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Abstract. The use of distributed infrastructure to ensure scalability and high availability creates new challenges for
maintaining data consistency between rapidly growing information system nodes that require reliable data management
for correct operation. The aim of the study was to comprehensively systematise and comparatively analyse methods for
ensuring data consistency in distributed database management systems, taking into account the fundamental trade-offs
between consistency, availability and update delays described by the CAP and PACELC theorems. To achieve this goal,
methods of theoretical analysis, formal modelling of system behaviour, and comparative expert evaluation were used. As
a result of the study, consistency models were systematised according to two main approaches: data-centric and client-
centric. The first approach analyses models that determine the global behaviour of the system: linearity, sequential, causal
and eventual consistency. The advantages, disadvantages and typical application scenarios are identified for each model.
The second approach considers client-oriented models that provide guarantees within a single user session: read and
write consistency, monotonic read, monotonic write, and session causality. A generalised classification is proposed that
visualises the relationship between the degree of consistency, delays, flexibility, fault tolerance and potential performance
for each model. All considered data consistency models are compared using a number of selected essential characteristics
(PACELC class, consistency, fault tolerance, potential performance, etc.) and diagrams based on their parameters. The
practical value of the work lies in the formulation of clear recommendations for selecting the optimal consistency model
depending on the requirements for reliability, performance, and architectural features of the information system. The
results can be used to improve the efficiency of designing distributed databases in high-load systems, such as financial
services, Internet of Things platforms, and cloud applications
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Introduction

In modern conditions of rapid development in distribut-
ed computing systems and increasing demands for their
speed and efficiency, the issue of ensuring data consistency
in Distributed Database Management Systems (DDBMS) is
becoming particularly relevant. Most contemporary infor-
mation services utilise distributed infrastructure to achieve
more flexible scalability, high availability, and improved
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fault tolerance. However, the use of these advantages is
accompanied by a number of additional problems and lim-
itations related to data consistency among the system’s
nodes, particularly during asynchronous replication, net-
work delays, or the inoperability of individual components.

Scientific research in recent years has significantly
expanded the theoretical and practical understanding of
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consistency models. For example, the work by P.S. Almei-
da (2024) proposed an axiomatic model for describing con-
sistency in asynchronous distributed systems, which unites
and generalises existing approaches. It also formulates the
CLAM theorem for classifying system behaviour based on
selected consistency guarantees: Closed past (finalised
operations without the possibility of re-execution), Local
visibility, Arbitration, and Monotonic visibility. According
to the research, maintaining all four criteria for the com-
plete set of data abstractions in systems without additional
waiting is impossible. This offers an alternative perspective
to the CAP (Consistency, Availability, Partition tolerance)
and PACELC (Partition tolerance, Availability, Consistency,
Else, Latency, Consistency) theorems, which can be used to
derive and compare different consistency models.

A detailed overview of challenges regarding consisten-
cy and data integrity in DDBMS is presented in the work by
H. Mahmoud & H. Yasin (2025), which focused on classic
consistency protocols (such as 2PC) and modern replica-
tion methods. The Database Integrity (DDBI) project pro-
posed by the authors offers an innovative solution through
active triggers, rule-oriented integrity enforcement, and
multi-version object tracking, which, according to the
results obtained, is a better alternative to traditional ap-
proaches. Additionally, D. Russel et al. (2025) proposed an
innovative approach to consistency verification in the con-
text of serverless and edge architectures, which is extreme-
ly relevant in the transition to hybrid cloud environments.
The authors used a comprehensive framework combining
formal specifications, static analysis, real-time monitoring,
and adaptive assurance, which also opens up prospects for
using machine learning to predict consistency violations.
Separate attention is warranted for the research by S. Gha-
semirad et al. (2025), which implemented the Eiger-PORT+
protocol to ensure Transactional Causal Consistency with
convergence (TCCv), confirmed by formal verification with
TCCv isolation guarantees in Isabelle/HOL. The results re-
futed the previous hypothesis about incompatibility with
transactional writes in the presence of performance-op-
timised read-only transactions. This represented the first
full formal verification of a complex distributed database
protocol and opened up the possibility of developing new
abstract and practical models and protocols.

Concurrently, the article by Y. Chen et al. (2024) con-
sidered specific implementations of systems supporting
various consistency models in cloud NoSQL platforms -
from strong to bounded staleness. The work focused on
supporting a wide range of load balancing, latency reduc-
tion, and resource management mechanisms popular in
cloud environments for multi-model systems. In the work
by N. Faria & J. Pereira (2025), the use of Conflict-Resistant
SQL Views (CRDV) is proposed to ensure consistency in hy-
brid transactional and analytical workloads. An important
distinction of this work is its focus on supporting CRDV in
existing popular relational SQL databases, which allows for
improved performance, greater flexibility in data merging
strategies, and expands their use as heterogeneous DDBMS
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in large-scale information systems. Researchers also payed
special attention to consistency algorithms in replicated
systems, particularly CRDT (Conflict-free Replicated Data
Types) approaches, which are reviewed in the works of
Yu. Rabeshko & Yu. Turbal (2023), confirming the relevance
of the topic in modern scientific discourse.

Thus, despite noticeable achievements in the field of
consistency models, a need remains for a unified classifica-
tion of existing approaches, a systematisation of their appli-
cation conditions, and a determination of the algorithmic
and engineering constraints imposed when implementing
the respective models in DDBMS. Understanding these fea-
tures can provide a better foundation for the further devel-
opment of this area and the design of new data consistency
models. The aim of this research was the formalisation and
systematisation of methods for ensuring data consistency
in DDBMS, taking into account the requirements of the
CAP and PACELC theorems, as well as modern approaches
to the implementation of Data-Centric and Client-Centric
consistency models. Achieving this goal involved the ex-
ecution of the following tasks: analysis and classification
of modern consistency models; identification of the lim-
itations and advantages of each approach in view of the
system type; and determination of practical recommen-
dations for model selection depending on usage scenarios.

Materials and Methods
The research is grounded in a theoretical and analytical
method, which was used to study and compare data consist-
ency models, as well as to analyse and interpret them with-
in the context of the CAP and PACELC theorems. The initial
stage of the study involved the collection and analysis of
information about consistency models from relevant liter-
ature and available technical (or research) documentation.
The models selected for the research were those that are
widespread or have had a significant impact on the devel-
opment of the DDBMS field, such as linearisability, which
significantly influenced subsequent data-centric models.
This stage also included the analysis of existing classifica-
tion methods, such as the division into Data-Centric and
Client-Centric models (proposed in the work by H.N.S. Al-
din et al. (2019)), and methods for formally modelling the
behaviour of distributed systems under various network
conditions. This analysis was carried out based on the cate-
gorisation of systems according to the criteria of consisten-
cy (C), availability (A), partition tolerance (P), and update
latency (L). For systematisation of the results, system types
were categorised: CP, AP, CA (according to CAP), and PA/EL,
PA/EC, PC/EL, PC/EC (according to PACELC (Abadi, 2012)).
Based on the obtained data, an analytical review of
the consistency models was conducted, highlighting their
core architectural principles, advantages, disadvantages,
and typical application scenarios in distributed systems.
This stage involved theoretical modelling of the Data-Cen-
tric and Client-Centric consistency models. A comparative
method was used to contrast the characteristics and prop-
erties of the models, along with expert evaluation of their
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parameters, including the level of consistency, flexibility,
latency, fault tolerance, and potential performance. Sys-
tem-structural analysis was applied to build an independ-
ent classification of characteristics such as those primarily
dependent on theoretical principles and those primarily
dependent on implementation and to define the interrela-
tionships between consistency models.

The next stage of the research was performed by vis-
ualising the acquired data in MS Excel to display the classi-
fication results and facilitate further analysis. To visualise
the relationships between the models’ properties, a gen-
eralised classification table of characteristics was used,
which compares the model type, its correspondence to the
PACELC theorem, and the evaluated expert parameters.
The table allowed for the conceptualisation of the trade-
offs between performance and consistency across different
classes of DDBMS models, as well as trends in more mod-
ern models, such as the prioritisation of availability and
latency according to the PACELC theorem. The use of radar
charts (or spider diagrams) allowed for a graphical compar-
ison of the characteristics’ assessments obtained through
theoretical analysis and enabled the tracking of their
change and dependence on typical usage scenarios of mod-
ern information systems. The results of the analysis served
as the basis for substantiating the choice of an appropriate
consistency model type depending on the system’s target
application scenario, which allows for the adaptation of
the DDBMS architecture to the specified requirements for
availability, performance, or data integrity. The final stage
of the research involved using the comparative method and
content analysis to correlate the obtained data and meth-
ods for classifying characteristics with existing academic
works in the field of DDBMS and distributed systems.

Results and Discussion
An information system consisting of only a single node is
responsible for processing all possible read and write op-
erations, whereas a distributed system has a defined set of
nodes that do this concurrently. If a single-node system be-
comes inoperable, all operations become impossible to exe-
cute. One of the properties of distributed systems is the abil-
ity to continue functioning even when one or more nodes
are inoperable. On the other hand, this creates the potential
for node desynchronisation: network problems can inter-
rupt the data replication process, and simultaneous write
operations on different nodes may conflict with each other.
Data consistency is the property of a distributed sys-
tem to maintain all nodes in a uniform and predictable
state. Data consistency is closely related to and balances
against other system properties and characteristics, such
as performance and availability - ensuring consistency re-
quires additional logic and can limit processing speed, but
it provides specific guarantees regarding data synchroni-
sation between nodes (Ahmed et al., 2023). Data consist-
ency mechanisms help order the execution of concurrent
requests and provide options for system recovery from fail-
ures without data corruption.
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The CAP and PACELC theorems are frequently used to
describe the fundamental limitations in data consistency
models in distributed systems. The CAP theorem (or Brew-
er’s theorem) defines three key characteristics of distribut-
ed systems (Munoz-Escoi et al., 2019):

v Consistency: following any write operation, the
distributed system must return the latest version of the
data upon a read request, regardless of which node the re-
quest was made to (Lourenco et al., 2015).

v Availability: the distributed system must provide a
response to any incoming request, even if a portion of the
nodes are inoperable at the moment the request is being
processed.

v Partition tolerance: in the event of a loss of con-
nection (or other network problems) between several
nodes (splitting the cluster into several parts with limited
communication), the distributed system must continue to
operate and process incoming requests.

The CAP theorem states that a distributed system can
only guarantee the simultaneous assurance of two out of
the three described characteristics/guarantees:

v CP (Consistency & Partition Tolerance) systems
will maintain data consistency in the event of network
problems by limiting availability, i.e., the ability to process
incoming requests. Without limiting availability, nodes
with disrupted communication would be unable to syn-
chronise completed write operations, which would lead to
server desynchronisation and a violation of consistency.

v AP (Availability & Partition Tolerance) systems
operate according to an algorithm opposite to CP systems
nodes continue to process requests, ensuring availability
even in the case of network problems, but the results of
these requests may be inconsistent between nodes. AP
systems often either limit the number of nodes accepting
write requests or switch entirely to processing only read
requests.

v CA (Consistency & Availability) systems always
ensure consistency and availability and, therefore, cannot
continue to operate if network problems occur either all
nodes process requests and synchronise with each other, or
continued operation is impossible. DDBMSs that support
ACID transactions are typically included in this category of
distributed systems.

The CAP theorem focuses its attention on the behav-
iour of a distributed system during cluster partitioning
(when communication problems between nodes occur).
Under normal network conditions, a system can maintain
both consistency and availability simultaneously, regard-
less of its conditional type (CP, AP, or CA). Changes in be-
haviour and state occur only at the moment network prob-
lems arise. The PACELC theorem extends the CAP theorem
by adding a new classification of behaviour in the absence
of system partitioning due to communication problems. If
there are network problems in the distributed system and
the system can potentially be partitioned or partially inop-
erable, the choice described in the CAP theorem (between
data consistency and availability) is applied. However, if
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the system is operating under normal network conditions,
the choice is applied between consistency (C) and update

latency (L) (Golab, 2018). These relationships are visually
represented in the Figure 1.

Network problems
occurred?

Choice
between:

A 4 v

Choice
between:

A 4 A 4

Ensure consistency
(PC-system)

Ensure availability
(PA-system)

Ensure lower
latency (EL-system)

Ensure consistency
(EC-system)

PACELC theorem

Figure 1. Choice in the PACELC theorem
Source: developed by the authors based on research by D. Abadi (2012)

If a system prioritises consistency, any data replication
must include a guarantee that all nodes in the distributed
system are updated before request processing continues.
That is, a data write operation is considered fully complete
when all nodes have received/replicated that operation.
This guarantees the strict consistency required for ACID
transactions but can decrease the speed (increase laten-
cy) of query execution due to the need for communication
among all system nodes.

Conversely, if the distributed system prioritises low-
er latency and greater speed, an operation is considered
complete after being written to just one or a few nodes
(depending on the system’s implementation). Node syn-
chronisation in this scenario is considered a separate,
asynchronous operation that can occur independently of
subsequent write operations. Accordingly, some nodes in
such a distributed system may be inconsistent with the rest
of the cluster at certain times and return stale data.

Combining the behaviour options with and without
network problems, the PACELC theorem divides distribut-
ed systems into four types (Gorbenko et al., 2020):

7 PA/EL: the system prioritises Availability during
communication problems, and Lower Latency during nor-
mal functioning.

7 PA/EC: the system prioritises Availability during
network partitioning, but otherwise prioritises Consistency
over lower latency.

7 PC/EL: the system prioritises Consistency during
network partitioning, but favours Lower Latency under
normal conditions.

7 PC/EC: the system prioritises Consistency both
during network problems and under normal functioning.

It should be noted that the classification of both the-
orems is not rigid - some systems support several types of
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behaviour depending on the choice of the user or admin-
istrator of the DDBMS. For example, Amazon DynamoDB
can be classified as a PA/EL system, i.e., availability and
lower latency are prioritised over consistency, but the user
may require strict data consistency when executing que-
ries — in such cases, DynamoDB will function as a PA/EC
system. In addition to classification according to CAP and
PACELC theorems, there is also a division into data-centric
and client-centric data consistency models (Aldin, 2019).
Data-centric consistency models are built around the rules
for replicating data in a distributed system as a whole. Such
models describe the required behaviour of the entire system
and its states. For example, an data-centric model may in-
cluderules for replicating operations, their ordering,and the
logic for simultaneously processing read or write requests.

Client-centric consistency models describe the rules
of operation within a single client or session, rather than
the system as a whole. Such models typically provide con-
sistency guarantees for operations from a single user, but
the global state of the distributed system or the same op-
erations for another user may be temporarily inconsistent.
For example, a distributed system that prioritises lower
latency can guarantee the consistency of all operations for
a single client - if the same client changes the data and
then reads it immediately, it will always receive the latest
version. However, its operations will not be immediately
replicated to other nodes.

Here are some examples of well-known methods for
ensuring data consistency and their classification. Line-
arizability is an data-centric model that guarantees strict
data consistency. This model is based on the global order-
ing of all operations of a distributed system into a single
list. The actual process of system operation may involve
several clients working in parallel with the same data, but
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the model assumes that between receiving a request and
responding to it, there is a moment when the operation is
considered to be performed instantaneously or atomically
(Park et al., 2024). Also, the time of sending the response
to the request is used to order events, rather than the time
of starting its processing. Using these two concepts, it is
possible to transform any history of requests of a real dis-
tributed system into a single ordered list of events, which
acts as a source of truth for all nodes and thus ensures
strict data consistency. Implementing linearizability in an
DDBMS will require the use of a data locking mechanism or
another system for synchronous replication of operations
between nodes, such as a consensus algorithm. According-
ly, such a system will belong to the PC/EC category accord-
ing to the PACELC theorem.

Sequential consistency is another data-centric model
that is similar to linearisability and orders operations into
a single sequence. The main difference lies in the absence
of ordering based on the completion time of the request ex-
ecution. The global history must include operations from
all nodes in the order they were executed on the respective
server, but the ordering of operations from different nodes
can be arbitrary and does not necessarily reflect their true
execution order (Perrin et al., 2016). Thus, the sequential
model provides less strict data consistency compared to
linearisability. This simplification potentially offers higher
performance for the distributed system, which is well-suited
for distributed NoSQL databases used as a distributed cache.
Accordingly, distributed systems based on the sequential
model can be classified as PC/EL models under PACELC.

Causal consistency is a data-centric consistency mod-
el that only guarantees the preservation of the sequence
of interrelated operations. For example, write and read
requests for two different, unrelated table rows do not af-
fect each other. Therefore, a database management system
based on causal consistency may not maintain a strict or-
der of their execution this will not affect the final state of
the database or change the result of the user’s operation
(Junfeng et al., 2022). However, if the system has informa-
tion about a potential link between operations, such as

reading and updating the same value, their sequence must
be preserved and correctly replicated to all system nodes to
maintain consistency. In such a case, this model will func-
tion similarly to linearisability or sequential consistency.
This flexible approach gives causal consistency even
greater potential operational performance, making it
well-suited for DDBMSs with less strict consistency re-
quirements. This model is more challenging to classify
under PACELC, as its flexibility allows for more freedom
in software implementation. Generally, a system based on
causal consistency is less vulnerable to network problems
and does not require forced node synchronisation unless
the operations are related, so it can be classified as PA/EL.
Another well-known data-centric model is eventual
consistency. It offers the weakest data consistency guaran-
tees of all the models discussed so far, as it does not inher-
ently require operations to be stored in a specific sequence
or ordered on individual system nodes (Xu et al., 2024).
Eventual consistency establishes a synchronisation rule
for the data: in the absence of new updates, the distributed
system will eventually reach the same state on all nodes,
meaning it will become consistent. During request process-
ing and until the synchronisation of all nodes is complete,
a distributed database using eventual consistency may re-
turn stale data. Typically, such systems also have addition-
al mechanisms for writing/updating data to avoid potential
conflicts between nodes during concurrent operations.
Thus, eventual consistency only guarantees that the
distributed system will be consistent at some point in time
but does not impose stricter conditions or limitations on
when this will occur. This simplification provides the highest
potential request processing speed among all the data-cen-
tric models reviewed. Furthermore, eventual consistency is
well-suited for information systems with high availability
requirements, which is why it is used in NoSQL DDBMSs,
such as Amazon DynamoDB. Accordingly, distributed sys-
tems based on eventual consistency can also be classified
into the PA/EL class according to the PACELC theorem. A
generalised comparison of the properties and application
of the reviewed data-centric models is provided in Table 1.

Table 1. Comparison of data-centric consistency models

No. Model name Description

Advantages

Disadvantages Application

Ensures a strict global ordering
of all operations based on the
time of the request response

1 Linearisability

The strictest
guarantees of data
consistency

Banking systems, critical
transaction management
systems, and systems
with mission-critical data

High latency, complex
implementation, low
performance

Ensures a strict ordering of
requests within a single server,
but without coordinating the
order between nodes

5 Sequential
consistency

Simpler
implementation than
linearisability; strict
data consistency

Does not guarantee
the real-time order
of operations in a

distributed cluster

NoSQL databases,
caching systems with low
consistency requirements

Guarantees the ordering of only

Simpler

The need to track causal | Collaborative applications,

3 Causal causally related operations. implementation; links; complexity of the social networks, and
consistency | Independent operations can be no need for global logic depends on the distributed collaborative
executed in any order synchronisation data structure editing environments
The system eventually )
; Lack of strict i .
reaches a uniform state - ; - Web applications, mobile
4 Eventual (synchronises) across all nodes, Highest performance, | guarantees; a possibility applications, and caching

consistency but new updates may not be

immediately reflected

minimal latency

of receiving outdated

data systems.

Source: developed by the authors
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Client-centric consistency models typically describe
the rules for the interaction of a client (or several clients)
with a single node in the system. Thus, consistency guaran-
tees are provided only for requests sent specifically to that
node, while the distributed system as a whole may be in an
inconsistent state or synchronise according to other rules.
The read-your-writes model guarantees that if a request to
write/update data has been successfully executed, all sub-
sequent requests to read data will return the updated value
corresponding to the previous changes. The main difference
between this model and others is the need to maintain the
order of operations for only one client on a given node; there
is no global ordering at the time of the request, and the sys-
tem may appear inconsistent to other clients until synchro-
nisation occurs (Aldin et al., 2020). Due to the absence of
global synchronisation rules, the read-write consistency
model is somewhat similar to the eventual consistency mod-
el, but provides more stable behaviour within the operations
of a single client (as long as that client is connected to the
same node). Therefore, this model is well suited for DDBMSs
for data caching or for information systems where a large
amount of information is tied to specific users and the risks
of conflicts during global synchronisation are lower. Accord-
ing to PACELC, this model can be classified as PA/EL.

The monotonic reads model is a client-centric model
that guarantees data reads within a single session. If the
client is connected to the same node, all data read opera-
tions will be consistent — the results of new queries cannot
return an older version of information than that already
provided in previous queries (Campélo et al., 2020). Sim-
ilar to the read-write consistency model, such a distribut-
ed system does not require global ordering of operations
and does not restrict the data synchronisation process - it
can be asynchronous and initiated by an individual node as
needed. On the other hand, the monotonic read model does
not provide any guarantees for data update requests — they
may appear inconsistent even within a single server. This
model is well suited for implementing DDBMS for work-
ing with cache or information systems where most of the
load consists of read operations. According to PACELC, this
model can also be classified as PA/EL.

The monotonic write model is a data consistency mod-
el that guarantees the ordering of write operations accord-
ing to the order in which the client initiated them (Tagh-
inezhad-Niar, 2024). That is, if a client has made several
writes in sequence, the order in which they will be written
to the distributed system node will be exactly the same. It
is important to consider some limitations of this model:
first, ordering guarantees are only provided for operations
of a single client, as in other client-centric models. That

is, there is no global ordering, and the overall list of oper-
ations may differ on each node, but the operations of each
individual node will have the correct order of execution.
Second, this model does not provide consistency guaran-
tees when reading data, so each client may receive both
new and stale data in response to its query.

The monotonic record model, similar to other models
of this class, can be classified as PA/EL type according to
the PACELC theorem. A DDBMS with monotonic record
consistency is most useful for applications with multi-us-
er data editing, such as online document editors, so that
individual users’ edits are correctly ordered. However, this
model can also be used in certain types of caching systems.

The Session Causality model (also known as Write
Follows Reads Consistency) is a client-centric model that
resembles a simplified version of the data-centric caus-
al consistency model. While causal consistency orders all
causally related operations at the level of the system as a
whole, the Session Causality model tracks only the read-
write operations of a single client (Viotti & Vukoli¢, 2016).
The model makes the logical assumption that a data read
operation might prompt the client to certain actions, in-
cluding a data write operation. Accordingly, the write re-
quest must be processed on those distributed system nodes
where the data is no older than what the client last read.
This preserves the cause-and-effect relationship of opera-
tions within a single session. The session causality model
can similarly be classified as PA/EL, and its application sce-
narios in distributed systems and DDBMSs are analogous
to other client-centric models.

While data-centric models describe the logic of data
consistency at the level of the entire distributed system,
client-centric models give only limited guarantees con-
cerning specific events, and in most usage scenarios, they
do not conflict with each other. As a result, a distributed
system may implement several different consistency guar-
antees at once this approach is distinguished as a sepa-
rate model called Session consistency (Wang et al., 2024)
or the Session consistency model. Typically, the session
consistency model incorporates the guarantees of all four
reviewed client-centric models: Read-your-writes, Mono-
tonic Reads, Monotonic Writes, and Session Causality how-
ever, the actual implementation of the information system
may include other or modified guarantees. Furthermore, it
should be noted that all reviewed models only offer rules
for data consistency within a session; the actual mecha-
nisms for synchronising this data and resolving potential
conflicts remain unaddressed. A generalised comparison of
the properties and application of the reviewed client-cen-
tric models is provided in Table 2.

Table 2. Comparison of client-centric consistency models

' No. | Model name Description

Advantages

Disadvantages Application

Guarantees local
consistency within a
user's session - after a
write, a client only sees
updated data

1 | Read-your-writes

Guarantee of
sequentiality for
the user; easy to

understand

Systems with personal data,
user profiles,
and caching systems

Potential for conflicts
between different clients
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Table 2. Continued

No. Model name

Description

Advantages

Disadvantages

Application

2 | Monotonic reads

Guarantees that a client
will never read data older
than what they were
previously read

Stable consistency in
reading

Does not guarantee correct
writes; it is possible to get
outdated information for
other users

Analytical systems, reading
logs, and statistical
overviews

A single client’s writes

No guarantees on reads;

consistency

client-centric models

preserves client
interaction logic

the user's session

3 M(\)/\?r?tteosmc occur in the same order in Preser\clrelzr:hzsloglc of possible conflicts between OnI(l:r;ente}gllt(S)rss,tZrenrzlon
which they were initiated. ges. clients Y
. Guarantees causal links Strict consistency Complex to implement, . .
4 ;eusss;ﬁtn between operations for a within a single latency during relationship dogL?rILae%?;atcl\llgu%dItllgt%oor;s
y single client. session or user checks ' P
Session A comprehensive model I;Iggnhsei;telgga_l Does not guarantee global Int:r?grt]gﬁsvggZ:R?gg:t?nnds'
5 that combines all previous y; consistency; dependent on P !

mobile applications that
maintain session state

Source: developed by the authors

The comparisons in Tables 2 and 3 were conducted
based on the models’ main advantages, disadvantages,
and typical application scenarios. Such an analysis allows
for the identification of development trends, particular-
ly when comparing consistency models within the same
class. For instance, in both tables, later models show not
only improvements in functional characteristics, such as
increased speed or local consistency, but also an orien-
tation towards use in mobile and web applications. Since
most models have varying degrees of formalisation with-
out a golden standard implementation, it’s impossible to
compare them using specific numerical values. However,
the existing classification systems for these consistency
models can be expanded by relatively comparing individu-
al characteristics and properties.

The model type comparison uses the classical division
into data-centric and client-centric models. This character-
istic should be considered first when comparing the models
against each other, as, although most client-centric models
offer a high degree of consistency, this consistency is lim-
ited to the session between the system node and the client.
Only a data-centric model can fully ensure data consisten-
cy purely between the nodes of a distributed system. The
PACELC Class describes the models’ behaviour according to
the PACELC theorem, allowing them to be quickly classified
based on their actions under normal operation and in the
presence of network problems. Other characteristics use
relative assessments based on available theoretical data
and application examples. The defined characteristics and
metrics of the models are presented in Table 3.

Table 3. Characteristics of data consistency models

Consistency model Model type Pﬁggtc cg:g{:,;ﬁ:y Latency Flexibility tollt::::ce pepr;)gfgt;zlce

Linearisability Data-centric PC/EC High High Low Medium Low

csoen(llijsetnetrilily Data-centric PC/EL Mlligiisl/m Medium Medium Medium Medium

Causal consistency Data-centric PA/EL Medium Low High Medium Medium
coEr\llsigigﬁlcy Data-centric PA/EL Low Low High High High
Read-your-writes Client-centric PA/EL Locally medium Low Low Medium High
Monotonic reads Client-centric PA/EL Locally medium Low Low Medium High
Monotonic writes Client-centric PA/EL Locally medium Low Low Medium High
Session causality Client-centric PA/EL Locally high Medium Low Medium High
Session consistency | Client-centric PA/EL Locally high Low Medium Medium High

Source: developed by the authors

According to the assessments, the data-centric models
demonstrate a gradation from strict consistency guaran-
tees with high latency to weak guarantees with improved
performance, which can also be linked to the changing ap-
plication scope of the respective DDBMSs in Tables 1-2. cli-
ent-centric models achieve a locally high level of consist-
ency while maintaining low global latency, making them
suitable for use in information systems without high data
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integrity requirements. It is worth noting that the major-
ity of the reviewed models are classified as PA/EL, which
indicates a greater focus on availability and low latency
in modern DDBMSs. Furthermore, the selected metrics
for relative comparison can be tentatively divided into
two categories — those primarily dependent on theoretical
principles and those primarily dependent on implementa-
tion, as shown in Figure 2.
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Figure 2. Classification of characteristics for comparing consistency models

Source: developed by the authors

This classification reflects only a tendency towards one
side or the other. True (non-relative) assessments must be
made only when a reference implementation is available
for each of the data consistency models under review. For
example, flexibility was classified as a characteristic pri-
marily dependent on theoretical principles, but of all other
metrics in this category, it is the most susceptible to the
specifics of practical software implementation. According-
ly, it has a special designation on the diagram.

Degree of consistency and latency characterise the
main parameters of the reviewed models what data con-
sistency guarantees are provided between nodes and how
strongly these guarantees affect performance. It is impor-
tant to note that the assigned scores are relative and based
on available theoretical knowledge, so they should only
be used to compare the reviewed models with each other.
Also, since client-centric models do not account for con-
sistency with other nodes, a different measure of consist-
ency is used for their classification.

Flexibility and fault tolerance characterise the potential
ability of a distributed system with a certain type of con-
sistency to adapt to changes (including the inoperability

Linearisability
Degree of consistency
3

2
Potential

performance Latency

Flexibility
Fault tolerance’

Causal consistency
Degree of consistency
3

2
Potential

Latency
performance

Fault tolerance" Flexibility

of individual nodes) and various usage scenarios. Automa-
tion of the recovery process, data replication frequency,
and actual downtime are important factors when choosing
both a disaster recovery strategy and the consistency mod-
el in which it will be used (Myrhodskyy et al., 2023). Poten-
tial performance summarises all preceding characteristics
for a relative comparison of the operational efficiency of
different models against each other.

If scores from 1 to 3 are used instead of the “low”-
“high” gradation for the reviewed characteristics, a ra-
dar chart can be constructed for each consistency model.
This type of chart allows for a more visual comparison
of the models a larger area on the radar chart signifies
greater universality and a higher overall score relative
to other consistency models. It should be noted that la-
tency is a negative characteristic, so its correspondence
between the verbal gradation and the scores is inverse —
a model with high latency receives a score of 1. Due to
the specifics of the degree of consistency in client-cen-
tric models, their comparison should be conducted sep-
arately. The radar charts for data-centric models are
shown in Figure 3.

Sequential consistency
Degree of consistency

3

Degree of Latency
consistency
Fault tolerance ° Flexibility

Eventual consistency
Degree of consistency

3
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Potential

Latency
performance
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Figure 3. Comparison of data-centric consistency models

Source: developed by the authors
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The charts allow to track changes in characteristics when
transitioning to progressively weaker data-centric models.
Linearisability, sequential consistency, and causal consist-
ency are similar to one another, but each successive model
reduces the complexity of the consistency guarantees. This,
in turn, reduces implementation complexity and operation
execution time, allowing for improvements in the models’

Read-your-writes consistency

Degree of consistency
3

Potential Potential
performance Latency performance
Fault tolerance ' Flexibility Fault tolerance

Session causality

Degree of consistency
3

Monotonic reads
Degree of consistency

3

latency, potential performance, and flexibility. Under these
conditions, eventual consistency, with the weakest guaran-
tees, shows the best potential performance and other charac-
teristics provided that such a degree of consistency satisfies
the requirements of the specific distributed information sys-
tem. The radar charts for client-centric models, shown in Fig-
ure 4, display different relationships between characteristics.

Monotonic writes model

Degree of consistency
3

Potential
Latency performance Latency
Flexibility Fault tolerance Flexibility

Session consistency

Degree of consistency
3

Potential Potential
performance Latency performance Latency
Fault tolerance * Flexibility Fault tolerance * Flexibility

Figure 4. Comparison of data-centric consistency models

Source: developed by the authors

Read-your-writes, monotonic reads, and monotonic
writes all exhibit similar metrics due to comparable con-
straints inherent in their architectural principles. Although
they specialise in different application scenarios, their po-
tential performance and flexibility remain similar under the
best conditions for each model. The final two models, ses-
sion causality and session consistency, stand out for having
better characteristics due to their hybrid architecture. ses-
sion causality has a higher degree of consistency due to its
kinship with data-centric models, while the superior met-
rics of session consistency are possible only through the
absence of additional constraints in client-centric models,
allowing multiple approaches to be applied simultaneously
to cover the widest range of application scenarios.

It is worth noting that while the comparison is theoret-
ical, it allows to track a certain trend: older data consistency
models with stricter guarantees are less flexible and less per-
formant, whereas the best speed, even at a theoretical level,
is offered by models and methods with the minimum degree
of global consistency. Thus, maintaining data in a consistent
state is a complex task that is directly interconnected with
other properties and characteristics of the created distrib-
uted system. The researched information and theoretical
foundations of existing consistency models can be used to
develop a proprietary method for ensuring data consistency
that can cover a broader spectrum of application scenarios.

The results obtained are particularly interesting in
the context of comparison with the research by E. Brew-
er (2012), where the author of the original CAP theorem
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reviews its application in a modern context. The author’s
analysis determined that the balance between consistency
and availability can vary depending on the DDBMS sub-
system or the current operation. This suggests that clas-
sifying models according to intermediate consistency lev-
els is appropriate, which aligns with the results obtained
from the analysis of data-centric models, where the level
of guarantees is reduced to speed up operations. However,
the author emphasised the need to develop and integrate
mechanisms for operability and recovery under network
problems, which was only partially addressed in this work
during the analysis of client-centric models.

A similar analysis of consistency models was per-
formed by H.N.S. Aldin et al. (2019), which considers not
only data-centric and client-centric models but also newer
hybrid solutions. The authors examined only the general
operating principles of the models and their architectur-
al solutions, without the detailed identification and com-
parison of their characteristics performed in this study.
However, their focus on additional DDBMS characteristics
is important, such as issues of scalability, security, cost op-
timisation (which is particularly crucial in the context of
using cloud providers), handling stale data, and the energy
efficiency of modern distributed systems.

Similar results were obtained in the study by R. Cat-
tell (2011), where the main focus was on comparing the
SQL and NoSQL systems that use the consistency models,
rather than the models themselves. The author conduct-
ed a broad analysis of key-value and document-oriented
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DDBMSs, as well as considering the problems of classic re-
lational systems. Based on this, the author predicted the
continued proliferation of systems using a lesser degree
of consistency to improve other characteristics - a sim-
ilar trend was found during this research, exemplified by
the development of data-centric systems. The analysis by
Z. Mahfoud & N. Nouali-Taboudjemat (2019) also consid-
ers the classification of consistency models in the context
of the CAP and PACELC theorems, but places a greater fo-
cus on existing distributed systems from the largest cloud
providers, including Amazon Web Services, Google Cloud,
and Microsoft Azure. Furthermore, the researchers analyse
the possibilities of using multiple consistency models in
a single DDBMS depending on the concept, which is rep-
resented in some software products, but a more detailed
comparison of properties and characteristics, as performed
in the current research, is absent.

The work by M. Diogo et al. (2019) is based on most
of the reviewed consistency models, but with less focus on
the data-centric sphere. Moreover, it analyses the practical
implementation of these models in existing software prod-
ucts, including hybrid solutions like Cassandra, MongoDB,
and Neo4j. This allowed the authors to gain a broader rep-
resentation of consistency model application scenarios,
but the resulting comparison was based solely on the CAP
theorem, without a more detailed investigation of behav-
iour according to PACELC or other systems. An analysis
and classification system similar to those used in this re-
search can be found in the work by B. Pradeep (2023). The
author investigated the features of the CAP theorem, its
drawbacks, and similarly arrived at a classification using
PACELC and a relative comparison of consistency models
using the characteristics of latency, core operating prin-
ciples, and application scenarios. A significant difference
is the consideration of the coordination complexity of
data-centric models when scaling DDBMSs. However, the
author did not explore the application and comparison of
client-centric consistency models.

The trade-off between the level of data consistency
and system speed and availability identified in this re-
search is also tracked in the work by D. Nguyen et al. (2019).
The authors detail the operating principles and limitations
of eventual and sequential consistency models, model-
ling various implementations of DDBMSs and their spe-
cific mechanisms in the context of performance improve-
ment, which provides extensive practical data for further
research. However, the analysis and comparison of other
models with a weaker degree of consistency, as well as the
possibilities of applying client-centric models which are
particularly important in the context of key-value DDBMSs
on which the work is focused remains unresolved.

Conclusions

In this article, a comprehensive analysis of methods for
ensuring data consistency in distributed database manage-
ment systems was carried out. Consistency serves as a key
factor in ensuring the correct operation of such systems in
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a multi-node environment where both network failures and
conflicting write operations are possible. It has been estab-
lished that consistency mechanisms play a critical role in
maintaining the reliability and predictability of data, espe-
cially with concurrent access and asynchronous replication.

As a result of the research, the main approaches to
classifying consistency models were systematised based on
the CAP and PACELC theorems, with an emphasis on prac-
tical trade-offs between consistency, availability, latency,
and resistance to cluster partitioning. Data-Centric models
(linearisability, sequential consistency, causal consisten-
cy, eventual consistency) and Client-Centric models (read-
your-writes, monotonic reads, monotonic writes, session
causality, session consistency) were analysed. Based on the
analysis, their advantages, disadvantages, and application
scenarios were determined, and a comparison was per-
formed across a range of selected characteristics, such as
the degree of consistency, fault tolerance, flexibility, latency,
and potential performance. The comparison allowed to es-
tablish a relationship between the degree of consistency and
performance among the data-centric models: the principles
of linearisability and sequential consistency provide better
consistency guarantees but suffer from higher latency and
lower potential performance. At the same time, client-cen-
tric models have a narrower scope of application as they
only provide data consistency guarantees within a session
or within a single node and a few clients, but in such usage
scenarios, they show good performance and performance.

The causal and eventual consistency models can be
highlighted as the most promising for further research
and development. The causal model shows a good balance
between the selected characteristics while maintaining a
sufficiently high degree of data consistency, and the even-
tual model offers potentially the best performance among
data-centric models. Among the client-centric models,
session consistency is worth noting, as it combines most
of the characteristics of the other models in this category
and is the most universal and effective. Due to a different
synchronisation mechanism, this model is not suitable for
resolving conflicts between nodes and cannot be directly
compared with data-centric models, but its principles can
be used to develop specific methods within dynamic or
adaptive data consistency models. Further research should
focus on finding ways to improve the performance and
fault tolerance of the causal consistency model, enhanc-
ing the degree of consistency in the eventual model while
preserving other metrics, and researching and developing
adaptive and dynamic consistency models.
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AHoTauig. BukopucraHHs posnomiieHoi iHdpacTpykTypu st 3abeslevyeHHs MacmTaGoBaHOCTI Ta BWUCOKOI
MOCTYITHOCTI CTBOPIOE HOBi BUKJIMKM IJISI ATPUMKM Y3TOIKEHOCTi JaHUX MiX By3jaMy iHGOPMAaIiiHUX CUCTEM, IO
CTPiMKO 3POCTalOTh Ta BUMAralTh HAJiMHOTO YIPaBIiHHS JaHMMM 7151 KOPEKTHOI poboTu. MeToro HoctinskeHHs Oyna
KOMIIJIEKCHA CHMCTeMaTK3allisl Ta MOPiBHSJIbHMUIT aHa/li3 MeTOAiB 3a6e3MeueHHs] y3roAsKeHOCTi JaHUX Y PO3MOLiIeHNUX
cucTeMax KepyBaHHSI 6a3amMy JaHUX, BPaxoByOuM (yHIaMeHTalTbHi KOMIIPOMICH MiX Y3TOIKEeHICTIO, TOCTYIHICTIO
Ta 3aTPUMMKAMM OHOBJIEHHSI, 10 onucyloTbesl TeopemMamyu CAP ta PACELC. [Ins1 LOCSITHEHHSI MeTU 6y/10 BUKOPUCTAHO
MeTOAM TEeOPeTUYHOro aHasidy, GOpMaJbHOTO MOIETIOBAHHS IOBEJiHKM CHUCTEeM Ta MOPiBHSIBHOTO €KCIIePTHOTO
OIiHIOBaHHSI. B pe3ysbrati JocstigkeHHs 6Y/I0 CMCTEMATU30BaHO MOIeIi Y3TO/IKEHOCTI 3a IBOMa OCHOBHMMMU ITiIXOJaMu :
iHopMalifiHO-Opi€EHTOBAaHMM Ta KJIi€HTOOPi€EHTOBAaHMM. B paMKax MNepIIoro MiIxXomy MpoaHaai30BaHO MOAeNi, Lo
BM3HAUAIOTh IVIOOAabHY IMOBEAIHKY CUCTEMU: JIiHeapU30BHIiCTb, MOCIILOBHY, MPUUYMHHY Ta KiHIEBY Y3TOIKEHICTb.
Jlig KOXXHO1 Mopelli BU3HAUEHO IepeBaru, HeJoMiKM Ta TUIIOBI CLieHapii 3acTOCyBaHHS. Y paMKax Jpyroro miJxomy
PO3IJISIHYTO KJII€EHTOOPi€EHTOBAaHiI MoOJesli, 1[0 HaJalTh rapaHTii B Mexax cecii OgHOro KopucTyBaya: y3roJKeHiCTb
YMUTaAHHS i 3a111CY, MOHOTOHHE 3UMTYBaHHS, MOHOTOHHMII 3aIIMC Ta CeCiiiHy IPUYMHHICTh. 3alIPOIIOHOBAHO y3arajbHeHY
Kkiacudikalio, sika Bizyamisye CIiBBiJHOIIEHHS MiX CTYIIEHEM Y3TOAXKEHOCTI, 3aTpMMKaMM, THYUKICTIO, CTiliKiCTIO
[0 360iB Ta MOTEHI[i/fHOI0 MPOLYKTUBHICTIO 151 KOKHOI Mozei. [IpoBefeHO MOPiBHSIHHS YCiX PO3IISIHYTUX MoJeneit
Y3TOMKEHOCTI ITaHMX 3a JOIMOMOIOI0 psiny BimibpaHux icTOTHMX XapakTepucTuk (kiac 3a PACELC, y3romKeHicTb,
CTiliKicTh o 360iB, MOTEeHIiliHA MPOSYKTUBHICTh TOIIO) Ta AiarpaM Ha OCHOBi ix mapameTpiB. I[IpakTM4Ha LiHHICTH
poboTu nosisirae y GopMy/II0BaHHI YiTKMX PEKOMEH/Ialliii 11[0/10 BUOOPY ONTUMAaIbHOI MO/IEJTi Y3TO/ISKEHOCTI 3aIEXKHO Bif,
BMMOT [0 HaJiliHOCTi, MPOAYKTUBHOCTI Ta apXiTeKTypHUX ocobnmBocTeit iHbopmaliiiHoi cuctemu. PesynbTaT MOXKYTb
6yTV BMKOPUCTaHi s MiagBUIeHHsT eeKTUBHOCTI TPOEKTYBAHHS PO3MOJiIeHNX 6a3 ZAaHMUX Y BUCOKOHABaHTAsKEHUX
cucTeMax, Takux Ik GpiHaHCOBi cepBicy, mnaTdopmu IHTepHeTY peueit Ta XMapHi 3aCTOCYHKU

KniouoBi cnoBa: posmnogineni cucremu; iHGopMaLiiiHO-0pieHTOBAHA Y3rOIKEHICTh ; KITI€HTOOPi€HTOBAHA Y3IOIKEHICTh;
CAP-teopema; PACELC; cucTeMHa JOCTYIIHICTb; BiAMOBOCTiliKiCThb
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