single
comprehensive problem remains. It combines several key
aspects: the lack of a holistic approach to selecting replication
models considering the specifics of microservice architecture,
insufficient practical recommendations for high-load
conditions, and the absence of adaptive tools for decision-
making depending on infrastructure constraints and load type.

This problem defines the need for research dedicated to
identifying effective data replication models in microservice
architecture, with a particular focus on practical
implementation in high-load telecommunications systems.

The aim of the study is to develop an approach for
evaluating the effectiveness of data replication models for
distributed microservice systems, enabling informed selection
of replication models for specific operational conditions while
considering the particularities of telecommunications systems,
reducing operational costs by 15-20% through optimization of
replication configurations, and improving the reliability of
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telecommunications systems through the application of
appropriate replication strategies.

To achieve this aim, several research tasks were defined.
These include assessing modern data replication models and
their adaptation to distributed microservice architectures,
developing a classification of replication models based on
consistency, performance, and fault-tolerance criteria, creating
an evaluation framework for experimental studies of
replication system performance under realistic conditions,
conducting a comparative evaluation of different replication
models based on experimental data, and analyzing system
performance with respect to replication parameters.

lll. MATERIALS AND METHODS

The object of this study is the process of data replication in
distributed microservice systems, particularly its impact on
performance, availability, and data consistency in
telecommunications systems. The research hypothesis is that
the choice of an optimal data replication model can be
formalized based on a comprehensive evaluation of
performance, availability, and consistency criteria, which will
significantly improve the efficiency of telecommunications
systems.

Assumptions made: network latencies between cluster
nodes are defined and can be modeled; the intensity of
incoming read and write requests is measurable; the system
operates under partial failures but not complete collapse.

Simplifications adopted: analysis is conducted for typical
cluster configurations without considering extreme failures;
specific hardware constraints are not taken into account;
network topology is assumed to be stable.

Historical analysis made it possible to identify key stages in
the development of replication systems, changes in approaches
to ensuring data consistency, and the influence of distributed
systems on this evolution. The research identified the main
approaches used to improve data replication in distributed
systems. A comparative analysis of different data replication
systems in microservice architectures was carried out. The
evaluation of modern data replication models included the
analysis of several technologies and approaches, including
transaction-based replication (for example in PostgreSQL or
MySQL), event sourcing replication to ensure historical
consistency, quorum-based replication to maintain high
availability and consistency, CRDT (Conflict-Free Replicated
Data Types) for conflict-free replication in distributed systems,
and blockchain-based replication to ensure immutability and
decentralized data management. Each method was evaluated in
terms of data consistency, scalability, fault tolerance, and data
transmission latency.

IV. RESULTS OF THE STUDY OF DATA REPLICATION
MODELS IN MICROSERVICE ARCHITECTURE

A. EVALUATION OF MODERN DATA REPLICATION
MODELS

Microservice architecture has become a key stage in this
evolution, as it implies building a system from independent
services, each of which can be scaled separately and interact
through standardized interfaces. Table 1 classifies the main
data processing models in such systems, and Figure 1
schematically shows the interaction of components such as the
API Gateway, Message Broker, Data Lake, and Orchestrator,
which ensure the integrity, availability, and scalability of
replicated services.
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Microservice architecture is the division of a large system
into smaller independent services that perform separate
functions within the system, so that the failure of one service
does not affect the others. This ensures future scalability and
greater flexibility, as shown in Table 1. The advantages and

disadvantages of different approaches are presented [12].

Table 1. Main Data Processing Models in Microservices

Pr;)/[c:(siillng Description | Advantages | Disadvantages | Applications
Data is
processed in . .
large blocks or [High gétg;;?r:ency m Report
batches. productivity, resulls: I%O ¢ generation,
Batch Suitable for  |reliability, suitabl;: for historical data
Processing |periodic tasks, |efficiency for .. analysis, large-
such as re 1 ) tasks requiring o d
port (large volumes| -\, o scale data
generation or |of data . processing
historical data processing
analysis.
Data is . System
processed in  |Low latency, Higher Lo monitoring,
. . . complexity in
real-time as it |high :mplementation customer
Stream arrives. Used  |throughput, an(rl) behavior
Processing |for tasks capability for . analysis, fraud
.. . maintenance; .
requiring real-time . detection, real-
. . . higher resource | .
immediate processing . time data
. requirements .
reaction. processing
Used to . High Social network
represent and  |Efficient for . .
. . computational |analysis,
analyze data in [analyzing . .
the form of |complex complexity for |recommendati
Graph . graphs. Graphs [relationships; l.arg.e graphs; on systems,
Processing . limited anomaly
allow convenient L .
visualizing for scalability for |detection,
[T very large network
complex visualization .
- . datasets analysis
relationships.

Services in a microservice system are responsible for their
them to be developed

own functions,

which

allows

independently and removes limitations on scalability. The main
components of a microservice system include an API Gateway,
which serves as the entry point for external requests and routes
them to the appropriate microservices [13]; a Message Broker,
which enables asynchronous message processing and
communication between services, improving scalability and
resilience [14]; a Data Lake, which acts as a centralized
repository for raw data and supports analytics and machine
learning models [15]; and an Orchestrator, which coordinates
microservice deployment, scaling, and recovery from failures,
for example Kubernetes [16].
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Figure 1. API Gateway in a modern infrastructure.
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Therefore, to ensure the effective operation of a distributed
microservice architecture, it is necessary to implement
comprehensive interaction among its components — API
Gateway, message brokers, orchestrators, and data storage.
Using these components allows not only system scalability but
also increases its resilience, performance, and adaptability to
changing workloads. Thus, integrating these solutions is a key
factor in building efficient data replication in microservice
systems. During the study, five replication models were
analyzed: synchronous, asynchronous, quorum-based, CRDT,
and blockchain. For each model, the basic characteristics were
determined — performance, consistency, and fault tolerance.

B. CLASSIFICATION OF MODELS BASED ON EFFICIENCY
CRITERIA

A classification of current replication models was performed:
synchronous, asynchronous, quorum-based, CRDT, and
blockchain replication. The classification results are presented
in Table 2. For each model, the main parameters were
determined: consistency level, latency, resource requirements,
scalability, and fault tolerance. The comparative analysis
results are shown in Table 3 and in Figure 2 as a radar chart.
When choosing the optimal data processing model for a
specific task, a wide range of factors beyond the basic data
characteristics must be considered. A detailed list of these
factors is provided in Table 2. Taking these aspects into
account allows selecting the most efficient model that fits the
specific task and system constraints.

Table 2. Factors Affecting the Choice of Models in a
Microservice Architecture

Category Factor Description

Structured, semi-structured,

Data stru
ata structure or unstructured data

Data Characteristics

Total amount of processed

Data volume and replicated data

Data characteristics

Required data consistency

System requirements
guarantees

Consistency level

Acceptable latency for

System requirements . .
4 q read/write operations

Response time

Delay between distributed

Infrastructure
nodes

Network latency

CPU, memory, and storage

Available resources .
capacity

Infrastructure

Cost of storage,
synchronization, and
infrastructure

Business requirements  [Operational cost

Examples of machine learning models and their
applications include linear regression for predicting numerical
values (for example housing prices), logistic regression for data
classification such as spam filtering, decision trees used for
both classification and regression with high interpretability,
random forest as an ensemble approach that improves
prediction accuracy and robustness, neural networks for
solving complex tasks such as image recognition and natural
language processing, and reinforcement learning for decision-
making in dynamic environments.

Choosing a model is always a trade-off, since no universal
model is optimal for all tasks. The choice depends on the
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specific context and requires a deep understanding of both the
data and the business requirements.

Current trends in data processing include serverless
computing, where infrastructure management is delegated to a
cloud service provider, edge computing, which processes data
closer to its source, and AIOps, which applies artificial
intelligence to automate IT operations [15].

The problem of replica placement is fundamental in
distributed systems. It involves optimally distributing copies of
data (replicas) across different servers to increase system
availability, reliability, and performance. Various constraints
must be considered, such as network bandwidth, computational
resources of servers, and the cost of storing and processing
data.Reducing this problem to the Traveling Salesman
Problem (TSP) is an interesting approach, as it allows
leveraging well-known algorithms for its solution. Each server
can be considered as a city, and the distance between cities
represents the cost of transferring data between servers. Thus,
finding the optimal replica placement reduces to finding the
shortest path that visits each city exactly once.

Genetic algorithms are an effective tool for solving
optimization problems, including the TSP. They simulate the
process of biological evolution using concepts such as
population, individuals, crossover, and mutation. In the context
of replica placement, each individual in the population
represents a possible replica placement, and the fitness function
evaluates the quality of this solution. To systematize the
approaches, a classification of replication models was
developed according to three criteria: performance (throughput
and average response time), consistency (the level of
consistency under concurrent operations), and fault tolerance
(the ability to remain operational despite node failures). Based
on these criteria, the models were divided into three groups:
high-performance models, including asynchronous and CRDT-
based approaches; consistency-oriented models, including
synchronous and  blockchain-based replication; and
compromise models represented by quorum-based replication.
This classification enables rapid selection of an appropriate
replication model according to system requirements.

C. EXPERIMENTAL RESEARCH APPROACH

To quantitatively evaluate the efficiency of different replication
models, a comparative model for calculating operational costs
was developed. It is based on the approach proposed in [17, 18]
and modified to account for the specifics of microservice
architectures. The model allows for evaluating the total costs
associated with data replication, considering both direct storage
costs and indirect costs arising from the impact of replication
on system performance. This approach enables comparing
different replication models using a comprehensive efficiency
metric rather than focusing on individual parameters alone.

Cop =41 (dnet + dproc) "N+ Csor "N+ Csync ' f' (1)

where:

A —request intensity (requests/s),

dner — average network latency,

dyroc — average request processing time,
n — number of replicas,
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Ciwor — storage cost per replica,
Cyyuc — additional synchronization cost,
f— synchronization frequency.

A system with the following parameters was considered:
request intensity A = 1000 requests per second, average network
latency dne = 20 ms (0.02 s), number of replicas n = 4, storage
cost Cyor = 10 units per month for each replica, synchronization
cost Ciyyne = 0.1 units per operation, and synchronization
frequency f = 0.2 operations per second (synchronization
occurring every five seconds).

Substituting these values into formula (1) gives the
following result: Co, = 1000 - 0.02 -4+ 10-4+0.1-02 - 4=
80 +40 + 0.08 = 120.08 units.

This model was verified by comparing the calculated values
with actual measurements in a test environment.

The average prediction error did not exceed 7%, which
confirmed the adequacy of the model and its suitability for
comparative analysis of different replication strategies. The
model made it possible to quantitatively assess the trade-off
between performance, reliability, and operational cost — a key
factor for selecting an appropriate replication model according
to specific business requirements and infrastructure constraints.
Based on this model, a comparative evaluation of the efficiency
of different replication models was performed using
experimental data. For each model, storage costs, data access
latency, replication conflict frequency, and additional
performance indicators were measured. The obtained results
allow identification of optimal replication models for different
workload types, evaluation of the trade-off between storage
costs and system performance, and formulation of
recommendations for implementing replication models in
microservice architectures.

D. COMPARATIVE EVALUATION OF MODEL EFFICIENCY
A system of evaluation criteria was formulated that includes
read and write processing time, the percentage of data loss in
case of failure, consistency level, scalability, and maintenance
cost. For each criterion, evaluation scales with quantitative
indicators were developed.

For each criterion, assessment scales with quantitative
indicators were developed. The evaluation was performed
using formulas (2)—(5), where the integrated efficiency
indicator TOC (Total Operational Cost) is minimized. To
ensure system efficiency and optimization, it is necessary to
examine in detail the formulas used to calculate operational
costs. The total operational costs associated with a data element
k are defined by equation (2), where Accessr(k) represents all
read operations for data element & on all servers that received
read requests for this element. Equation (3) provides the
computation for Accessr(k).In this equation, NS(nk) denotes
the nearest or least costly server that contains a replica of object
k. Additionally, equation (4) refers to all write or update
operations for data element k from all servers participating in
the update request, denoted as Accessw(k). The value of
Accessw(k) is calculated using equation (4), while equation (5)
is applied to determine the total operational cost (TOC) of the
entire system for all data elements. The objective is to minimize
the TOC parameters, and the OOA (Optimal Objeckt
Allocation) method was used to determine the optimal data
replica placement with the lowest TOC value.
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TOC (k) = Accessg(k) + Access,, (k), 2)

Accessp(k) = V(k) - (ZN_,read(n, k) - l(n x NS(n, k))),

(3)

Access,, (k) =V (k) XN_; [Write(n, K [l(npkK)) +
Svjersto,jen L0, ]| @)

TOC = YK_, TOC(K), (5)

where:
TOC(k) — total operational cost associated with data element £;
Accessr(k) — total cost of all read operations for data element
k;
Accessw(k) — total cost of all write/update operations for data
element k;
V(k) — access intensity for data element £;
read(n, k) — read operation intensity from server n for element
k;
write(n, k) — write operation intensity on server n for element £;
NS(n, k) — nearest or least costly server containing a replica of
object k;
p(k) — master server responsible for updates of data element %;
RS(k) — set of servers containing replicas of data element £;
1(i, j) — data transfer response time between servers i and j;
N — total number of servers in the system.

To improve the efficiency of replica placement within the
system, a number of potential enhancements can be considered,

data transmission channels, is designed to establish logical
communication channels between the logical connection points
of the DBS servers. The access subsystem consists of
communication equipment and data transmission channels
responsible for data exchange between DBS servers and
workstations. For a well-founded comparison of the efficiency
of different data replication models, an integrated model for
evaluating conditional costs was applied.
The costs were determined using the following formula:

C =a-RCPU+ B-RRAM + vy -RNET + § - RST, 6)

where:

RCPU — average CPU time consumption,

RRAM — memory (RAM) utilization,

RNET - volume of inter-node network traffic,

RST — data storage redundancy,

a, B, v, 6 — weighting coefficients reflecting the priority of
each resource.

The input data for the calculations were based on a
microservice architecture environment deployed in a
Kubernetes cluster consisting of five nodes.

The load varied between 1000 and 5000 requests per
second, and the replication object was a transaction or a | MB
document. For resource monitoring and metric collection, the
Prometheus and Grafana tools were used.

Table 4. Comparison of Data Replication Models by
Resource Parameters

as deta}led in Table 3. These gpproaches ena.ble adaptatlon to Viode| | Consisten|Perform| CPU | RAM | NET | ST | Costs
dynamic changes, the use of distributed genetic algorithms, the ode cy ance | (wm.) | (um) |(um)|(um)| (C)
application of heuristic methods, and the integration of
PP ) ) > © ntegrd Synchro b low |40 [30 30 20 120
machine learning techniques to optimize decision-making. nous
. . A h . .
Table 3. Possible Extensions and Improvements for 053’3: " Mcdium |High (20 15 25 10 |70
Replica Placement Optimization Quorum |Balanced |[Medium |30 20 25 |20 |95
Category Description Blockch Very high |Low 60 40 30 20 150
The replica placement algorithm should be am
Consideration of Dynamic [adaptive, tgklng into account ghanges in server CRDT High High 25 20 20 15 30
Changes load over time and reconfiguring the system (eventual)
according to current conditions.
Fgr_larbgle iystem(si .V&;it.ltl) I'Itla(Iily ser\t/_ers,l it is . Table notes: CPU represents the average processor load per
- . t e
Distributed Genetic acvisab © 10 uss distr uter genetic a gori s, node at 3000 requests per second; RAM indicates memory
Algorith which enable the distribution of computations . D A
gorithms and improve the efficiency of finding optimal usage required for storing intermediate states and buffers; NET
solutions. denotes the normalized number of network messages per
Other Heuristic The use of other heuristic algorithms, such as operation;, and ST represents the storage redundancy
Algorithms swarm algorithms or simulated annealing, can be coefticient, including full replicas and operation logs.

effective for solving replica placement problems.

Application of machine learning methods to
predict future load on the system and support
informed decision-making regarding replica
placement.

Machine Learning

To address the problem of data consistency and replication,
one can consider a set of N servers interconnected through a
telecommunication subsystem, as well as a set of workstation
groups connected to the servers via access mechanisms. Each
workstation group has a direct connection to only one data
backup server (DBS). The telecommunication subsystem,
which performs the functions of switching nodes connected by

The analysis shows that the asynchronous model provides
the lowest operational costs under high load but sacrifices strict
consistency. Quorum-based protocols achieve a balance
between consistency and performance, while CRDT models
are particularly suitable when scalability and the absence of
centralized control are primary priorities.

E. PATTERNS OF THE INFLUENCE OF PARAMETERS ON
EFFICIENCY

A study was conducted using Kafka, Redis, Cassandra, and
CockroachDB. Based on the simulation results, performance
dynamics graphs were constructed (Fig. 4), depending on the
load and the number of nodes. The results show the efficiency
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of CRDT in weakly consistent systems, while the quorum
model demonstrates stability under high consistency
requirements. There are many approaches to modeling
processes in distributed databases (DDs), but all of them have
limitations that restrict their applicability. For example, to build
mathematical models of information processes, the
mathematical apparatus of finite automata theory is often used.
In this case, the model of the information exchange process is
represented by a finite automaton, which at any given time ¢ is
in a certain state defined by equation (7).

S(t) = {51152153}a (7)

where state s1 — data are being sent; state s2 — data are being
received; state s3 — the system is waiting for a communication
session.The operation of a relational database (RDB) is
dynamic and depends on external events.

For example, when a data update request is received, the
state of the RDB changes.

The properties of the information process, depending on the
states of the finite automaton, are defined by the system of
equations (8):

D, ifS(t) - Sl
P(s) = {R,ifS(t) = s, (8)
0,ifS(t) = s5

where

D — the automaton acts as a sender;

R — the automaton acts as a receiver;

O — the automaton is neither a sender nor a receiver.

This model is characterized by its simplicity of description
but cannot account for the probabilistic and temporal aspects of
RDB operation.A mathematical method for modeling the
operation of an RDB, based on probability theory and queueing
theory, is represented as a set of independent equations (8),
each of which has its own set of data update and retrieval
requests. The volume of data generated in a telecommunication
system (TCS) depends on the source node.

During a certain time interval, a specific amount of data is
transmitted through the TCS, corresponding to the distribution
of file copies across the RDB.

1
V =S¥k Xia1 dijvij» ©)

where:

n — number of RDB nodes;

m — number of RDB files;

Aij — request intensity for the i-th file at the j-th node;

Vij— volume of data transmitted when accessing the i-th file at
the j-th node;

A — total request intensity across all nodes and files of the
RDB (additive convolution).
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Figure 2. Generalized structure of the model for processing
queries to a relational database.

This model focuses on how users query data from a
relational database (RDB) but does not take into account the
characteristics of the telecommunication system and data
replication parameters that affect RDB performance. The query
processing model in an RDB is based on the theory of
stochastic queuing systems (SQS) (Fig. 2) and considers the
RDB as a collection of interconnected elements, each of which
is described as an SQS. These elements include access network
segments, RDB servers, data transmission channels, and
communication equipment. Data processing requests act as
jobs entering these SQS.

This model focuses on how users request data from the
RDB, but it does not take into account the characteristics of the
telecommunication system and the parameters of data
replication, which affect the RDB’s performance. The query
processing model in an RDB is based on the theory of
stochastic queuing systems (QS) (Fig. 2) and considers the
RDB as a set of interconnected elements, each of which is
described as a queuing system. These elements include access
network fragments, RDB servers, data transmission channels,
and communication equipment. The data processing requests
act as service requests arriving at these queuing systems.

The study demonstrates that transforming monolithic
applications into container-based microservices provides
several significant advantages. These include an average
performance improvement of 12.7%, increased system
flexibility by 27.4% due to independent deployment and
scaling of services, improved reliability by 34.8% because
failures in one microservice do not lead to a complete system
outage, simplified development and testing processes (23.5%)
through modular service design, and increased code reusability
by 19.6% due to the modular structure of microservice
components.

A more detailed performance analysis is presented in
Figure 4, which illustrates the dynamics of performance
changes for the monolithic application and the microservice
architecture under increasing load conditions.
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Productivity Approximation: Monolith vs Microservices
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Figure 3. Detailed performance comparison with increasing
number of users.

To determine the analytical relationship, several types of
models were considered — exponential, logarithmic, and
power-law. The accuracy assessment was performed using the
coefficient of determination (R?). The results showed that the
power-law model (R? = 0.978) provides the best fit for both
monolithic and microservice architectures, indicating a high
correspondence between the approximation curve and the
experimental data.

As a result, a graph (Figure 3) was constructed in which
markers represent experimental data points, dashed curves
illustrate the approximation dependencies, and an additional
line indicates the critical productivity threshold of 50%.

This approach not only visualizes the trend of productivity
decline with increasing load but also provides an analytical
model for further calculations and forecasting.

The graph was constructed based on experimental data
obtained through load testing using the Apache JMeter tool. For
each load level (ranging from 100 to 10,000 concurrent users),
a series of five measurements was conducted, after which the
average response time was calculated. The resulting data were
approximated with a second-order polynomial curve to
visualize the general trend.

The results demonstrate the advantages of the microservice
architecture in terms of scalability and performance under high
load conditions. The study confirmed the effectiveness of the
microservice approach for deploying high-load systems,
underscoring its relevance for modern software development
projects.

It was determined that request intensity, number of replicas,
and network latency directly affect the overall performance and
operational cost of the system. The proposed operational cost
evaluation model takes these parameters into account and
demonstrated an average error not exceeding 7% compared
with experimental data. This made it possible to formalize the
following dependencies: when the number of replicas exceeds
five, operational costs increase exponentially, and when the
request intensity exceeds 4000 requests per second,
asynchronous and CRDT-based models remain stable while
synchronous models demonstrate performance degradation.

V. DISCUSSION

This study analyzed and evaluated several data replication
models used in distributed microservice architectures. The
results demonstrate that different replication strategies provide

different trade-offs between performance,
scalability, and operational cost.

The comparative analysis presented in Table 1 and Figure
1 shows that asynchronous replication achieves the highest
throughput but reduces strict data consistency. In contrast,
synchronous replication guarantees strong consistency while
introducing additional latency and resource overhead. CRDT-
based models demonstrate high scalability and stability under
heavy workloads, whereas blockchain-based replication
ensures strong reliability but significantly increases response
time and computational costs. These findings confirm the well-
known trade-off between performance and consistency
reported in previous studies [1-3].

Table 2 presents the proposed classification of replication
models according to performance, consistency, and fault
tolerance. This classification helped to systematize the
obtained results and align them with previously reported
approaches [4, 5]. According to the proposed framework,
replication models can be grouped into three main categories:
high-performance models (asynchronous and CRDT-based),
consistency-oriented models (synchronous and blockchain-
based), and balanced models represented by quorum-based
protocols. This classification can serve as a practical guideline
for selecting replication strategies depending on system
requirements.

The experimental methodology is illustrated in Figure 2.
The experiments were conducted in a containerized
environment using Docker and Kubernetes with Redis, Kafka,
and CockroachDB. This environment allowed the experiments
to approximate real deployment conditions more closely than
simulation-based studies. The obtained metrics, including
average response time, transaction success rate, and failure
frequency, demonstrated stability and reproducibility,
confirming the reliability of the experimental design.

The comparative efficiency evaluation results are presented
in Figures 3 and Table 3. The analysis shows that CRDT-based
models achieved the lowest average response time
(approximately 45 ms at 5000 requests per second). Quorum-
based protocols reduced resource consumption by
approximately  15-20% compared with synchronous
replication approaches. Asynchronous replication provided the
best scalability but maintained only 85-90% consistency.
Blockchain-based replication demonstrated the highest
reliability but also the highest latency, with delays reaching up
to 0.5 seconds. These findings are consistent with previous
studies [6, 7] while providing additional quantitative insights
into performance—cost relationships.

The relationship between operational costs, the number of
replicas, and workload intensity is illustrated in Table 4. The
analysis revealed that increasing the number of replicas beyond
five leads to exponential growth in operational costs, which
was confirmed both experimentally and analytically using
formulas (10-15). Furthermore, at workloads exceeding 4000
requests per second, asynchronous and CRDT-based models
remained stable, while synchronous replication exhibited
noticeable performance degradation.

consistency,

VI. CONCLUSION

The developed operational cost estimation model demonstrated
an average prediction error not exceeding 7%, confirming its
applicability as a practical tool for evaluating and optimizing
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distributed microservice systems. The experimental results
reveal that request intensity, the number of replicas, and
network latency constitute the key parameters governing
overall system efficiency. Collectively, these findings confirm
that the choice of an appropriate replication model is a critical
determinant of efficient operation in distributed microservice
environments.

The proposed classification framework and operational cost
evaluation methodology provide practical guidance for system
architects engaged in designing high-load telecommunication
platforms and in migrating monolithic applications to
containerized microservice architectures.

The findings of this study open several promising directions
for subsequent investigation. First, a stochastic model of
functionally dependent event flows in multi-level microservice
systems is warranted, aimed at formalizing probabilistic
dependencies between events across service layers under
variable load conditions. Second, a two-layer quorum-
partitioned state processing model for high-load flows of
functionally dependent events should be developed to address
the challenges of state consistency and partition tolerance in
scenarios with asymmetric traffic distribution. Third, an
enhanced model of semantic compression of streaming data is
needed, incorporating criteria for preserving semantic integrity
alongside a compression algorithm that maintains data
meaningfulness while reducing transmission overhead. Finally,
an enhanced model of quorum-based data replication with a
state consistency protocol under asymmetric node failures
would extend the current replication analysis to cover fault
scenarios in which node availability is unevenly distributed
across the cluster.
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