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Abstract. Analysing and selecting algorithms for collaborative text editing, especially implementing conflict-free
replicated data types, is critical to understanding how modern systems can achieve real-time collaboration while
ensuring data integrity. The purpose of the study is to review various collaborative editing algorithms and conduct
a comparative analysis to understand their advantages, disadvantages, and applications. Statistical methods,
methods for analysing algorithms and their use in real-world scenarios are used. The study results showed
that the use of collaborative text editing algorithms contributes to solving important tasks and challenges in
the modern world of information technology. Collaborative editing algorithms are determined to facilitate real-
time communication and information exchange. This is especially important in the context of remote work and
communication,which have become the standard for many organisations. Collaborative text editing is widely used
invarious fields and industries where teamwork, real-time collaboration,and document sharing are essential, such
as scientific research, education, software development, book and manuscript editing, legal cooperation, contract
draughting, medical reports, etc. In addition, using optimised collaborative editing algorithms helps reduce the
time required to process data and create text materials. Collaborative editing algorithms have a wide range of
applications in research, business, and education. They allow teams and individual users to solve problems more
efficiently and work together on projects. The ability to use the results obtained in practical activities will allow
using algorithms for joint text editing for further innovation and development of information technologies, which
will allow working together and exchanging information with the whole world in real-time
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INTRODUCTION

The relevance of this study lies in the development of  tool for editing text and large amounts of information,
conflict-free replicated data type algorithms (CRDT), and working together on a document. In addition, the
which are becoming an essential part of digital life use of collaborative text editing algorithms can help
and have a wide range of applications in various in- increase efficiency and productivity. Due to CRDT, us-
dustries. The use of CRDT has become an important ers can work together on texts in real-time, make joint
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edits and changes. This is especially important in teams
and groups of people working on joint projects or doc-
uments from a distance. Research on collaborative
text editing algorithms is important because it helps
understand how these algorithms work, their advan-
tages, and limitations. This opens up the possibility
of developing new and improved collaborative editing
techniques that help improve the efficiency and pro-
ductivity of working with texts. Such investigations
can also have practical applications in various fields,
including education, scientific, business, etc.

The main problem of the study is the preservation
of consistency in distributed systems, as they are be-
coming more common in the modern digital world, and
the emergence of conflict situations when trying to up-
date data simultaneously. This problem is particularly
relevant in modern digital world, where working to-
gether on documents and data in real-time is becoming
the standard. Investigating collaborative text editing
algorithms allows understanding how these algorithms
help solve this problem and what aspects of distributed
systems and conflicting text editing affect their con-
sistency and efficiency. The study results can have im-
portant practical applications for developing systems
that provide reliable and conflict-free collaborative text
editing, which is becoming an increasingly important
aspect in the modern world of information technology.

According to N. Saquib et al. (2022), CRDT (Con-
flict-free Replicated Data Types) are abstract data
types that provide a principled approach to asynchro-
nous data mismatch matching. The researchers not-
ed that this is very important for modern distributed
systems, where data access must be reliable and fast,
even in possible data discrepancies. The paper does
not provide detailed instructions on the practical im-
plementation of algorithms. A study on cloud services
that support real-time document collaboration was
conducted by O. Medvedovska and V. Yatsenko (2021).
They examined the functionality of individual applica-
tions, such as Google Docs and Google Drive, that use
CRDT structures. The results obtained proved that the
use of a tool that supports joint work on the document
showed labour efficiency. The study does not consid-
er collaborative text editing algorithms as an object
of research, but the effectiveness of using these algo-
rithms can be seen in the example of the Google Docs
cloud environment since collaboration on a document
is conducted without conflicts.

F. Hu and R.H. Trivedi (2020) used the RGA (Rep-
licated Growable Array) algorithm to position a hotel
brand and map the competitive landscape using text-
based content analysis. This approach demonstrates
the importance of collaborative text editing algorithms
in various areas, including analysing large amounts of
text information for making business decisions and im-
proving brand strategies. The use of algorithms such as
RGA helps in effective data management and analysis and
in solving tasks related to text editing and collaboration
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on documents and information. However, the study
does not include a comparative analysis of the RGA al-
gorithm with other text analysis methods.

According to M. Kleppmann et al. (2021), replicat-
ed tree data structures are the fundamental building
block of distributed file systems. Their paper intro-
duced the LSEQ (Logarithmic Sequence) algorithm,
which handles arbitrary simultaneous modifications
on trees while ensuring that the tree structure remains
valid. However, this paper does not provide detailed
guidance on the practical implementation of the LSEQ
algorithm. O. Shchetynina et al. (2022) reviewed the
Trello multi-platform project management system. In
the study, an experiment was conducted that proved
the effectiveness of using Trello. The paper did not
consider CRDT as an object of research, but an exper-
iment and the use of the Trello platform demonstrat-
ed the effectiveness of using these algorithms. From
a study by H.H. Kirychek and A.l. Chubich (2020), this
platform uses a project management paradigm known
as kanban. This paradigm uses methods that prevent
overloading team members.

According to D.Brahneborg et al. (2022), most CRDTs
are based on some variant of atomic translation, as this
allows them to maintain causal relationships between
updates of multiple objects. However, the overhead of
this atomic translation is unnecessary in systems that
process only independent CRDT objects. The research-
ers identified a set of use cases for tracking resource
usage, where there is a need for a replication mech-
anism with less complexity and network usage com-
pared to using atomic translation. The study does not
include a comparative analysis of CRDT with other data
replication methods, including traditional approaches.

The purpose of the study is to review and compare
CRDTs, such as Logoot, RGA, LSEQ, Astrong, and under-
stand the advantages and disadvantages of each of the
algorithms. The following tasks were formed in the ex-
amination of joint text editing algorithms to achieve this
goal: detailed analysis of joint text editing algorithms,
in particular, Logoot, RGA, LSEQ, and Astrong, with the
definition of their basic principles and functionality;
identifying the advantages and disadvantages of each
of these algorithms to evaluate their effectiveness and
suitability for specific use cases; considering the prob-
lems of conflicts and consistency that may arise when
using these algorithms and suggesting possible strate-
gies for solving them. This study can help to understand
the algorithms used in text editing and create new ap-
proaches to collaborative text editing.

MATERIALS AND METHODS

By analysing the papers of researchers such as:
B. Nédelec et al. (2013), M. Nicolas et al. (2020) and
F.Jacob et al. (2021),data containing information about
the performance and efficiency of various algorithms
and their functioning under different usage condi-
tions were selected. This analysis allowed obtaining
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objective information on how different text editing
algorithms work in real-world scenarios. Using this,
the advantages and disadvantages of each of the al-
gorithms under study, their performance, and their
interaction with other parts of the system were es-
tablished. This approach collecting objective data that
plays an important role in making informed decisions
when choosing and configuring algorithms for specific
applications.

In addition, statistical methods were used for a de-
tailed examination of joint text editing algorithms. Us-
ing these methods allowed conducting a quantitative
analysis of data to determine the statistical importance
of various parameters and factors affecting the perfor-
mance of algorithms. Statistical methods also helped in
the comparative analysis of various algorithms, identi-
fying their advantages and disadvantages in terms of
statistical indicators. This approach allowed obtaining
objective data on the effectiveness and performance of
various CRDTs, which is important for making informed
decisions when choosing a specific algorithm for a spe-
cific application. This analysis also allowed identifying
opportunities for improving and optimising existing al-
gorithms to improve their efficiency.

In the course of the study, the method of analysing
algorithms was used. This technique involved a detailed
review and analysis of the operation of specific algo-
rithms for joint text editing and their theoretical foun-
dations. The analysis of algorithms helped to reveal the
specifics and features of each algorithm, understand
exactly how they solve the problem of joint text editing
and what aspects are important for their effective work.
In addition, using the analysis, it was possible to deter-
mine exactly how each algorithm solves the problem
of joint text editing. The analysis method thoroughly
investigated the mechanisms underlying various CRDTs
and allowed understanding how they handle and syn-
chronise text editing between users.

Algorithms such as Logoot, RGA, LSEQ, and Astrong
were also considered. These algorithms were chosen
for examination and comparison because of their rel-
evance and importance in the field of collaborative
text editing. The selected algorithms are representa-
tive examples of different approaches to solving the
problem of joint text editing, and each of them has its
own unique features and advantages. A comparative
analysis of these algorithms allowed identifying which
specific algorithms were more effective under certain
conditions. A detailed analysis of the data identified
the strengths and weaknesses of each algorithm, their
speed and stability under different conditions of use.
Implementation methods were considered for some of
the above algorithms. This enabled a greater under-
standing of how these algorithms can be implemented
in practise. In addition, the implementation of algo-
rithms allowed clearly understanding the functioning
of the algorithm and determining how they interact
with real data and users in specific conditions.

RESULTS

Detailed overview of CRDT collaborative text editing al-
gorithms and their functions. For a better understanding
of collaborative text editing algorithms, it is necessary
to get familiarised with the theoretical aspects and us-
age examples. Notably, an important aspect in examin-
ing of CRDT is the understanding of conflict-proof rep-
licated data structures that underlie many collaborative
text editing algorithms. In this section, the algorithms
that are widely used in practise are discussed. Logoot is
a CRDT algorithm for supporting collaborative editing
on distributed systems. It was presented by S. Weiss et
al. (2009). Logoot was designed to provide better per-
formance than previous CRDT algorithms such as Tree-
doc and WOOT (WithOut Operational Transforms). Lo-
goot is based on the idea of encoding each element in
a data structure using a sequence of integers, enabling
the efficient insertion and deletion operations.

The Logoot algorithm presented an editable doc-
ument as a sequence of lines, where each line is a se-
quence of characters. Each character was represented
as a tuple (i, c), where i — the unique identifier for that
character and c - its value. Logoot gave each character
a unique identifier, encoding its position in the docu-
ment using a sequence of integers. Logoot used a tree-
based data structure, which allowed efficient character
insertion and deletion operations and fast search and
retrieval. Figure 1 shows part of the Logoot algorithm
implementation code.

import Logoot exposing (empty, insert, toList)
pid = (1(2,3)], 0)
logoot1 = empty
|> insert pid "hey!"
|> remove pid "hey!"
|> toList
logoot2 = empty
|> remove pid "hey!"
|> insert pid "hey!"
|> toList
result = logootl == logoot2 -- True

Figure 1. Implementation of part of the Logoot
algorithm in the Elm programming language
Source: GitHub (2016)

The presented code demonstrated the ‘commutativ-
ity” property of the Logoot algorithm when inserting and
deleting characters. Notably, Logoot ensures that char-
acter insertion and deletion operations are commuted,
meaning that the order in which they are performed
does not affect the final result. Logoot supports three
key operations: insert, delete, and merge. Logoot first
generates a unique identifier for that character based
on its position in the document to insert a new char-
acter into a document. The ID consisted of a sequence
of integers that indicated a place in the document
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structure. The algorithm then found a suitable place to
insert a new character in the document, considering the
order of identifiers. This allowed inserting characters in
the correct order and ensuring that their IDs are unique.
After that, the document structure was updated accord-
ingly. Logoot simply marks the character as deleted,
setting its value to null to remove a character from a
document. The deletion operation does not remove the
character from the document but marks it as deleted,
which allows saving the document’s editing history and
resolving contradictions between different versions.
Merging was used to resolve contradictions between
different versions of a document that were edited simul-
taneously by different users. Logoot has integrated two
versions of the document, applying changes from each
version in the order they are executed. This maintains
the consistency of the document and avoids conflicts.

The algorithm showed good performance in
terms of scalability and memory usage. It can process
documents of any size, and its memory usage increas-
es logarithmically with the document size. Logoot also
proved to be faster than previous CRDT algorithms,
such as Treedoc and WOQT, especially for large docu-
ments. In one study, Logoot was compared with other
CRDT algorithms for collective real-time editing. The
results showed that Logoot has the best performance
in terms of speed with low latency and high through-
put while maintaining consistency and correctness
(Karayel & Gonzalez, 2022). RGA is a CRDT algorithm
for supporting list-like data structures in distributed
systems. It was introduced by Hyun-Gul Roh, Myeongjae
Jeon, Jin-Soo Kim, and Joonwon Lee in 2011. RGA was
designed to address the limitations of previous CRDT
algorithms for Llist-like data structures such as WOOT
and Treedoc. These algorithms were inefficient for large
lists or for many simultaneous edits. RGA is based on a
sequence of positions and characters, similar to Logoot,
but uses the latest method for processing simultaneous
edits (Roh et al, 2011).

The algorithm represented a list as a sequence of
positions and symbols. Each position represented the
location of a character in the list, and each character
had a unique identifier and value. Unlike Logoot and
LSEQ, RGA did not use a hierarchical data structure but
presented the list as a sequence of nodes connected
by pointers. Figure 2 shows part of the implementa-
tion code for this algorithm. The above code is a rep-
resentation of the sequence of operations for editing a
document in joint text editing. RGA supports two main
operations: insert and delete. Each character in the
document has its own unique identifier, which is gener-
ated based on its value and position in the document.
This allowed accurately defining each character and
avoiding conflicts when inserting at the same time. RGA
generates a unique identifier based on the previous and
next characters in the sequence and assigned the char-
acter a position between them to insert a new charac-
ter. This allowed inserting characters at any point in the
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sequence. RGA marked it as deleted, setting its value to
null to delete the character. Deleted characters are not
removed from the data structure, but they are marked
as deleted and excluded from subsequent operations. If
there are conflicts where two or more users delete or
insert characters in the same place, the RGA uses the
“bookmarks” technique (special markers that indicate
that the character has been deleted). They are distribut-
ed to other nodes in the system to ensure consistency.

agent: ‘abc/,

seq: 10,

ops: [{
type: 'insert’, // <-- This insert is (‘abc', 10)
content: X,

5 {
type: 'delete’, // <-- deletes don't bump the version

5o
type: 'insert’, // <-- This insert is (‘abc, 11)
content: 'y,

H
}

Figure 2. Implementation of part of the RGA algorithm
in the Rust programming language
Source: GitHub (2021)

The RGA algorithm showed good results in terms
of scalability and performance. It can handle large lists,
and a large number of simultaneous edits, and mem-
ory usage increases linearly with the size of the list.
RGA also performed well in real-world applications,
such as collective text editing and chat applications.
V.B. Gomes et al. (2017) compared RGA with other CRDT
algorithms for list-like data structures in a collective
text editor. The results showed that RGA had better
performance than other algorithms, with lower laten-
cy and higher throughput. RGA also had better con-
vergence properties, which means it handled conflicts
better and provided consistency when editing simul-
taneously. LSEQ is a CRDT algorithm for maintaining
list data structures in distributed systems. It was de-
veloped by B. Nédelec et al. (2013). LSEQ was designed
to improve the scalability and performance of previous
CRDT algorithms for list data structures such as Tree-
doc and RGA. These algorithms had limitations in terms
of scalability and efficiency, especially when working
with large lists or high levels of simultaneous edit-
ing. LSEQ is based on a sequence of integers, similar
to Logoot, but uses a more efficient encoding scheme.

The algorithm represented a list as a sequence of
integers, where each number represents the position
of a character in the list. The encoding scheme used
by LSEQ enabled the efficient insertion and deletion of
characters and quick searching for and bypassing them.
LSEQ uses the binary search tree data structure to store
integers, which allows efficiently combining different
versions of the list. Each character in the document is
represented by an integer corresponding to its posi-
tion in the document. These numbers are encoded to
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be unique and allow efficient insertion and deletion of
characters. One of the critical features of LSEQ is the
ability to effectively combine different versions of the
list that occur when users edit simultaneously. This is
done using a binary search tree and a special join al-
gorithm. The main goal of LSEQ is to ensure efficient
insertion and removal of characters in a text document
and avoid conflicts between users who are editing the
document at the same time.

LSEQ supports two key operations: insert and de-
lete. A unique integer is generated for to insert a new
character into the LSEQ list. This integer determines the
position of the character in the document. Unique num-
bers are generated in such a way that they are unique
and ensure that the characters are sorted. A character is
removed from the LSEQ list by marking the character as
deleted and setting its value to null. Deleted characters
remain in the tree, but they are not counted in further
editing operations. When conflicts occur during simulta-
neous edits, LSEQ uses a technique known as “path copy-
ing”to resolve these conflicts. This means creating a new
subtree that represents the version of the list with the
changes made. The path is copied from the root of the
binary search tree to the position of the edited character.

The LSEQ algorithm showed good results in terms
of scalability, performance, and memory usage. It is ca-
pable of handling very large lists and high levels of si-
multaneous edits, with memory usage increasing loga-
rithmically as the list size increases.LSEQ also has good
convergence properties, maintaining consistency and
correctness even under simultaneous editing condi-
tions.In the study of by M.Kleppmann et al. (2021),LSEQ
was compared with other CRDT algorithms for list-like
data structures in distributed text editors. The results
showed that LSEQ has the best performance in terms of
low-latency and high-throughput speeds, while main-
taining consistency and correctness. LSEQ was identi-
fied to be more efficient than previous CRDT algorithms
such as Treedoc and RGA, especially for large lists.

Astrong is a CRDT algorithm for supporting set-like
data structures in distributed systems. It was presented
by H. Attiya et al. (2016). Astrong is a CRDT algorithm
designed to perform efficient and scalable operations
on large sequences of ordered elements. It was pro-
posed as a variant of the LSEQ algorithm to improve
its scalability and performance characteristics. Astrong
was specifically designed for use cases where the se-
quence size can be very large, such as in text editors or
document management systems. The algorithm uses a
multi-level tree structure to represent an ordered se-
quence of elements. At each level of the tree, the se-
quence is divided into several segments, each of which
is represented by a unique identifier. These segment IDs
are used to efficiently localise and manipulate individ-
ual elements in a sequence.Astrong uses a combination
of linear and logarithmic data structures to represent
segments and corresponding identifiers, allowing ef-
ficient indexing and manipulation of large sequences.

It provides efficient and scalable operations for
adding and removing elements from a sequence. When
an element is added to a sequence, it is assigned a
unique identifier based on its position in the sequence.
This ID specifies exactly where to insert an element
into the data structure. Because the main data struc-
ture in Astrong is a multi-level tree, and due to the
unique identifier, insertion was performed efficiently
and quickly. This ID is then used to find the correspond-
ing segment in a multi-level tree, where the element
can be inserted without the need for any additional re-
structuring or restructuring of the data structure. Simi-
larly,when an element is removed from a sequence, it is
simply marked as deleted, without the need to actually
delete data from the main data structure. This allows
performing deletion operations without substantially
affecting performance and rebuilding the structure. The
Astrong algorithm was evaluated in various contexts
and use cases, shown to provide efficient and scalable
operations on large sequences of ordered elements.
Compared to other CRDT algorithms, Astrong showed
improved performance characteristics, especially when
working with very large sequences or a large number
of concurrent users. Astrong’s data structure and im-
plementation were carefully designed to balance the
trade-off between space complexity, time complexity,
and scalability, allowing efficient handling of a wide
range of use cases.

Comparison of CRDT algorithms for collaborative
text editing in distributed systems. Logoot and RGA
use different data structures to represent an ordered
sequence. Logoot uses a tree data structure, while
RGA uses a sequence of nodes connected by pointers.
LSEQ and Astrong use hierarchical trees to represent
the sequence, but they differ in implementation de-
tails. The different data structures used by these algo-
rithms have different trade-offs between space-time
complexity and scalability (Karayel & Gonzalez, 2022).
ALl CRDT algorithms provide some level of support for
concurrent editing of ordered sequences but differ in
resolving conflicts that occur when multiple users edit
the same part of the sequence simultaneously. Logoot
and RGA use the “last editor wins” strategy to resolve
conflicts, while LSEQ and Astrong use a more sophis-
ticated conflict resolution engine that considers the
unique identifiers assigned to each element in the se-
quence. This mechanism allows LSEQ and Astrong to
resolve conflicts more efficiently than Logoot and RGA.

The scalability and performance of these CRDT
algorithms depend on a variety of factors, including
sequence size, number of users, and frequency of si-
multaneous edits. Logoot and RGA are known to have
scalability and performance limitations, especially
when working with large sequences or a large number
of users. LSEQ and Astrong were designed to address
some of these limitations and demonstrated good per-
formance in various scenarios (Kleppmann et al., 2019).
Each of these CRDT algorithms has its own unique
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advantagesand disadvantages,which makesthem more
suitable for certain use cases. Logoot and RGA are suit-
able for applications that require low space complexity
and simple conflict resolution mechanisms but may
have scalability and performance issues in more com-
plex scenarios. LSEQ is suitable for applications that
require efficient indexing and more advanced conflict
resolution mechanisms but may have a greater time
complexity. Astrong is designed for use cases that re-
quire efficient processing of very large sequences but
can have greater space complexity.

The main results showed the advantages and
disadvantages of each of the algorithms and demon-
strated the importance of collaborative text editing
algorithms. For example, Logoot is characterised by
good performance of add and remove operations but
it can cause more conflicts when making simulta-
neous changes. On the other hand, LSEQ provides a
low probability of conflicts but may be less efficient
when inserting new characters. The study showed that
collaborative text editing algorithms are of great im-
portance for distributed systems. They allow users to
work together on documents regardless of their physi-
cal location and network availability. This is especially
important for teamwork and collaborative editing of
real-time text documents. The study also focused on
evaluating the performance and performance of each
algorithm under different usage conditions. This helps
to determine which algorithm is best suited for spe-
cific tasks and use cases. It is important to understand
that different algorithms may be optimal for different
application cases. During the study, it was determined
that some algorithms may be more difficult to imple-
ment than others. This may affect the speed of devel-
opment and support of the system. In addition, when
multiple users work on the same document simulta-
neously, conflicts may occur. Research on collaborative
editing algorithms helps determine which algorithms
better resolve these conflicts and ensure that changes
are properly integrated.

Thus, collaborative text editing algorithms are im-
portant components for modern distributed systems
and collaborative text document editing. They help
solve problems related to teamwork on real-time doc-
uments and ensure simultaneous availability and con-
sistency of data in the face of network separation and
other failures. The main task of the study was also to
identify how each algorithm affects the performance
and efficiency of working with distributed text docu-
ments. The results demonstrate how each algorithm
affects the performance and efficiency of working with
distributed text documents. This information helps de-
velopers choose the best algorithm for specific tasks
and use cases. In general, collaborative text editing al-
gorithms are important components for building appli-
cations and systems that allow users to effectively col-
laborate on real-time text documents. Their research
and improvement are of great importance for the
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further development of distributed systems and tools
for collaborative text editing.

DISCUSSION

In their paper on the examination of various routing
protocols, N. Alsulami et al. (2022) used the Logoot al-
gorithm to develop algorithms for data replication and
document synchronisation in distributed systems for
collective editing. The analysis of the study revealed
new opportunities and advantages of using the Logoot
algorithm outside of its general application in collec-
tive editing. This may encourage other researchers to
develop and expand this algorithm in other areas of
information technology. The use of data replication
algorithms in network protocols can help ensure data
consistency and synchronisation between nodes, which
is an important aspect in distributed systems. The sim-
ilarity of the paper lies in the analysis of distributed
data replication methods in the context of distributed
systems. In addition, both studies address the problem
of data synchronisation between replicas or nodes in a
distributed system. However, the paper examines new
features and benefits of using the Logoot algorithm be-
yond collective editing.

W. Cai et al. (2022) investigated accelerating con-
sistency support algorithms based on a commutative
replicated data type using multi-core processors,
examined the problem using the example of the RGA
algorithm and parallel to RGA. Experimental results
showed that when processing millions of simultane-
ous updates, PRGA achieves a performance increase
of about four times compared to RGA on a conven-
tional quad-core processor. Paper analysis can make
important contributions to the scientific and practical
fields of distributed systems and processing simulta-
neous data updates. Determining the increase in per-
formance when using the PRGA algorithm compared
to RGA on a multi-core processor is an important indi-
cator. This can help developers of distributed systems
improve the performance and speed of processing si-
multaneous data updates in such systems. This study
can serve as an example of the efficient use of mul-
ti-core processors to speed up data processing in dis-
tributed systems. It can be useful for other researchers
and developers working on similar tasks. The results
obtained can be important for understanding and
developing the theoretical foundations of CRDT and
computational theory. They can help extend and im-
prove existing approaches to handling concurrent up-
dates. Although both papers focus on similar aspects,
they have different research objects: the first paper fo-
cuses more on CRDT algorithms for collaborative text
editing, while the second paper focuses on speeding
up algorithms on multi-core processors using commu-
tative replicated data.

M. Nicolas et al. (2020) devoted their study to the
issue of effective renaming in the context of CRDTs
for sequences and considered the issue of effective
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renaming of objects or text parts in CRDTs sequences
based on the LSEQ algorithm. Renaming is an impor-
tant operation that allows correctly handling insertion,
deletion, and editing operations in such sequences. Re-
searchers offer effective renaming algorithms to ensure
the correctness and speed of performing operations.
The analysis of the study will improve CRDTs algorithms
for sequences. Effective renaming is an important op-
eration that affects the performance and correctness
of data insertion, deletion, and editing operations in
replicated sequences. The results of the study can help
developers of CRDT structures expand their capabili-
ties and applications. Efficient renaming algorithms
make CRDTs more suitable for a variety of use cases,
including collective editing of text data. Both studies
aim to improve CRDTs to ensure correct and efficient
operation in distributed systems, and their results are
essential for developers and researchers working on
distributed systems and collective data editing.

|. David and E. Syriani (2022) dedicated their paper
to the implementation of distributed, collaborative mod-
elling at different levels (multi-level modelling) using
CRDT, which means data types that provide conflict-safe
operations for distributed systems, discussed how using
CRDT helps resolve conflicts that arise when editing a
document in real-time, ensuring consistency and inte-
gration of changes made by users at different levels of
modelling. CRDTs performing operations on distributed
data without the need for manual conflict resolution.
Applying CRDTs to implement distributed collaborative
modelling can be useful in many areas, including soft-
ware development, systems analysis,and modelling,and
in any field where it is necessary to work together on
complex models and data in a distributed environment.
The analysis of the study will help to improve methods
and approaches for implementing distributed collabo-
rative modelling at different levels. Using CRDT to work
with data allows resolving conflicts and ensuring re-
al-time data consistency. The results of the study can be
useful in software development, systems analysis, and
modelling, in any field where collaborative modelling
and collaboration on data in a distributed environment
is important. CRDTs can be used in collective editing,
work on models, document management, and other ar-
eas. The examination of CRDTs and their application in
the implementation of distributed collaborative model-
ling can make important contributions to replicated data
theory and the field of distributed systems. Both papers
address the importance of using CRDTs in distributed
systems to resolve conflicts and ensure data consisten-
cy. However, the paper highlights the use of CRDTs to
implement collaborative modelling at different levels.

F.Jacob et al. (2021) discussed the use of CRDTs in
Byzantine systems that may face attacks and abuse.The
Byzantine model allows considering cases when some
nodes of the system may act maliciously or incorrectly
(equivocation). Their examination aims to explore how
CRDTs can detect and solve problems of equivocation

occurrence in the Byzantine environment, ensuring
correct and reliable data synchronisation in the face
of attacks and abuses. The use of CRDTs in Byzantine
systems can provide increased resistance to abuse and
attacks. Performance analysis can reveal how CRDTs
can detect and solve equalisation problems in such
systems, ensuring correct data synchronisation even
when attackers are active. The work can contribute to
the development of methods and approaches for data
protection and ensuring their conflict-proof replication
in Byzantine systems. This can be useful for system
developers operating in vulnerable or critical environ-
ments. The study by F.Jacob et al. (2021) may contribute
to increased awareness of security in distributed sys-
tems and increased attention to security issues in the
Byzantine environment. The similarity of the papers lies
in the study of CRDT algorithms, and the fact that they
indicate the practical importance of using CRDTs in re-
al-world conditions. However, the study focuses on us-
ing CRDTs to improve the resilience and security of data
in Byzantine systems that may face attacks and abuse.

Thus, examining CRDT algorithms requires a deep
understanding of their theory and applications in various
distributed system scenarios.Each ofthe CRDTalgorithms
presented in this paper has its own unique advantages
and disadvantages,and the correct choice will depend on
the specific requirements of the application. By carefully
evaluating the trade-offs of various algorithms, devel-
opers can choose the right CRDT algorithm to maintain
consistency and availability in their distributed systems.

CONCLUSIONS

Research in the field of collaborative text editing al-
gorithms shows that CRDT structures are becoming
increasingly popular in the context of building distrib-
uted systems. This approach allows creating systems
that ensure simultaneous consistency and availability
of data, even in the event of network splits or other
failures. Collaborative text editing algorithms such as
Logoot, RGA, LSEQ, and Astrong use CRDT structures to
achieve this goal. The main task of these algorithms is
to create a mechanism that allows users to work to-
gether on documents and edit them, regardless of their
physical location and availability on the network. CRDT
structures allow avoiding conflicts and automatically
combining changes made by users in different parts of
the system. This greatly simplifies working with collab-
orative text editing, making it more efficient and com-
plete. Each of these algorithms has its advantages and
disadvantages, and the correct choice will depend on
the specific requirements of the application.

The main problems with using the above algo-
rithms are the complexity of implementation, which
may require a deep understanding of the algorithm
itself and the specifics of working with distributed sys-
tems and networks. The implementation of the algo-
rithm must be efficient and reliable to ensure the qual-
ity of service for users. In addition, the problem may be
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managing conflicts that may occur when multiple users
change simultaneously. This is important to ensure that
the data is correct and consistent. Different algorithms
have different conflict resolution strategies, and it is
vital to determine which approach is best suited for a
particular use. Notably, working with CRDT structures
may require additional resources, especially in condi-
tions of a large number of users or a large amount of
data. This can affect system performance and scalabil-
ity. The results showed that choosing Logoot and RGA is
a good option for supporting collaborative text editing,
and RGA has the advantage of better solving concurrent
operations. LSEQ is a good choice for supporting scal-
able and efficient indexing of large data sets. Astrong
is a good choice for efficient and scalable processing
of large sequences. One of the main advantages of
CRDT algorithms is that they can provide high avail-
ability and low latency without complex coordination

Yu. Rabeshko & Yu. Turbal

choosing the right one for a particular use case. The
improvement and development of new algorithms and
methods for joint text editing based on CRDT structures
remains a relevant area. Research also can be focused
on solving conflict problems in CRDT structures and
developing algorithms that can resolve these conflicts
more efficiently and automatically synchronise data
between different users. Another important area is the
development of interfaces and tools that make it easier
for users to edit texts together based on CRDT struc-
tures. This includes creating user-friendly editors that
are intuitive and easy to use and developing mecha-
nisms for syncing data between devices and platforms.
In addition, analysing use cases and identifying optimal
approaches to implementing CRDT-based collaborative
text editing systems in various fields, such as educa-
tion, business, research, and many others, is relevant.

or centralised management mechanisms. However, they ACKNOWLEDGEMENTS
have some limitations, especially regarding the types of  None.

operations they support and the effectiveness of those

operations. Therefore, it is essential to carefully evalu- CONFLICT OF INTEREST
ate the trade-offs of different CRDT algorithms when  None.
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Ornsap anropuTMIB CMiNbHOrO peaaryBaHHs TEKCTY
Conflict-free Replicated Data Types (CRDT)

KOpin OnekcaHpposuy Pabeluko

AcnipaHt

HauioHanbHMI yHiBEpCMTET BOAHOIO FOCNOAAPCTBA Ta NPUPOLOKOPUCTYBAHHS
33000, Byn. CobopHa, 11, M. PiHe, YkpaiHa
https://orcid.org/0009-0002-0763-7138

HOpii Bacunbosuu Typ6an

[loKTOp TEXHIYHMX HayK, Npodecop

HauioHanbHMI yHiBEpCMTET BOAHOIO rOCNOLAPCTBA Ta MPUPOLOKOPUCTYBAHHS
33000, Byn. CobopHa, 11, M. PiBHe, YkpaiHa
https://orcid.org/0000-0002-5727-5334

AHoTaujis. AHani3 Ta BMbip anropuTMiB AN CNiNbHOMO pefaryBaHHs TEKCTY, 0COBIMBO BNPOBaAKeHHS 6e3KOHMAIKTHMX
penikoBaHUX TUNIB AAHMUX, MAE BUPilLaNbHE 3HAYEHHS A9 PO3YMiIHHS TOrO, K Cy4aCHi CUCTEMU MOXYTb [OCATTU
CNiBMpaLi B peXuMi peanbHOro yacy, 3abesneyyoumn npu LbOMy LifliCHICTb AaHMX. MeToto JocnigpkeHHs 6ys ornag
Pi3HMX aNropMUTMIB CNINIBHOrO pefaryBaHHs, a TakoX NMPOBELEHHS NMOPIBHSIBbHOIO aHani3y Afis pO3yMiHHS iXHiX nepesar,
HeponikiB Ta cep 3actocyBaHHs. Cepesi BUKOPUCTAHMUX METOAIB MOXHA 3a3HAUYUTU CTAaTUCTUUYHI METOAM, METOAU
aHanisy anropMTMiB Ta iX BUKOPUCTAHHS Y peasibHUX CLeHapisix. Pesynbtatn gocniaxXeHHs NoKasanu, Wo BUKOPUCTAHHS
aNITOPUTMIB CMNiNIbHOMO pefaryBaHHS TEKCTY CNPUSIE BUPILLEHHIO BAXK/IMBUX 3aBAAHb | BUK/IUKIB Y Cy4aCHOMY CBITi
iHDOpPMaLiMHUX TEXHONOTiN. BUSBNEHO, WO anropuTMu CNifIbHOrO peaaryBaHHS CNpUsOTb NOAErEeHHI0 KOMYHiKaLii
Ta 06MiHy iHpopMaUi€lo B peanbHOMY Yaci. Lle 0cobnmBo BaXxXnMBO B yMOBaX BiAganeHoi poboTu Ta CiIKyBaHHS,
SKi CTanu CTaHgapTOM Ans 6aratbox opradisauin. CninbHe pefaryBaHHS TEKCTIB LUMPOKO BUKOPUCTOBYETHCS B Pi3HUX
cdhepax i ranyssax, ie KoMaHaHa poboTa, cnisnpaus B peXXnMi peanbHOro 4acy Ta 06MiH JOKYMEHTaMU € BaXK/IMBUMM,
HanpuKnag: AOCNiAHULBKA AiSNbHICTb, HAYKOBI pob0TH, OCBITA, pO3p0obKa NporpaMHoOro 3abesneyeHHs, pegaryBaHHs
KHUI Ta PYKOMUCIB, OPUAMYHA CRiBNPaLS, CKNaAaHHS KOHTPAKTiB, MeaAnyHi 3BiTH, Towo. KpiM TOro, BUKOPUCTAHHS
ONTUMI30BaHUX aFOPUTMIB CMiIbHOTO peAaryBaHHS AONOMAra€e 3MeHLWMUTU Yac, HeobXigHWi ang 06pobku AaHMX Ta
CTBOPEHHS TEKCTOBUX MaTepianis. ATrOpUTMU CMiNIbHOTO pefiaryBaHHs MatoTb LUMPOKMIA CNEKTP 3aCTOCYBaHb Y HAYKOBUX
[ocnimkeHHsX, 6i3Heci Ta ocBiTi. BOHM [,03BONSAOTL KOMaHAaM Ta iHAMBIAYaNbHUM KOPUCTYBaYaM Ginblue eheKTUBHO
BMpilLYBaTW 3aBLaHHS, Ta CMiZIbHO NPALOBaTH Haf, NPOeKTaMu. MOXIUBICTb BUKOPUCTAHHS OTPUMAHUX Pe3yNbTaTiB
B NPaKTUYHIW AiSNbHOCTI A03BOIUTb BUKOPUCTOBYBATU aNiTOPUTMU CMiNbHOIO peaaryBaHHa TEKCTY A8 NoAanbwmx
iHHOBaLi Ta pO3BUTKY iHOOPMALIMHUX TEXHOMOTIN, WO AACTb MOXJ/MBICTb CMiJIbHO NpaLoBaTK Ta 0OMiHIOBATMCS
iHOpMaLi€lo 3 YCiM CBITOM B peanbHOMy Yaci

KniouoBi cnoBa: posnoaineHi cucrtemu; kno4voBi onepauii; Logoot, Astrong; Logarithmic Sequence; Replicated
Growable Array
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