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A METHOD OF SEMANTIC SEARCH
FOR EDUCATIONAL CONTENT BASED ON MULTI-AGENT TECHNOLOGIES

The digital transformation of industry is accompanied by the active adoption of new technologies and the rapid evolution of
production processes. A significant portion of educational materials is distributed across various information sources, including
internal corporate systems, open educational platforms, and specialized web resources. Such resources often contain duplicates,
redundant information, and heterogeneous metadata, which complicates the timely retrieval of relevant learning materials.
The subject of the study is a method of semantic search for educational content in a distributed information environment
using ontology-based knowledge models. The goal of the work is to investigate a method of semantic search for educational
content in a distributed information environment based on a multi-agent organization of information resource processing and
the use of ontology-based knowledge models. The objectives of the study are: to investigate the architectural model of a multi-agent
search system; to develop a semantic selection algorithm based on the comparator identification method and an ontology-based
model; to formalize a relevance evaluation predicate considering weighted metadata coefficients; to develop a multi-agent
software platform; and to experimentally evaluate performance and resource consumption under different agent operating modes.
Research methods include: the method of multi-agent organization of information resource processing with non-blocking message
exchange; three-level URL deduplication; ontology-based term matching and a formalized relevance evaluation predicate;
and experimental measurement of processing time, the number of processed links, and system resource consumption.
Results: a model of a multi-agent system with four types of agents and a semantic search algorithm eliminating loops and duplicate
links has been proposed; a software platform based on Kotlin using coroutines and asynchronous interaction between agents
has been implemented; experimental results demonstrate that the proposed organization of processing provides higher performance
compared to the sequential mode. Conclusions: the integration of semantic search and a multi-agent architecture enables efficient
organization of the process of discovering and processing educational content in a distributed environment. The proposed method
ensures coordinated operation of agents, eliminates link duplication, and provides a rational balance between search completeness
and the use of computational resources.

Keywords: semantic search; educational content; software agents; multi-agent systems; ontologies; scalability; performance;
asynchrony; Kotlin.

Introduction metadata, which complicates the automatic discovery,

classification, and subsequent reuse of resources in
learning environments. For industrial scenarios, this is
further complicated by the fact that training materials

The current stage of information technology
development in industry and related manufacturing

sectors is characterized by a growing volume of
educational content and increasing demands on the
effectiveness of e-learning systems. The digital
transformation of enterprises, rapid updates to production
equipment, hardware and software systems, and
technological regulations create a constant need for the
continuous improvement of staff qualifications. Under
these conditions, the availability of relevant educational
content directly impacts the quality of technological
operations, the level of workplace safety, compliance
with standards, and the reduction of the risk of errors and
downtime. The rapid growth in the volume of open
educational content is accompanied by a sharp diversity
of sources, formats, and the quality of descriptions.
A significant portion of the materials is published outside
of specialized platforms, with minimal or inconsistent

are often scattered across internal enterprise knowledge
bases, corporate LMSs, and external resources (suppliers,
technical documentation, courses, standards), creating
knowledge fragmentation and additional barriers
to rapid learning.

Traditional keyword-based search approaches yield
inconsistent results precisely in educational scenarios,
where semantic alignment with the subject domain,
learning objectives, and the expected level of proficiency
is crucial. For example, in industry, the same terminology
can have different meanings depending on the type of
equipment or standard, and content requirements are
determined not only by the general topic but also by the
employee’s role, access level, operational context, and
other factors that must also be taken into account.
Additional factors contributing to quality degradation
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include duplicates and semi-duplicates, different
language versions of the same material, time-based
revisions without proper versioning, as well as noise
in the form of advertising and navigation elements.
In the absence of structured descriptions, even routine
tasks require consideration of the context of the subject
ontology, not just term matches.

At the same time, the requirements for the
scalability and resilience of such systems are growing:
data collection and preprocessing must handle arrays of
tens of thousands of links, withstanding peak loads
on memory, the processor, and the network, while
maintaining controllable latency and fault tolerance.
In practical terms, this is compounded by external
constraints, which complicate the maintenance of
consistent throughput and reproducibility of results
within corporate infrastructure.

All these discrepancies between the needs of
real-world educational applications for industrial
workforce upskilling and the capabilities of existing
search approaches highlight a problem requiring
further research: search quality directly impacts the
speed of learning, safety, and the effectiveness of
production processes.

Literature Review and Problem Definition

The IEEE LTSC (Learning Technology Standards
Committee) [1] was established to develop specifications
and recommendations for the integration of modern
information technologies in education. This committee
develops architectures and technologies for educational
systems in accordance with international standards.
Separately, the IMS Global Learning Consortium is
engaged in developing standards to ensure the
interoperability of educational platforms [2]. According
to the IEEE LTSA (Learning Technology System
Avrchitecture), the universality of this architecture ensures
its use as a reference model for the development of
educational technology systems of any type. It has been
shown that these standards form the basis for
the interoperability of various educational platforms
and ensure a unified approach to organizing the
educational process. However, issues remain unresolved
regarding the adaptation of these general architectural
recommendations to the specific needs of intelligent
semantic search for educational content and the lack of
concrete algorithmic solutions for the automated analysis
of educational resources. This may be due to objective

difficulties related to the excessive abstractness of
international standards, which focus on general principles
rather than specific technical implementations, making
their application challenging for practical semantic
search tasks.

In [3], key trends in adaptive e-learning systems
were investigated based on an analysis of 57 studies from
recent years. It was shown that building effective
adaptive systems requires learner, domain, and adaptation
models that account for individual learning characteristics
and dynamically adjust instructional materials. However,
issues remain unresolved regarding the fact that most
existing systems do not provide sufficient accuracy
in predicting learner needs in real time and do not adapt
to the context of learning activities. This is due to
objective difficulties related to the complexity of
collecting and processing large volumes of data on
student behavior, as well as the inherent uncertainty of
individual cognitive processes, which makes universal
solutions economically impractical.

In [4], an ontology-driven framework for semantic
search of educational content is proposed, utilizing
natural language processing and machine learning
methods for text classification. It is shown that the
ontological approach allows for the identification of
semantic relationships between concepts and the
discovery of the most relevant materials compared to
traditional keyword search. However, issues related
to the automation of ontology creation and updating for
various subject areas remain unresolved. The reason for
this is the cost involved in engaging experts to develop
high-quality ontologies and the fundamental complexity
of automating the processes of identifying semantic
relationships in dynamically evolving knowledge.

In [5], the application of the latest approaches
to semantic search using ontological models and
document relevance analysis methods was investigated.
The potential of these methods for improving the
accuracy of identifying relevant educational materials
was demonstrated. However, issues remain unresolved
regarding maintaining a balance between search
accuracy and system scalability when processing large
repositories of educational objects, as well as the
integration of such systems with existing educational
content metadata standards. The reason for this is the
difficulty associated with the fact that complex machine
learning models often require significant computational
resources, making their application impractical in
distributed environments with limited resources.
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In [6], decentralized multi-agent systems for solving
planning and optimization problems in manufacturing
environments were investigated. It was shown that the
multi-agent approach ensures scalability and resilience
to failures of individual components. However, issues
remain unresolved regarding ensuring effective
communication between agents when there are a large
number of participants and adapting agent-based
systems to the specifics of educational applications
with semantically rich data. The reason for this is the
exponential growth in the complexity of communication
protocols and the fundamental difficulty of predicting
the behavior of a large number of interacting agents.

Additionally, many studies leave unresolved
issues related to practical implementation on modern
programming platforms and their adaptation to the
requirements of high-performance real-time data
processing. This is due to difficulties stemming from
the fact that many existing implementations are based
on outdated technologies and do not support modern
asynchronous programming mechanisms. One way
to overcome these difficulties is to use modern
programming languages with built-in  support for
asynchronous programming and lightweight parallelism
mechanisms. For example, some case studies describe
the use of coroutines and asynchronous operations to
organize effective communication in distributed
systems. It has been shown that this approach allows for
increasing system throughput and reducing resource
management costs.

Research Objectives and Tasks

systems without compromising service quality. Fourth,
many existing implementations are based on outdated
technologies that do not support modern asynchronous
programming mechanisms. All of this supports the need
for relevant research to address this issue.

Accordingly, the objective of this work was defined
as the need to develop an approach to educational
content search that is effective in terms of both the
relevance of results and performance, scalability, and
resource efficiency.

To achieve this objective, the following tasks
were set:

— to develop an architectural model of a multi-agent
search system;

— create a semantic search algorithm using the
comparator identification method and ontological models
of subject domains;

— implement a software platform using modern
technologies with built-in support for asynchronous
programming and lightweight parallelism mechanisms;

— experimentally evaluate the system’s performance
and resource consumption in various agent operating modes.

Materials and Methods

Systematizing the local problems identified in the
analyzed sources allows us to formulate a general
unresolved problem: there is currently no approach to
searching for educational content that is simultaneously
effective in terms of result relevance, performance,
scalability, and resource efficiency. Its relevance stems
from the need to quickly find relevant educational
materials from a vast number of sources, taking into
account subject-area ontologies, content duplication and
noise, as well as computational resource constraints.
Several factors are the main reasons this problem remains
unsolved. First, the lack of solutions that combine
multi-agent architecture with semantic technologies.
Second, the inefficiency of traditional algorithms
for processing heterogeneous metadata of educational
resources. Third, the difficulty of scaling distributed

In the context of semantic search for educational
content, it is necessary to process large volumes of
information resources located in a distributed web
environment and characterized by high dynamism
and structural heterogeneity. Traditional centralized
information retrieval systems may face limitations in
scalability, performance, and flexibility of resource
processing control under such conditions. One effective
approach to organizing search systems in a distributed
environment is the use of multi-agent technologies,
which allow the system’s functionality to be decomposed
into autonomous software components that perform
specialized tasks and interact with one another to achieve
a common goal.

A software agent is an autonomous software
component capable of functioning in an information
environment, perceiving its state, making decisions
according to specified rules, and interacting with other
agents to achieve a common goal.

This paper proposes an architectural framework for
an ontology-driven semantic search of educational
resources using a multi-agent system. The operation of
agents is ensured and regulated by a naming service
and an access control module. The agent registry is
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designed to provide agents with information about the
available interaction environment, specifically regarding
the composition of the system’s agents, their roles, and
functional purposes. An ontological model is used to
ensure a unified formalized description of the domain,
common to all agents. The information resources
supporting the system’s operation are stored in a database
and a knowledge base.

The multi-agent search system is implemented using
four functional types of agents:

— the coordination agent manages the search
process, generates initial query descriptors, distributes
tasks among other system agents, controls the sequence
of resource processing, and coordinates message
exchange between agents;

— the resource collection agent follows the URLs
specified by the coordination agent, retrieves metadata,
and transmits it to the semantic evaluation agent for
further processing;

— the semantic evaluation agent uses a relevance
assessment mechanism based on the search descriptor
model, which allows determining the feasibility of further
expanding the search from the current web resource,
taking into account its thematic relevance;

— the indexing agent ensures the automated
generation of a structured description of the found

____________________

CepeHiii map (areHTH)

document in the form of metadata in accordance with the
selected representation model.

The architecture of the multi-agent system for
semantic search of educational content is shown in Fig. 1.
The system operates in a distributed information
environment that includes a set of software agents, a
metadata database, a knowledge base containing an
ontological model of the subject domain, as well as an
external web environment that serves as a source of
information resources.

The interaction of the system components is
organized such that the coordination agent initiates the
search process, forms initial query descriptors, and
distributes tasks among the resource collection agents.
Resource collection agents crawl web resources and
transmit the obtained metadata to semantic evaluation
agents. After semantic analysis is performed, the results
are transmitted to the indexing agent, which generates a
structured description of the documents and stores it in
the database. The ontological model of the subject
domain is used by semantic evaluation agents to
determine the thematic relevance of resources to the
query. This architecture ensures distributed processing of
information resources, coordination of agent interactions,
and the ability to scale the system through the parallel
execution of search procedures.
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Fig. 1. Architecture of a multi-agent system for semantic search of educational content

The initial stage of the search process involves
identifying web resources containing educational
materials, which is carried out by a resource collection
agent using automated hypertext space crawling
technologies. Automated crawling refers to the process
of retrieving web resources from the Internet for the
purpose of their subsequent indexing and use in a search
engine [7]. The main goal of this stage is the rapid
formation of a set of relevant web resources along

with  hyperlinks reflecting their interrelationships.
When a URL is obtained that defines an entry point into
the search space, the agent downloads the corresponding
web resource, extracts the outgoing hyperlinks from it,
and adds them to the queue for further processing [8].
The process continues until the queue of resources
has been fully processed.

The key factor in the efficiency of a resource-
gathering agent is the strategy for processing the
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hyperlinks accumulated in the queue. In practice, two
basic approaches are used: sequential traversal without
prioritization and guided selection based on an evaluation
function. In the case of sequential traversal, the next
resource is selected without considering its content
characteristics. In contrast, the guided approach involves
the use of evaluation criteria that allow determining
the appropriateness of moving to a specific resource.
Such algorithms can be based on both additional domain-
specific knowledge and formal characteristics of the
link structure.

The algorithm is based on a multi-agent
organization of the process and ensures distributed
processing of the hypertext space, taking into account
thematic focus. The search for data sources is carried

OTpHMAaTH TI0YATKOBY
URL-agpecy Ta KUIBKICTD
areHTiB, KL IOTPi6HO
CTBOPUTH

Hapiciatu
TIORIIOMJIEHHS 1TPO

JauekarTy,
TIOKA BCl aTeHTH

out by a set of agents distributed throughout the
environment, which function as a coordinated system
thanks to mechanisms of inter-agent interaction and
coordination [9]. To ensure controlled scalability, three
complementary mechanisms have been implemented.
First, a multi-level duplicate removal system has been
introduced, which performs filtering at the resource level,
at the level of URLs stored in memory, and between
different agents. Second, the procedure for verifying and
adding URLs to the shared storage structure has been
synchronized, which prevents the duplicate inclusion of
identical links. Third, a limit has been imposed on the
number of simultaneously active agents, which helps
stabilize RAM consumption. The algorithm structure is
shown in Fig. 2.
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Fig. 2. Algorithm for creating agents

As a result of the resource collection agent’s work,
a set of URLs is generated in memory; some of these
URLs are thematically relevant to the query, but not all
resources directly contain educational materials.
Therefore, the next stage involves semantic filtering of
the collected resources to identify those that actually
contain educational objects in the relevant subject area.

The document representation model defines the
metadata structure, the query formation mechanism,
and the relevance evaluation procedure.

The selected resources are transferred to the
indexing agent, where their structured description
is generated. Indexing involves constructing the
corresponding metadata and storing the obtained
information about educational objects for further use in
the search process.

A metadata description unit is considered to be a
pair (n;v;), where n, — the name of the i-th element of

the learning object's content description, and v, — the

corresponding value of this element. The document's
metadata description is then presented as a formula (1)

m(d)={((n.v).k )i =1...1}, @)
where k; — weight coefficient of the i-th element of the

metadata description, | —number of elements.

The process of determining semantic similarity
between a document and a query is interpreted as
establishing a mapping between the structured
description of the document’s metadata, as expressed
by formula (1), and the result of evaluating its thematic
relevance. In this case, the input data is a set of elements
m(d), and the output is a relevance score determined by

comparing it with the search descriptor. This approach
allows the use of the comparator identification
method [10] to formalize the rule for transforming a set
of document features into a semantic evaluation result.
Before initializing the search process, a domain
ontology is formed that reflects the key concepts of the
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relevant domain and their semantic relationships. Based
on this, a set of terms relevant to the query topic is
determined, which may be represented in the structural
elements of a web resource, specifically in titles,
keywords, and hyperlinks. The selection of these specific
elements is due to the fact that in most electronic
resources they have a formalized representation via
corresponding markup tags, which simplifies their
automated extraction. To determine the thematic
affiliation of a web resource, the agent performs
a comparison of terms from the title h, set of keywords
k and the hyperlink text r with the concepts represented
in the domain ontology [11]. The resulting thematic
description of the resource is then compared with the
query topic in accordance with the mappings (2-4).

R (k,a)=R (k,a)vP (k,a,)v...vP (k.q), (2)
R (h,a)=R (h,q)vPR (ha,)v...vR (h,q), 3)

P(r.q)=PR(r,q)vP(r,g,)v..vP(r.q), (4
where g - subject of the inquiry; h — heading terms;

k — set of keywords; r — hyperlink text.

The relevance of a page to a search query can be
expressed by a predicate (5)

S=P(k,h,r,q)=R (k,q)VvP,(ha)vP(ra), (5
where S — A page score that takes the values 0 or 1.

In the simplest case, a web resource is considered
thematically relevant if at least one term from the title,
set of keywords, or hyperlink text belongs to the
ontologically defined topic of the query. This model
corresponds to a binary membership predicate.
At the same time, the structure of the predicate can be
extended by introducing weighting coefficients for
various structural elements of the document, allowing
a transition from a strict logical condition to a weighted
relevance assessment.

The application of the comparator identification
method formalizes the thematic matching procedure
within a multi-agent system. Combined with algebraic-
logical models [12], this creates a foundation for
accounting for the semantic structure of educational
objects during their automated selection and indexing.

The Kotlin programming language was chosen
for implementing the multi-agent platform due to its
support for asynchronous programming and full
compatibility with the JVM ecosystem [13]. This choice
ensures the solution’s scalability and the ability to
utilize existing library infrastructure for building
distributed systems.

A key factor is the use of coroutines [14], which
implement a model of structured concurrency and
allow for non-blocking interaction between agents.
Unlike the classical thread model, coroutines have
lower overhead for execution management and
ensure efficient coordination of a large number of
simultaneously active agents. This is particularly
important for a multi-agent system, where parallel
processing and asynchronous message exchange directly
impact performance and scalability.

The inter-agent interaction  mechanism s
implemented using the Kotlin SharedFlow tool [15],
which provides a non-blocking model for broadcast event
distribution. This approach ensures asynchronous event
delivery to dynamically created agents and supports their
independent lifecycle. This allows the system to be scaled
by adding or removing agents without modifying the
communication mechanism. The chosen messaging
model minimizes the overhead of synchronization
and contributes to the system’s fault tolerance in
a distributed environment.

The “Factory Method” pattern is used for unified
agent creation. Its use allows encapsulating the agent
initialization process and ensuring system extensibility
without modifying the platform’s base code. Adding
a new agent type boils down to implementing its
behavioral logic and defining the conditions under which
it can accept tasks for execution. This approach ensures
the scalability of the architecture and simplifies system
configuration when expanding functionality.

A mechanism for configurational parameterization
of agents has been implemented, allowing their
characteristics to be dynamically defined, including the
identifier, number of instances, behavioral logic, and
additional execution parameters. Agent configuration is
performed by loading the corresponding behavioral
classes during program execution using the JVM
reflection mechanism, which enables the extension of
system functionality without recompiling the code and
facilitates the flexible configuration of the multi-agent
platform according to the requirements of a specific
application scenario.

To implement the mechanism for verifying
an agent’s ability to execute a task, the “Chain of
Responsibility” pattern [16] is used. The verification
consists of a sequence of handlers, each of which
determines whether the agent meets the specified
conditions and, if necessary, passes the request to the
next element in the chain. This organization allows for
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the modular formation of a set of task acceptance criteria
without complicating the agent’s basic logic.

To organize data access, the “Repository”
pattern [17] is used, which abstracts the logic of data
storage and retrieval from the agents’ business logic.

The system’s information environment includes:

— a metadata database;

— a knowledge base containing the domain ontology;

— a set of software agents;

— a coordination module;

— an external web environment containing sources

of educational resources.
The implemented software platform functions as a multi-
agent runtime environment with a console-based control
interface and ensures the initialization and interaction of
agents within the experimental implementation of the
proposed architecture.

Research Results

The following conditions were adopted within
the scope of the study:

— educational resources have formalized metadata
structured in accordance with IEEE LOM [18] or
SCORM [19] standards;

— semantic analysis is performed within a single
linguistic interpretation of terms without accounting
for cross-cultural differences;

Table 1. Testing results

— agent interaction occurs in an environment
with hardware-homogeneous infrastructure and a stable
network with sufficient bandwidth;

— aspects of information security, authentication,
and access control are outside the scope of this study and
are treated as external to the proposed architecture.

The research was conducted on a computing
platform with an 8-core x86-64 architecture processor
operating at a clock speed of 2.5-4.8 GHz and 32 GB
of RAM, running the Windows 11 operating system
in a JVM environment.

Three agent operating modes were tested.
The first mode involved the sequential operation of
agents A0, Al, A2, and A3, where each agent completed
its task before handing control over to the next.
The second mode involved the coordinated sequential
operation of 50 agents of type Al under the control
of a coordinator. The third mode implemented
the coordinated parallel operation of a set of agents:
50 instances of agent A0, and one instance each of
agents Al, A2, and A3.

Performance evaluation was conducted by
recording the duration of request processing, the
number of processed links, and system resource usage
metrics (CPU load and RAM) within specified time
intervals (15, 30, 45, and 60 minutes). The results are
presented in Table 1, which lists the main system
performance metrics.

Characteristics Consistent work of agents

AQ, Al, A2, A3

Coordinated consistent work
of 50 agents Al

Coordinated parallel work of a set
of agents A0(50), Al, A2, A3

Time (min) Database entry

Cache and database entry

Number of links loaded 15 30 45 60 15 45 60 15 30 45 60
Number of links checked | 2377 | 3576 | 4914 | 6342 | 9423 | 13276 | 25487 | 33278 | 14238 23487 32398 59213
Load 1132 | 1819 | 2453 | 2927 | 2691 | 3601 | 4657 | 6243 9231 17512 26831 39321
CPU 27 29 32 35 40 46 49 49 51 55 57
RAM load (MB) 25 27 28 30 101 103 110 110 439 601 963 965

The results show significant differences in system
performance depending on the mode of agent operation.
Figure 3 illustrates how the number of links found and
verified varies with execution time in sequential mode.
Over the course of 60 minutes, the system detected
6,342 links, of which 2,927 were verified, confirming
the effectiveness of filtering duplicates and irrelevant
resources even during sequential processing. In the
second mode, with the coordinated operation of
50 Al-type agents, search efficiency increased
significantly. As shown in Fig. 4, in 60 minutes the

system found 33,278 links and verified 6,243. Thus, the
number of resources found increased approximately
5.24-fold compared to sequential mode, indicating
an increase in search coverage and the completeness
of educational resource discovery.

The third mode, featuring coordinated parallel
operation of a set of agents A0(50), Al, A2, and A3,
demonstrated the highest search performance over
the same time interval. Figure 5 shows that, with the
same execution time (60 minutes), the system found
59,213 links and verified 39,321 links.
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Fig. 5. The relationship between the number of links found (blue curve) and the number of links verified (red curve) as a function
of execution time (minutes) in the coordinated parallel operation mode of the set of agents A0(50), Al, A2, A3

A comparison with the first mode reveals a 9.3-fold
increase in the number of links found and a 13.4-fold
increase in the number of links verified. This indicates an
exponential impact of the parallel organization of agent
operations on the efficiency of semantic search within
the same time constraint.

An analysis of system resource usage metrics
revealed significant RAM requirements depending
on the operating mode. In serial mode, RAM usage was
25-30 MB with a CPU load of 27-35%. In the second
mode, memory usage increased to 101-110 MB with
40-49% CPU utilization due to the simultaneous
operation of 50 agents. In the third mode of maximum
parallelism, memory usage reached 439-965 MB
with 49-57% CPU utilization. It was experimentally
established that the limiting factor for performance is the
amount of RAM, not the CPU power. The research
results demonstrate a significant improvement in the
accuracy and completeness of identifying relevant
educational resources when using the parallel coordinated
operation of a set of agents, with a trade-off in the form
of a linear increase in RAM consumption.

Discussion of Results

The obtained results can be explained by the
effective use of Kotlin coroutines and optimized
algorithms for inter-agent interaction. The experimental
data in Table 1 demonstrate a significant difference in
performance depending on the mode of agent operation.
In the sequential mode, the system found 6,342 links in
60 minutes; in the second mode with 50 agents of type
Al, 33,278 links were found; and in the third mode of
coordinated parallel operation of a set of agents A0(50),
Al, A2, A3, 59,213 links were found. This represents
a 9.3-fold increase in efficiency compared to the
sequential approach. This increase is attributed to the
ability of multiple agents to operate simultaneously
without blocking the main execution thread, thanks
to the asynchronous nature of Kotlin coroutines and
lightweight context-switching mechanisms.

The effectiveness of the semantic search described
by equations (2-5) can be explained by the use of the
comparator identification method and ontological models
of subject domains. The mathematical model for
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describing metadata according to formula (1) allows for
the consideration of weight coefficients ki for each
element of the metadata description, which improves the
accuracy of identifying relevant educational resources.
The relevance evaluation predicate P(k, h, r, q), defined
by formula (5), provides a comprehensive evaluation of
a document based on three criteria: the relevance of
keywords, the title, and the links to the search topic. Such
a multi-criteria evaluation significantly exceeds the
accuracy of traditional one-dimensional methods based
on simple word matching.

The solutions developed address the critical issue of
the lack of an effective multi-agent platform that
combines semantic search for educational content with
modern  asynchronous programming technologies.
The problem of inefficient document ranking algorithms
has been solved by introducing a relevance assessment
predicate (5) that accounts for semantic relationships
between the three components of a document: titles,
keywords, and links. The problem of the complexity of
creating universal algorithms to account for the diversity
of educational standards (LOM, SCORM) is solved
through the use of ontological models that provide
a flexible representation of knowledge.

Limitations of the study include dependence on
a stable network environment with sufficient bandwidth
for message exchange between agents. Additionally,
educational resource metadata must comply with LOM
or SCORM standards, and assumptions about the
uniformity of client device technical specifications are
required. Experimental conditions involved testing on
sets of up to 60 resources; scaling to larger volumes
requires further research.

Conclusions and Prospects for Further Development

In the course of this study, its objective was
achieved by completing all set tasks, namely:

1. Develop an architectural model of a multi-agent
search system. An architectural model of a multi-agent
system for semantic search of educational content,
oriented toward four types of agents (scanner, evaluator,
indexer, coordinator), was developed. The proposed
structure ensures the platform’s modularity, scalability,
and extensibility.

2. Create a semantic search algorithm using the
comparator identification method and ontological models
of subject domains. A semantic search algorithm has been
implemented, based on the use of a formal relevance

evaluation predicate and ontological models of the
subject domain. The difference from standard metadata
lies in the introduction of weighting coefficients and
multi-level ~ comparison  (keywords, title, links).
Analytical justification is provided by the use of
a Boolean predicate function with three independent
evaluation components. Experimental studies have
confirmed a ninefold increase in semantic search
performance compared to standard approaches.
The relevance predicate has the structure of a logical
conjunction of three independent conditions: the
correspondence of the document’s keywords to the user’s
query, the semantic proximity of the title to the query,
and the relevance of the outgoing hyperlinks to the
query’s subject matter. This is explained by the flexibility
of the ontological description and the comparator’s ability
to identify the subject matter of educational resources
even with incomplete or diverse descriptors.

3. Implement a software platform using modern
technologies with built-in support for asynchronous
programming and lightweight parallelism mechanisms.
The developed software platform is built using Kotlin
coroutines, architectural patterns, and inter-agent
communication via SharedFlow. This ensured efficient
operation in both sequential and parallel scenarios with
hundreds of active agents. The load on system resources
remained moderate. RAM consumption ranged
from thirty-four megabytes for sequential mode to
nine hundred twenty megabytes for parallel execution
with fifty agents.

4.  Experimentally evaluate the system’s
performance and resource consumption in different agent
operating modes. A series of experimental tests was
conducted, confirming the advantages of parallel and
coordinated agent operation. In 60 minutes of operation
in parallel mode, 9.3 times more links were processed.
In the first mode, the system processed 6,196 links, and
in the coordinated parallel mode, 57,535 links.
This increase is attributed to the resolution of the looping
and URL duplication problem through multi-level
filtering and flexible synchronization of agent queues.
The achieved balance between search completeness and
resource consumption is considered optimal for modern
medium-scale educational information systems.

Further development of this research could proceed
in several directions. First, ontological models could be
expanded to account for cultural and linguistic
differences, which would improve search accuracy in
global educational systems. Second, it is necessary to
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integrate encryption and access control mechanisms
into the system architecture, which will ensure its use
in critical educational content management systems.
Third, it is advisable to develop a deterministic mode of
system operation with guarantees of sequence and
consistency, using distributed systems theory and formal
verification models. Fourth, the system’s adaptation to
heterogeneous network conditions should be investigated,
taking into account communication delays and failures,
which is particularly relevant for educational systems
in regions with limited infrastructure.
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METO/J CEMAHTUYHOI'O MTOIIIYKY HABYAJIBHOI'O KOHTEHTY
HA OCHOBI MYJbTUATEHTHUX TEXHOJIOT'TH

Ludposa Ttpanchopmarlisi NPOMHCIOBOCTI CYNPOBOKYETHCS AKTHBHUM BIIPOBA/DKEHHSAM HOBHUX TEXHOJIOTI Ta MIBHIKHM
OHOBJICHHSIM BHPOOHHMYMX IMpOLECiB. 3HaYHA YAaCTHHA HABYAIBHHMX MaTepialliB PO3MIILYETHCS Y Pi3HHUX iHpOpMaLiiiHUX DKeperax,
BKJIIOYAIOYM BHYTPIIIHI KOPHOPAaTHBHI CHCTEMH, BIAKPHUTI OCBiTHI IuiaTrdopMu Ta crerianizoBaHi BeO-pecypcu. [lpu npomy Taxi
peCypcH 4YacTo MICTATh JyONiKaTH, HAJJIHIIKOBY iH(OPMAIF0 Ta PI3HOPIAHI MeTaJaHi, MO YCKIAJHIOE ONEPATHBHUHA IMOIIYK
peleBaHTHUX HaBYANIBHMX MaTepiamiB. IIpeaMeToM [OCHIIKEHHS € METOJX CEeMaHTHYHOTO IIONIyKYy HAaBYAJIBHOTO KOHTEHTY
y posmojiieHoMy iHQOpManiiHOMY CEpeIOBHINI 3 BUKOPHCTAHHSAM OHTOJIOTIYHHMX MOJelieil 3HaHb. MeTa poOOTH — JOCHIKEHHS
METO/ly CEMaHTHYHOT'O TOLIYKY HaBYaIbHOIO KOHTEHTY y PO3IOiIeHOMY iHpopMaLiiiHOMy cepeloBHUILi Ha OCHOBI MyJIbTHATCHTHOT
opranizatii 06poOkyu iHpOpManifHUX pecypciB Ta BAKOPUCTAHHS OHTOJIOTIYHUX MOJIeNel 3HaHb. 3aBAaHHA TOCII/PKEHHS: JOCIIIUTH
apxXIiTeKTypHy MOZENbh MYJBTHATEHTHOI CHCTEMH TIOIIYKY; PO3POOUTH aJIrOpUTM CEMaHTHYHOTO BiIOOpYy Ha OCHOBI METOIY
KOMITapaTOpHOI ieHTu(iKkaIii Ta OHTOIOTIYHOI Mozei; GopMaltizyBaTH IpeaInuKaT OLIHKH PEJIEBAHTHOCTI 3 YpaXyBaHHSIM BaroBUX
Koe]ili€HTIB MeTaJlaHUX; PO3POOUTH NPOTPaMHY MYJIBTHATCHTHY IUIATPOPMY; EKCIIEPHUMEHTAIBHO OIiHUTH MPOXYKTHBHICTD
i PECYypCOEMHICTh y PI3HHX peXHUMax poOOTH areHTiB. MeToaM IOCHIMIKEHHS: METOJ MYJIbTHAareHTHOI oprasizaiii 0OpoOku
iHpopMaLifHUX pecypciB 3 HEOIOKyouMM OOMIHOM IIOBiIZOMIICHHSIMH; TpHpiBHeBY nenyrutikauito URL-agpec; onTosoriune

3icTaBJIeHHs TEPMiHIB Ta GpopMai3oBaHHH NPEIUKAT OLIIHKH PEJIEBAHTHOCTI; eKCIIEPUMEHTAIbHE BUMIPIOBAHHS TPUBAIOCTI 00POOKH,
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KIJIBKOCTI OIpAllbOBaHMX ITOCWJIAHb Ta CIOKUBAHHS CUCTEMHHX pecypciB. Pe3yJbTaTH: 3amporOHOBaHO MOJENb MyJIBTHAT€HTHOT
CHCTEMH 3 YOTHPMAa THIAMH areHTiB Ta aJrOPHUTM CEMAaHTHYHOTO IIOLIYKY 3 YCYHEHHSIM 3allMKJIEHHs i JAyONIOBaHHS ITOCHJIAHB;
peanizoBaHo mporpamHy Iwiatgopmy Ha 6a3i Kotlin i3 BukOpuCTaHHAM KOPYTHH Ta aCHHXPOHHOI B3a€MOJIl arcHTiB;
eKCIIEpUMEHTAIIHO BCTAHOBJIEHO, IIO 3alpOIIOHOBaHA OpraHizamiss oOpoOKku 3abesnedye OUTBIIY HPOTYKTUBHOCTI ITOPIBHSHO
3 TIOCTIJIOBHUM PEXUMOM. BHCHOBKH: ITO€HAHHSI CEMAaHTHYHOTO IOIIYKY Ta MYJIBTHAareHTHOI apXiTeKTYpH I03BOJISIE e(QEeKTHBHO
OpraHi3yBaTH IpOLIEC BHSBJICHHA Ta OOpPOOKM HABYAJIHLHOTO KOHTEHTY y PO3MOAUICHOMY CEpelOBHILI. 3alpoNOHOBAaHMII METO[
3a0e3meuye y3romKeHy poOOTy areHTiB, YCyHEHHs AyOJIOBaHHS MOCWIAHb Ta PalliOHATBHUA OalaHC MiX MOBHOTOK PE3yJbTaTiB
MOUTYKY 1 BUKOPHCTAHHSIM OOYHCITIOBAIBHIX PECYPCiB.

KurouoBi cioBa: ceMaHTHYHMI NOIIYK; HaBYANbHUM KOHTEHT; MPOTPaMHI areHTH; MYJbTHAreHTHI CHUCTEMH; OHTOJIOTII;

MaciTaboBaHiCTh; MPOIYKTHBHICTh; aCHHXpOHHICTE; Kotlin.
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